
Finding solutions for crisis of the 
gold mining industry of South Africa.

Learning from Nature 

PUMPS
Passive Underground Mine-water Purification System

AEON REPORT SERIES NO. 5
2019

THAKANE NTHOLI & MAARTEN J. DE WIT

www.aeon.org.za



2 /    L E A R N I N G  F R O M  N A T U R E



3I N T R O D U CT I O N   /

LEARNING 
FROM NATURE
PASSIVE UNDERGROUND MINE-WATER PURIFICATION SYSTEM

Published by AEON-Earth  
Stewardship Science Research Institute
Nelson Mandela University
Port Elizabeth
6039
South Africa
Email:  thakane.ntholi@gmail.com 

maarten.dewit@mandela.ac.za

First published in 2019

Cover image: Background images on 
cover and page 2 are from Jeannette 
Unite (www.jeannetteunite.com)

Design by: 
Infestation 021 461 8601

All rights reserved. No part of this 
publication may be reproduced, stored 
in a retrieval system, or transmitted, in 
any form or by any means, electronic, 
mechanical, photocopying, recording, or 
otherwise, without the written permission 
of the publisher. Financial benefit from 
the sale of this book is limited to the 
publisher and to the designated author.

Finding solutions for crisis of  
the gold mining industry.

Finding solutions for crisis of the 
gold mining industry of South Africa 
requires radical transformation linked 
to innovative new technologies, socio-
economic needs and ecosystems services  

“the imagination of nature is far, 
far greater than the imagination 
of man” – Richard Feynman
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Introduction The South African gold industry has lost its shine 
and expectations over the last three decades, and 
presently continuous to be a negative contributor 
to the mining production of South Africa. Over 
the last year, gold production deceased near 20%, 
and forecasts are dim. Reasons often blamed by 
mine owners and management link to enforced 
requirements for them to meet a new order of 
national socio-political responsibilities; and to deal 
with global economic issues: a stagnant gold price; 
requirements of equitably share profits with labour; 
policy and regulatory uncertainty; and rising prices  
of electricity and fuel. 

H owever, present mining techniques – the engineering ‘hubs and 
bolts’, and their socio-environmental management – ‘pollution 
externalities’ and the decline of ‘ecosystem services’, are equal 

or even greater culprits. Few have invested in new technologies and in 
better returns for society. Instead, today the value of illegal mining has 
escalated into a revenue generation of near 1 million grams of gold at 
the current market price. However, the value of this mining in terms of 
safety and economic security are indeterminably negative. 

Labour and electricity account for more than 70% of South Africa’s 
gold miners costs. In addition, South Africa’s coal-driven energy supply 
remains unreliable, as well as in denial of global efforts to migrate 
to renewable energy options. That said, options such as solar energy 
are yet to be proven to be a viable option for this energy-intensive 
industry that must securely ventilate and cool deep shafts (with rock 
temperatures that reach 36-45ºC), and safely transport labourers up 
and down. There is no incentive to invest in new mines or extend the 
lives of old, well-established ones. 

South Africa (SA) remains in position of one of the richest, if not 
the richest global gold resource, but which is increasingly difficult to 
turn into reserves. In 2015, Stats SA estimated there are still 40 years 
of available resources of gold yet less than 20% of the SA gold mines 
are profitable at today’s gold prices. This has resulted in unchallenged 
decline in investment and employment productions. Gold miners in 
SA have made some hard calls to close shafts and cut jobs over the 
last few years; the mining industry lost almost 40,000 jobs in the 2nd 
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quarter of 2018 and employment in this industry has almost halved 
since 1980 (Business Day Editorial, August 2018). Some have stated 
that what has been done to our (gold) mining industry is nothing but 
criminal (Correspondents, 2012). 

Is this decline in gold mining inevitable (e.g. Kruger and de Wit 
1987) or can the mining industry still regain its former glory (e.g. 
Kruger et al. 1991)? Likely not without new ways of operating through 
new innovative technology. It is not just about challenges from 
the legislation, labour and existing costs. It is also about failure to 
explore future technology or new engineering idea to harness the 
potential full potential of the mining operations. One example is 
negligence of disused shafts and lack of interest in exploring their 
economic potential. It is also about hesitation to let go of old habits 
and explore new frontiers - mining with a holistic future in mind. In 
part, the country has been left in limbo, linked to old habits without 
little real innovation, and ‘out of the box’ thinking. SA needs new 
abilities to mine effectively; and fair. 

 Mechanised mining has stalled, but it is not clear why. For 
example, restructuring of South Deep mines, thought to be ideal for 
mechanisation has failed to materialise. The question is what are the 
lessons? Where to from here? 

In this report, we focus on new potential avenues of innovation for 
engineering in deep gold mining, and address issues that especially 
internalise socio-ecosystem services. This is an attempt to analyse 
a new way of thinking about converting South Africa’s deep 
underground resources into reserves whilst retaining socio-economic 
sustainability. Our quest is not just to dream new technologies, but to 
explore them, build on experiments, and challenge innovators. 

There are plenty of Musky (‘Tesla’) opportunities for gold mining 
in South Africa and beyond. (e.g. Creamer, 2019) However, is there 
enough courage in the mining fraternity to explore new technologies 
as we move into the 4th Industrial Revolution? 

“If we want to solve a 
problem that we have 
never solved before, we 
must leave the door to 
the unknown ajar”  
 
- Richard Feynman
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‘Citizen Science & Engineering’  
for new generation of miners  
and communities 

South African gold mining industry is in 
a precarious position and some believe in a 
final phase of decline (e.g. Bloomberg 2018). 
Its 130-year-old gold industry is disintegrating 
because most remaining deep gold mines are 
unprofitable, in part because of increasing costs 
of labour, energy, and engineering. The economic 
impacts are unsustainable and uncompetitive.

Gold contributes about 1% of the SA economy, 
down from 4% a quarter of a century ago. 
Today, the gold industry employs just over 0.1 
million people; each gold miner supports 5-10 
dependants. Whilst the annual mining production 
in SA increased by 2.8% mid 2018, gold was a 
significant negative contributor with production 
down by almost 20% (Arnoldi 2018).

Scientific data confirm that deep mining 
under present conditions will increasingly 
lower production – it is just too difficult to 
mechanically mine gold at these deep levels - 2 
000m or more - without continuous safety issues 
(including loss of lives), and increasing declines 
of ecosystem services linked to side effects of, for 
example, water shortages and pollution through 
increasing mine water decanting. Despite local 
improvements to conventional shaft sinking 
technology (e.g. Seccombe 2018a), South Africa’s 
gold mines cannot survive – and in 10 to 15 years 
will no longer be a significant GDP contributor. 
Only small scale, and often illegal, mining may 
remain, yielding less return for services (Hosken 
2018), greater number of vitalities1, and increasing 
decline in ecosystem services and water security 

through, for example, increasing leakage of Acid 
Mine Water from abandoned mines. 

As new investments in the gold mining industry 
of South Africa has nearly vanished over the 
last decade, much has moved to West Africa. By 
1997, only nine mines of the Witwatersrand were 
marginal producers, of which only two were profit 
makers; and further mine closures predicted, as 
these mines would find it hard to survive (Spicer 
1997; Osborn 1997). Some economists predict 0.1 
million job-loses as grades deteriorate, as deeper 
mining is required and gold harder to access 
(grades changed from just over 13gm/T 50 years 
ago to 5gm/T 20 years later; whilst the average 
working cost inflation grew by just over 20%). By 
1994, when gold mines employed 400 000 people 
and gold production reached nearly 600 tons. 
Thereafter gold output declined: at the end of the 
1990s it was at its the lowest for 40 years (Gqbulu 
and Getz 1997); and today continuous to decrease 
(e.g. Menon 2019; Cohen 2018), with less than 
20% of SA gold mines being profitable (Seccombe 
2018a&b). By 2017, employment in the gold 
mining sector was down 30% (near 50 000 jobs) 
since 2009, and the remaining production may be 
gone by 2030 (Mining Weekly 2018). The lack of 
access to reliable and affordable electricity over 
the last decade has also become a major factor 
– with electricity costs accounting for 20% of the 
gold miners costs (Business Day Editorial, 2018; 
Mining Weekly Editorial, 2018-2019).

