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Introduction
Platinum group metals (PGMs) possess a range of unique
chemical and physical properties and are increasingly
finding important uses in a variety of environmentally-
related technologies—such as chemical process catalysts
(especially oil refineries), catalytic converters for vehicle
exhaust control, hydrogen fuel cells, electronic components,
and a variety of specialty medical uses, amongst others.
Given the need to expand almost all of these uses to meet
environmental challenges, demand growth for PGMs can
reasonably be expected to be sustained long into the future.

Global production of PGMs is dominated by South Africa
due to their large resources in the Bushveld Complex, while
other countries such as Russia, Canada, Zimbabwe, and the
United States play a minor but important role. Concerns are
being raised, however, about the long-term ability to supply
PGMs to meet future technological needs (e.g. (Gordon et
al., 2006; Yang, 2009), as well as allegations of significant
environmental and social impacts such as water pollution,
unfair village relocation, economic disparity and
compensation issues (Curtis, 2008; Mnwana and Akpan,
2009; Rajak, 2008).

This paper presents a detailed review of the PGMs
industry and major environmental costs such as water,
energy and greenhouse gas emissions (GGEs). A range of
data is compiled, including annual production statistics,
major inputs and outputs, and analysed with respect to unit

efficiencies or ‘sustainability metrics’. The relationships
between production statistics and sustainability metrics are
then investigated with a view to understanding the current
trends in PGMs mining and potential future implications.
Although social impacts are crucial in sustainability, they
are outside the scope of this paper. The paper presents a
unique case study for a group of metals which are uniquely
concentrated in one major region of the earth and pose
some intriguing and difficult sustainability issues for the
future.

PGM resources, mining and production

Economic resources
There are broadly considered to be four main types of
economic PGM ores (Cabri, 2002; Vermaak, 1995):

• Stratiform deposits—where PGMs occur in large
Precambrian mafic to ultramafic layered intrusions;
major examples include the Merensky and Upper
Group 2 (UG2) reefs of the Bushveld Complex, South
Africa, the Great Dyke in Zimbabwe and the Stillwater
complex in Montana, United States. These are usually
considered primary due to their size (~10–1 000 Mt)
and grade (3–10 g/t PGMs, ~0.2–1% Ni+Cu).

• Norite intrusions—where meteoritic impact is
considered to have been instrumental in allowing PGM
emplacement; the major example is the Sudbury
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Platinum group metals (PGMs) are used in a wide range of high technology applications, leading
to some interesting issues for mining and sustainability. The uses of PGMs includes catalytic
converters for air pollution control in vehicles, growing jewellery use, catalysts for various
purposes (especially petroleum and chemicals processing), hydrogen fuel cells, and many others.
Given the growing importance of most of these PGM uses in more sustainable technologies or in
making industrial processes more efficient, it is critical to understand the complex sustainability
issues which surround PGMs. At present, South Africa is the dominant PGMs producer and holds
~88% of estimated global resources, with additional production and resources in Russia,
Zimbabwe, Canada and the United States. Given the concentrated location of PGM production
and resources, what are the likely trends in PGM mining with respect to environmental
sustainability? That is, what are the costs in terms of energy, pollution, greenhouse gas emissions,
water, land use impacts, social impacts, and economic aspects associated with this globally
important industry? Many PGM companies have been at the forefront of sustainability issues in
the global mining industry, and are arguably the leaders in such reporting. This paper synthesizes
a unique combination of data which relate typical production aspects such as ore grade and scale
with sustainability aspects such as greenhouse, energy and water costs. The findings are critical in
understanding the debate about the increasing environmental and social costs of some materials
and technologies which are considered crucial for sustainable technologies based on PGMs.
Overall, the paper represents a valuable insight into the environmental and resource sustainability
of the PGM mining sector—a sector which clearly has a bright future for decades to come.
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Irruptive Complex in Ontario, Canada (~10–1 000 Mt,
1–3 g/t PGMs, ~2–3% Ni+Cu).

• Ni-Cu bearing sills—related to rift structures, allowing
concordant intrusive sheets; with examples being the
Nor’ilsk-Talnakh District in Russia and the Jinchuan
deposits in China (~10–1 000 Mt, 2–15 g/t PGMs, ~3-
5% Ni+Cu).

• Placer deposits—alluvial sedimentary deposits
containing coarse PGMs (mainly Pt).

A compilation of economic PGMs reserves and resources
by mine and ore type is given in Table I for the eastern and
western Bushveld Complex, with all other known PGM
resources in Table II and Ni-Cu-PGMs in Table III. All data
are derived from company annual reports (or other studies)

based on formal mineral resource reporting codes (e.g.
Australia’s ‘JORC’ Code and  South Africa’s ‘SAMREC’).

