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ABSTRACT 

A hydrogeological study was conducted to investigate the possible sources of seepage at South 

Deep Gold Mine (SDGM), near Westonaria town, Gauteng Province. The aim of the study was 

to promote efficient mine water management through a better understanding of the source of 

seepage by utilising integrated hydrochemical and tracer techniques to assist the mine with 

strategic mine planning and design, and financial implications. Underground field 

observations, cross-sections, mine survey data, monitoring borehole data were used to provide 

a better understanding of the hydrogeological characteristics at SDGM.  

Hydrochemical facies characterised seepage water into 4 groups: (i) Mg-SO4 water type, 

suggesting SO4
2- contamination from the mine and/ or a mix of different water types; (ii) NaCl 

water type, indicating regional groundwater source; (iii) Ca-SO4 water type due to the existence 

of sulphides bearing rocks and; (iv) Ca-Mg-SO4 water type signifying SO4
2- contaminated 

water as a result to historical and/ or current mining activities . 

The stable isotope analysis conceptually characterised the seepage water into three groups: (i) 

un-evaporated isotopic composition indicating condensation effect/water mass mixing, (ii) 

local rain composition suggesting recharge occurring through direct rainfall, and (iii) samples 

on the evaporation line suggesting secondary evaporation during and/ or before rainfall 

recharge. Seepage water contained detectable amounts of tritium indicating recharge/aquifer 

renewability. Tritium signature varied from 0.0 TU to 1.8 TU. Tritium content between 0.8-1.8 

TU was interpreted as recharged in the past +20 to 35 years and the low tritium content (<0.8 

TU) samples are categorised as sub modern, recharged before 1950s, indicating that the 

recharge mainly occurred approximately +35 to +70 years ago.  

Based on the hydrogeological conceptualisation of the main source of seepage within the study, 

seepage is mainly associated with or observed near backfilled areas, places closer to active 

mining, along the abutment zones, the geological structures such as faults and mining-induced 

fractures, worsened/compounded by inadequate mine-water management. Seepage water was 

also observed on drilled boreholes which holed to active or old mining levels. Possibly 

groundwater may flow into the mine void through borehole voids that drilled up to the lava 

position or intersected structures with the potential of connecting the aquifer and the mine void.  
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This report recommends strict and long-term excess water and service water management 

underground to ensure the safety of the mine`s employees, minimizing corrosion on rock 

support, and damage of mine property. A better understanding of the source and cause of 

seepage at the mine will assist in safe mine planning and enhance management of service and 

excess water underground. 

Keywords: Underground Gold Mining, Water seepage, Environmental isotopes, Tritium, 

Hydrochemistry      
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CHAPTER 1   

INTRODUCTION 

1.1 General Introduction 

In South Africa, underground gold mining began in the 1900s and has since been the primary 

economic factor making Gauteng the prosperous province that it is today. Conversely, mining 

activities have the potential to alter the hydrological and topographical characteristics of its 

surrounding areas, consequently affecting the runoff generation, soil moisture, 

evapotranspiration, and hydrogeological characteristics in an area (DWAF, 2008). 

Furthermore, mining (particularly underground mining) may modify in-situ permeability and 

underground flow patterns through enhanced rock permeability and fracture networks (Aston 

and Singh, 1983; Bridgwood et al., 1983). Generally, modified hydrogeological characteristics 

such as in-situ permeability and fracture networks can cause and/ or lead to increased 

groundwater inflows into the mine void. 

Inflows into underground mine workings pose a serious threat to the production and safety of 

the mine (Xi-bing et al., 2012; Wu et al., 2013; Zhang et al., 2018; Guan et al., 2019 after 

Hanhu and Yunquan 2011). Groundwater inflows into the underground mine workings have 

been observed in several mines and this has resulted in catastrophic consequences such as fall 

of ground incidents and loss of lives. 

Groundwater inflows and/ or seepage water into underground mine workings have the potential 

to impact underground mine stability, mining operation, health, and safety of the mining 

personnel as well as the impact on the mine production (Singh, 1986). Generally, groundwater 

inflow and/ or seepage inflow(s) into mine workings can be mining-induced, natural, or a 

combination of both natural and mine-induced (Singh, 1986). Mine-induced water seepage can 

occur as a result of enhanced fracture networks or rock matrix caused by blasting activities, 

partially sealed (and/ or not sealed) exploration holes which can act as conduits/preferential 

flow pathways, while the natural phenomenon of water seepage results from water inflows due 

to the mine cutting aquifers or mining below the piezometric water table (Fernandez et al., 

1988). A combination of both mine-induced and natural water seepage problems has been 

experienced in rare instances.   
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Several cases of mine water inrush and seepage events have been reported globally (Ma et al., 

2018; Guan et al., 2019). However, relatively few studies, including those by Funke (1990), 

Mulenga et al. (1992), and Ashton et al. (2001), have been conducted in Africa. Some of these 

studies have shown that seepage water can/may be caused by the nearby tailings’ dams, 

geological structures (faults, dykes, etc), mining-induced fractures, nearby major surface water 

bodies in and around the mining area, and poor mine water management (Mulenga, 1993; 

DWAF, 2008; Mengistu et al., 2015). Nonetheless, safe mining production has recently 

improved worldwide, largely due to modern science and technology with fewer reported 

incidents of water inrush. 

Few studies have been done in South Africa on seepage in mines while a lot of studies focuses 

on the impact of mining on water resources in South Africa. Mengistu et al. (2015), used 

environmental stable isotope (ESI) and hydrochemical information to assess the source of 

excess water at a pumping shaft located near the town of Stilfontein, North West Province, 

South Africa. The outcome indicated that the water observed at the Shaft is mainly from 

seepage of a nearby mine tailings dam and from the dolomite aquifer in the area. DWAF, (2008) 

summarised/highlighted the influence of mining on water seepage/ingresses into the mining 

voids, the common sources of seepage and their impacts on mining working areas in the South 

African mining industry. 

There is clearly a knowledge gap/ published work of seepage in mine working areas in South 

African. This study utilises hydrochemical and tracer techniques to investigate the source(s) of 

seepage at a deep gold mine in the Witwatersrand basin, Gauteng Province, South Africa, 

adding knowledge to what has already been done in the country. 

1.2 Hypothesis 

The study has hypothesised that integrating hydrochemistry and tracer techniques may reveal 

seepage mechanisms to underground mine workings and flow paths 

1.3 Research Questions 

The study is guided by the following main research question: What are the possible source(s) 

of seepage water at SDGM? However, to answer and/ or investigate the source of seepage at 

SDGM the following key research questions have been formulated: 
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• What are the hydrogeochemical characteristics governing the chemical evolutions 

within SDGM and what is the residence time for seepage water? 

• What are the hydrogeological and/ or geological structures controlling/governing 

the occurrence of seepage?  

1.4 Research Objectives 

The study aims to promote sustainable mine water management through a better understanding 

of the source of seepage by utilising integrated hydrochemical and tracer techniques. A better 

understanding of the sources of seepage at SDGM will assist the mine with strategic planning 

and design, and rock-support replacements.  

The main objective of this research work is “To investigate the source(s) of seepage water at 

SDGM” and to achieve this specific objective, the following key objectives were considered: 

• To investigate the hydrogeochemical characteristics governing the chemical evolutions; 

and 

• To investigate hydrogeological and/ or geological structures governing the occurrence 

of seepage. 

1.5 Research Limitations 

The extent to which the study is completed is limited to data availability. Data include 

accessibility of the underground sampling points (with seepages) due to the safety of personnel 

in the study area. Limitations of data (e.g isotope data) from groundwater monitoring boreholes 

and the extent to which the data covers. There was no data available for boreholes tapping into 

the deeper dolomite in the area, and such information was not collected for sampling, thus this 

study will rely on the old reports on the deeper aquifer. There was also no groundwater isotopic 

data in the study area. Covid 19 also had an impact on data collection and submission to the 

labs for analysis due to lockdown regulations. Laboratory costs for sampled water analysis 

resulted in a limited number of samples that were collected and analysed.  
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CHAPTER 2   

LITERATURE REVIEW 

2.1  Introduction 

Seepage water investigations in underground mines have been conducted globally. Various 

studies have revealed varying results due to variable site characteristics, including seepage or 

base-flow from nearby rivers, groundwater ingress/inrush, and surficial sources (Water Return 

Dams/ Pollution Control Dams/ Sumps / Tailings Dams / Ponds) from mining activities (Rubio 

et al., 1998, Mulenga 1993; Mengistu et al., 2015). Furthermore, various studies also revealed 

that seepage water can be generated or caused by the cessation of dewatering activities (DWAF, 

2008). 

Seepage investigation in underground mines is well known and various investigations have 

been conducted throughout the world (Duan et al., 2019). Various techniques have been applied 

from one mine to another depending on the nature of seepage. However, understanding and 

quantification of seepage in underground mines is very challenging due to the complex nature 

of seepage occurrence and varying hydrological and hydrogeological characteristics. 

Therefore, these data need to be assessed to provide a better understanding of seepage 

occurrence as well as to accurately quantify seepage flow. 

The section below provides an in-depth understanding of (i) seepage occurrence in 

underground mines, (ii) an overview of the commonly used techniques to assess seepage 

occurrence in underground mines, (iii) a summary of the commonly used techniques to assess 

seepage occurrence and the most feasible techniques to assess seepage occurrence in 

underground mining areas. The last section of this chapter evaluates seepage investigation 

techniques utilised (integrated hydrochemical and tracer techniques) at SDGM.  

2.2 Definitions and Concept of Seepage Occurrence in Underground Mines 

Seepage occurs when the mine cuts through aquifers and/ or when mining occurs below the 

piezometric surface (Fernandez et al., 1988). Furthermore, seepage can occur through mining-

induced activities such as permanent and temporary engineering openings. Permanent 

engineering openings include shafts (inclines and decline (Figure 2-1)), conveyor excavations, 

escape ways and so on. While temporary openings include opening such as stopes, drill drives, 

and ventilation rises.  
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Several sources contributing to seepage/ingress into underground workings have been 

identified (Scott, 1995; Krige, 1999; Horstman et al., 2004a and 2004b). These sources can be 

summarised as follows: (i) direct rainfall onto open mine workings, stopes, and old surface 

workings; (ii) groundwater seepage into mine workings due to disturbance of natural 

groundwater conditions by mining activities; (iii) water from nearby old or decanting mines; 

(iv) poor service water management underground; and/or (v) base-flow from streams and rivers 

overlying mine workings. Such streams seep water directly into mine openings and to the 

shallow groundwater system above zones of shallow undermining and historical surface 

operations. DWAF, (2008) identified different sources of seepages: 

• Underground void contact with surface water (pond, river, canal, or stream). 

• Underground void contact with surface unconsolidated deposits-glacial or organic. 

• Strata water entering underground workings. 

• Shaft sinking. 

• Clearing old shafts. 

• Neighbouring mines that are hydraulically connected. 

DWAF (2008) characterised water ingress pathways associated with different mining methods. 

According to the study, it concluded that shallow mines often experience ingress into mine 

workings from surface water sources or outcrop openings and shafts (vertical and incline 

shafts) or either through storm water runoff or through riverbed loss where these features 

intersect watercourses. Furthermore, the study concluded that direct rainfall infiltration through 

weathered zones and outcropping fractures are one of the common sources of ingress into mine 

voids especially in shallow open cast mines. Direct rainfall recharge is normally prevalent in 

open cast mines. However, this is also possible in deep underground mines where water-

bearing formations are exposed on the surface and there is a high structural density that acts as 

conduits for rainwater.  

Apart from direct rainfall infiltration and/ or direct rainfall recharge, particularly in deep 

underground mines that are below groundwater aquifers, significant groundwater ingress can 

drain into the underground workings, especially if the aquifer is closer to the void. In contrast, 

aquifers may be far from the mine void and not be directly disturbed by mining activities, but 

the mine still experience observed seepage inflows due to poor mine water management within 

the operations. Experience shows that poor underground mine water management is one of the 

common causes that can lead to seepages in a mine.  



 

16 

 

Unmanaged water may seep through openings into other working areas resulting in the damage 

of rock-support and machinery. As an example, unmanaged water from backfilling processes 

may run down the ramp and/or declining surfaces and if there are openings –geological 

structures, mining-induced openings or subsidence related openings, between mined out areas 

or levels, water can seep through and be observed on the current active stope (DWAF, 2008). 

Backfill water can be mistaken as groundwater and needs to be scientifically proven/defined 

through chemical analysis.  

Poor underground mine service water management (from backfill, damaged pipes or 

overflowing water dams) can contribute to excess water in a mine. Furthermore, underground 

workings in contact with abandoned old workings and failure of the underground dam, seal, or 

leakage of a borehole can contribute to excess water if not properly managed. 