Whilst poor regulations have hampered some 
of this, nevertheless the gold sector in 2018 
produced 140 ton of gold; employed some  
112 000 people; paid employee wages and 
benefits around R30 billion; and contributed near 
R45 billion towards GDP (Mining Weekly, 2018). 
Thus there is still plenty opportunity.

BOX 1

 N E W  C H A L L E N G E S  F O R  T H E  G O L D  I N D U S T RY  I N  S O U T H  A F R I C A  /

New Challenges for the Gold Industry  
in South Africa
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1 54 miners died on duty in 2018; 23 miners died at one 
gold mine alone (Mashego and Gavaza, 2018). 142 
workers died in mines across the country over the 
previous 18 months (88 in 2017; 76 in 2016, compared 
to 171 in 2008 (data from the Minerals Council SA 
(formerly the Chamber of Mines).

2 Developing local capacities within rural communities to 
monitor effects of mining  
en.wikipedia.org/wiki/List_of_citizen_science_projects

 N E W  C H A L L E N G E S  F O R  T H E  G O L D  I N D U S T RY  I N  S O U T H  A F R I C A  /

However, at the same time externality costs of 
the gold mining industry increased substantially, 
and without much incentive for the industry to 
address this seriously. Although these costs 
are difficult to determine precisely, it has been 
suggested if all environmental (eco- and human-
systems) clean-up was paid for by government 
then the country would be bankrupt (de Villiers and 
de Wit 2012). Today’s knowledge that some of this 
Acid Mine Water (AMW) is draining even through 
caves of the unique Cradle of Humankind World 
Heritage Site (Long 2018) illustrates that indeed 
these costs are no longer simple ‘externalities’.

Whilst the government acknowledges that Acid 
Mine Drainage (AMD) is a serious threat, only 
short to medium term solutions are implemented 
(Klover 2014). Environmental Critical Levels 
(ECL) were breached by 2015 when there were 
no proactive management plans to address AMD 
decant in a large number of gold mines of the 
Witwatersrand because of government failure to 
grasp the complexity of AMD (Kolver 2014; Steyn 
2018; Long 2018; Olalde 2018). Water shortage and 
pollution is thus a growing challenge for mines, 
and there are many complex technical obstacles 
of implementing pumping solutions that have not 
been resolved yet (e.g. Odendaal, 2018).

To help survive and/or resurrect deep mines 
requires new technologies and to simplify mining 
methods, and access to affordable, and reliable 
energy, since old solutions linked to ongoing 
processes are no longer particularly successful 
(e.g. Voster 1997; Walker 1997; Ryan 2018; Gavaza 
2018; Seccombe 2018a-c and 2019; Creamer 2019). 

In addition, it has also become more obvious, 
and indeed increasingly implemented, that public 
engagement in the design, collection, analysis 
and reporting of scientific research and industrial 
engineering experimentation is now part of 
trans-disciplinary and global changes linked more 
directly to socio-ecological needs. Today, many 
organised Citizen Science projects, especially with 
a focus on environmental programs, are flourishing 
as scientists and engineers require increasing 

amounts of data; and many citizens want to 
contribute to the understanding and conservation 
of the natural and human environment (e.g. 
Bonney, et al. 2014, 2015; NASEM 2018; AEON 2018). 
To ensure vocational and technical education 
programs to support the growing need for workers 
in a more equitable mining industry, existing 
education programs must be re-orientated towards 
new knowledge skills, work ethics and trust 
building2.
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The use of geothermal energy is an advantage 
for a country with power limits, and in a world 
where the decrease of carbon emissions is a 
major priority (Dhansay et al. 2017). Energy 
demand is a crucial part for the mining industry 
at large. Typically, energy accounts for 40% 
- 60% of mining operating costs, and mining 
companies require access to a constant source 
of energy to meet their production needs, which 
to date has proven challenging, and expensive. 
Implementation of onsite geothermal energy for 
mining and remediation processes can lighten 
the demand and positively contribute towards 
the reduced use of fossil fuel. Storage of purified 
water in disbanded underground mines can 
secure water for an already water scarce region 
in South Africa. 

Construction of geothermal wells for utilities 
in deep gold mines must be based on reliable 
stress-field data. The limited data used for stress-

BOX 2

field calculations suggest that there is need for 
further tectonic research, especially considering 
the induced seismic activity in the gold mines. 
However, the more important detail, which is 
the direction of the stress fields, is reliable, and 
no obstacles have been identified in relation to 
placement directions for potential geothermal 
wells in deep gold mines of the Witwatersrand 
Basin. Importantly, flooding mines may in fact 
stabilise the induced stresses; and extending the 
mine lives linked to such geothermal technologies 
may therefore decrease human mining risks at 
surface related to seismic events 

Calculations confirm that the amount of 
heat that could be harvested from geothermal 
reservoirs in deep gold mines of SA is sufficient 
to generate electricity to support their mining 
and AMW cleaning systems. When exploited 
carefully such reservoirs have potential lifespans 
of at least 20 years.

Reducing Costs Through Energy 
from Hot Rock



T he gold mines along the margins of the 
Witwatersrand Basin of South Africa are 
subject to continuous inflow of water. 

The inflowing water reacts with sulfide minerals 
within the mines, leading to the generation of Acid 
Mine Water (AMW) that is characterised by high 
acidity, low pH, and high concentrations of sulfate 
and metals, particularly iron. Over time, AMW 
accumulating in these mines turns them into AMW- 
reservoirs. 

Here, we present a geo-bio-engineering solution 
that mimics natural systems operating in deep-ocean 
hydrothermal vents, designed to treat AMW within 
mines and convert them into clean water reservoirs. 
This engineered system, hereafter referred to as 
a Passive Underground Mine-water Purification 
System (PUMPS), relies primarily on the functions 
of sulphate reducing bacteria (SRB) powered by 
geothermal energy harvested directly from below the 
mines for bioremediation of AMW.

PUMPS comprises a well doublet drilled from the 
base of the existing mines below surface to harvest 
geothermal energy. Functioning as geothermal fluid, 
AMW is pumped down the injection well into the hot 
rock to harvest heat, and potentially entrain deep-
seated minerals including gold. The hot mineral-rich 
AMW is pumped up the production well into the 
reaction chambers constructed at the base of the mine. 
In these chambers, sulphate in the AMW is reduced 
to sulfide by SRB and reacts with the dissolved metal 
ions, leading to the precipitation of metal sulfides and 
increase of pH. The ensuing water then flows through a 
selectively permeable membrane back into the flooded 

mines, resulting in dilution. Over time, continuous 
circulation transforms the underground mines into 
clean water reservoir protected from evaporation. 

The Witwatersrand Basin, situated within an 
Archaean craton, is not an obvious choice for 
harvesting of geothermal energy. However, heat 
flow measurements across the basin are higher 
than average cratonic measurements. Based on its 
geothermal gradient of 12°C/km, a 2D thermal model 
of the Witwatersrand Basin based on physical and 
thermal properties of the rocks confirms that the 
temperatures at 8km range between 90 and 120°C, 
sufficient for harvesting low enthalpy geothermal 
energy (in-situ temperatures <150°C). 

