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ABSTRACT

South Africa’s extensive mineral resources have resulted in mining activities dispersed across the country, playing a

critical role in its socio-economic development. In contrast to this abundance of mineral wealth, water resources are
generally limited, and vulnerable to environmental impacts from the mining industry. These circumstances make

tailored management of water resources in the mining sector essential. To achieve this, detailed information on water

use throughout a mine operation as well as an accurate water balance account is required. Blue-water footprints have the
potential to contribute to this task as they allow for quantification of direct and indirect water use across the supply chain of
a process, while incorporating both spatial extension and temporal duration. As defined by the Water Footprint Network’s
(WEN) globally acknowledged water footprint assessment methodology, a blue-water footprint is determined by calculating

the net consumptive use of water by an operation. According to the WEN, this includes water which is evaporated,
incorporated into a product, or lost to outflows which do not return to the same catchment area in the same period.The
applicability of this tool in the mining sector has not been fully explored. Therefore, it was decided to investigate the blue-
water footprint of a South African platinum mining operation. The results showed that the largest consumption of water
in the production of platinum was due to evaporation from the mineral processing plants (36.8%) and the tailings storage
facilities (19.4%). To improve its water-use efficiency, measures should be taken by the operation to mitigate evaporative
losses. Floating covers can assist in this effort as they reflect a proportion of the incoming solar radiation and act as a
physical barrier to the passage of water vapour, both vertically and horizontally.
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INTRODUCTION

Water resource management is one of the greatest global challenges
of the 21st century (Boccaletti et al., 2010). Accessible water is vital
for both the agricultural and energy sectors, making it indispensa-
ble for human sustenance and economic growth across the world.

In a review of South Africa’s water sector, Zhuwakinyu
(2012) reported that increased levels of urbanisation, a lack
of investment in water resource infrastructure and effects of
climate change have all contributed to intensifying water short-
ages. The country also falls within a semi-arid, water-stressed
region and is characterised by a low average rainfall of about
500 mm, which is well below the world average of 860 mm per
year. Based on these findings and current usage trends, it has
been predicted that water demand in South Africa will exceed
availability of fresh water resources by 2025 (DWAF, 2011).

A sector level analysis of water demand by Boccaletti et al.
(2010) shows that water expenditure in South Africa is domi-
nated by 4 key sectors, namely, agriculture (62%), domestic and
urban use (27%), mining, bulk industry and power generation
(8%) and afforestation (3%). Mandatory water requirements
from industries such as mining and power generation have
become an increasingly significant factor and have resulted in
challenges involving trade-offs between competing demands.

This paper was originally presented at the 2014 Water Institute of Southern
Africa (WISA) Biennial Conference, Mbombela, 25-29 May 2014.
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South Africa is estimated to be the world’s fifth-largest
mineral producer and the mineral sector is valued by Citibank
to be worth US$2.5 trillion. The country’s mining sector makes
up approximately 18% of gross domestic product (GCIS, 2011).
In contrast to the abundance of mineral wealth in South Africa,
water resources are limited and vulnerable to environmental
impacts from the mining industry. Unless appropriate cor-
rective action is taken, this sector is expected to place further
pressure on the country’s scarce water resources.

Water footprinting can add value in creating inter-discipli-
nary water management strategies to reduce water consump-
tion. Pefia and Huijbregts (2013), Osman et al. (2013) as well as
Haggard et al. (2013, 2015) have started exploring the applica-
bility of this tool in the mining sector. However, its value, espe-
cially for platinum production, is yet to be fully determined.
Since research in this field is limited, opportunities existed for a
comprehensive water footprint to be carried out for a platinum
mining operation.

In a report entitled ‘Platinum group metals in South Africa’,
Diliza (2008) states that the Bushveld Igneous Complex (BIC)
in South Africa contains more than 80% of the world’s plati-
num reserves and is concentrated in narrow but extensive strata
known as the Merensky Reef, the Platreef and the UG2 chro-
mitite layer. As a result, South Africa is the largest producer of
platinum group metals (PGM).