It is clearly evident that seepage occurrence is the result of various surface and subsurface 

complexities. Apart from surface and subsurface complexities, it is also been observed that 

various mining techniques and other mining activities have the potential to facilitate seepage 

occurrence or generation through permanent and/ or temporary openings that can act as a 

conduit to flow and also connect the subsurface layer. This makes it extremely challenging to 

assess seepage occurrence accurately and precisely. 
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Figure 2-1: Cross-section through a typical deep reef mine showing water ingress through subsidence 

cracks from overlying water bodies (Source: DWAF, 2008) 

2.3 An overview of the commonly used techniques to assess seepage occurrence in various 

mining areas 

Several methods have been applied to assess seepage occurrence. Various hydrogeochemical 

and tracer techniques (pH, EC, DO, redox, alkalinity, trace metals, major anions, and total 

element concentrations) have been utilised to assess the source of seepage globally. 

Mengistu et al. (2015) investigated the source of excess water at a pumping shaft using the 

environmental stable isotope (ESI). To supplement the results, the water samples were further 

analysed for tritium. The results confirmed that recent recharge is taking place through open 
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fractures as well as man-made underground workings and the hydrochemistry data illustrated 

the presence of mine water signatures. The results illustrated excess water was mostly coming 

from seepage of a closer mine tailings dam and the local aquifer Tritium data illustrated that 

recent recharge is through open fractures as well as artificial (man-made) underground 

workstations. 

Similar to Mengistu et al. (2015), Majumder and Shimada (2016) utilised integrated 

hydrochemistry and environmental Isotopes to identify the origin of water ingress at 

Barapukuria Coal Mine in North-western Bangladesh. According to the study, the δ18O, and 

δ2H results showed that the groundwater and mine inflow water originates from local rainfalls. 

Further, the results showed good hydraulic connectivity between the fractured coal seam 

aquifers and the covering Dupi Tila aquifers.  

Cozma et al. (2016) used natural tracers 222Rn, 226Ra, δ18O, and δ2H to determine the source, 

mixing and dynamics of waters while Kusumayudha et al. (2018) analysed fissure/fracture 

structures to unravel groundwater inflow problems in a gold mine site located in the Pongkor 

area of West Java, Indonesia. The analytical assessment was done using secondary and primary 

data, compiled with some fieldwork, such as surveys, observations, and mappings. 

Furthermore, information from remote sensing by satellite imagery analysis was used. The 

results illustrated that different pathways, residence times, and geochemical processes exist. 

Groundwater recharge in the particular study area was discovered to come from atmospheric 

precipitations, submitted to a longer or shorter path, and it is subjected to interact with the host 

rocks (Water rock interaction). Guan et al. (2019) applied hydrogeochemical (fuzzy 

comprehensive evaluation method and cluster analysis method) and isotope analyses to detect 

the inrush water sources of the Mindong No. 1 mine, situated in north-east Inner Mongolia of 

China. The results indicated the presence of river leakage into the fracture scheme cutting 

through the tunnel, triggering floods in the tunnel. 

Mulenga (1992) used a combined study of the historic, dewatering and mining records, 

structural geology, surface hydrology, rock chemistry, groundwater chemistry, river/surface 

gauging, evaporation measurements and groundwater flow numerical modelling at Konkola 

mine to find and solve their water inflow problems. The study concluded that the water 

originates from surface recharge close to the mine and the regional aquifers at greater depths.  
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Various techniques exist to assess seepage occurrence. It is evident that environmental tracers 

(e.g., isotopes of oxygen, hydrogen) and radioactive elements (e.g., radium and radon) are 

predominantly used in hydrological investigations for a complete view of the water cycle, 

groundwater recharge, water-rock interactions, and geochemical processes. In summary, the 

most used methods are environmental tracer techniques, artificial tracers, hydrochemistry, 

hydrology, and models. 

2.4  Application of Integrated Hydrochemical and Tracers Techniques 

2.4.1 Hydrochemical Tracers 

2.4.1.1 Chemical composition/species in groundwater 

Wide varieties of dissolved inorganic and organic constituents exist in groundwater. This is 

due to chemical and biochemical interactions that occur between the groundwater and the 

geological materials of rock surfaces and soils (Hiscock, 2009). Other contributing factors may 

be from a varying composition of rainfall and atmospheric deposition on groundwater recharge 

areas or mixing with seawater in coastal regions. 

2.4.1.2 Factors that influence the chemical composition of groundwater 

Both geogenic and anthropogenic sources may contribute to the alteration of groundwater 

chemistry. Various hydrochemical techniques that can alter water quality are ion exchange, 

rock-water interaction, and reduction-oxidation (Singhal and Gupta, 2010). The water 

composition can additionally provide records of water-rock interactions and microbial 

procedures in the water. The chemical composition of groundwater can give information about 

the mineral composition of the host rock. This information can be used to determine recharge 

areas and the origin of groundwater (meteoric, marine, fossil, magmatic and metamorphic 

water) and of individual chemical components (e.g., carbonate, sulphate, nitrate, and 

ammonium) as suggested by Mook (2000). The work further states that the dissolution of host 

rock or aquifer may cause increased concentrations of toxic substances and heavy metals like 

Fluoride, Arsenic and Iron, which change the groundwater chemistry drastically. 

Singhal and Gupta (2010) indicated that, in addition to the dissolution of rock material, other 

processes such as ion exchange, membrane filtration and sulphate reduction can modify the 

chemical composition of groundwater. When groundwater interacts with the rock matrix, it 
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tends to exchange ionic constituents through reactions such as sorption, adsorption, absorption, 

and desorption. The reduction of SO4
2− to HS− is a common reaction in groundwater and takes 

place in the presence of bacteria SO 4
2- + CH4 (bacterial) → HS− + H2O + HCO3

-. Waters that 

have gone through sulphate reduction are characterised by the presence of HS− and high 

content of HCO3
- (Singhal and Gupta, 2010). Other naturally occurring systems may contribute 

to elevated dissolved ions in groundwater. 

Carbonate systems naturally exist and can contribute to elevated values of carbon in 

groundwater (Hiscock, 2009). Other inputs may be from the varying composition of rainfall 

and atmospheric deposition on groundwater recharge areas or mixing with seawater in coastal 

regions. Mook (2000) highlighted that, mixing of different groundwater is another factor that 

can influence its chemical composition and can be determined by using δ2H, δ18O, δ34S values 

and the 87Sr/86Sr ratio.   

Human activities such as agricultural practices, mining activities and municipal wastes may 

also alter the chemistry of groundwater. Industrial activities have much influence on the 

chemistry of groundwater in their surrounding areas. The wastewater released from industries 

contains several dissolved and suspended impurities according to the industry and processes 

used (Gupta, 2010). For example, mining industries are responsible for groundwater 

contamination due to acid mine drainage, leachate from mine waste and tailing. Like the mining 

industry, (in certain regions/areas), agriculture is one of the biggest contributors to a country’s 

economy. Other factors that can contribute to groundwater chemistry changes include seawater 

intrusion and groundwater mixing. 

Hiscock (2009) summarised the common changes in hydrochemical facies along a groundwater 

flow-path, where dilute rainwater comprised of NaCl water type and dissolved CO2 dissolved 

in the infiltrating water as indicated in Figure 2-2. 
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Figure 2-2: Schematic diagram summarising the common changes in hydrochemical facies along a 

groundwater flow-path  (Source: Hisckock, 2009) 

2.4.2  Environmental Tracers  

Tracer techniques contributed to the advancement of hydrology by improving hydrological 

investigations of subsurface examining methods. This entails an assessment of water in all its 

different phases/forms, behaviours and characteristics in different mediums and cycle (Sieber 

and Uhlenbrook, 2005). 

In South (ern) Africa, tracer studies are becoming common tools of hydrological investigations 

(Talma and Van Wyk, 2013). According to Sieber and Uhlenbrook (2005), tracers are 

substances with the potential to be detected at very low concentrations and they make it simpler 

for water flow to be traced through different systems. Tracers should be non-reactive 

(conservative) and easily measurable, mobile, soluble, and not retarded by soil or aquifer 

matrix (Mook and De Vries, 2000). This character allows the substance used to not interfere 

with the condition of the water investigated, thus, real representation of the water/study is 

evaluated.  



 

22 

 

Tracers have been successfully used in understanding the groundwater flow dynamics, mixing 

and recharge conditions (Sami, 1992; Adams and Younger, 2001; Abiye et al., 2015). The 

ability to trace the flow of water is imperative in understanding groundwater flow systems of 

an area, and studies have revealed that this is best done by environmental tracers. 

Understanding the water flow systems of an area can help in the identification of potential 

sources of seepage that might be present in that area. Moreover, predictions of water quality 

for health reasons, climate or land-use changes and many other motives can be aided with the 

understanding of the dynamics of water in an area. 

2.4.2.1  Isotopic Species in Groundwater 

Water in its natural state contains mainly Hydrogen (H) of mass (1H) and Oxygen (O) of mass 

16 (16O). Additionally, it contains small amounts of Deuterium (2H), Tritium (3H), and isotopes 

of oxygen (17O and 18O) as expressed by Singhal and Gupta (2010). Abiye (2013) explained 

the term environmental isotopes as the measurement of isotope proportions of the elements 

making up the water molecule and of constituents dissolved in water that can give rise to 

hydrogen and oxygen. This study utilises environmental stable (2H and 18O) and unstable (3H) 

isotopes of oxygen and hydrogen to assess and characterise seepage underground. 

According to Mook and Rozanski (2000), the most important and commonly used atomic 

components of the water molecule are 16O and 18O (δ18O) and 1H and 2H (δ2H). They are widely 

applied in groundwater studies, for example, to trace the origin of water, groundwater mode of 

recharge and residence/ calculation time (3H). Tracing of groundwater utilising natural isotopes 

gives supplementary prove on the origin and development of groundwater and its dissolved 

constituents. 

Isotopes further make it possible to evaluate whether there are any mixing and other physical 

processes or isotopic exchanges in systems. As explained by Clark and Fitz (1997), certain 

isotopes are stable while others are radioactive. Six isotopes of hydrogen and oxygen exist, 

(1H, 2H, H3, 16O, 17O and 18O), five are stable, while Tritium (3H) is radioactive with a half-life 

of 12.3 years (Singhal and Gupta, 2010). According to Mook and Rosanski (2000), secondary 

water-rock interactions can be studied, and groundwater residence time can be calculated by 

using unstable radioactive isotopes, 14C or 3H as an example. 
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Furthermore, the stable isotopes (18O and 2H) in rainwater provide unique signatures, evidenced 

by atmospheric processes, altitude and latitude, and the characteristic weather pattern 

throughout the year (Baqa, 2017). These stable isotopes are also used to provide an insight into 

the processes and/ or mechanisms under which water was recharged into the aquifer and 

possibly to estimate the recharge. Craig (1961) concludes that even though isotopic content 

varies exceptionally in precipitation, precipitation that has not suffered from significant 

evaporation shows a specific relationship between Oxygen and Deuterium (2H) as illustrated 

by Equation 1. 

δ2H = 8 * δ18O + 10 ‰       Equation 1 

On a global scale, the isotopic composition of 18O and 2H is mostly driven by evaporation from 

the oceanic surface and the progressive rainout from the ocean to the inland regions. Therefore, 

from the analysis, it can be determined whether significant evaporation occurred before the 

water was recharged into the aquifer, and if it is possible, it can be assumed that direct rainfall-

infiltrating or preferential flow mechanism was/is not the dominant process controlling 

recharge (Mazor, 2004).  

Radioactive isotopes are important in groundwater studies and their main role is isotopic dating 

(Cook, 2020). The time unit is given by half-life T1/2 where any movement of a particular 

isotope deteriorates by 50%. Various environmental isotopes have distinctive half-lives and 

decay rates. For illustration, Mook and Rozanski (2000) show that, half-life range from 300 

000 yr (36Cl) to 5 730 yr (14C) and 12.43 yr (3H). They further highlighted that two primary 

standards of groundwater dating exist, and these are cosmogonic and dating of groundwater 

using input functions in time. 

Cosmogonic radionuclides are calculated using Equation 2 where initial motion Ainit is known 

or can be evaluated and T1/2 is the half-life of the given radionuclide (Mook and Rozanski 

2000). The second standard of groundwater dating by means of input functions in time requires 

input function to be known or determined (Clark and Fitz, 1997). This incorporates 

anthropogenic radionuclides created by atomic weapon tests (Mook and Rozanski, 2000 and 

Leibundgut and Seibert, 2011). Examples of these are 3H, 3H/3He, 14C and 36Cl and 86Kr 

produced by the nuclear energy industry.  
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t = 
𝐥𝐧𝟐

𝐓𝟏/𝟐
 𝐥𝐧 (

𝐀𝐢𝐧𝐢𝐭

𝐀𝐬𝐩𝐥
)     Equation 2 (Mook and Rozanski, 2000) 

Integrated hydrochemical and tracer techniques (tracer hydrology) helps to address important 

questions in hydrogeology and give an understanding of the complex processes in hydrological 

systems. 