Based on an Organic Rankine Cycle (ORC), 
geothermal heat extracted from a 1km2 reservoir area 
at this depth can produce approximately 59.6MW using 
a mass flow rate of 30kg/s for the geothermal fluid 
and 10kg/s for the working fluid. This is sufficient to 
power to drive PUMPS for at least 20 years. First order 
economic evaluation proves that PUMPS is competitive 
with prices of other AMW systems. Setting up a pilot 
plant for PUMPS that will assist refining the model by 
testing fluid flow paths, geochemical mining during 
fluid circulation and geothermal energy output, is 
therefore justified to reinvigorate a new era of science-
based deep-mining engineering linked to production of 
potable water. Below, we first describe PUMPS within 
the framework of the Witwatersrand gold mines, and 
then describe experiments that allow evaluation of its 
viability and its economics. 

9

In Reverence of Nature – Carl Segan 
Engineering a mining system based on geo-biomimicry of Nature’s deep-
ocean hydrothermal vents and continental heat to remediate acid mine 
water spills from deep gold mines

Phase 1.  

I N  R E V E R E N C E  O F  N A T U R E  -  C A R L  S E G A N  /
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Nature’s Backyards Across 
SA Gold Mines 

S outh Africa’s Witwatersrand Basin (Fig. 1), which has produced 
over a third of the gold in the world, is now suffering the largest 
externality costs to result from the gold mining industry – 

Acid Mine Drainage (e.g. McCarthy 2011; Humphries et al. 2017; Long 
2018). Acid Mine Drainage (AMD), also known as acid rock drainage, 
is an immense threat to global and South Africa’s water and its socio-
ecosystem services (e.g. McCarthy 2010; de Villiers and de Wit 2010, 
respectively). Acid mine drainage refers to acidic, metal and sulfate 
rich water (here referred to as Acid Mine Water- AMW) that results 
from oxidation of sulphide minerals (Gray 1998; Wolkersdorfer 2008; 
Nordstrom 2011; Long 2018). In the Witwatersrand gold mines, pyrite 
is the most common sulphide mineral associated with gold, and 
is excessively exposed to oxygen and water as a result of mining 
activities for more than 120 years (Van der Walt and Roer 2006; Akcil  
and Koldas 2006; McCarthy 2011; Humphries et al. 2017). 

FIGURE 1

FIGURE 1. Geological map of the Witwatersrand Basin showing the 
formations from the base of the basin to the Witwatersrand Supergroup, 
which consists of the West Rand and Central Rand Groups. The gold fields 
lie between these groups. Normal faults flanking the boundaries of the basin 
control the depth distribution of the gold deposits. Modified from Frimmel 
and Minter (2002) and Frimmel (2019). Section A-B reveals a thermal profile 
across the basin as summarized in Figure 7.

“Some Witwatersrand 
gold mines extend to 
depths up to 4km, far 
below the water table, 
and are subject to 
continuous inflow of 
groundwater.”

N A T U R E ’ S  B A C K YA R D S  A C R O S S  S A  G O L D  M I N E S  /
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Some Witwatersrand gold mines extend to depths up to 4km, 
far below the water table, and are subject to continuous inflow of 
groundwater (Naicker et al. 2003). In active mines, inflowing ground 
water is pumped-out continuously to enable safe and efficient 
mining (Naicker et al. 2003). In abandoned and/or disused mines 
where pumping of inflowing groundwater has stopped, the inflowing 
water leads to higher volumes of acid mine water (e.g. McCarthy 
2011). Absent owners and high treatment costs led to most of the 
AMW in these disused mines being left untreated and flood levels 
rising towards the surface, leaving the state to carry most of the 
responsivity (Akcil and Koldas 2006; Coetzee et al. 2010). Structural 
interconnectivity of the mines occasionally results in seepage of 
AMW from flooded abandoned mines into neighbouring active mines 
(McCarthy 2011), placing an extra burden of pumping and treating the 
AMW on the active mine (Winde and Stoch, 2010; Coetzee et al., 2010), 
highlighting the need for an integrated approach to combat AMW. 

If left untreated, AMW eventually discharges from abandoned 
mines into the surrounding environment and result in contamination 
of land and fresh water systems to the detriment of ecosystems and 
communities that depend on these resources (Wolkersdorfer 2008; 
Lottermoser 2010; Akcil and Koldas 2006; de Villiers and de Wit 2010; 
Humphries et al. 2017). The effects of contamination can extend 
beyond 15 km from source and the resulting environmental impact 
can last decades after the discharge (Wolkersdorfer 2008; Lottermoser 
2010; Long 2018).

The Witwatersrand Basin experienced the first AMW discharge in 
2002 (McCarthy 2011). Since then, there have been efforts to design a 
sustainable long-term solution for the remediation and management 
of the AMW beyond that of natural wetlands (e.g. Humphries et al. 
2017). A summary of active and passive treatment technologies and 
their estimated running costs are summarized in Coetzee et al. (2010). 
The most desirable solution would be one that is environmentally and 
economically sustainable such as in-situ passive systems. However, 
the structural complexities of the Witwatersrand Basin and the vast 
volume of AMW that require treatment have been inhibiting factors for 
these types of systems. 

There is increasing awareness and effort from scientists and engineers 
to address anthropogenic-related deterioration of natural environments 
by learning from natural systems. However some geo-engineering 
systems based on mimicry of nature are controversial and still require 
broader global discussion based on empirical evidence. One example 
is the spraying of sulfate aerosols into the atmosphere to combat 
climate warming through solar radiation management (as originally 
first suggested by Nobel Price scientist Paul Crutzer in 2006; see Crutzen 
2016), but is not generally acceptable for immediate applications due to 

“There is increasing 
awareness and effort 
from scientists and 
engineers to address 
anthropogenic-related 
deterioration of natural 
environments by 
learning from natural 
systems.”

N A T U R E ’ S  B A C K YA R D S  A C R O S S  S A  G O L D  M I N E S  /

Witwatersrand Basin
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FIGURE 2a

FIGURE 2. (a) Schematic 
representation of transforming 
existing natural systems: 
hydrothermal (top left, black and 
white smokers) and geothermal 
systems (bottom left) into a geo-
engineered technology system such 
as PUMPS (right). 

unknown side effects of such complex systems (Parker and Geden 2016). 
Nonetheless, it remains necessary to continue research and development 
of these systems because to ignore such approaches is regarded also by 
many as ill-advised (Parker and Geden 2016). 

In this spirit, and following advice from Richard Feynman ‘….nature’s 
imagination far surpasses our own’, we explore here a natural system 
aimed to address AMW-related environmental challenges. The system 
that we designed, and which we have named Passive Underground 
Mine Purification System (PUMPS), mimics hydrothermal vent systems 
found along mid-ocean ridges in deep oceans (Figures 2 and 3). 