Value drivers

Water is integral to mining operations, particularly for mineral
processing and refining (Mey, Giinther and Van Niekerk, 2006).
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Luba et al. (2006) have outlined 4 factors which make water the

fluid of choice for mineral processing:

o Provides an efficient medium for mixing particles due to its
relatively low cost and energy requirements

o Useful in transporting particles within and between
processes

o Suitable for the selective action of a distributed force field
during separation processes by either gravitational or
centrifugal forces

o Essential chemical ingredient in many processes - for
instance, hydrometallurgical processes, such as leaching
and electro winning, use aqueous solutions of reagents to
dissolve and re-precipitate minerals and metals

Historical references to the use of water for mining purposes
show that it has been perceived to be of low value (Rowe, 2012).
According to Luba et al. (2006) this has resulted in significant
mine-site issues relating to management of water volumes,
control of water quality, maintenance of water systems and the
meeting of site licence requirements. In South Africa, some of
the key drivers that have started raising the profile of water in
the mining industry include:

Geographic location

Concerns with regards to water resources vary with climatic,
hydrologic and hydrogeological factors (Rowe, 2012). This
means that the mining industry impacts water resources dif-
ferently in different locations throughout the country. Current
mining operations are situated in the most arid regions of
South Africa (UNEP, 2012). In addition, mines are increasingly
being developed in remote locations where little or no water
infrastructure exists (Rowe, 2012). Therefore, it follows that the
value of water to a particular mine operation will be depend-
ent on the location and geological setting (Salmon, 2006). Due
to these circumstances, forward planning is essential to make
arrangements for the transfer of water and the development of
new sources in order to ensure a thriving mining sector.

Operational methods

Different mining methods and mineral processing techniques
have unique water requirements. Therefore, the amount and
quality of water used will depend on the commodity being
mined. This factor will also affect an operation’s ability or
inability to use water efficiently and change the valuation
accordingly (Salmon, 2006). The following examples clearly
demonstrate this point:

o Water management practices for open pit mine construc-
tions are different than those of underground mining
operations; each will require specific water management
principles, performance measures, water quality monitor-
ing and adaptive water management strategies and proto-
cols (Luba et al., 2006).

o Mines which exploit lower grade resources need more
water per tonne of finished product, in general. In addition,
some mines tend to be relatively short lived, thus they may
need large quantities of water over a limited period of time
(Rowe, 2012).

o Some mines must manage significant precipitation and
stormwater runoff while others must deal with large
groundwater flows which can alter the local flow regime
(Salmon, 2006).

Scarcity

Climate change will primarily reduce the available water sup-
ply and increase evaporation (Zhuwakinyu, 2012). Growing
populations and economic development will also result in
water scarcity. This will give rise to an increase in the value and
cost of water thus heightening competition for this resource
(Salmon, 2006). Salmon (2006) further adds that the mining
sector will have to demonstrate ongoing improvements in water
management to be able to compete for water allocations.

Economic drivers

The driver with potentially the greatest impact on mining
business is economic value. Price provides a quantified figure
for the economic value of water. With respect to mining opera-
tions, unfortunately, the price of water is not the only charge
levied by suppliers. The sector must also account for trans-
porting, treating, distributing and disposing of the resource
(Salmon, 2006). These continually increasing costs have con-
tributed to an improved value profile of water in the mining
industry.

Acid mine drainage

A report by the United Nations Environment Programme
(UNEP) (2012) states that South Africa has nearly 6 000 aban-
doned mines, many of which contribute to uncontrolled acid
mine drainage (AMD). When mining activities cease and
dewatering no longer occurs, a hydrological recovery process
begins whereby water in the underground mine comes into
contact with sulphide minerals, making the water highly
acidic. This highly polluted, acidic groundwater rises to the
surface and decants into springs and rivers which are utilised
by both urban residents as well as the agricultural sector. AMD
is responsible for costly environmental and socio-economic
impacts, resulting in water as a resource moving up the value
chain.

Legislation

Changes in South African legislation, resulting from the intro-
duction of integrated water resource management (IWRM)
principles, have necessitated new approaches to water manage-
ment by mining houses (Salmon, 2006). IWRM impacts water
pricing, provides for water pollution charges, prioritises water
users, has specific mining and water-related components and
requires water licensing as part of the licence to mine. These
legislative principles have changed perceptions of the value of
water in the mining industrythrough increasing awareness that
water resources and their management are essential for eco-
nomic productivity and growth.