2.4.3 Application of Integrated Hydrochemical and Tracers Techniques 

Hydrochemical assessment is one of the commonly used techniques in hydrogeology to classify 

groundwater characteristics (Hiscock, 2009). Furthermore, the distribution of hydrochemical 

factors (such as physical parameters, pH, EC, TDS etc.) in groundwater can assist in providing 

an understanding of the hydrogeochemical evolution as well as to aid decisions relating to 

drinking water quality condition.  

Tracers play a significant role in hydrogeology in that they provide an improved understanding 

of hydrological systems such as aquifers, catchments, and streams (Singhal and Gupta, 2010). 

Each tracer method has its strengths and weaknesses and hence, understanding the concept, 

assumption, limitation and applicability of each technique is of significant importance. One of 

the key advantages of using environmental tracers is the ability to cover wide (area) 

range/scale, and the ease at which they can be injected for longer periods, however, 

environmental tracers can be expensive to analyse and therefore require enough budget. 

Leibundgut and Seibert (2011), Abiye (2013) and Mengistu et al. (2015) emphasized the use 

of multiple independent methods and techniques simultaneously in hydrological investigations 

and the benefits as it mitigates the risks of producing unreliable results. This limits one tracer 

from swaying the characterisation of the hydrological system. Integrated hydrochemical and 

isotopic tracer techniques can provide valuable complementary information. 

The advantage of integrating techniques is the weight/value of the combined results obtained 

from different independent methods for general and confident conclusions. Integrating 

techniques further allows one to reduce uncertainties of individual methods. 

In this project, integrated hydrochemical and environmental tracer techniques are utilised to 

provide a better understanding of the source of seepage at SDGM. The stable isotopes of 

Oxygen (18O) and Hydrogen (2H) are utilised to characterise the source of seepage occurrence 

in underground workings. Tritium (3H) is utilised to distinguish between old groundwater and 
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the recent recharge water, and as well as for dating such groundwater samples. Additionally, 

chemical compounds are assessed for a definite interpretation of isotope results (Mook, 2000). 

Studies show that these techniques have been applied in several investigations with success. 

Hydrogeochemical analyses are widely used in mining for seepage source identification (Zhang 

et al., 2018).  

Hydrogeochemical tracers and environmental isotopes have been successfully integrated to 

identify the source of seepage and pollution in the mining industry (Abiye et al., 2015). The 

hydrochemical analysis gives an understanding of the hydrological system in a study area, and 

how groundwater changes with time due to geology (rock-water interactions, dissolution of the 

host rock, ion exchanges). The analysed data can be plotted on several diagrams that 

characterise the water. Once the water type is established, it then becomes possible to work out 

the type of system and/or processes that the water went through. Moreover, water mixing, and 

possible flow paths can be understood by the assessment of selected inorganic chemical 

constituents. This information is then integrated with isotopic analysis to work out the source 

of seepage at SDGM. 

2.4.4 Summary 

An overview of integrated hydrochemical and tracer techniques was evaluated. Furthermore, 

the review on the application of integrated hydrochemical and tracer techniques to investigate 

the source of seepage in underground gold mines was undertaken. The review included (i) 

seepage occurrence in underground mines, (ii) an overview of the commonly used techniques 

(18O, 2H and 3H) to assess seepage occurrence in underground mines, (iii) a summary of the 

commonly used techniques to assess seepage occurrence and the most feasible techniques for 

seepage investigation in various mining areas. The last section of this chapter evaluated 

seepage investigation techniques utilised (integrated hydrochemical and tracer techniques) at 

SDGM  
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CHAPTER 3   

STUDY AREA  

3.1 Description of the study area 

South Deep Gold Mine (here-in-after SDGM) is located approximately 15 km (South of South-

East) of Westonaria town, near the intersection of N12 (national road) and the R28 (provincial 

road) in the West Rand, Gauteng Province (Figure 3-1). The area is characterised by hills with 

gentle undulating slopes and tailing dams due to the existence of several gold mines. 

Westonaria is largely characterised by residential areas, farms, wildlife reserves, and several 

gold mines.  

  



 

27 

 

 

Figure 3-1: South deep locality map showing major access roads to the mine and main infrastruct
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3.2 Climate 

3.2.1 Regional Climate 

The mine is situated in the Highveld region of South Africa and experiences typical semi-arid 

climate conditions (WRDM, 2017). Summer months (October to March) are characterised by 

warm to hot temperatures (approximately 24°C-28°C), with maximum temperatures up to 32°C 

experienced in the late summer months between January and February. Winter months (April-

September) are characterised by moderate to cool temperatures (10°C-20°C). Rainfall largely 

occurs in the summer months, with most of the rainfall largely experienced between November 

and March. Winter months are characterised by dry cold weather conditions with little to no 

rainfall. Extreme weather events have been rare in the West Rand District; however, this may 

change due to climatic conditions (WRDM, 2017). 

3.2.2 Precipitation: Mean Monthly and Annual Rainfall for the Site 

The mine receives its rainfall data from the South African Weather Service`s Westonaria Kloof 

Mine station. This weather station is the closest station to the site with the longest rainfall record 

and has a similar elevation to the mine. According to Barnard (1999), SD EMP (2011) and Golder 

(2018), the mean monthly rainfall in the region that hosts the mine ranges between 3 mm to 119 

mm (Table 3.1), annual rainfall ranges between 390 mm to 1800 mm (Figure 3-2) with mean 

annual precipitation (MAP) ranging between 632 mm- 683 mm. Most rainfall (92%) is observed 

between October and April, and 8% of the rainfall between May and September (Table 3.1 and 

Figure 3-2).  

A cumulative rainfall departure (CRD) graph for SDGM is shown in Figure 3-3. CRD is a recharge 

estimation method applied in the semi-arid region (Southern Africa) by subtracting monthly 

rainfall and the average monthly rainfall (Xu and Beekman, 2003). Increasing trends indicate 

rainfall above average rainfall events, which possibly contribute to the groundwater recharge (the 

rising water levels) in the area while declining CRD trends indicate rainfall below-average rainfall 

events, which implies less groundwater recharge from rainfall (declining water levels). 
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Table 3.1: Monthly Rainfall, Evaporation Data and Average Temperatures (Source: Modified after South 

Deep Mine Environmental Management Programme, 2011) 

Month Mean Monthly 

Rainfall (mm) 

Mean Monthly 

Evaporation (mm) 

Average Number of 

Rain days (/month) 

Average 

Max Temp 

(°C) 

Average 

Min Temp 

(°C) 

Station Kloof Zuurbekom (S-

pan) 

Kloof Krugersdorp Kroningspark 

January 119 169 10.6 26.1 14.6 

February 86 139 8.4 25.5 14.2 

March 85 131 7.9 24.3 12.9 

April 49 103 5.4 21.3 9.4 

May 13 87.1 2.5 19.1 5.6 

June 5 70.4 1.5 16.3 2 

July 3 79.3 1.4 16.9 2.4 

August 9 112 1.7 19.4 4.7 

September 22 149 3.7 22.9 0.7 

October 72 168 8 24 10.9 

November 101 166 10.2 24.6 12.5 

December 119 172 11.5 25.7 13.7 

Annual 683 1545.8 6.1 22.2 8.6 

 

 

 

Figure 3-2: Annual rainfall for SDGM (1958-2018) (Source: Golder, 2018) 
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Figure 3-3: Cumulative Rainfall Departure (CRD) for SDGM (Source: Golder, 2020) 

3.2.3 Mean Monthly Evaporation 

Evaporation data is sourced from the Zuurbekom station. Rainfall and evaporation data are 

represented in Error! Reference source not found. The average S-pan evaporation is 

approximately 1 546 mm per year (SD EMP, 2011). Evaporation reaches a peak in December with 

lower evaporations occurring in May, June and July (Table 3.1). SDGM is in a region where the 

rate of evaporation exceeds the rate of precipitation. 

3.2.4  Drainage and Surface Topography 

The topographical elevation of the study area varies from 1 700 m above mean sea level in the 

north to 1 580 m above mean sea level in the south. The topographical elevation varies by 

approximately 220 m. The topography varies from topographical high in the north to topographical 

low in the south. The landscape in the northern side of the mine is characterised by quartzitic 

ridges of Gatsrand topographical high while the southern side is characterised by gentle slopes. 

Gatsrand topographical high occurs across the study area from the west to east direction as shown 

in Figure 3-4. The mine area is drained by the Leeuspruit, Loopspruit and Rietspruit surface water 

streams, which run in the north to south directions across the area. The groundwater flow is 

towards the south as indicated on Figure 3-5.  
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Figure 3-4: Topography map (Source: Modified after Golder, 2020) 
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Figure 3-5: Interpolated regional piezometric surface and groundwater flow at SDGM. (Source: Prinsloo 

2019) 

 

3.2.5 Land-use, land-cover and Soils  

The land use of the study area ranges from rural (undeveloped land) to semi-developed land (rural-

urban transition zone) in and around the West Rand District Municipality. The SDGM area can be 

characterised as rural with disseminated villages associated with agricultural farming activities. 

The land use within the study area is mainly crop production and smaller parts as livestock 

farming. These farming activities largely depend on groundwater abstraction through private 

boreholes, while some depend on rainfall (rain-fed). 

3.3  Geology 

3.3.1 Regional Geological Setting 

SDGM is located in the North-western rim of the Witwatersrand Basin in the Central Rand Group 

(Goldfields, 2012). The Witwatersrand basin, shown in Figure 3-6, is the biggest gold province 

worldwide (Dankert and Hein, 2010). According to Tucker et al. (2016), the Witwatersrand basin 

was formed from a series of crustal plate movements and the sediments that are understood to be 
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deposited between 2,895 and 2,849 million years ago. They further argue that the Witwatersrand 

basin was reshaped by three major events, namely; the lateral movement of crustal plates that 

resulted in severe faulting and folding, the Vredefort meteorite impact that hit the centre of the 

basin, and lastly the setting of the Bushveld complex, which is the largest unique layered igneous 

intrusion worldwide.  

Gold mineralisation in the Witwatersrand basin is found within conglomerate beds called reefs. 

The reefs occur within seven dispersed goldfields known as Evander, East Rand, Central Rand, 

West Rand, Far West Rand, Klerksdorp, and Free State Goldfields as indicated in Figure 3-6. The 

Goldfields are not continuous due to faulting and other primary mineralisation controls (Robb and 

Meyer, 1995; Frimmel and Minter, 2002). The SDGM orebody is in the Witwatersrand 

Supergroup. The Witwatersrand Supergroup is subdivided into the lower West Rand Group 

(WRG) and the upper Central Rand Group (CRG) as reported by SACS (1980). According to 

Tucker et al. (2016), the deposition in the Witwatersrand basin originated in a shallow marine 

setting with quartzite and protruding the iron-rich shale horizons establishing the West Rand 

Group (WRG).  

CRG overlaying the WRG is dominated by the arenaceous quartzite and conglomerate beds 

quartzwackes and minor shales that were deposited in a braided system of rivers associated with 

a shallow marine delta (Tucker et al., 2016). Most of the gold mineralisation occurs at the CRG, 

which is exploited by SDGM. The orebody (CRG) is overlain by the Klipriviersberg Group 

volcanic rocks (Ventersdorp Supergroup), which are further overlain by the Chuniespoort Group 

(Transvaal Supergroup). Above the Chuniespoort Group lies the Pretoria Group sediments and 

outliers of Karoo Supergroup shales and sandstones. Figure 3-7 shows a general stratigraphy of 

the Witwatersrand basin around Johannesburg. The Witwatersrand rocks are unconformably 

overlain by the Ventersdorp Supergroup lavas (Osburn et al., 2014).  
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Figure 3-6: Geological map of the Witwatersrand Basin (Source: Dankert and Hein, 2010) 

 

 

Figure 3-7: General stratigraphy of the Witwatersrand basin around Johannesburg (Source: Menschik, 2015 

after Guilbert and Park 1986) 



 

35 

 

3.3.2 Local Geology  

The geology of SDGM is shown in Figure 3-8, whereas Figure 3-9 shows a schematic 3D section 

through the mine, and Table 3.2 outlines the Lithostratigraphy (groups, subgroups, and 

formations) of the Dominion Group, Witwatersrand, Ventersdorp Supergroup, and the Transvaal 

Basin sequences in the study area. Mining right surface area is characterised by sedimentary strata 

of the southerly dipping Transvaal Supergroup (Timeball Hill Formation quartzite, shale and 

siltstone of the Pretoria Group) (Figure 3-9). The Chuniespoort (Malmali) dolomite outcrops in 

the northern side of the study area (Golder, 2013). Outcrops of Mudstones and quartzites 

belonging to the Timehill Formation cover a larger portion of the mine property (Golder, 2020). 

An outcrop of Andesitic lava belonging to the Hekpoort Formation is observed in the southern 

extent of the property. 