 Specifically, PUMPS is linked to thermal, chemical and biological 
reactions observed at white-smokers where sulphate-rich seawater 
percolates into the crust and circulates through its subsurface 
rocks (Lough et al., 2017; German and Seyfried 2014; Douville 2002). 
The sulfate-rich water dissolves and entrains high concentrations of 
metals, and the sulfate undergoes thermochemical sulfate reduction 
leading to a decrease in pH (Lough et at. 2017; Elderfield and Schultz 
1996; German and Seyfried 2014). The resultant fluid, with similar 
chemistry to that of AMW, is then emitted through hydrothermal vents 
as black or white smokers (Tivey 2007, and references therein). White-
smokers, which can be found on their own or as divergent chimneys 

N A T U R E ’ S  B A C K YA R D S  A C R O S S  S A  G O L D  M I N E S  /

Geothermal Well System
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of black smokers, emit fluids at relatively low temperatures (< 
150oC, e.g. German et al. 2016; Tarasov et al. 2005). Upon emission 
of the fluid, the sulfides resulting from thermogenic reduction react 
with entrained metals to precipitate metal sulfides. The remaining 
sulphate undergoes biogenic sulphate reduction through their 
metabolic processes of sulfate reducing bacteria (SRB), resulting in 
precipitation of more metal sulphides (German et al. 1995; Tarasov 
et al. 2005). These sulphate-reducing bacteria are part of colonies 
of thermo-phyllic bacteria that co-exist around the mounds of 
all hydrothermal vents (Figure 2; Jannasch et al. 1988; Jeanthon 
2000; Kallmeyer and Boetius 2004). This biogenic sulfate reduction 
process decreases the metal and sulfate concentrations in the fluid 
resulting in increased pH to above 7, similar to what is required for 
AMW remediation. 

FIGURE 2c

FIGURE 2b

FIGURE 2 (b) Photographs of active 
hydrothermal black smoker vents 
(T>150°C). Plumes are exited during 
interaction of hot geothermal fluid 
and cold sea water that leads to the 
precipitation of sulphides (yellow) in the 
chimneys of black smokers (Courtesy 
of  Cornel de Ronde, GNS Science, Lower 
Hutt, New Zealand, (2015). 

FIGURE 2 (c) Images of ecosystems 
and meta-calcium sulphate linked to 
hydrothermal vent chimneys of white 
smokers (T≤150°C) (Courtesy of Rachel 
Mills, Ocean Sciences, University of 
Southampton, UK, 2017).

N A T U R E ’ S  B A C K YA R D S  A C R O S S  S A  G O L D  M I N E S  /
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FIGURE 3a

FIGURE 3b

N A T U R E ’ S  B A C K YA R D S  A C R O S S  S A  G O L D  M I N E S  /
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Geo-engineering of in-situ white smokers is appealing and worth 
investigating for the deep Witwatersrand gold mines because it 
addresses pH, metal and sulfate concentrations at temperatures 
that can be linked to accessible geothermal conditions below the 
gold mines. More importantly, it allows for semi-passive treatment 
of large volumes of AMW with minimal care and maintenance. We 
show that such a system can effectively simulate in-situ semi-passive 
bioremediation driven by internal heat (as in white smokers), as a 
viable treatment option in these mines. 

Below we first describe a simple design of PUMPS, and the scientific 
laboratory experiments to tests its operational capacities, followed 
by an evaluation of its general economic viability. Finally, we provide 
a critical assessment of the utility and risks associated with this geo-
bio-engineering scheme to address AMD. 

Design of PUMPS 
In essence, PUMPS comprises three connected components: a 

geothermal energy system, a bioreaction chambers, and a water 
reservoir (Figure 4).

The floors/base of the deep gold mines (2-4 km) resemble the sea 
floor (at similar depths), and the rocks below this base are equivalent 
to subsurface ocean crust, albeit with a much lower geothermal 
gradient across their continental crust. The AMW flooding the mines 
is like a reconditioned seawater reservoir that emerges from white 
smokers (that in the oceans dissipates). In order for sulfate reducing 
bacteria (SRB) to operate effectively as bioreactors in these flooded 
gold mines, they are hosted in closed reaction chambers with valves 
to allow AMW to flow in for remediation and out once bioremediation 
is complete (Figures 2 and 4). The reaction chambers are hauled-out 
routinely for maintenance. 

The circulation of water for harvesting heat from the rocks is 
modelled based-on known geothermal energy systems (Breede et al. 
2013; André et al. 2006; Dhansay et al. 2015, 2017; Ntholi 2017). Surplus 
heat harvested through circulating AMW through the hot rocks 
generates electricity for the energy needs of PUMPS. The treated water 
will circulate back into the mine voids and this will continue until the 
voids are converted into clean water reservoirs. 

The PUMPS geothermal energy system comprises of a well-doublet 
with an injection and a production well. The well-doublet is drilled 
from the base of the mines to a depth suitable for harvesting the 

“The circulation of water 
for harvesting heat from 
the rocks is modelled 
based-on known 
geothermal energy 
systems.”

FIGURE 3. (a) Schematic representation 
of the Passive Underground Mine-water 
Purification System (PUMPS) when 
installed in a mine. Multiple PUMPS 
systems can be installed within the mines 
for increased efficiency. 

FIGURE 3 (b) Bio-geo-engineered equivalent 
of a hydrothermal vent (see text for further 
explanation).

N A T U R E ’ S  B A C K YA R D S  A C R O S S  S A  G O L D  M I N E S  /
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FIGURE 4a
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required temperatures. Cold AMW pumps through the injection-well 
at high pressure to create an artificial fracture network. The AMW 
then migrates through the fractured hot rock to extract heat. While 
circulating, the water may also mobilise and entrain deep-seated 
gold in the case where the dipping gold seams reach such depth. 
The hot AMW, laden with extra load of entrained metals, is then 
pumped-up through the production well into SRB reaction chambers. 

The reaction chamber is positioned at the base of the flooded 
mines and aligned with the production-well of the geothermal 
system. It comprises a series of membranes hosting the SRB and a 
slow release carbon-source, similar to those of bioreactors (Figure 4, 
and see below). 

The AMW enters the bio-chamber via a unidirectional valve 
and flows through the chamber compartments to the outlet. The 
sulfate reduces when AMW flows through the membranes in 
the bio-chamber, leading to precipitation of metal sulphides and 
increase in pH. The sulphide precipitates settle along the floor of the 
bio-chamber. The treated water then flows through a filter to leave 
behind any entrained precipitates, and then through a tangential 
filter to retain the SRB within the bio-chamber. Finally, the water 
exits from the chamber into a temporary holding tank from which the 
water can be pumped-up to surface as a ‘fresh’ water resource and 
used for multiple purposes such as irrigation subject to pumping 
limit set according to the recharge rate. If the water is not pumped 
up, the temporary storage tank overflows back into the mine voids 
for mixing and dilution. The cycle continues until the mine voids fill 
with increasing proportions of treated water. 

Some concepts of PUMPS, such as chemical mining and the use of 
the mine-voids as water reservoirs, are not new in the South African 
context (e.g. Winde and Stoch 2010). However, the South Africa 
mining industry often seems to shy away from implementation 
of new untested and challenging technologies (e.g. Slater 2016). 
Therefore, below we first expand in more detail on the design of a 
model PUMPS.

“The South African 
mining industry often 
seems to shy away 
from implementation 
of new untested 
and challenging 
technologies”

FIGURE 4. Schematic design of PUMPS. 
(a) The PUMPS cycle begins with AMW 
pumped down the injection-well at desired 
volume. Once in the hot rock (reservoir), 
the AMW heats-up as it migrates along the 
created fracture system. At this stage, the 
fluids have potential to liberate and entrain 
deep-seated metals in solution and/or as 
micro-clusters in suspension. The hot AMW 
is forced-up the production-well and then 
pumped into the binary power plant where 
AMW transfers heat to the working fluid, 
and then expands and drives a turbine to 
generate electricity. 

FIGURE 4 (b) Reaction chamber into which 
AMW flows at temperatures suitable 
for bacterial processes and where 
bioremediation occurs through sulfate 
reducing bacteria. The treated water 
exits the chamber into a temporary tank 
(blue) from where the treated water can 
be pumped-up to surface or stored in the 
mines for dilution. Continuous circulation 
will result in the mines converting into 
fresh water reservoirs.