The water footprint

Tailored management of water resources is required to reduce
water consumption and further develop the mining industry’s
perception of the value of water, as discussed above (Salmon,
2006). There are several options or interventions that may
be used, either independently or in combination, to obtain a
balance between water requirements and availability which is
essential to aid in improving the value of water.

An overview and comparison of 3 methods - life cycle
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Figure 1
Operational flow chart of a platinum mine

assessment (LCA), the World Business Council for Sustainable
Development’s Global Water Tool (GWT) and the water foot-
print method - has been compiled by Morrison, Schenck,

and Schulte (2010). An evaluation of the scope, strengths and
limitations of each tool reveals that water footprinting, in
particular, has the potential to provide valuable insights for the
mining sector, as it allows for the quantification of water use
within a process, for a specified geographic area at a given time.
The water footprint method also leads to assessment of envi-
ronmental, social and economic sustainability. This permits
integrated catchment management and ensures mine opera-
tors consider the needs of other water users in the catchments
in which they operate (Salmon, 2006). Finally, it supports the
formulation of a response strategy which makes disclosure and
reporting simple and easy to comprehend, thus offering the
mining sector a means to address on-site water management
proactively, through its planning and decision-making capa-
bilities (Hastings and Pegram, 2012).

The Water Footprint Network (WFN) was founded in 2008
by the University of Twente in collaboration with WWF (World
Wildlife Fund) and UNESCO (United Nations Educational,
Scientific and Cultural Organisation) (Hoekstra et al., 2011).
The water footprint is an indicator of freshwater use that takes
into account both direct and indirect consumption. A full
water footprint includes the sum of the blue, green and grey
water footprint as defined by Hoekstra et al. (2011).

The blue-water footprint is the volume of ground or sur-
face water that is consumed through evaporation, through
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integration into a product and through water losses which
occur when the resource is not returned to the same catch-
ment or is only returned during a different time period. The
green water footprint is pertinent when accounting for rain
water expenditure with regards to agricultural and forestry
products. The grey water footprint is quantified as the vol-
ume of water required to dilute pollutants in order to ensure
that the water remains above ambient quality standards.
Hoekstra’s method of conducting a water footprint assess-
ment makes use of 4 phases namely: (i) setting of the goals
and scope; (ii) water footprint accounting; (iii) water foot-
print sustainability assessment and (iv) the water footprint
response formulation.

The platinum recovery process

The platinum recovery process case can be grouped into 6
stages: concentration, smelting, converting, magnetic separa-
tion, base metals removal, and precious metals refining. Diliza
(2008) described the steps involved as summarised in Fig. 1.

In the concentration stage, ore is crushed and milled to lib-
erate mineral particles which are then recovered using flotation
cells. Fine particles which are difficult to recover require multi-
ple milling and flotation stages. The next stage involves smelt-
ing in which the concentrate is melted in an electric furnace.
On melting, the concentrate separates into 2 layers. The upper
layer is a silicate/oxide slag which is tapped off and then either
discarded or returned to the concentration stage. The lower
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layer is a matte (mixture of a metal with its sulphides) which is
sent for converting.

The process of converting ensures that excess sulphur and
iron are oxidised in a refractory lined vessel. Fluxing agents are
added to form an iron-rich slag that is removed and returned
to the furnaces. The resulting converter matte is slow cooled to
concentrate the PGM into a metallic fraction. The PGM frac-
tion is then separated magnetically from the converter matte.
The resultant concentrate is delivered to the PGM refinery for
further processing. Refining processes for precious metals have
developed considerably in recent years. They commonly involve
operations such as solvent extraction or ion exchange. Finally,
the non-magnetic solids, which are rich in base metals, are
transferred to the base metal refinery for further processing via
leaching, purification, electro-winning and crystallisation.

METHODOLOGY

Goals and scope

One of the major strengths of a water footprint is its wide range
of application. The tool has been used to assess a variety of enti-
ties, including process steps, products, catchment areas, con-
sumers and businesses. Thus, depending on the purpose, water
footprint studies can be applied in different contexts.