The Chuniespoort dolomites are below the Pretoria group sediments, which comprise of ~6-7 km 

thick intercalated mudstone-sandstone units, andesites and conglomerate beds, diamictite and 

carbonate units (Manzi et al., 2013). They further explained that the dolomites are underlain by 

the Ventersdorp Supergroup comprising of ultramafic and mafic meta-volcanic rocks together 

with metasedimentary rocks. The Ventersdorp Supergroup is underlain by the Ventersdorp contact 

reef (VCR), which consists of a thin auriferous conglomerate reef. The VCR is an erosional surface 

that formed at the end of the deposition of CRG. 
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Figure 3-8: Map showing the geology of SDGM 
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Table 3.2: Regional Stratigraphy at South Deep Mine (Source: Dankert and Hein, 2010)
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Figure 3-9: A schematic isometric diagram illustrating the geological sequence at South Deep Gold Mine 

(Source: Gold Fields, 2011) 

3.3.3 Underground Mine Geology 

SDGM exploits mostly the reef horizons from the Ventersdorp Contact Reef (VCR) and the Upper 

Elsburgs of the Mondeor Formation (CRG). VCR is well developed on the western side of the 

Upper Elsburg subcrop (buried rocks that were exposed at ancient erosion surfaces). These are 

found at a depth of between 2 000 m and 3 500 m below the surface. The Elsburgs reef units are 

divided into Massives and Individuals (Osburn et al., 2014). The Upper Elsburg Massives (MB`s, 

MI`s and MA) and Individuals (EA`s, EB`s, EC`s and ED`s) of the Waterpan and Modderfontein 

Members constitute the upper portion of the Mondeor Formation (Turffontein Subgroup) and are 

the main mining target at South Deep. 

The Upper Elsburg appears as a clastic wedge composed out of 15 units with a rotational on-lap 

and disconformity between each unit (Osburn et al., 2014). The wedge diverges from the western 
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side of the mining area (against the VCR) to a vertical thickness of around 130 meters at the eastern 

boundary of the mine, (Figure 3-10: A schematic West-East section through the Upper Elsburg`s at 

South Deep (Source: Osburn et al., 2014) 

 

 

Figure 3-10: A schematic West-East section through the Upper Elsburg`s at South Deep (Source: Osburn et 

al., 2014) 

3.3.4 Structural Setting 

Geological structures influence groundwater flow at various scales by either acting as barriers or 

channels of flow (Anna, 1986). In underground hard rock mines, most of the groundwater flow 

occurs through fractures produced by geologic structures (Zabidi et al., 2019). In mechanised 

mines like SDGM, where massive (large bulk) mining occurs, mining-induced fractures occur and 

serve as secondary mediums of water, increasing the structural (geological) intensity (DWAF, 

2008). Once the fracture-controlled flow system is understood, it may be possible to develop 

measures to mitigate water flow into underground mine workings (Kipko et al., 1984; Kipko, 

1988).  
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According to Osburn et al. (2014), several major faults and folds define the structural character of 

the West Rand Goldfield. The regional structure of the Witwatersrand basin is shown in Figure 

3-11 where different populations of dykes form networks across the mine lease area. 

Understanding the regional structural setting of the area and dominating structural features 

underground can assist in determining the source of seepage at SDGM. The data collected from 

underground drilling, logging, and mapping in conjunction with data derived from surface 

boreholes can be useful for structural modelling at SDGM. 

The 3D structural model ( Figure 3-12) shows that the orebody is fractured/faulted, thus possible 

water movement in the orebody is expected through geological openings. Golder (2018) 

recommends mapping of visible seepage/fissure flows whenever observed at South Deep 

underground working areas. This project will provide several sampled points of seepage and major 

faults intersected underground. 

 

Figure 3-11: Regional structure of the Witwatersrand Supergroup (Source: Dankert, and Hein, 2010) 
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Figure 3-12: Isometric view of the geological model at SDGM, based on the exploration boreholes and 3D 

seismic modelling inputs, with modelled geological structures(Source: Goldfields,2012) 

Faults  

The regional faults include the north-south trending primary fault systems, which include the 

regional faults such as the West-North-West (WNW) trending extension of the Rietfontein fault 

zone, the arcuate Witpoortjie and Roodepoort–Saxon–Panvlakte faults, the north-trending West 

Rand fault, the West-South-West (WSW)-trending Doornkop fault, and WSW-trending faults 

south of Westonaria as shown in Figure 3-13 and Figure 3-14 (van Biljon, 2006; Osburn et al., 

2014). 
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Figure 3-13: Isometric view of the Major Structures in the Far West Rand Goldfield and the Central Rand 

Goldfield about SDGM (Source: South Deep Gold Mine, 2010) 

The activated West Rand fault behaves as both normal and strike-slip fault (s) and has a throw of 

~2200 m (Goldfields, 2011). Another significant fault in the study area is the fault in the southern 

part of the mine called the Wrench fault. According to Osburn et al. (2014), this massive (wrench) 

fault, shows a right lateral movement of ~350 m and a northward down throw ranging between 80 

m and 140 m. They further highlight that the north-trending faults (West Rand and Panvlakte) are 

older and the east-trending dextral wrench faults (Waterpan and Wrench) are the youngest. 

Faulting in this area has caused the development of structural blocks dominated by the West Rand 

(or Witpoortjie) and Panvlakte Horst blocks that are superimposed over wide folding related with 

the southeast-plunging West Rand syncline. 

Folds 

Regional folds incorporate the NW-trending West Rand syncline and the NNE-trending Panvlakte 

Anticline as shown in Figure 3-11 (Dankert and Hein, 2010). The West Rand syncline in the meta-

sedimentary rocks of the Witwatersrand Supergroup comprises a refolded double plunging, 

asymmetric syncline (Toens and Griffith, 1964). This syncline forms the boundary between the 

West Rand and Central Rand goldfields. Toens and Griffith (1964) summarised these folds to have 

resulted from a series of events, including: 
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1)  Fold–fault formation during deposition of the Central Rand Group with excision of 

the folds. 

2) Listric fault and/or drag fold (rollover) formation and excision before emplacement of 

the Klipriviersberg lavas. 

3) Fault (normal) and/or fold (rollover) formation during deposition of the Platberg 

Group. 

4) Thrust–fold formation during or after deposition of the Transvaal Supergroup. 

5) Fault formation during the Vredefort impact event. 

Dykes 

Different dykes exist across the mine lease area. Some of these are orientated roughly north-south, 

near-vertical, and attain thicknesses up to 30 m (Golder, 2018). South Deep Gold Mine (2011) 

indicates that the younger post-Black Reef age dykes (Gemsbokfontein No.1 and 2 Dykes) 

separate the overlying dolomites into different water compartments as shown in Figure 3-14. 

The Gemsbokfontein dykes are north-south orientated and crosscut the SDGM property. Dykes 

having a north-south trend, which includes Transvaal rocks of the West and Far West Rand, are 

regarded as being of Pilanesberg age (±1300 Ma). These dykes were emplaced in faults and 

fractures induced in Transvaal and older rocks during a period of crustal extension. These dykes 

are of importance in the mining on the Far West Rand as they compartmentalise the Transvaal 

dolomites into different groundwater zones. 

Some faults and dykes have acted as conduits permitting high inflows of groundwater into the 

underlying mine workings (Golder, 2018). Highly jointed dykes turn to act as conduits for 

groundwater flow while unjointed dykes prevent groundwater flow by acting as impervious 

boundaries, redirecting the direction of groundwater movement (Cook, 2003). 
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Figure 3-14: Major Geological structures across around the study area (Source: Golder, 2020) 

3.4  Hydrogeology  

SDGM is located in the Rietspruit Quaternary Catchment C22J with an area of 669 km2, getting 

632 mm- 683 mm of rainfall yearly, and average yearly evaporation of 1546 mm. The general 

groundwater flow direction in the area follows the topography towards the south in the direction 

of the Leeuspruit, situated about 5 km south of the study area. 

The mine lease area is in the Gemsbokfontein compartment of the Chuniespoort group. The 

Gemsbokfontein dolomitic groundwater is situated 15 km south of Randfontein town, with a 

trapezoidal shape and a surface area of 114.7 km2 (De Roer, 2004). According to SRK (1985), the 

Gemsbokfontein dolomitic groundwater is bound by the Panvlakte dyke to the north, the 

Gemsbokfontein dyke to the west, Klip River dyke to the east and the Pretoria series to the south.  
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The dolomitic aquifers in the West and Far West Rand of Johannesburg, Gauteng Province are of 

great importance due to their high storage capacity and regular to high permeability 

(Barnard,1999; De Roer, 2004 and Dill et al., 2007). However, this region houses several gold 

mines and many other industries that demand a lot of groundwater for their operation. Mining has 

had a great effect on the amount and the quality of the resource (Jhariya et al., 2016). 

The Chuniespoort dolomite aquifers are not continuous due to several vertical and sub-vertical 

dykes. Drill et al. (2007) state that these dykes have very low permeability and can be defined as 

impermeable rocks. The dykes within the dolomites act as barriers to the movement of 

groundwater and as a result, several compartments exist within the dolomite. 

3.4.1 Aquifers 

According to Prinsloo (2019), the groundwater occurrence in the study area can be divided into 

two distinct aquifers as described below: 

1) Shallow perched aquifer (weathered and fractured): 

A shallow weathered zone of the Timeball hill shales, ranging from 0-30 m with a deeper fractured 

aquifer system to ~70 m depth was formed by the geological strata near the centre of the mine 

(Golder, 2018). The study further ascertains that the weathered aquifer has low transmissivity and 

storativity, causing the groundwater movement to be slow, likely due to its silty sand and clay 

material. The aquifer is of low potential, but where faults and dykes are intersected, significant 

groundwater yields are possible (Golder, 2020). This aquifer zone is regarded as the secondary 

aquifer zone in the study area, with water levels varying between 0 and 56 mbgl (Prinsloo, 2019). 

2) Deep dolomite aquifer (weathered and karstified): 

Below the shallow weathered aquifer lies a Malmali dolomitic aquifer, outcropping north of the 

mine lease area (Golder, 2020). The shallow aquifer is detached from the underlying dolomite by 

a thick impermeable shale layer, approximately 400 m in thickness (Prinsloo, 2019). This primary 

(dolomitic) aquifer is considered the major water-bearing aquifer in the area and it is known as the 

Gemsbokfontein west compartment. Parsons (1985) mentions that the Chuniespoort dolomite 
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attains a thickness of up to 1 000 m within the study area. The dolomite aquifer constitutes the 

upper weathered or karst dolomite. 

The weathered and karstified zone extends to a depth of ~35m, and it behaves like a fractured rock 

aquifer with depth (Golder Associates Africa, 2008). Significant fracturing is at 150-200 m below 

surface level. The dolomite aquifer is considered minor, as groundwater occurrence is 

intergranular and occurs within fractures. Groundwater depth is approximately 10-20 m below 

ground level (bgl). The two aquifers (shallow perched and deep dolomite) are not hydraulically 

connected – thus, they act independently. This was proven when dewatering the dolomite, and no 

effect was observed on the fractured aquifer water level (Golder, 2020). 

Although, the dolomites extent to about 900 m to 1100 m thick, it is unlikely that significant 

groundwater occurs at depth near the mine void (Golder Associates Africa, 2008). Groundwater 

flow in these dolomite units is limited, except for large fracture zones which traverse the area, that 

act as conduits for groundwater flow between the karstic dolomites and the mine workings at depth 

(Golder Associates Africa, 2008). Also, Van Biljon (2006) suggests that the presence of a 50 m 

Ventersdorp lava thickening towards the south prevents groundwater inflow. The Ventersdorp 

lava lies between the dolomite and the mine voids as shown in Figure 3-15. The figure also shows 

a conceptual hydrogeological model across the mine, highlighting possible seepages. The 

conceptual model shows the relation of the sample location (levels) in relation to surface 

infrastructures and mine main tailings dams (TSF). There is no relationship between the two. 
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Figure 3-15: SDGM`s conceptual model (Source: Golder, 2018) 

According to Golder (2020), the Ventersdorp lava serves as a barrier limiting the groundwater 

movement from the dolomite into the mine workings. Most of the extensive underground 

groundwater intersections happened in areas where the lava is either absent or less than 50 m in 

thickness (towards Ezwilini shaft). However, any drilling of the Ventersdorp lavas to access the 

SDGM ore body can result in water percolation to the mine voids if holes are not properly sealed 

and there is the existence of geological structures connecting the aquifers and the mine voids 

through the lavas. 

When the mine’s south shaft was sunk, large quantities of groundwater were intersected. 

Groundwater from deep fractured aquifers has an impact on mining operations in that groundwater 

inflow into mine workings results in nuisance water that has to be sealed and/or pumped out 

(Prinsloo, 2019). Additionally, several haulages underground are developed, and this may mean 
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blasting the lavas; it is possible that groundwater can seep if the openings are not properly plugged 

and grouted. Several boreholes were drilled to evaluate the aquifer underlying the mine lease area 

aiming to intersect both the weathered and fractured aquifers (Van Biljon, 2006). The drilled 

boreholes were tested, and hydraulic conductivity was determined that  ranges between 0.37 m/d 

for the weathered aquifer and 3.14 m/day for the fractured aquifer. 