D E S I G N  O F  P U M P S  /
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Technical Components  
of PUMPS

G eothermal reservoir design begins with delineation of 
the reservoir rock and then determining the positions 
of the injection and production wells. The wells, placed 

strategically along fracture networks, enable flow of geothermal 
fluid from injection-well to production-well. Based on the physical 
properties (Table 1; assumptions and justifications are provided in 
the supplementary material1; and Ntholi 2017), the PUMPS reservoir 
is delineated as a cube with 1 000m dimensions. The well spacing 
is set at 1 000m and the fractures extend to the maximum depth of 

Properties  Values Units 

Geothermal Fluid (Water) Water 

Initial Temperature 30 °C

Viscosity 0.801 10(E-6)m2/s

Specific Heat Capacity 4 170 J/kgK

Density 995.7 kg/m3

Thermal conductivity 0.615  W/mk

Absolute pressure 4.3 kN/m2 (Kpa)

Injection rate 30 kg/s

Reservoir 

Depth (bsl) 8 000 m

Estimated VRT 8km 116 °C

Reservoir Height (8km-9km) 1 000 m

Radius 500 m

Reservoir width 1 000 m

Porosity/ (fracture aperture/ spacing) 0.00001

Fractures 

Aperture (assumed) 0.005 m 

Fracture height 1 000 m

Fracture length (radius) 500 m

Surface within fracture Area 1 000 010 m2

Heat transfer coefficient 6 044 500

Summary of the physical and thermal properties used in model calculations 
of the geothermal reservoir conditions/properties. 

TABLE 1

T E C H N I C A L  C O M P O N E N TS  O F  P U M P S  /

1  Supplementary Data is available on 
the AEON website under Report 5:

http://aeon.org.za/report-5-
supplementary-data
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the reservoirs, which is set also at 1 000m. When the calculated 
fracture pressure is applied (144MPa pressure at 8km depth), 
fractures will open in the WSW/ENE direction and propagate along 
NNW/SSE direction. Therefore, the geothermal wells placed along 
the NNW/SSE direction achieve maximum flow path. 

A binary organic ranking cycle (ORC) is the most efficient process 
for converting the geothermal energy into electrical power (Fiaschi 
2014; Bu et al. 2013; Madhawa Hettiarachchi et al. 2007; Dhansay et 
al. 2015, 2017). ORC enables generation of electricity from fluids 
with temperatures as low as 70°C by using a working fluid with a 
low boiling point (Hettiarachchi et al. 2007). Heat transfers to the 
working fluid through a heat exchanger.

FIGURE 5. Schematic diagram of a binary 
Organic Rankine Cycle (ORC) and linked 
equations. Between stage 4-1 (isobaric heat 
supply [heat exchanger/boiler]), heat from 
the geothermal fluid transfers to the working 
fluid to generate superheated steam. Stage 
1 to 2: isentropic expansion (turbine) in 
which the superheated fluid is vaporised 
and expands to drive the turbine. Stage 2 
to 3: isobaric heat expulsion (condenser) in 
which the pressure of working fluid remains 
constant as it cools. Stage 3 to 4: there is 
isentropic compression (PUMPS) in which 
the fluid compresses by auxiliary PUMPS-
work and then driven to the heat exchanger. 
Since the fluid is in liquid state at the 
PUMPS, it is incompressible and therefore 
PUMPS controls the mass flow-rate.

FIGURE 5

T E C H N I C A L  C O M P O N E N TS  O F  P U M P S  /
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The workings of ORC, together with the defining equations, are 
summarised in Figure 5. The equations describe the enthalpy changes 
from stage 1, when the working fluid is heated in the evaporator at 
the given temperature and pressure (T1, P1), to stage 2 when the fluid 
exits the condenser and is pumped back to the evaporator (T4, P4). 
From these equations, the total and net power is calculated. 

Evaluation of the economic viability of PUMPS links the cost of a 
unit volume of AMW purified through the system per unit time. Below, 
a first order assessment here focuses on capital and operational 
costs, potential revenue and externality-based incentives such as 
environmental benefits (Figure 6; more detailed descriptions of all 
contributors to the economic model are provided in the supplementary 
material and Ntholi 2017). 

For many conceptual models, costing is challenging due to lack of 
accurate values for the different components. This is particularly the 
case when models such as PUMPS, which rely on components not 
commonly available in the open-market.

FIGURE 6. Summary of the economic 
model of PUMPS, illustrating how costs 
and revenue link to each of the three major 
technical component; and how these 
components affect the total economic 
outcome of the model.

FIGURE 6
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Methods

AMW sampling and analyses

Acid mine water (AMW) samples were collected from a discharge 
point of an abandoned shaft of an old mine in the West Rand. 
Since underground sampling was not possible, samples (e.g. 

NT01A, see supplementary data), were collected in duplicate from the 
discharge point of the shaft, as the closest representation of the targeted 
underground AMW; and onsite measurements of pH and electrical 
conductivity recorded, and samples preserved with nitric acid. Analysis 
of cations concentrations used the ICP AES (Varian VISTA- MPX, axiales 
Plasma) at GFZ-Potsdam, Germany. Samples were filtered and diluted  
10-fold; and up to 100-fold for ions with higher concentrations. 

Bench-scale bioremediation with Desulfotomaculum  
kuznetsovii

The Desulfotomaculum kuznetsovii strain 17T (VKM B-1805; DSM 
6115) was selected as the test sulfate reducer for PUMPS (Tourova, 
2001), and obtained from the Leibniz Institute German collection of 
Microorganisms and Cell cultures (DSMZ). The stain was revived and 
maintained in DSMZ medium 63, and a growth profile experiment was 
performed to determine the exponential phase that would be optimal 
to cultivate a pre-inoculum for sulfate reduction experiments. For 
this, a fresh 24-hour anaerobic culture (5% v/v) was used to inoculate 
anaerobic DSMZ medium 63 and acid mine water (AMW) with 10mM 
lactate as electron donor.  The culture was incubated at 63oC for 
48-hours. Samples were collected at two-hour intervals for the first 
12 hours, and then extended to 3-hour intervals up to t=18-hours, and 
6-hour intervals up to t= 48-hours.  All experiments were performed in 
duplicate. Microbial growth was enumerated using the most probable 
number (MPN) method (e.g. Sutton 2010) through direct microscopic 
count of stained fluorescent live and dead cells. The staining was 
performed using a Live/Dead Backlight Bacterial Viability kit 7007 
(Molecular Probes, Oregon USA) as per manufacturer’s instructions.

The bioremediation potential of  D. kuznetsovii was tested by 
evaluating its rate of sulfate and iron removal from AMW and resulting 
pH from the interaction with AMW. The chemistry, morphology, and 
stability of the resulting precipitates were also investigated. The 
experiments were carried out in 100ml serum vials sealed with butyl 
rubber stoppers secured with aluminium crimp seals.  50ml of AMW/ 
DSMZ M63 was added to the vials, which were then flushed with 
nitrogen to eliminate air and dissolved oxygen. Pressure in the vials 
was adjusted to 1bar before autoclaving at 121°C for 15 minutes. 

“The experiments were 
carried out in 100ml 
serum vials sealed 
with butyl rubber 
stoppers secured  
with aluminium  
crimp seals.”