The focus of this study is an assessment of the blue-water
footprint of a South African platinum mine which is located in
the northern region of the country. Green and grey water will
not be addressed for the purposes of this research as blue-water
resources are generally scarcer and have higher opportunity
costs (Hoekstra et al., 2011).

Mineral extraction at this site occurs by conventional open
cast methods and accounted for the highest production rate of
refined platinum by the consortium in 2011 (8.87 tons/year). In
addition, the South African Weather Service (2013) recorded
the area as having the country’s highest average annual tem-
perature of 35.0°C.

The functional unit selected for this water footprint is the
volume of water (m?®) which is consumed to produce 1 tonne of
refined platinum (m*t). A 12-month period, from January to
December 2011, was selected for a representative case study of
platinum production. The scope of the investigation included
direct and indirect consumptive water use. Direct consump-
tion included all processes from mineral extraction to the final
stage of refining. Water expended on electricity generation and
production of chemical additions required for the beneficiation
and metallurgical stages were accounted for as upstream, or
indirect, blue consumptive water use.

Blue-water footprint accounting

Hoekstra et al. (2011) stated that the term ‘consumptive water

use’, which is often used when referring to blue-water foot-

prints, consists of one of the following cases:

o Evaporated water

o Water which is incorporated into a product

o Water that does not return to the same catchment area, in
the same period

Evaporation is generally the greatest contributor to the blue-water
footprint. All production- related evaporation, which occurs dur-
ing water storage, transport, processing as well as collection and

disposal, must be included. These values can be inferred from the
difference between abstraction and final disposal volumes.

Blue water also takes account of water which is incorpo-
rated into the product. This is also known as virtual water
content or embedded water. The last component refers to the
part of the return flow that is not available for reuse within
the same catchment within the same period of withdrawal,
either because it is returned to another catchment or because
it is returned at a different period of time. Each component of
the blue process water footprint can be measured directly and
indirectly.

Therefore, the blue-water footprint for the mining opera-
tion was calculated as:

WEF = Blue Water Evaporation + Blue Water

proc,blue

Incorporation + Blue Water Lost Return Flow 1)

The units in this case are volume per mass of product pro-
duced. Water consumption data was derived from flow sheets
and information provided by the site. The Ecoinvent life cycle
inventory database was used due to the lack of on-site data
relating to the mining, concentration, smelting, convert-

ing, base metals removal and precious metals refining unit
processes.

Approach

The difference between water inflows and outflows across the
operation should equal the measured change of water storage
over the reporting period (Sustainable Mining Institute, 2012).
Comparing site inputs, outputs and change of storage enables
an assessment of any error in the water balance. Therefore, the
first step was to reconcile water inflows and outflows against
storage data.

Inflows

The mining site in question does not make use of surface and
external water sources for mineral extraction or processing.
Therefore, the main water inflows include groundwater from 3
wellfields and several boreholes, waste/second-class water from
treated sewage effluent disposed of by surrounding areas, and
harvested rainwater. This data was obtained from flow meter
readings on-site.

According to the Sustainable Mining Institute (2012),
entrained water (V) in the ore is also considered an input.
Therefore, it was calculated using the mass of processed ore
(nn,,) in the reporting period, the moisture (w) and the density
of water (p, ) as shown in Eq. (2). The moisture content is spe-
cific to the ore body and should be known by the site. However
in the absence of such information, as was the case, the authors
recommend using a reasonable estimate of between 0.02 and
0.03 (Sustainable Mining Institute, 2012).

w

V — msolrdx X (2)

Ent Puater

Outflows

A considerable percentage of the outflows from this mine come
from discharges to ground water. Once again flow meter read-
ings were used to gauge this volume.

Another important outflow which needed to be accounted
for was evaporative losses from the stores (V, ). The site under

evaj
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review has a total of 10 dams, split between reservoirs, pollution
control, return water and tailings storage facilities. The evapora-
tive losses from each store were calculated using Eq. (3) (Wels
and Robertson, n.d.); which required the pan evaporation (PE)
and the surface area of the storage facilities(SAsmgc). Evaporation
rates were taken from a study by Freysen et al. (2010) who
measured the rates from a dam located 18 km north-west of the
proposed mine. A pan coefficient () of 0.8 was used.