Van Biljon (2006) further notes that groundwater gradients are generally towards Leeuspruit to 

the east at a shallow angle of 2° and that the Gemsbokfontein dykes have an influence on 

groundwater flow paths. Groundwater flow through the weathered aquifer is generally slow at a 

rate of 0.029 m/day (10.6 m/annum) and 0.025 m/day (9.125 m/annum) through the fractured 

aquifer. Table 3.3 and Table 3.4 highlight the aquifer parameters in the fractured aquifer at SDGM 

and the hydraulic conductivity values in the geological units, respectively. Figure 3-16 present the 

locality of all monitoring boreholes around South Deep Mine.  

Table 3.3: Aquifer parameters in fractured aquifer at SDGM (Source: Golder, 2016 after Van Biljoen, 

2006) 
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Figure 3-16: Locality of all monitoring boreholes around South Deep Mine (Source: Prinsloo, 2020) 

Table 3.4: Hydraulic conductivity values in the geological units (Source: Golder, 2016)  

 

3.4.2 Underground Workings 

The Witwatersrand conglomerates reefs, mined by South deep mine have low permeability, with 

k = 10-6 m/d. The VCR lava is also considered to have a very low permeability of approximately 

k = 10-8 m/d. Possible seepage routes from the neighbouring mine are highlighted on the 

conceptual model (Figure 3-15), and they may be associated with geological structures which are 
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linked to the dolomites. Investigations made by Golder Associates (2018), show a recorded 

groundwater make of approximately 3 ML/day. 

The 1000 m layer thickness of the VCR lavas above SDGM underground workings are considered 

aquitards because they do not allow the flow of water, hence limited flow from the upper aquifer 

zones. Golder (2018) highlights a gap in the understanding of ingress/fissure flow where there is 

about 3 ML/day of ingress that cannot be located underground. 

The figures below, including Figure 3-17, Figure 3-18 and Figure 3-19 illustrate the fissure flows 

at SDGM compared to Cumulative Rainfall Departure (CRD). According to Golder (2018), there 

is a correlation between underground fissure water and rainfall, which suggests a link between 

SDGM and weathered karstified dolomitic aquifer above the neighbouring mine as indicated in 

Figure 3-15 above. About 2 980 m3/day of fissure flow with a TDS of 598 mg/L was modelled. 

Golder (2018) highlighted level-AA and Level-CC as the two locations/sources where fissure 

water exists. This water can travel down to active mine working areas through the geological 

structures. 

 

Figure 3-17: SDGM daily fissure flows with CRD ( Source: Golder Associates, 2018) 
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Figure 3-18: South Deep total monthly fissure flows with CRD ( Source: (Golder, 2018) 

 

 

Figure 3-19: South Deep monthly fissure flow after plugs vs CRD (Source: (Golder, 2018) 

..  
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CHAPTER 4   

METHODOLOGY 

4.1  Research Design 

Methods used in this project include verbal communication with underground mineworkers, field 

observations, the use of computer software to model hydrochemical variations in the collected 

samples, review of maps, and review of literature on/around the mine.  

The following strategic phases are implemented in the study: 

• Desktop survey 

• Fieldwork 

• Presentation of the results and analyses 

4.1.1 Desktop Survey 

The survey was done based on reviews of existing literature on the geology of the Witwatersrand 

Basin and the dolomite aquifers in the Gemsbokfontein compartment of the Chuniespoort Group. 

Additionally, the geology and hydrogeology of (SDGM) Modderfontein Farm and surrounding 

areas were assessed. This included geological data of SDGM and of the nearby mines. The mine 

plans and survey data, hydrological maps, aerial photographs, and reviewing hydrogeological 

work done by consultants at SDGM. Computer software was used to create the structural model 

of the orebody and plans underground, especially where seepage samples were collected.  

ArcMap (version 10.6)software is used to produce a locality map of the Westonaria (SDGM) 

Figure 3-1, Gauteng, South Africa, and the geologic map of the study area Figure 3-8. These maps 

highlight important information such as possible major faults and the geological formations across 

the study area.  

MineCad software and Datamine software was used to create underground plans (indicating 

sampled points and the mapped geological structures), a cross-section of the orebody with 

exploration borehole (sample SD1 and SD2) and a structural model of the orebody (Figure 3-12). 

This information provides a clear picture of structures across the mine, possible water pathways, 

and activities happening around the observed seepages. From these, we can link information to 

conclude on the possible seepage sources and water pathways underground. 
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Windows Interpretation System for Hydrogeologist (WISH) software was used to construct 

hydrogeochemical data to represent results (Piper, Stiff and Expanded Durov diagram), Figure 5-1 

to Figure 5-3. This survey assisted in understanding the hydrological setting of the area, the main 

water resources, identifying the main possible sources of water in such an underground setting, 

and finding the appropriate techniques to trace the water.  

4.1.2 Sampling Method 

A quota sampling method was used to select relevant underground employees based on their 

profession. Quota sampling is a type of purposive sampling whereby the number of people to be 

included as participants is decided in the designing stage of the research (Moriaty, 2011). The 

researcher knows all the participants. A verbal communication inviting and informing the potential 

participants was done before conducting an interview. 

Underground sampling was based on convenience sampling. This refers to non-random sampling 

whereby sampling stations meet certain criteria such as easy accessibility, availability or certain 

geographical proximity at a given time of the study (Etikan et al., 2016). Seepage sampling sites 

are based on the known seepages of which the locations are safe to access and are well-defined by 

the existing underground plans. 

4.1.3 Data Collection 

Qualitative research is non-experimental but expressive and is implemented in a way that 

resembles daily routines (Drummond and Camara, 2007). In this study, five employees with 

different roles were approached, based on their experience and occupation. The underground 

employees were approached for short interviews or conversations to get their views and 

understanding regarding seepage at SDGM. This involved mine Surveyors, Rock Engineers, drill 

rig operators and Mining Engineers. The interviews involved important questions which created a 

continuous discussion with responses that led to an understanding of other possible sources of 

seepage water underground. The answers were drafted on a book while noting down keywords. 

The quantitative approach involved the collection of ten seepage water samples underground in 

September 2020 (Figure 5-10 to Figure 5-16) from different levels and corridors underground. 

The samples are labelled SD1, SD2, SD3, SD4, SD5, SD6, SD7, SD8, SD9 and SD10. Samples 

were sent to the DD SCIENCE laboratory in Randfontein for chemistry analysis. For isotopic 

analysis, the samples were sent to the University of the Witwatersrand School of Geosciences and 
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iThemba Laboratory, Johannesburg. Table 4.1 presents the location of seepage samples while the 

plans and surveyed cross-sections indicating the sampling points are presented in Chapter 5. 

Table 4.1: 2020 SDGM underground seepage-sampling points 

Sample ID Level/ Location Physical appearance 

SD1 

Level-F MIH 1 LIB X (exploration 

BH) 

Cloudy 

SD2 Level-E (exploration BH) Cloudy 

SD3 Level-E 1BW CUT4 MAD4W Brownish in colour 

SD4 Level-E 1BW CUT4 MAD4W Brownish in colour 

SD5 Level-E 1BW CUT4 RAMP Brownish in colour 

SD6 Level D 01W HAULAGE Brownish in colour 

SD7 

Level-E 04W CUT 04 LAT 02 

ACC2 

Clear water 

SD8 Level A 01W CUT 01 Brownish in colour 

SD9 Level A 01W CUT02 Brownish in colour  

SD10 Level-E 04W CUT4 BACKFILL Cloudy 

4.2 Sample Collection 

4.2.1 Preservation and Analytical description 

Prior to sampling, bottles were washed with de-ionised water provided by the laboratory. Samples 

were collected to represent the in-situ seepage condition. The location of the sampling point is 

mapped/plotted, and photographs were taken. For sample quality assurance and control, one 

sampling site is duplicated (SD 03 and SD 04 are from the same point).  

Chemical (Major Ion) Analyses 

For the determination of major ions, water samples for cations and anions analysis were collected 

with 2L polyethene bottles provided by the DD SCIENCE laboratory. Samples were marked and 

named accordingly and water condition (clear, cloudy, colour, smell, foam) was noted down. 

Samples were kept under dark and cool temperatures until submitted to the DD SCIENCE 

laboratory in Randfontein, Gauteng Province, within 24 hours of collection. 
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Samples were analysed for major ions: Ca2+, Mg2+, Na+, Total Alkalinity (TAlk), Cl- and SO4
2-. 

Some minor constituents: K+, Fe2+, F-, NH4 and trace elements: Al3+, Mn2+, were also analysed. 

Furthermore, physio-chemical parameters (pH, electrical conductivity (EC), temperature (°C), and 

oxidation-reduction potential (REDOX) readings were also measured using Digital Crison MM 

40 and YSI 550A multimeter. One set of duplicates (SD3=SD4) were sent to the laboratory for 

evaluation of the results, as a quality control check. 

Stable isotope analyses 

A total of 10 samples were collected in 10 ml glass bottles and were placed in a dark place to avoid 

isotopic fractionation from the sun. The samples were analysed at the University of the 

Witwatersrand, Johannesburg (Hydrogeology Laboratory), South Africa. The samples were 

analysed using the Liquid Water Isotope Analyser-model 45-EP as described in Abiye et al. 

(2018). The Liquid Water Isotope Analyser comprises laser analysis system, an internal computer, 

a liquid auto-sampler, a small membrane vacuum pump, and a room air intake line that passes air 

through a drierite column for moisture removal.  

A 1–1.5 ml aliquot of a sample was pipetted into a 2 ml vial and closed with 

Polytetrafluoroethylene septum caps. About 1–1.5 ml aliquot of a sample (from the original 

sample bottle) was transferred into a 2 ml vial and closed with Polytetrafluoroethylene septum 

caps. A 0.75 μl was then infused through a PTFE septum within the auto-sampler using a Hamilton 

microliter syringe. Immediately upon injection, the injection port of the auto-sampler was heated 

to 46 °C to vaporise the test beneath vacuum. The vapour moves down via the transfer line into 

the void mirrored chamber for analysis. Five measures with known δ18O and δ2H values (5C: δ2H 

−9.2±0.5‰, δ18O−2.69±0.15‰, 4C: δ2H−51.6±0.5‰, δ18O−7.94±0.15‰, 3C: δ2H −97.3±0.5‰, 

δ18O −13.39±0.15‰, 2C: δ2H 123.7±0.5‰, δ18O −16.24±0.15‰ and 1C: δ2H −154±0.5‰, δ18O 

−19.49±0.15‰) were utilized within the investigation technique and the laser analyzer thus 

calibrates itself and decides the stable isotope values respectively. Approximately 1‰ of accuracy 

for δ2H and 0.2‰ for δ18O in liquid water samples is provided (Abiye et al., 2018). 

 

Tritium analyses 

A total of nine samples (SD1-SD9 samples, excluding SD10 due to insufficient volume of water) 

were collected in 500ml polythene plastic bottles. Prior to sampling, the bottles were washed with 
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10% HCl acid and rinsed with distilled water. The sample bottles were filled to the brim and had 

minimal air contact. Furthermore, the samples were then stored in a cooler box, until submitted to 

iThemba LABS Environmental Isotope Laboratory in Johannesburg, Gauteng province in South 

Africa. 

Tritium analysis was conducted as described by Butler, (2020). Nine samples (SD1 to SD9) were 

submitted to iThemba Laboratory, Johannesburg for tritium analysis. The Samples were distilled 

then enriched with electrolytes. The samples were distilled, then enriched by electrolysis. The 

electrolysis cells comprise two concentric metal tubes insulated from each other. The outer anode 

(the container) is made of stainless steel, while the inner cathode is of mild steel with a distinctive 

surface coating. About 500 ml of sample water, which was distilled and with some amount of 

sodium hydroxide was introduced into the cell. About 10-20 ampere direct current was then passed 

through the cell and later cooled. Several days later, the volume in the electrolyte was reduced to 

some 20 ml. The volume is reduced 25 times, producing a corresponding tritium enrichment factor 

of about 20. Known tritium concentration samples (spikes) were run in one cell of each batch to 

check on the attained enrichment. 

For liquid scintillation, counting samples were prepared by directly distilling the enriched water 

sample from the now highly concentrated electrolyte. About 10 ml of the distilled water sample is 

mixed with 11 ml Ultima Gold and placed in a vial in the analyser and counted 2 to 3 cycles of 4 

hours. Enriched samples have 0.2 TU detection limit (Butler, 2020). 