M E T H O D S   /
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After cooling to room temperature, the AMW vials were enriched with 
a 10mM lactate electron donor, at the same concentration as in DSMZ 
M63. A fresh 24-hour anaerobic culture (10% v/v) of D. kuznetsovii 
was used as inoculum for both AMW and DSMZ M63 and the vials 
were incubated at 40°C, 63°C and 80°C. Parallel uninoculated vials 
were added as blanks for each temperature condition. The experiment 
was carried out for duration of four weeks and samples were taken at 
weekly intervals for analyses of pH and sulfate concentration.  The 
sulfate concentrations were measured using photospectrometry. Final 
cation concentrations were measured at the end of the experiment. All 
experiments and controls were performed in duplicates (Ntholi 2017). 

Geothermal energy potential of the Witwatersrand Basin  
Thermal distribution in the Witwatersrand was determined using 

2D modelling of a geological cross section taken along the WNW-ESE 
(A-B) profile (Figure 7a).  The 2D model uses a MATLAB code that 
incorporates both vertical and lateral temperature variation, taking into 
account the contribution of heat producing elements and heat sinks. 
For input into the model, the section is translated into vectors that 
delineate structural and lithology boundaries. The model uses heat 
conductivity, and heat capacity of the different lithologies as input. It 
then generates polygons defined by thermal and structural properties 
(Figure 7b). It further divides the polygons into mesh triangles and the 
final output is a 2D thermal colour gradient (Figure 7c).

FIGURE 7

FIGURE 7. (a) Simplified lithologic 
cross-section of the transect A-B (see 
Fig 1), used to model a 2D geothermal 
profile of the Witwatersrand Basin. The 
variable lithologies have different thermal 
properties that affect both lateral and 
vertical heat transfer. 

FIGURE 7. (b) Model polygons of 
lithologies with their thermal properties 
linked to their adjacent lithologies. 
Polygons are further divided into mesh 
triangles to derive. 

FIGURE 7. (c) a final 2D thermal profile. 
The highest temperatures observed occur 
where granites (red in b) comprise the 
dominant part of the profile. 
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The temperature of the fluid after circulating through hot rock (here 
referred to as geothermal fluid) is calculated as a function of heat 
transfer between rock and fluid in a simplified reservoir with a single 
planar fracture using an energy balance equation, and the following 
simplistic assumptions are made:

 » The reservoir is assumed to be a homogeneous rock matrix 
 » Porosity is negligible and permeability generated through artificial fractures. 

Steady state is dominated by laminar flow of a single uncompressible 
fluid. Time taken for rock-fluid heat transfer and that required to 
recharge the heat exchange surface are negligible and thus infer instant 
equilibrium. 

Energy (Q) required to raise the temperature of the geothermal fluid 
is a factor of mass (m), specific heat capacity (c) and temperature 
difference between the injected and produced fluids (ΔT) as shown 
below: The initial/cold geothermal fluid injected into the reservoir is 
denoted with the subscript ‘f’ whilst the hot fluid produced from the 
reservoir is denoted with subscript ‘p’. 

Q = mcΔT = mc (Tf - Tp)    (1)

Heat energy balance for rock and fluid exchange is defined as follows:

Q = - [mrcr (Tr - Tp)] =[ mfcf (Tf - Tp)]  (2) 

Incorporating mass flow rate into the equation, the temperature of 
the produced geothermal fluid can be calculated as follows: 

Tp=mfgh+mrcrTr+mfcfTf/(mrcr+mfcf)       (3)

Where:   Tp Temperature of produced hot geothermal fluid  
m  mass of rock and fluid, respectively  
g  gravitational acceleration 
h height of geothermal well 
c  specific heat capacity of rock and fluid  
Tr / Tf Initial temperature of rock and fluid

From equation (3) the following are calculated: 
 » Temperature of the produced geothermal fluid at different drilling depths.
 » Effect of mass flow rate on produced geothermal fluid temperature.
 » The lifespan of the geothermal reservoir 

The geothermal heat is harvested from between 1-10% of reservoir 
heat capacity to ensure sufficient heat without short-circuiting the 
reservoir (see supplementary material). The potential power output 
is calculated using AMW as working fluids assuming a mass flow 
rate of 10kg/s. The mass flow rate of the geothermal fluid into the 
ORC is set at the same 30kg/s as the reservoir flow rate. Heat loss 
experienced by the geothermal fluid between reservoir and the ORC 
is assumed negligible. The turbine efficiency is set at 0.8 and the 
efficiency of both the pumps and generator are set as 0.9.

“Time taken for rock-
fluid heat transfer 
and that required to 
recharge the heat 
exchange surface 
are negligible and 
thus infer instant 
equilibrium.”

M E T H O D S   /
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Volume of Mine Voids

The total residual volume of underground voids across the 
Witwatersrand gold fields were estimated using two independent 
methods that quantify the volume of rock exhumed and processed 

during gold mining, derived from: (1) the total volume of the regional mine 
tailings and (2) the total gold production based on an estimated average 
grade of 3.5g /ton. The tailings volume was calculated by measuring the 
area of the tailings in GIS and using an estimated average height of 50m. 
The gold production data was acquired from Department of Minerals and 
Energy, Goldsheetlinks and Goldcoin websites in 2012. It is estimated 
that the mine tailings represent a total 120 years, whilst gold production 
data is only available for the past 30 years. 

Although backfilling, which involves the re-insertion of processed 
material back into the mines, has been practiced recently (Winde 2006; 
Ngcobo 2006) and advanced technology has minimized the amount 
of barren rock brought to surface during mining, these practices are 
assumed to be negligible.

Economic Viability of 
PUMPS
The financial modeling is based on cost per megalitre (cpm) of AMW 
that is purified through PUMPS, calculated as a factor of capital cost, 
operational cost, potential revenue and monetary incentives associated 
with PUMPS. The cpm for each year of the reservoir lifespan is 
calculated as follows:

Pf=([(Pc+Po )-(Pr+Pi )])/V

θ=([(Gc+Cc+Rc+(Go+Co+Ro)-[(Gr+Cr+Rr) +(Gi+Ci+Ri)])/V

To calculate the above, a separate and more detailed cost analysis is 
explored for each component of PUMPS: the geothermal energy system 
(wells and the electricity generating ORC), the reaction chamber, and the 
water reservoir. Details are provided in the Supplementary Materials.

Sensitivity Analysis
In order to determine the interactive effect of entangled parameters, 

the relationship between the individual components are first defined. 
A model-based approach is used to illustrate this relationship and 
analysis (Figure 8) (after Makowski & Wierzbicki 2003). 

“It is estimated that 
the mine tailings 
represent a total 120 
years, whilst gold 
production data is 
only available for the 
past 30 years.”

E C O N O M I C  V I A B I L I T Y  O F  P U M P S   /
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FIGURE 8. Schematic representation of 
model-based approach for the sensitivity 
analyses of the economic valuations of 
PUMPS. Combined decisions regarding 
parameters of the system are denoted 
with X; xg, xc, xr denote decisions taken 
linked specifically to: the geothermal 
energy system, reaction chamber 
and water reservoir, respectively. Y 
represents the combined costs based 
on the input decisions; yg, yc, and yr 
represent individual outcomes for each 
individual component (R,C,G). The 
linked effects of decisions between 
components are marked as v, where, for 
example, vgc refers to how the decisions 
made in g affect the component c. See 
text for further explanations.

The three components of PUMPS are denoted by ‘g’ for the 
geothermal system, ‘c’ for the reaction chamber and ‘r’ for the water 
reservoir. The combined changes/decisions made to the complete 
system is denoted as X, whilst the changes to individual components 
is denoted by ‘x’ (e.g., changes made to the geothermal system are 
denoted with xg). The outcomes/changes that result from the x are 
denoted with y (e.g., the result from changing a parameter in the 
geothermal well is denoted yg). In instances where a decision made 
for one component affects another, the relationship is denoted with 
v, (e.g., vgc represents the effect that a decision in the geothermal 
system will have on the reaction chamber). The ultimate aim is to 
determine the effect that any of these changes will have on the final 
economic value Y.