V. =PE*SA

*
Evap storage j;mn

©)

Task losses also contribute to the outflows from the min-

ing operation. Tasks are operational activities that use water.

Typical tasks for this site are:

o Dust suppression - estimated using flow meter data and
water balances over the return water dams which supply the
water for this task.

o Extraction and recovery processes - this includes water
used for mining, concentration, smelting, converting,
base metals removal, and precious metals refining. Water
required for these tasks was estimated using a method
implemented by Pefia and Huijbregts (2013) in which data
reported by Hochfeld (1997) for a platinum mining opera-
tion in the South African Bushveld Igneous Complex was
used and then normalised to the total water consumption
of the mining site under investigation.

o Human consumption - includes water used in the mine,
offices and contractors’ camp. This data was also obtained
from flow meter readings on site.

Marginal water outflows also occur from potable water pro-
vided by the mine to a neighbouring community, as well as
entrained water in waste material such as the tailings. The
volume of entrainment was calculated using Eq. (2). The mois-
ture content was obtained using an experimental relation
established by MacRobert (2012) between the available dry
density and the moisture content of the tailings. The location of
MacRobert’s case study was in common with this investigation;
therefore the use of the author’s results is acceptable.

Diversions

The next step required the identification of diversions, which
is defined by the Sustainable Minerals Institute (2012) as water
flows from the site input to the site output which do not come
into contact with a task, a treatment plant or a store. Excess
rainfall within the period of reporting resulted in surface
water discharges which, in this case, fall within the diversions
category.

Indirect water use

Indirect water use from processes that provide inputs, such
as electricity and chemical additions to the platinum refinery
plants, was derived from the Ecoinvent (2009) database.
Eskom is responsible for generating, transmitting and
distributing approximately 95% of the electricity used in
South Africa. Power is predominantly generated by coal-fired
power plants that use surface and groundwater. According to
Eskom (2011), 1.35 € of water was required to produce 1 kWh
of electricity in 2011. The medium voltage electricity mix for
South Africa required to extract, concentrate, smelt, separate
and refine 1 kg of PGM at a South African platinum mine was

http://dx.doi.org/10.4314/wsa.v41i2.15
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obtained from Ecoinvent (2009). These values were needed to
demine the embodied water consumption associated with the
production of electricity for the various mining operations. In
order to covert the mean values to units of kilowatt hour per
kilogram of platinum, mineralogy literature from Ecoinvent
(2009), which indicates that platinum makes up 68% of the
PGM ore, was used.

Once the water inflows, outflows, diversions and indirect
water uses were quantified in terms of volume, an analysis was
conducted to determine which of the flows would constitute
consumptive use according to the definition given by Hoekstra
etal. (2011). The volume of consumptive use was determined
from the difference between abstraction and final disposal
volumes. The blue-water footprint was finally calculated using
Eq. (1).

RESULTS AND DISCUSSION

The total blue-water footprint, including direct and indirect
consumption, was calculated to be 2 229 x 10° m*/ton of refined
platinum.

All inflows, including harvested rainwater, were included as
blue water. There is often debate as to whether rain-harvested
water is green or blue water. According to Hoekstra et al. (2011),
rainwater harvesting refers to the collection of rain that oth-
erwise would become run-oft. Since consumptive use of har-
vested rainwater will subtract from runoff, it is recommended
such water use be considered as a blue-water footprint.

Figure 2 shows the percentage of blue water sourced from
waste or second-class water, from groundwater and from
harvested rainwater. The operation’s effort to conserve water
is clearly evident from the use of water sourced from sewage
works which makes up 35% of the water consumed.

Fig. 3 provides an account of the blue water consumed for
various mining-related activities. The mineral processing plants
consume the highest percentage of blue water which totals
47.3%. This consumptive value is driven by task losses from
the comminution, flotation, smelting, converting, base metal
removal and refining stages of platinum recovery. The conver-
sion stage is the main contributor (12.8%) in this category due

Surface water

Rainfall consumed Wastewater/
harvested ¢l Second-class
and 171 water
consumed as // consumed

new water y, 35%
38%_ /[

Groundwater
consumed

27%

Figure 2
Percentage of blue water by source
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to extensive water evaporation which occurs when the con-
verter matte is slow cooled.