4.2.2 Presentation of the results  

4.2.2.1 Stable isotope approach 

Bivariate analysis was used to interpret data in this study. Bivariate analysis is a simple statistical 

analysis method whereby two variables (e.g. isotopic values of δ2H and δ18O in this study) are 

compared. ESI (Environmental Stable Isotopes) data can be interpreted by reference to the 

meteoric line, a result of long-term collective records of stable isotope data for rainfall with 

comparable climate, geography, and location (Harris et al., 2010; Mengistu et al., 2015). 

A plot of δ2H versus δ18O fitted with a local meteoric water line (LMWL) was used to understand 

and trace the source of collected seepage water at SDGM`s underground operation to see if it is 

related to the local groundwater. Pretoria Local Meteoritic Water Line (PMWL) was used in this 

study. 
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LMWL shows the relationship between rain (δ18O) and hydrogen (δ2H) isotopes and it serves as a 

basis for estimation of relative enrichment or depletion in isotopic content of sampled water 

(Maruyama and Kato 2017). Processes such as water/rock interactions (O only), H2S exchange 

reactions (H only), evaporation, and/or condensation cause deviations from the LMWL, Figure 

5-5.  

4.2.2.2 Tritium dating and analysis 

The resident time of seepage is estimated from the current rainfall tritium concentration. This 

report assumes that tritium has a half-life of 12.43 years and the estimated current tritium 

concentration in precipitation in South Africa is approximately 5.6 TU (Abiye et al., 2015). With 

this assumption, it is, therefore, possible for one to estimate the resident times of SDGM`s seepage. 

4.2.2.3 Water Chemistry 

Tri-linear diagrams are mostly used to show the hydrogeochemical characterisation of a chemical 

data set (Li et al., 2014). In this study, major ion chemistry is represented on hydrochemical pattern 

diagrams. Singhal and Gupta (2010) hold that the purpose of hydrochemical pattern diagrams is 

to represent the concentration (in mg/L or meq l−1) of different cations and anions. In this study, 

the chemical data is represented on Piper, Durov, and Stiff diagrams which were plotted using 

AqQA and WISH software. According to Guan et al. (2019), the hydrogeochemical characteristics 

of water can be analysed by a Piper diagram which allows for the presentation of several water 

analyses. The Piper diagram classifies water types, and it indicates the possible mixing of waters.  

Whereas the Durov diagram is a type of tri-linear diagram in which the concentration of major 

cations and anions in percentage meq l−1 are plotted in two separate triangles that are projected to 

a central square field that represents the overall chemical character of the samples (Singhal and 

Gupta, 2010).  This diagram provides information about different water types and hydrochemical 

processes including the presence of ion exchange, simple dissolution, and mixing of waters of 

different qualities. 

STIFF diagram graphically displays the ratios [equivalents per million (e.p.m). or meq/L] of the 

major ionic components in water (Sharp, 2003). Cations and anions distributions are well 

visualised and, one can identify the dominating ions in different samples, (Singhal and Gupta, 

2010). STIFF diagrams allow one to work out the possible source of the ions which will lead to 

an explanation of the chemistry of the samples and the possible source of seepage underground.  
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In addition to tri-linear diagrams, bivariate analysis is used in this study to present data. Major 

ions are plotted on an excel spreadsheet and software (AqQA) to compare their 

relation/correlation. A strong correlation may suggest the same source of water, ions, mineral 

phases, and/or the same geochemical process of formation (Sello, 2019). Table 4.2 shows 

Guildford’s rule of thumb for correlation coefficient classification. A correlation coefficient less 

than 0.20 shows a ‘negligible’ relationship; 0.20 to .040 implies a ‘low’ relationship; 0.41 to 0.70 

shows a ‘moderate’ relationship; 0.70 to 0.90 indicated a ‘high’ relationship; while a coefficient 

greater than 0.90 propose a ‘very high’ relationship (Guildford, 1973). 

Table 4.2: Guildford’s rule of thumb correlation coefficients classification (Guildford, 1973) 

Correlation coefficient (r-value) Classification 

0.0 – 0.29 Negligible correlation 

0.3 – 0.49 Low correlation 

0.50 – 0.69 Moderate correlation 

0.70 – 0.89 Good correlation 

0.90 – 1.00 Best correlation 
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CHAPTER 5   

RESULTS AND DISCUSSION 

Samples were collected from SDGM underground seepage points at 10 sampling sites (Table 5.1). 

Of these, two were from the exploration boreholes while the remaining eight samples were 

collected from the active mining zones. The results were compared with the existing monitoring 

data from the mine (APPENDIX A and APPENDIX B).  

5.1  Hydrogeochemical Analysis 

The measured pH values varied from 2.5 and 13.5. A pH between 2.5 and 13.5 indicates acidic to 

alkaline groundwater (Table 5.1). pH less than 5 and greater than 8.5 was considered as mine water 

while water with a pH between 5 and 8.5 was characterised as natural water (not impacted by 

mining activities) (Golder, 2020 and DWAF, 2018). 

Sampling sites SD3, SD4, SD5 SD6, SD8, and SD9 have acidic pH ranging between 2.5 and 3.7 

and can be characterised as mine water as it resembles mine impacted water (Table 5.1). The 

measured pH values at the exploration borehole void (sample station SD1) and sample station SD7 

(nearby the mining zone-stope) correlates to the pH of natural waters (pH between 5 and 8). The 

measured pH values for groundwater monitoring boreholes as well as at the sampled water-bearing 

structures (i.e. faults, dykes, and joints) at SDGM varied between 7.3 and 8.3 with an average pH 

of 8 (APPENDIX A and APPENDIX C). The pH between 7.3 and 8.3 is indicative of natural 

groundwater (APPENDIX B and APPENDIX C). The pH of water collected from the backfilled 

long hole stope SD10 has a pH of 13.5 while the water quality from the underground exploration 

borehole SD2 had a pH of 10. The pH above 8 is considered alkaline waters and thus indicative 

of processed water. 

The chemistry of the seepage water revealed two water types based on the pH, acidic seepage 

water found closer to the mined-out/ mining stopes, and the alkaline water from samples taken 

near a backfilling stope and the samples from exploration boreholes underground. Some samples 

had pH correlating to the pH of mine water . This may suggest different sources of seepage or the 

same source but different processes. The measured total dissolved solids (TDS) varied between 

791 mg/L and 11300 mg/L. Borehole SD1 and SD7 had TDS below 1000 mg/L. TDS values below 

1000 mg/L are understood as indicative of natural water (freshwater). The low TDS values seem 

to suggest that the source of seepage water at SD1 and SD7 is naturally occurring, from the deep 
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fractures. The measured TDS and pH values at SD1 and SD7 indicated that SD1 and SD7 can be 

characterised as freshwater. 

In contrast, sampling sites SD2, SD3, SD4, SD5, SD6, SD8, SD9, and SD10 had TDS above1000 

mg/L and these are indicative of brackish water. The cause of brackishness is understood to be 

attributed to the use and re-use of recycled water underground for mining purposes. Therefore, the 

source of seepage at SD2, SD3, SD4, SD5, SD6, SD8, SD9, and SD10 can be attributed to seepage 

from underground water facilities such as sumps, water-logged backfilled areas, and water that 

has accumulated over time in mined-out areas.
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Table 5.1: Hydrochemical analyses of seepage samples at SDGM underground void 

Sample ID  SD1 SD2 SD3 SD4 SD5 SD6 SD7 SD8 SD9 SD10 

  Units                     

pH    7.4 10.0 3.2 3.0 3.7 2.5 7.4 2.7 2.8 13.5 

Electrical 

Conductivity  
mS/m 

135 361 661 674 290 858 73 712 854 775 

Total Dissolved 

Solids  
mg/L  

791 2000 

658

0 6610 1830 

1080

0 463 6960 

1130

0 2910 

Total Alkalinity mg/L 47 31 3.5 3.5 3.5 3.5 97 3.5 3.5 131 

Ammonia mg/L  2.2 2.6 42 18 66 18 7 32 17 6 

Calcium mg/L 32 78 844 788 103 569 67 551 703 132 

Chloride mg/L  1530 2880 949 1700 1560 1530 1560 779 1700 677 

Fluoride mg/L 1.4 1.6 1.2 1 0.7 1.3 1.3 1.1 1.3 0.8 

Magnesium mg/L 7.2 9.1 121 213 33 445 24 273 647 7.9 

Nitrate as N mg/L  <0.5 2.5 3.6 44 1 37 <0.5 14 47.0 28 

Potassium mg/L 2.7 2.1 66 55 4.2 0.9 14 33 24 198 

Sodium mg/L 201 578 294 429 352 235 39 333 224 280 

Sulphate 
mg/L 

123 193 

400

0 4070 592 7290 204 3510 5370 592.0 

Aluminium µg/l <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Iron 
µg/l 

<0.1 <0.1 

107

6 135 0 80 2 57 140.0 3.3 

Manganese µg/l <0.1 <0.1 84 8.3 1 20 1 13 21.0 0.2 
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5.2  Seepage Characterisation 

The Stiff diagrams (Figure 5-1) are used to characterise the concentration of the major cations 

(Ca2+, Mg2+, Na+K) and anions (SO4
2- 

-, Cl- and HCO3
-) at the seepage points.  

The Piper diagram (Figure 5-2) is convenient in classifying distinct clusters of the underground 

seepage. Based on Piper's interpretation, the cation trilinear plot shows enrichment in Ca2+, Na+ 

and K+ waters, while anion trilinear shows enrichment in Cl- and SO4
2- waters. The dominating 

cations and anions, Ca2+
, Cl- and SO4

2- are further indicated by Stiff diagrams (Figure 5-1). Based 

on the visual observation on the Piper Diagram the Bicarbonate concentration is zero as this 

plot on the line on the anion trilianer plot and this is due to the excessive Cl and SO4 

concentration (approximately >1000 mg/L) compared to relative low bicarbonate 

concentration (Table 5.1). This is also observed on the STIFF diagram (Figure 5-1). 

Based on the Stiff and Expanded Durov diagram (Figure 5-3), the water can be classified into 

4 groups. The first group is characterised as Mg-SO4 water type (i.e. SD6 and SD9). This group 

is characterised by the increased SO4
2- signature. SO4

2- is the dominant anion while Mg2+ is the 

dominant cation. This water type suggests SO4
2- contamination from the mine and/ or a mix of 

different water types due to the re-use of recycled water for mining activities. The occurrence 

of sulphate is associated with sulphide minerals and/ or sulphide bearing rocks. In this study, 

the sulphate contamination is associated with the dissolution of the host rock. The occurrence 

of magnesium is naturally due to the dissolution of the host rock.  

The second group is characterised as Na-Cl water type (SD1, SD2, SD5, SD7 and SD10). Na+ 

and K+ are the dominant cations while Cl- is the dominant anion with SO4
2- to a lesser extent 

at SD5 and SD10. This group suggests three possible hydrogeochemical characteristics and/or 

sources (i) end of the hydrogeological cycle, (ii) old/stagnant water, and (iii) NaCl source 

affected.  

The first hydrochemical water type characterised with NaCl is SD1. The hydrochemical facies 

for SD1 suggests that the source of seepage water at the sampled site is a regional groundwater 

source and this is supported by the pH and TDS analysis which suggested that the source of 

seepage is natural water/freshwater (Section 5.1). This water type can be characterised as the 

end of hydrogeological cycle type water where old groundwater has resided within the 

groundwater system. This is also confirmed by the apparent groundwater age based on the 



 

63 

 

tritium analysis which suggests that SD1 sample water was recharged prior 1952 (under Section 

5.2.2).  

SD1 samples were collected from an exploration borehole drilled from the lowest mining level 

at SDGM Level-F and it is drilling towards South-East direction at 161⁰ bearing (Figure 5-4 

and Figure 5-11 ) from the footwall (EB quartzite) to the hanging wall (Lava) ahead of the 

current mining position. Further, is located approximately 3 km below ground level, and the 

area is characterised by low permeability host rocks compounded by low recharge 

values/aquifer renewability (Section 3.4).  

The second hydrochemical type of water characterised with NaCl is SD2 . The hydrochemical 

analysis indicated that the water quality at SD2 is brackish and characterised by alkaline pH. 

The hydrochemical facies at SD2 suggests that the water type represents old/stagnant 

groundwater. This is confirmed by tritium dating which suggests that SD2 water can be 

characterised as sub-modern water probably recharged before the 1950s. Therefore, the 

possible source of seepage at SD2 is the mined out areas as the boreholes are drilled through 

the mined-out waterlogged backfilled areas.  

SD7 also showed characters of NaCl water type. SD7 is dominated by Cl-  with no dominant 

cation. This water type can be characterised and/ or suggest Cl- contamination or the water 

results from a mixture of different types due to the use and re-use of recycled water. 

 

Figure 5-1: Stiff diagram graphically displays the ratios [equivalents per million (e.p.m). or meq/L] of the 

major ionic components in water  
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Figure 5-2: Piper diagram presenting SDGM`s underground seepage hydrochemical characteristics and 

water types. 