FIGURE 8
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Results and Discussion
Bioremediation 

A growth curve constructed over a 48 hour period using live 
cell counts over time shows that growth begins at t=2 post-
inoculation and continues steadily up to t=8. After t=8, cell 

numbers increase exponentially reaching mid-exponential phase at t=10 
and late-exponential phase at t=12. The system then enters a stationary 
phase that can be averaged between t= 12 and t=20, followed by a slow 
but steady decrease in cell numbers, reaching the same at t =value as 
mid-exponential, at t =48 (Figure 9). The stationary phase is not long 
lasting, and the death phase is very slow. In a closed system, the death 
phase is due to suffocation of cells by hydrogen sulphide. Dying cells 
result in decreased production of the hydrogen sulphide, and the system 
eventually reaches a turnaround point where it begins to grow again, 
subject to the availability of the carbon source. 

FIGURE 9. Growth profile of D. 
kuznetsovii showing late-exponential 
stage at T= 12 hours.

FIGURE 9

In the bioremediation experiments, at 40°C and 80°C, the pH 
increases from 5.6 to 6.5 (Figure 10) and 29% iron removal is 
achieved, with sulfate concentrations decreasing from 4 300mg/L 
to 1 692mg/L and 1 882mg/L, respectively (Table 2). At an optimum 
temperature of 63°C iron concentration of 758mg/L decrease to 
below detectable limits at 10 and 100 fold dilutions and pH increased 
from 5.6 to 8. Sulfate concentrations decreased 4 300mg/L to  

48hr Growth Curve of D.kuznetsovii
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FIGURE 10. Variation in pH of SRB bioremediation over 4 weeks experiment. The 
highest pH is observed at T=60°C. T40°C and 80°C reach maximum pH 7.0 pH 
reaches a steady stage after week 3.

FIGURE 10

TABLE 2

1 200mg/L, part of the sulphate reacted to form metal sulfides and the 
rest formed H2S. Using SEM imagery and spot analysis, the resulting 
precipitates were identified as amorphous iron sulphides, calcium 
sulfates and calcium phosphates (Figure 11).

Ca (Fe) Mg Mn K Na Si Ni Sr Zn SO4

Initial AMW (NT01A) 518 758 184 57 20 119 13 2.0 0.6 0.2 4300

40° 455 541 160 49 48 685 12 1.3 0.5 <0.2 1692

63° 416 n.n.* 155 7.6 55 701 17 n.n.** 0.3 n.n.** 1200

80° 465 535 164 50 48 586 22 n.n.** 0.5 < 0.2 1882

Chemical analysis of the AMW before and 4 weeks after 
bioremediaton experiments with SRB.

Effect of bacterial sulphate reduction 
on pH over time

“Dying cells result in 
decreased production 
of the hydrogen 
sulphide, and the 
system eventually 
reaches a turnaround 
point where it begins 
to grow again, subject 
to the availability of 
the carbon source.”
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Geothermal Energy

T he thermal profile shows that the maximum temperature at 10km 
along this profile is ca. 200°C in areas where the basement 
granitoids are closer to the surface. The goldfield region around 

Klerksdorp, reaches a maximum temperature range of 100-120°C. 
These temperatures are consistent with the geothermal gradient of 
12°C/km and more importantly for PUMPS, they are sufficient for the 
mimicry of white smoker reactions within the gold mines. 

At a flow rate of 30kg/s, the temperature of the geothermal fluid 
is the same as that of the reservoir rock, so that the temperature 
of the fluid directly corresponds with reservoir depth (Figure 12a). 
Increasing the flow rate up to 100kg/s has minimal effect on the 
temperature of the geothermal fluid. Following continuous circulation, 
the temperature of the reservoir rock will decrease over time, despite 
continuous recharge through conductive heat transfer from the 
surrounding rock mass.

With geothermal heat extracted from the preferred reservoir depth 
of 8km, the ORC can produce approximately 59.6MW from a mass flow 
rate of 30kg/s for the geothermal fluid and 10kg/s for the working 
fluid. As shown in (Figure 12b), the difference in power output between 
drilling depth of 6.75km and 8km below surface is approximately 2MW.

FIGURE 11. SEM images of the 
precipitates following bioremediation 
experiments; top and bottom images are a 
variation of the same SEM sample. 

(a) Precipitates formed at 40°C, with 
needle-like structures of a calcium 
sulphate mineral and amorphous iron 
sulfide with a fluffy appearance. 

(b) Columnar calcium sulphate crystals 
with and 3 different morphologies of iron 
sulphide precipitated at 63° C. 

(c) Precipitates at 80°C, needle- like 
calcium sulphate crystals and fluffy iron 
sulphide. Most of the iron sulphide is 
clustered as round.

FIGURE 11

G E OT H E R M A L  E N E R G Y   /
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FIGURE 12. (a) Graphs 
showing the modelled 
temperatures of geothermal 
fluids circulating at 
different depths with 
variable flow rates. 

FIGURE 12. (b) Graph 
showing the quantity of 
electrical power generated 
based on the temperature 
of the extracted 
geothermal fluid as it 
enters the ORC.

FIGURE 12a

FIGURE 12b
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Water Reservoir Volume

M ine volume calculations indicate that the total volume of 
the mine voids is at least twice the volume of the Vaal Dam 
(Table 3), South Africa‘s fourth largest reservoir. This volume 

is more than sufficient for an underground fresh water reservoir that 
will make a significant contribution towards water security in the Gold 
field regions. As a corollary, it also represents a very large volume of 
potential AMD, which, if not purified and allowed to discharge, would 
affect a large region with potential pollution.

Economics and  
Governing Factors

Financial viability of the PUMPS is influenced by two factors; the 
capital cost and the revenue generated. Capital cost contributes up 
to 80% of the total costs (Table 4). The capital cost is driven by the 
well-depth of the geothermal energy system costs, which increase 
exponentially with depth. The difference between a 3km and a 4km 
drill hole is approximately R80 million (2015 - based) in total annual 
costs as shown in (Figure 13a). The cost of purchasing a specialised 
drilling rig inflates the cost per well substantially, but this cost 
decreases with increasing the number of installed PUMP systems 
(Figure 13b). 

TABLE 3

Total volume of mine voids as calculated from gold production and 
mine dumps, compared to that of the Vaal Dam.
Source Years covered Volume (V) in litres (m3) V Estimated over 10 years V Estimate to 120 Years(m3) Ratio to Vaal Dam

Tailings Mapping By  GIS 120 5.59E+9 4.66E+8 5.60E+9 2.21 

Gold Production 
Minerals & Energy 20 1.07E+9 5.37E+8 6.44E+9 2.54 

Gold Production 
Goldsheetlinks 30 1.60E+9 5.32E+8 6.38E+9 2.52 

Gold Production Gold coin 30 1.63E+9 5.43E+8 6.51E+9 2.57

V of Vaal Dam (m3) 2.54E+9
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“The cost of purchasing 
a specialized drilling 
rig inflates the cost 
per well substantially, 
but this cost decreases 
with increasing the 
number of installed 
PUMP systems.”
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TABLE 4

Total costs and values used for calculating capital and operational cost of 
the PUMPS. Calculations are based on costs for 3 separate systems, each 
with a single well-doublet.