Based on data in Tables I to III, economic PGMs as of
2009 amount to at least 80 000 t PGMs. Of this amount,
some 57 100 t PGMs is contained in the Bushveld Complex
in South Africa, whereas Russia possesses some 13 300 t
PGMs. According to (USGS, var.), South African, Russian
and global PGM reserves (based on USGS terminology) are
63 000, 6 200 and 71 000 t PGMs, respectively—
sufficiently close to data in the Tables.

Mining
The mining of PGM ores is through conventional
underground or open cut techniques. The next stage is

Table I
PGM ore reserves and resources by mine and ore type in the eastern and western Bushveld Complex (2009 data)
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grinding and gravity-based (or dense media) separation,
followed by flotation to produce a PGM-rich concentrate.
The run-of-mine ore grades are typically several g/t,
whereas concentrates are some hundreds of g/t (Vermaak,
1995). Concentrate is then smelted to produce a PGM-rich
Ni-Cu matte, with the PGMs extracted and purified at a
precious metals refinery (including Ni-Cu by-products).
The processing is therefore more analogous to base metals
rather than Au, which relies on cyanide leaching and
hydrometallurgy. Smelting of concentrates from Ni-Cu
mining can also be a moderate source of PGMs (e.g.
Russia, Canada). Further details on PGM ore processing are
given by (Vermaak, 1995) and (Cabri, 2002).

Production
A detailed compilation of PGMs production statistics by
company, mine type and ore source is compiled in Table
IV, with Ni-Cu-PGMs mines shown in Table V. Based on
data from Tables IV and V, there is a wide array of project
configurations, such as processing scale (from 0.13 to 11.63
Mt/year), ore grades (ranging from 2.5 to 19 4E g/t), lack of
specific reporting of all PGMs by individual metal
(commonly only 4E or Pt, Pd, Rh and Au are given, or total
PGMs).

In terms of ore source, the main reef for southern Africa
has now become UG2 (at ~60%), followed by Merensky
(~24%), Platreef (~11%) and Great Dyke (~5%). Base

metal production (Ni-Cu), although generally small by
individual mine, is moderate in aggregate, especially when
compared to the Ni-Cu giants of Nor’ilsk and Sudbury.

A common concern raised over PGMs is the extent of
remaining resources—or simply years left (e.g. (Gordon et
al., 2006; Yang, 2009). Based on 2009 production of ~450 t
PGMs (Jollie, 2010) and some 80 000 t PGMs of resources,
this gives 175 years remaining supply at present rates and
based on conventional mining and processing technology.
Alternatively, if a 4% growth in production is assumed, by
2060 annual production will have reached ~3 460 t
PGMs/year with cumulative production ~80 000 t PGMs.
At present, economic resources in the Bushveld are
estimated to between only 1 to 2 km depth, although the
Merensky and UG2 reefs are known to extend to several
kilometres. In addition, there are other reef layers with
lower grade PGMs which could be developed in future if
conditions were conducive. Of course, production is most
likely to continue to grow strongly over the medium to
longer term, especially given the increasing demands for
PGMs. The more critical and pressing issue is that there is a
realistic supply challenge—Southern Africa has a major
electricity generation crisis, with insufficient capacity to
meet demands and major risks of brownouts or blackouts.
For Norilsk in Russia, they are dominantly palladium but
are suffering declining ore grades (comparing production in
Table V to resources in Table III, ie. 8.06 v. 5.25 g/t).

Table II
PGM ore reserves and resources by mine and ore type in the northern Bushveld Complex, Great Dyke and other global sites (2009 data)

Table III
Ni-Cu-PGM ore resources by mine (2009 data)
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The PGMs sector and sustainability

Overview
In the past decade, there has been a strong growth in annual
environmental or sustainability reporting by numerous
mining companies (Mudd, 2007, 2008, 2009), including
many South African and especially PGM companies. In
general, sustainability reports cover the environmental,
economic and social performance of a company alongside
statutory financial reporting. The availability of growing
data-sets on mine wastes, energy, water and greenhouse gas
emissions from sustainability reporting can be easily
combined with production statistics. In this way it is
possible to link these aspects with ore grade, ore type,
annual throughput or project configuration, providing some
useful benchmarks to compare individual site operations
but also understand the environmental implications of PGM
production, as well as valuable data for broader analyses of
other mineral commodities or PGM-containing products.