 

 

Figure 5-3: Expanded Durov diagram displaying water types and hydrochemical processes in the 

samples. 
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Furthermore, the hydrochemical facies at SD10 also suggested that the water type is NaCl 

source affected. The results suggested that the source of seepage at SD10 is from the water-

logged backfilled stopes above the current mining cut.  

The third group is characterised as Ca-SO4 water type (i.e. SD3 and SD4). This group is 

characterised by an increased SO4
2- concentration, with Ca 2+ as the dominant cation. Sulphides 

(sulphides bearing rocks) are known to exist on-site and hence, the most likely source of the 

elevated sulphate is the oxidation of sulphide (pyrite) bearing rocks (Equation 3).  

  Equation 3 (Warren, 2011) 

On the other hand, the occurrence of calcium is understood to be natural due to the dissolution 

of the host rock. These results suggest that the source of seepage at SD3 and SD4 is mine water 

and this is observed in (Section 5.1) which is characterised by SD3 and SD4 sampling sites as 

mine impacted water. 

The fourth group is characterised as Ca-Mg-SO4 water type (i.e. SD6 and SD8). This group is 

characterised by an increased SO4
2- content and Ca2+ and Mg2+ as the dominant cation. This 

water type signifies SO4
2- contaminated water as a result of historical and/ or current mining 

activities. The dominant process in this facies is mixing and reverse ion exchange.  
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 Figure 5-4:3D schematic figure of SDGM showing Main Shaft (twin shaft) and location of 

sampling points. 

5.2.1 Stable Isotope Signatures 

Seepage water from the study area (Table 5.2 and Figure 5-5) showed slightly distinct isotopic 

composition which made it possible to characterise the source of seepage, evaluate the degree 

of mixing if any, characterise the processes governing recharge mechanism, characterise 

groundwater flow pathways as well as the evolution of groundwater chemistry. 

A total of 10 underground seepage samples (SD1-SD10) were collected and analysed for stable 

isotopes δ18O and δ2H. The stable isotope of δ18O and δ2H results are shown in Table 5.2. Stable 

isotope results of δ18O and δ2H are presented in Figure 5-5. 

Local Meteoric Water Line 

The Global Meteoric Water Line (GMWL) and the Local (Pretoria) Meteoric Water Line 

(LMWL) are used, with an assumption that the local rainfall has a similar isotopic composition 
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as the Pretoria rainfall isotopic composition. The LMWL and GMWL based on δ18O and δ2H 

data are given by the following equations: 

δD = 6.7 x δ18O + 7.2 ‰      Equation 4 (Abiye, 2013) 

δD = 8 x δ18O + 10 ‰      Equation 5 (Craig, 1961) 

D-excess is calculated using the following formula:  

𝒅= 𝜹𝟐𝑯−6. 7 δ18O        Equation 6 (Abiye, 2013) 

LMWL characterises precipitation with slope S=6.7 and d-excess of 7.2. The slope and the d-

excess of the LMWL are lower than that of the GMWL (S=8 and d-excess=10), thus, suggestive 

of secondary evaporation enrichment or humidity variation in precipitation. According to Wu 

(2005) as in Baqa (2017), a slope less than that of the GMWL is known to have resulted from 

secondary evaporation during precipitation in South Africa. This phenomenon tends to cause 

enrichment in δ18O and δD (the heavy isotope) in the residual liquid water (rainfall) and as a 

result, causes a decrease in deuterium excess (d-excess value). 

Stable Isotope Seepage Characterisation  

The stable isotope results of δ18O and δD varied from -31.6 ±0.2 ‰ and -8.58 ±0.0 ‰ at SD2 

to -0.5 ±0.5 ‰ and -0.78 ±0.1 ‰ at SD10, respectively. The sampled seepage water were all 

highly depleted concerning δ18O and δD (Figure 5-5). Seepage samples SD1, SD2, SD5, SD7, 

SD9, and SD6 plotted above the GMWL and LMWL while SD6 and SD9 plotted slightly above 

the GMWL/LMWL. These samples showed no sign of evaporation where most of the data 

plotting on and above the GMWL/LMWL. Generally, samples plotting above the LMWL relate 

to low rainfall during dry air conditions (Clark and Frits, 1997). Such rainfalls are characterised 

by low air humidity where the first rain is generally depleted and the precipitation plot well 

above the meteoric water line. 

As previously mentioned, seepage samples SD1, SD2, SD5, SD6, SD7, and SD9, plotted above 

the GMWL and LPMWL. These samples suggest that the local rainfall could have been 

subjected to the condensation effect or mixing of air masses before recharge, which is 

controlled by regional air circulation (Abiye, 2013). The cause of depleted isotopic 

composition at these sampling sites can be attributed to the condensation effect which is 

controlled by regional air circulation from the South Atlantic and Indian Ocean air masses.  
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On the other hand, seepage sample SD8 plotted both on the GMWL as well as on the LMWL. 

A plot on either the GMWL and/ or the LWML indicates that the seepage sample at SD8 has a 

similar isotopic composition with rainfall and this could be as a result of direct rainfall 

infiltration through fractures, faults, weathered dykes, joints, and mining-induced 

hydrogeological structures that outcrop on the surface resulting in groundwater isotopic 

signature similar to rainfall isotopic signature (Figure 3-15).  

Seepage samples SD3, SD4, and SD10, plotted below and slightly deviating from both the 

LMWL and GMWL. A deviation from the LMWL signifies secondary evaporation before and/ 

or during infiltration. In this instance, a possible deviation from the LMWL could be a result 

of diffused or sluggish water movement within the subsurface zone permitting isotope 

fractionation.  

SDGM isotopic composition showed that the seepage samples plot above and below the 

meteoric water lines, suggesting that different processes control the recharge mechanism in the 

study area. Correlation between δ2H and δ18O mainly showed three distinct groups, which are 

all clustered within the fourth quadrant (depleted in δ2H and δ18O values). These groups were 

distinguished based on showing evaporation signs or not. However, both evaporated and un-

evaporated samples cluster around both GMWL and LMWL suggest that these waters are of 

atmospheric origin. The first group is depleted with respect to δ2H and δ18O. This group is 

indicative of condensation effect/water mass mixing, which is controlled by regional air 

circulation from the South Atlantic and Indian Ocean air masses. The second group plots on 

top of the GMWL and LMWL resembling local rain events thus suggesting recharge occurs 

through direct rainfall recharge from high and short intense rainfall events during summer 

months. The third group plotted below and deviating from both the LMWL and GMWL. These 

samples are indicative of secondary evaporation during and/ or before rainfall recharge. 

Table 5.2: Stable isotope of δ 18O and δD. 

Sample Name δ2H (‰) ± 2H StDev 

(‰) 

δ18O (‰) ± 18O StDev (‰) 

SD1 -29.5 0.6 -6.36 0.1 

SD2 -31.6 0.2 -8.58 0.0 

SD3 -4.2 1.0 -1.48 0.1 

SD4 -3.6 0.3 -1.40 0.0 

SD5 -26.1 0.7 -6.79 0.1 

SD6 -6.8 0.9 -2.55 0.1 

SD7 -28.6 0.8 -5.87 0.1 
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SD8 -5.1 0.8 -1.84 0.1 

SD9 -12.9 0.3 -3.36 0.0 

SD10 -0.5 0.5 -0.78 0.1 

 

 

Figure 5-5: Correlation of δ18O vs δ D (δ 2H) diagram of seepage samples collected at SDGMs 

underground workings. GMWL and PLMWL are fitted for comparison. 

5.2.2 3H-Tritium Dating 

Nine seepage stations (SD1-SD9) were sampled in October 2020 for Tritium (3H) analysis, 

however, SD10 did not have enough volume for analysis. The tritium results are shown in 

Table 5.3. The tritium values in seepage water range from 0.0-1.8 T.U. The seepage water 

samples SD2, SD7, and SD8 contained low tritium content below 0.4 TU compared to seepage 

water samples SD1, SD3, SD6, and SD9 which had a varying Tritium content between 0.6-1.8 

TU. 

SD1, SD2, SD5, SD7, and SD8 have 3H content <0.8 TU which was interpreted as sub-modern 

water, probably recharged before the 1950s (see Section 4.2.2). Low to zero tritium content in 

a seepage water sample (SD2 and SD7) suggests no active recharge (Abiye, 2013). SD3, SD4, 

SD6, and SD9 have tritium concentrations ranging between 0.8-1.8 TU and this was interpreted 

as a mixture of sub-modern and hence, indicative of recently recharged waters. Low 
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measurable tritium suggests longer residence times for groundwater because of the delay in the 

unsaturated zone or low recharge/storage ratio in the unsaturated zone (Abiye, 2013). 

In South Africa, rainwater has natural tritium at concentrations of approximately 5.6 TU (Abiye 

et al., 2015) and therefore, seepage tritium values similar to that in current-day rainfall tritium 

would indicate active recharge. Currently, at SDGM, none of the sampled seepage water 

matches the current concentration of tritium in precipitation and thus the sampled seepage 

samples indicate that no recharge has taken place over the past 12.43 years except at SD6 and 

SD9.  

Table 5.3: Tritium results of underground seepage water. 

Sample Tritium Apparent Residence 

Time 

Identification (T.U.) Years 

SD-1 0.7 ± 0.2 37 

SD-2 0.0 ± 0.2 old 

SD-3 1.1 ± 0.3 29 

SD-4 1.3 ± 0.3 26 

SD-5 0.6 ± 0.2 40 

SD-6 1.8 ± 0.3 20 

SD-7 0.0 ± 0.3 old 

SD-8 0.4 ± 0.2 47 

SD-9 1.4 ± 0.3 25 

Based on the above tritium values, SDGM`s underground seepage water can be characterised 

into two groups, namely, the sub-modern (recharged before the 1950s) and the mixture of sub-

modern and recent recharge.  

Based on the assumption made in chapter 4, the residence time (apparent age) for the water 

seepage samples is calculated about the 5.6 TU concentration of the recent rainfall. With the 

knowledge that, tritium has a half-life of 12.43 years, the samples with concentrations greater 

than ±2.8 TU will suggest the presence of water recharged in the past 12.43 years. Sample SD6 

has the highest tritium concentration (1.8 TU) and can be approximated to have been recharged 

20 years ago. Low tritium values exist (<0.8 TU, approximately recharged prior to 1952) 

suggesting very old water or deep circulating groundwater, this may indicate the presence of a 

hydraulic connection between the aquifer and the mine void (up to 3 km deep). The deep 

groundwater may reach the mine void through geological structures.  
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From the isotopic analysis above, two types of water are defined: 

• a mixture of sub-modern and recent recharge, with tritium concentration between the 

0.8-1.8 TU and where recharge within the age range +20 to 35  years ago; and  

• the low tritium waters, <0.8 TU, categorised as sub-modern (recharged before 1952), 

age range between +35 to +47 years, indicating the presence of deep circulating 

groundwater.  

5.3  Possible Water Pathways 

Seepage stations were mapped and are plotted on mine plans (Figure 5-10 to Figure 5-17). 

Several seepage points are characterised by geological structures (faults, bedding planes, and 

joints), and the presence of drilled rock support holes. During the survey, it was observed that 

most of the seepage water occurs along with geological structures such as faults, joints, 

fractures (Figure 5-6), geological contacts, bedding planes as well as mining-induced fractures, 

exploration boreholes, and drilled rock support holes. 

 

Figure 5-6: BH_Y core illustrating diced core, faults, and joints that can allow the flow of water and is 

associated with sample SD2 

The chemistry of seepage water at SD1 is collected from a Long-Inclined Borehole (LIB_X) 

suggested natural waters. The water chemistry of SD1 has pH, TDS, and EC relating to natural 

waters (pH=7.4, EC=135 mS/m and TDS=791 mg/L). 

Figure 5-9 and Figure 5-11 show a cross-section of LIB_X (500 m long) and a picture of LIB_X 

core. The boreholes are highly fractured and diced, illustrating the presence of weak zones that 

can allow groundwater flow. SD1 water sample can be interpreted as groundwater. LIB_X was 
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drilled up to 500 m, which is 30 m from the lava position. The cross-section illustrates the 

faulting of the orebody. SD1 may be groundwater that travelled through faulted orebody and 

then found a way into the drilled borehole void through bedding planes, faults, and fractures. 

If there are any geological structures (faults, fractures, or bedding planes) connecting the 

aquifer and the void, it is then possible for the groundwater to flow through the borehole void 

into the underground workings.  

High seepage flows were observed along the bedding plane as well as the exploration 

boreholes. Seepage water along the bedding planes (Figure 5-7) such as at SD3 and SD4 (both 

located at level-E, Figure 5-4, approximately 2.7 km), showed an increased SO4
2- 

concentration, with Ca+ as the dominant cation. These sampling stations suggest that the source 

of seepage is mine impacted water and this was observed in Section 5.1. Stable isotope analysis 

signified that these samples (SD3 and SD4) had undergone secondary evaporation through a 

diffused or sluggish water movement within the subsurface zone permitting for isotope 

fractionation. However, tritium analysis indicated that water along these structures (bedding 

planes) is indicative of recently recharged water, where recharge occurred between the age 

range +26 to 29 years ago. 