Economic data Cost (Million Rand) Item  Quantity Cost per Iten Total  

Investment costs     

Wells 
 
 

Custom (miniature) drill rig 1.00 33.33 33.33

Wells Drilling and completion 6.00 90.00 540.00

Reservoir Stimulation  [R5mil per well] 6.00 5.00 30.00

ORC 
 
 
 

ORC Unit (gen+pump+ curcuit) 3.00 13.00 39.00

Evaporator 3.00 1.60 4.80

Condenser 3.00 3.20 9.60

Installation 3.00 2.20 6.60

Reaction Chamber
 

Unit 3.00 20.00 60.00

Installation 3.00 5.00 15.00

Water reservoir 
 

Pumps 3.00 1.50 4.50

Installation 3.00 2.00 6.00

Total    748.83

Cost per 1 PUMPS 249.61

Operational  costs per annum     

Wells 
 
 

Personnel and consumables 3.00 0.50 1.50

Auxiliary power consumption 3.00 1.00 3.00

Maintenance of Geothermal system 3.00 2.86 8.58

ORC 
 

Maintenance of ORC 3.00 2.00 6.00

Personnel and Consumables 3.00 1.00 3.00

Reaction Chamber
 

Personnel and consumables 3.00 2.00 6.00

Maintenance of ORC 3.00 1.00 3.00

Water reservoir 
 
 

Pump maintenance 3.00 0.25 0.75

Personnel and Consumables 3.00 0.10 0.30

Auxiliary Electricity 3.00 1.00 3.00

Total    32.13

Operating Cost per 1  PUMPS 10.71
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Nonetheless, in order to ensure sustainability over the long term, 
there is a calculated limit of 3 systems for each of the three goldfield 
regions (e.g. 9 in total). Without revenue and incentives, the cost per 
cubic meter ranges from R40.00 for 6 PUMPS to R10.00 for 9 PUMPS. 
This highlights the importance of incentives and benefits that result 
from the system in order to offset the capital cost. 

It is currently a challenge to assign values to the incentives and 
revenue generated from the different components of the system 
as the value of incentives is in itself a separate area of study. For 
example, it is difficult to put a cost value to the knowledge gained 
through deep drilling, or to the recovery of ecosystems when they are 
no longer flooded with AMW. Other incentives such as a renewable 
energy driven society, in this case geothermal energy, and the future 
potential to mine deep seated gold through such a geothermal 
system are also yet to be accurately determined. There are external 
factors affecting the revenue from the reaction chamber and those 

FIGURE 13. (a) Graph showing the effect 
of three different well-depth on the total 
annual cost. Well-depth are shown as 
actual depth from bottom of mines, and as 
total depth from below the surface (bs).

FIGURE 13a
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Total annual cost at various drilling depths
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FIGURE 13. (b) Graph showing how the 
effects of increasing the number of wells 
drilled using a custom-build rig lowers the 
total annual cost through the reduction 
in well-costs ( see text for further 
explanations).

FIGURE 13b

can be better determined from a running pilot plant. In order to 
determine the exact value of the surplus energy, all other values in 
the system should be well quantified, for if not, there is an increase 
chance of over-estimation that may misrepresent PUMPS. Other 
by-productions using PUMPS, such as related physico-chemical 
mining of gold below 4km depth, which is near its present technical 
limit, could increase the lifespan of gold mining in South Africa 
considerably. However, this is not yet inculcated here into the 
economic valuation of PUMPS. “Other incentives such 

as a renewable energy 
driven society, in 
this case geothermal 
energy, and the future 
potential to mine deep 
seated gold through 
such a geothermal 
system are also yet 
to be accurately 
determined.”
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Effect of well numbers on total annual cost
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Conclusion and  
into the Future

P UMPS offer a conceptual approach towards a sustainable long-
term solution to the AMD problem across and surrounding the 
Witwatersrand Basin, based on mimicking oceanic hydrothermal 

vent systems. Bioremediation using SRB is an effective way of 
removing sulfate and metal from AMW. Although not conclusive, it 
is probable that the sulfate reduction in our experiments terminated 
because of the depletion of a carbon source. This can be addressed 
through stoichiometric determination of minimum carbon source 
required. Total removal of iron and increased pH are a good indication 
that bioremediation not only addresses needs for sulfate reduction, 
but can also reduce high metal content and high acidity, something 
that most other engineered systems compliment with pre-treatment 
using limestone or lime. 

The use of geothermal energy gives PUMPS an added advantage, 
especially in a country with power limits, and in a world where the 
decrease of carbon emissions is a major priority. Energy demand is a 
crucial part of AMW purification and in the mining industry at large. 
Typically, energy accounts for 40% - 60% of mining operating costs, 
and mining companies require access to a constant source of energy 
to meet their production needs, which to date has proven challenging, 
and expensive. Implementation of onsite geothermal energy for 
processes such as AMW remediation and pumping will decrease 
energy demand and positively contribute towards the reduced use 
of fossil fuel in South Africa (e.g. Dhansay et al. 2017), as is now 
demanded by new (global and national) Climate Change regulations. 
The storage of the resulting purified water in the underground voids 
will secure water for an already water scarce region in South Africa. 

The placement of the wells was determined using available stress 
field data. The limited data used for the stress field calculations 
suggest that there is need for further tectonic research, especially 
considering the induced seismic activity in the gold mines. However, 
the more important detail, which is the direction of the stress fields, 
remains valid. For now, no challenges in relation to the placement 
directions of the geothermal wells were identified. 

The amount of heat that can be harvested from the geothermal 
reservoir is sufficient to generate electricity through the ORC in order 
to support the PUMPS system. When exploited carefully, the reservoir 
has the potential lifespan of at least 20 years.

“Implementation of 
onsite geothermal 
energy for processes 
such as AMW 
remediation and 
pumping will decrease 
energy demand and 
positively contribute 
towards the reduced 
use of fossil fuel in 
South Africa.”
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The economic analysis of the PUMPS demonstrates that its 
viability relies on consideration and incorporation of potential 
revenue and incentives related to the system. A more realistic 
quantification of the revenue generated from the products requires 
up-scaling to pilot-plant experiments. The capital cost of PUMPS is 
higher than most treatment methods due to the initial drilling costs. 
However, lower running costs and the incorporation of incentives 
and revenue makes it competitive when evaluated over the 20 years 
period. Most importantly, the ability to create additional storage for 
the treated water in an underground reservoir and protect it from 
loss through evaporation is a worthy incentive in a water-scarce 
country given forecasted climate change effects (e.g. ASSAf 2017). 
Incentives such as the recovery of the surrounding ecosystems and 
the use of geothermal energy are substantial.

Evaluating the merit of engineering solutions results from 
laboratory and numerical experiments. It appears from this geo-
bio-engineering model that the next step to develop a pilot plant for 
PUMPS is justified. Not only will such scaled-up experiments assist 
with a better understanding of the system dynamics, they also 
allows for a more representative cost-benefit analysis, and address 
the potential for deeper mining using the hot acidic fluids derived 
from the AMW. Perhaps this will encourage South Africa to venture 
into alternative deep gold mining technologies.

Technological challenges for future work include: 

 » A drill rig suitable for the confined mine space (see supplementary data)
 » The haulage systems for maintenance of reaction chamber, including membranes

However, it remains important to remind ourselves of Richard 
Feynman’s advice:

”In its efforts to learn as much as possible about nature, modern 
physics has found that certain things can never be “known” with 
certainty. Much of our knowledge must always remain uncertain.  
The most we can know is in terms of probabilities.”

In this context, deep gold mining and linked Acid Mine Water 
remain huge challenges for Africa if it is to retain its natural 
ecosystems and improve it socio-economic requirements.

“the ability to create 
additional storage for 
the treated water in an 
underground reservoir 
and protect it from loss 
through evaporation is 
a worthy incentive in a 
water-scarce country 
given forecasted 
climate change effects.”
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