Evaporative consumption from the tailings storage facilities
on site, as well as entrainment losses during tailings discharge,
are dominant contributors to the blue-water footprint and
accounts for 19.4% and 23.7% respectively. Evaporative losses
also occur via the reservoir, return water and pollution control
dams; these open water bodies (stores) totalled 3.30% of the
blue-water footprint.

The discharge category, as indicated in Fig. 1, was a rainfall
decant to a surface water source. This loss contributed 1.86% to
the footprint and is significant when considering that the total
upstream water use from electricity requirements and chemical
additions made up 2% of the blue water. The indirect footprint
is useful in assessing the sustainability of the operation over the
entire value chain.

The non-primary activity comprised water that is given to a
community external to the mining site. Since the operation has
no control over how the third party will use the water, it will
be assumed that it must be counted in the blue-water footprint.
However, the contribution is minimal and is the lowest addi-
tion, which only makes up 0.02% of the blue water consumed.

Fig. 4 relays the percentage share of blue water (excluding
indirect uses) evaporated, lost and incorporated into the product
through the course of platinum recovery. As expected, the larg-
est contribution to the water footprint is evaporative abstrac-
tions (67%) which is a result of task losses from the mineral
processing plants, the tailings storage facility and the stores.

Blue-water losses, which make up 28% of the footprint,
comprise ore and tailings entrainment losses, surface water
discharges, non-primary activities as well as consumption by
humans in the mine, offices and contractors’ camp. The only
form of product-incorporated blue water (5%) occurs during
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A percentage account of the blue water consumed within
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292

the comminution stage through integration of water into the
PGM mineral.

As noted also by Pefia and Huijbregts (2013), the uncertain-
ties of this water footprint are related to the operation’s poor
controls on the amount of water evaporated or lost. In addition,
information detailing water flows within the mineral processing
plant was limited. Therefore, water flows for the recovery stages
are based on data reported by Hochfeld (1997) normalised to the
total water consumption of the mining site under investigation.

RECOMMENDATIONS

This study focused on quantifying the blue-water footprint. The
next step would be to conduct a water footprint sustainability
assessment where the results are weighted according to the
volume of water the region can sustainably support.

It is also recommended that a follow-up study investigates
the grey water footprint in order to account for the volume of
water required to dilute pollutants, while ensuring it remains
above ambient quality standards.

The results show that the majority of water is consumed
due to evaporative losses from the tailings storage facility. To
improve its water-use efficiency, measures should be taken by
the operation to mitigate the evaporative effects of both sun
and wind. A thorough evaluation of evaporative loss reduction
technologies has been detailed by Howard and Schmidt (2008).
Floating covers were found to provide the greatest reduction in
evaporative losses. According to Yao et al. (2010) these covers
reflect a proportion of the incoming solar radiation and act as
a physical barrier to the passage of water vapour both vertically
and horizontally.

CONCLUSIONS

On-site mining activities as well as upstream processes which
make use of blue water, as defined by Hoekstra et al. (2011),
were quantified for a platinum mining operation in South
Africa. The contribution made by ground, waste/second class
and harvested rainwater to the overall blue footprint was also

Blue water incorporated into
product 5%

L~

Blue water
evaporated
67%

Figure 4
Percentage of blue water evaporated, lost and incorporated into the
platinum product
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determined. Finally the percentage of water consumed by
evaporation (67%), the percentage lost to outflows which do not
return to the same catchment area (28%) in the same period, as
well as the percentage water incorporated into the product (5%)
was presented.

The largest consumption of water in the production of
platinum was due to evaporation from the mineral processing
plants and the tailings storage facilities. Entrainment losses
incurred during tailings discharge also made a significant con-
tribution to the blue-water footprint.

The results from this study are expected to facilitate dis-
cussions on the management and sustainable use of water on
site. Furthermore, the water footprint will allow the platinum
mining operation to join a global process of disclosure and
integrate an understanding of water into planning decisions.
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