 

Figure 5-7: Seepage water collected from bedding plane/reef contact at SD 4 and SD5 at SDGM. 
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Furthermore, major seepage flows were observed on the hanging wall, Figure 5-8. 

Hydrochemical analysis suggests that seepage samples (SD5-SD10) along with these structures 

(faults, joints, and drilled support holes as indicated from mine plans Figure 5-13 to Figure 

5-17) have undergone various hydrochemical evolution. Stable isotope analysis suggested that 

these samples were recharged under different recharge mechanisms as well as a unique isotope 

fractionation process. Seepage samples SD5, SD6, SD7, and SD9, plotted above the GMWL 

and LMWL, suggesting that the local rainfall could have been subjected to the condensation 

effect prior to recharge or water mass mixing. These samples contained varying tritium content 

from 0 to 1.8 TU. Seepage samples (SD5 and SD7) with tritium content <0.8 TU indicated that 

the seepage water from these structures was recharge prior to the 1950s and thus signifying 

that no active recharge is taking place along these structures. Conversely, SD6 and SD9 had 

tritium content >0.8 TU and this indicated that the seepage water from these structures was 

recharged approximately +20 years ago signifying recently recharged waters. 

Seepage sample SD10, sampled from the hanging wall along the mining-induced structures 

(such as joints) plotted below the LMWL, thus, indicative of secondary evaporation prior to 

recharge. Further hydrochemical facies indicated that the source of the sample is a NaCl water 

type. A NaCl type water is/was understood to be associated with the water-logged backfilled 

stopes above the current mining cut.  

Seepage SD8 located along the fault line and at the shallow mining zone at Level-A (Figure 

5-4, Figure 5-14, and Figure 5-15) showed no signs of evaporation and/ or condensation effect 

and hence plotting on both the LMWL as well as the GMWL. This indicated recharge as the 

source of the seepage sample which occurred through direct rainfall recharge along the fault 

line/fault outcropping at the surface resulting in groundwater isotopic signature similar to 

rainfall isotopic signature. However, the sample contained low tritium content of about 0.4 TU 

and thus indicative of deep circulating water approximately recharged about+47 years ago.  
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Figure 5-8: Seepage water collection from hanging wall at SDGM associated with mapped faults and 

joints. 

Apart from the sample sites, seepage water was also observed in the active mining zones. The 

seepage flow through active mining zones is understood to be associated with mining induced 

fractures (i.e. blasting of long hole stopes )which can create and/ or enhance the fracture 

networks resulting on the seepage generation on the underlying mining zones. Furthermore, 

earth-shaking due to blasting and/ or seismicity can also enhance the existing water-bearing 

structure (fracture, joint, etc) openings and drilled holes (support holes or exploration holes). 

The reefs at SDGM dip towards the South. In the past, SDGM used to mine using the 

conventional stope method, which means, mining following reef bands along dip. Most of the 

old stopes are backfilled. The current SDGM`s mining method mines below the old stopes in 

the current mine. This however constitutes approximately 30% of the total mining footprint 

and will be diminishing in the next few years as mining will be concentrated in the ground to 

the North of the Wrench Fault.. Backfilling requires a lot of water and proper water 

management. Experience shows that backfill material takes ±30 days to dry. Water seeps out 

from the backfill material and flows until it is accumulated where mining stops. If the water is 

not adequately managed (i.e., pumped), it remains at the same position until it gets pathways 
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to flow. Moreover, water during backfilling needs to be pumped, but if the water is not well 

managed, backfill material and water can flow to the walkway and cause muddy surfaces.  

Further, inadequate management of service water including damaged/broken pipes and blocked 

water dams contribute to the accumulated water in both active and old mining levels. As soon 

as the water finds pathways, it flows to the next level, this could be the reason for the observed 

hanging wall seepages and mixing waters chemistry. 

Seepage water/fissure water from underground geology exploration boreholes (SD1 and SD2) 

indicated deep circulating groundwater and/ or old mined-out voids with accumulated water. 

This is further supported by the hydrochemical facies which suggested (i) the end of the 

geohydrological cycle or (ii) old/stagnant water. Some boreholes are drilled within mining 

vicinities (for example, SD2) and such boreholes may deflect and hole into current mining 

areas. An exploration-drilling borehole may deflect and hole into an old or active mining stope. 

In cases where the stope contains/has old accumulated water, it is likely that the water will flow 

through the drilled borehole void to the level where the drilling machine is located at a lower 

level.  

At SDGM, some exploration boreholes are drilled from inactive mining levels and are mostly 

drilled ahead of mining to the lava position or drilled up or down to confirm certain structures 

or reefs. Some boreholes are drilled between active mining levels. For example, SD2, (sample 

collected from Borehole BH_Y) water chemistry indicated the chemistry is similar to mine 

water from backfilled levels, high salinity, and alkaline (pH=10). This water may be from levels 

where there are sumps and old mined-out areas with accumulated backfill water.  

Correlation between δ2H and δ18O provided more useful ideas on the sources of seepage as 

well as the dominant processes/mechanism governing recharge. Based on the stable isotope 

analysis the seepage samples were conceptually characterised into three groups: the first group 

plotted above and on the local meteoric water line, signifying un-evaporated isotopic 

composition. This group was understood to be indicative of condensation effect/water mass 

mixing, which is controlled by regional air circulation from the South Atlantic and Indian 

Ocean air masses. The second group plotted on top of the GMWL and LMWL resembling local 

rain events thus suggesting recharge occurs through direct rainfall recharge from high and short 

intense rainfall events during summer months. The third group plotted below and deviating 
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from both the LMWL and GMWL. These samples were indicative of secondary evaporation 

during and/ or before rainfall recharge. 

All seepage samples contained detectable amounts of tritium and hence indicative of 

recharge/aquifer renewability. Tritium signature varied from 0.0 TU to 1.8 TU. Seepage water 

was characterised as a mixture of sub-modern and recent recharge, with the tritium 

concentration ranging between  0.8 and1.8 TU. These samples were understood to be recently 

recharged in the past +20 to 35 years. Seepage samples with low tritium content <0.8 TU, and 

were categorised as sub-modern, recharged before the 1950s. These samples indicated that 

recharge along those structures mainly occurred approximately +35 to +70 years ago, 

indicating the presence of deep circulating groundwater that emerges as condensation/water 

mass mixing.  

 

Figure 5-9: LIB _X drilled core associated with SD1 
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Figure 5-10: Level-E plan showing SD2 sampling station 
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Figure 5-11: Level-F plan showing SD1 sampling station and a North to South cross-section of BH LIB_X 
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Figure 5-12:Level-E CUT04 plan showing SD3 and SD4 sampling stations. 
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Figure 5-13: Level-E 1BW CUT04 plan showing SD5 sampling station. 
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Figure 5-14: Level-A 1BW CUT01 plan showing SD8 sampling station. 
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Figure 5-15: A South to North cross-section through SD8 sampling point. 

 

Figure 5-16: Level-A 1W CUT02 plan showing SD9 sampling point. 
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Figure 5-17: A West to East cross-section through SD9 sampling point illustrating mapped geological 

structures, old convectional stopes, and long hole stope. 

 

  



 

84 

 

CHAPTER 6  

CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusion 

Evaluation of the characteristics of the seepage at SDGM`s underground void was made 

through reviewing the local hydrology, geology, physiography, climate, and the review of 

previous hydrogeology work done at the mine. Based on the hydrochemical facies, the seepage 

water is characterised into four groups. 

The first group is Mg-SO4 water type (i.e. SD6 and SD9). This group is characterised by the 

increased SO4
2- signature. This water type suggests SO4

2- contamination from the mine and/ or 

a mix of different water types due to the re-use of recycled water for mining activities. 

The second group is NaCl water type (SD1) indicative of a regional groundwater source. This 

water type can be characterised as the end of hydrogeological cycle type water where old 

groundwater has resided within the groundwater system.  

The second hydrochemical type of water characterised with NaCl is SD2. The hydrochemical 

analysis indicated that the water quality at SD2 is brackish and characterised with alkaline pH. 

The hydrochemical facies at SD2 suggests that the water type represents old/stagnant 

groundwater. This is confirmed by the Tritium dating which suggests that SD2 water can be 

characterised as sub-modern water probably recharged before 1952. Therefore, the possible 

source of seepage at SD2 are the minedout areas as the boreholes are drilled throughout the 

mined-out waterlogged areas.  

SD7 also indicated characters of NaCl water type. The sample had no dominant cation. This 

water type can be characterised and/ or suggest NaCl contamination or the water results from 

a mixture of different types due to the use and re-use of recycled water 

The third group is characterised as Ca-SO4 water type (i.e. SD3 and SD4). This group is 

characterised by an increased SO4
2- concentration, with Ca+ as the dominant cation. Sulphides 

(sulphides bearing rocks) are known to exist on-site and hence, the most likely source of the 

elevated sulphate is the oxidation of sulphide bearing rocks. On the contrary, the occurrence of 

calcium is understood to be natural due to the dissolution of the host rock. These results suggest 

that the source of seepage at SD3 and SD4 is mine water.  



 

85 

 

The fourth group is characterised as Ca-Mg-SO4 water type (i.e. SD6 and SD8). This group is 

characterised by an increased SO4
2- content and Ca2+ and Mg2+ as the dominant cation. This 

water type signifies SO4 contaminated water as a result of historical and/ or current mining 

activities. The dominating process in this facies is mixing processes and reverse ion exchange.  

Based on the stable isotope analysis the seepage samples were conceptually characterised into 

three groups: the first group plotted above and on the local meteoric water line, signifying un-

evaporated isotopic composition. This group was understood to be indicative of condensation 

effect/water mass mixing, which is controlled by regional air circulation from the South 

Atlantic and Indian Ocean air masses. The second group plotted on top of the GMWL and 

LMWL resembling local rain events thus suggesting recharge occurs through direct rainfall 

from high and short intense rainfall events during summer months. The third group plotted 

below and deviating from both the LMWL and GMWL. These samples were indicative of 

secondary evaporation during and/ or before rainfall recharge. 

All seepage water contained detectable amounts of tritium and hence indicative of 

recharge/aquifer renewability. Tritium signature varied from 0.0 TU to 1.8 TU. Seepage water 

with tritium content between  0.8 and1.8 TU was characterised as a mixture of sub-modern and 

recently recharged water. These samples were understood to be recently recharged in the past 

+20 to <35 years. Seepage samples with low tritium content <0.8 TU, were categorised as sub 

modern, recharged prior to 1950s. These results indicated that recharge mainly occurred 

approximately +25 to +75 years ago thus, indicating the presence of deep circulating 

groundwater that emerges as condensation/water mass mixing. 

Based on the hydrogeological characterisation/conceptualisation of the main source of seepage 

within the study or from the study, it was observed that seepage is associated with the backfilled 

areas on the level above, places closer to active mining (i.e. long hole blasting), along the 

abutment zones, the geological structures such as faults and mining-induced fractures, 

worsened/compounded by inadequate mine-water management. Seepage water was also 

observed on drilled boreholes, which holed to active or old abandoned mining levels with 

accumulated water. Possibly groundwater may flow into the mine void through borehole voids 

that drilled up to the lava position or intersected structures with the potential of connecting the 

aquifer and the mine void, hence the observed natural water in SD1.  
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A way forward to ensure the safety of the mine`s employees, and damage of mine property for 

a successful safe, and productive South Deep Gold Mine, strict and long-term excess water and 

service water management underground is recommended. 

6.2 Recommendations 

A quantifiable and qualitative research methodology was taken to investigate the source of 

seepage and its governing processes within SDGM`s underground void. However, additional 

investigations and improvements are advisable to expand the reliability of these research 

discoveries: 

• Collection and mapping of more underground seepage samples to analyse the chemistry 

and isotopic signatures which will assist in improving the seepage and fissure water 

data at the study area. This can be done over time by monitoring the defined wet places 

underground. 

• Collection of groundwater and surface water samples in the study area to analyse for 

isotopes. This will define the isotopic signature of the study area.  

• Improved underground mine water management such as at backfilling areas and active 

stopes is recommended to minimise the source of seepage. Further, proper management 

and maintenance of damaged water pipes and overflowing/blocked dams is also 

recomended. 
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APPENDIX ASDGM`S 2020 MONITORING BOREHOLES WATER QUALITY 

RESULTS (Source: Prinsloo (2020) 
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APPENDIX B 

 PIPER DIAGRAM REPRESENTING SDGM`S GROUNDWATER TYPES (Source: 

Prinsloo, 2020) 
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APPENDIX C 

 A SCHEMATIC DIAGRAM OF SDGM`S UNDERGROUND BLOCK CONCEPTUAL 

MODEL OF SDGM (Golder, 2018) 

 

Blue arrows = fissure water; red arrows = mine affected water. 

 