This study focuses primarily on South African PGM
projects, with some data from Zimbabwean projects. The
‘sustainability metrics’ used are unit consumption per PGM
production (e.g. GJ/kg PGM, m3/kg PGM) with respect to

ore grade (4E g/t), unit consumption per tonne of ore milled
(e.g. m3/t ore, GJ/t ore) with respect to mill throughput (Mt
ore/year), and similarly for GGEs (e.g. t CO2-e/kg PGM, t
CO2-e/t ore).

Results: sustainability metrics of PGMs

Summary results
The compiled results for sustainability metrics, including
energy consumption by direct/indirect and by mine and
processing stage, are given in Table VI. Although some
projects only have a small number of years, both the
general consistency and variability provide useful insights,
discussed further below.

Water
Graphs of unit water costs versus throughput or over time,
shown in Figure 1, do not show strong evidence of water
efficiency gains for most projects. That is, larger project
scale does not lead to higher water efficiency, a common
belief for larger project scales. Ore grade does not appear to
be a factor in unit water efficiency. Over time, most
projects have shown somewhat stagnant water efficiency,

Table IV
Detailed PGMs production statistics of mines in the Bushveld Complex, Great Dyke and other global sites (2009 data)

Table V
Detailed Ni-Cu-PGMs production statistics of global mines (2009 data)
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with only Lebowa showing strong reductions in total water
consumption and unit water costs over time, which also
appear to be sustained. Some projects are showing the
reverse, however, such as Northam with significantly
increasing water costs over time.

Energy
Graphs of energy metrics in Figure 2 show no substantive

evidence for improved unit energy efficiency at higher
throughputs, a common belief for larger project scales.
There does appear to be a minor negative scale effect for
unit energy consumption for stand alone mine-concentrator-
smelter projects with low throughputs (i.e. lower scales
entail higher costs). Ore grade does appear to be significant
for unit energy consumption (correlation coefficient 51.9%,
Figure 2).

Table VI
Environmental sustainability metrics of PGMs production

Figure 1. Unit water consumption versus ore throughput (left) and ore grade (right)
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No project studied has shown long-term energy efficiency
improvements over time, with most showing relatively
stable trends. The Bokoni (formerly Lebowa) and Northam
projects, however, show substantive increases in energy
costs over the past few years—despite both maintaining
similar production levels and ore grades.

The low energy cost for mining at Mogalakwane
(formerly Potgietersrust) (21 MJ/t rock) is due to this being
an open cut mine, whereas the deep Northam underground
mine (~2 km) has the highest mining energy consumption
(1 244 MJ/t rock). The data in Table VI also show that
indirect energy (electricity) is generally the dominant
energy input overall, with the majority of energy being used
by underground mining. This would be due to the narrow
mining techniques used, requiring large areas of
development for small returns in ore compared to bulk
mining techniques. Although a relatively small percentage
of Bushveld ore is derived from open cut mines, many
producers have planned expansions to incorporate open cut
mines in the future. Comparison of underground mines to
the open cut Mogalakwane mine shows that there is a trade-
off between high energy underground mining versus low
energy open cut mining (i.e. MJ/t rock) and the amount of
solid wastes produced, since open cut mining produces

large volumes of waste rock requiring proactive assessment
and management.

Greenhouse gas emissions
A moderate relationship is suggested between ore grade and
unit GGEs (correlation coefficient 38.1%, Figure 3),
whereas the correlation between unit energy and unit
emissions, surprisingly, yields a correlation coefficient of
only 63.4% (Figure 4)—despite South Africa’s electricity
supply being dominated by coal (~90%) with a small
proportion of hydroelectricity (~5%). The variability could
be due to different estimation methods used by companies,
although given the dominance of electricity this would not
expected to be the case. Most of the values which appear to
be outliers are the Northam project, which is one of the
deepest PGM mines (at ~2 km) on the Bushveld and is a
smaller scale, stand alone project (mine, mill, smelter and
refinery). Unit GGEs over time mostly show a gradually
increasing trend for all projects included in Figure 3.

There is some evidence for major PGM producers
showing declining ore grades over the past decade (data not
shown), meaning that unit GGEs could begin to increase if
no action is taken. Some PGM companies are now
responsible for GGEs of the order of several millions of

Figure 2. Unit energy consumption versus ore throughput (left) and ore grade (right)

Figure 3. Unit greenhouse gas emissions versus ore grade (left) and over time (right)
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tonnes per year—and if development and production
continues to grow ta historical rates, this will lead to major
increases in total emissions.

Based on Figure 4 and Table VI, the GGEs growth due to
production increases is likely to be much greater than
possible savings due to improved mine/mill/smelter
efficiency. To date, it would appear that the energy savings
achieved at most sites are relatively modest or cancelled out
by other factors such as operational issues (e.g. electricity
crisis). For example, some Anglo Platinum mines show
variation within a typical range (e.g. Bafokeng, Union),
whereas others show a gradual increase over time (e.g.
Bokoni, Mogalakwane). In other words, if production
doubles there is little evidence that existing mines can
reduce energy consumption by half. This means that GGEs
will become an increasingly important issue as PGM
production continues to grow.

Solid wastes—waste rock and tailings
The majority of PGM ore is sourced by underground
mining, with 2009 production data showing that for the
Bushveld, Great Dyke and Stillwater underground mining
represents ~85% of the ore milled, with ~15% by open cut
mining.

The large volumes of tailings and waste rock both require
active planning and management to prevent major
environmental or social impacts such as tailings dam
failures, e.g. 1974 Bafokeng tailings disaster (Van Niekirk
and Viljoen, 2005) acid mine drainage; or other problems,
e.g. dust, environmental health issues. In addition, slag
wastes from smelters are important (and can even be
reprocessed to extract residual PGMs), and are commonly
disposed of in tailings dams at PGM mines.

Given that the ratio of ore to concentrate is typically
around 30 to 50:1, this means that some 96–98% of the ore
becomes tailings. For mining, waste rock to ore ratios are
typically much greater than unity for open cut mining (e.g.
5 to 20:1) and the reverse for underground mining. At
present, there is no data available on underground waste
rock generation in the Bushveld or other mines, but could
be expected to be around 1 to 5:10. The waste:ore ratios
reported for the Mogalakwane, Kroondal and Marikana
Joint Venture open cut mines range from 6.9 to 23.7:1,
leading to waste rock ranging from 2.6 to 94.6 Mt/year.

At present, it is rare for companies to report total mine

wastes under their control and active management. One
exception, however, is Anglo Platinum, reporting in 2008
that their cumulative mine wastes were 730.8 Mt of tailings
and 665.4 Mt of waste rock (AP, var.)—demonstrating the
large scale and significance of managing these wastes in the
surface environment long into the future.

Studies by Anglo Platinum (AP, var.) suggest that both
Merensky and UG2 tailings have a low acid mine drainage
potential, although potential drainage waters from tailings
would still be high in sulphate—meaning tailings still
require active environmental management to prevent
impacts on water resources. Anglo Platinum claim that there
are no impacts on water sources or related ecosystems or
habitats directly related to their operations (2008
sustainability report) (AP, var.). However, this claim is
contested by ActionAid (Curtis, 2008), who argue that there
is evidence for local impacts on water resources used by
surrounding communities of some Anglo Platinum
operations (especially Mogalakwane). This highlights the
importance of proactive management of large tonnage mine
wastes, especially bordering large local communities which
depend on the water resources adjacent to mining projects.

Conclusion
This paper has studied the PGM sector, compiling and
analysing an extensive array of data on production,
resources, wastes, energy and water costs and greenhouse
gas emissions. In terms of production and resources, there is
strong evidence to suggest that there are indeed extensive
PGM resources available, concentrated principally in the
Bushveld Complex of South Africa and additional resources
in Zimbabwe, Russia, the United States and Canada. The
main question is therefore not the extent of known resources
but rather the environmental costs of PGM production.
Despite being similar in grade to Au ores, PGM ores are
processed in a manner more akin to base metal ores—yet the
data compiled in this report show that unit environmental
costs for PGMs are only slightly higher in energy, slightly
lower in water and moderately higher in greenhouse gas
emissions than gold mining. The evidence for improving
efficiencies over time is weak, although only a few years are
available for many projects. The PGM ore grade does appear
to be a reasonably important factor in understanding issues
such as unit energy costs and GGEs in PGM production.
Although ore grades are not likely to decline significantly
given that current projects are similar to known ore
resources, this remains critical for individual projects but
also the balance of different ores developed in the future
(such as lower grade Platreef ores). Given the dominance of
electricity in energy consumption, there are perhaps unique
opportunities available for PGM mining to investigate the
use of renewable energy technologies, and thereby reduce
greenhouse gas emissions. Water consumption is a critical
issue, especially in an arid region such as north-west South
Africa, with variable evidence for select PGM projects
showing either major decreases or increases in water
consumption. The extent of impacts on water resources
remains contested and uncertain. Overall, the environmental
costs of PGM production are significant but appear to be
related mainly to production levels—and given the likely
future demand, the cumulative environmental costs in such a
concentrated region provide both a major challenge and
opportunity for sustainability. For PGMs, whether the
environmental glass is half full or half empty is essentially
in the eye of the beholder.

Figure 4. Unit energy costs versus unit greenhouse gas emissions
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