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Assessment Manual

Water 
Accounting Framework for the Minerals Industry

Strategic Water Management in the Minerals 
Industry

Pilbara 
Water in Mining Guidelines

Western Australian Water in Mining Guidelines

System of Environmental-Economic Accounting for 
Water in 2012
has developed Water Footprint - principles, requirements and 
guidelines standard
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metal product. The impacts of varying ore grade on the direct 
water footprint for each metal production process are shown 
in Figure 4. Note that the models do not account for the fact 
that lower-grade ores may require grinding to  ner sizes and 
that this would have a negative impact on water recovery 
from thickeners and the TSF.

Another key factor that in  uences the direct water 
consumption of metal production is the degree of water 
recycling that occurs in the concentrator and TSF. The main 
opportunity to recover and reuse/recycle water is from the 
tailings dewatering processes. The base model assumes that 
tailings are dewatered to a solids density of 55 per cent (w/w) 
before being discharged to the TSF. Figure 5 shows the impacts 
on direct water consumption for copper sul  de processing 
from dewatering tailings to different solids densities (similar 
results are found for gold and nickel). In general, dewatering 
to higher tailings solids densities will result in lower direct 
water consumption and as ore grades decline the differences 
are exacerbated.

������������������� ����
The production of the metal products using the various 
production routes requires the consumption of materials and 
energy. There is an indirect water footprint associated with 
the supply of these materials and energy to the production 
processes. Life cycle inventory tables (shown in Appendix A) 
were developed for each metal production process to enable 
an estimate of indirect water consumption. The embodied 
water consumption for each of the input materials and energy 
are shown in Table 7. These values were estimated from LCA 
databases using the LCA software SimaPro. For each of these 
materials a range of embodied water estimates are available 
within the databases. Estimates speci  c to Australia were 
preferentially selected, although Australian estimates were 
not available for all materials.

The indirect water consumption was estimated to be less 
than the direct water consumption for gold production, 
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copper pyrometallurgy and nickel pyrometallurgy. Figure 6 
shows that the indirect water consumption displays the same 
trend with ore grade as direct water consumption. As ore 
grades decline more materials and energy has to be processed 
to achieve the same output of concentrate. Indirect water 
consumption associated with the smelting and re  ning stages 
of production is largely a factor of concentrate grade and 
mineralogy rather than the original ore grade.

Indirect water consumption is higher than the direct 
consumption for copper and nickel hydrometallurgical 
processes. Figure 7 shows the contribution of different 
materials or energy sources to the indirect water consumption 
for the base case ore grades (0.75 per cent Cu, 3.5 g/t Au 
and 1.3 per cent Ni). For copper and nickel pyrometallurgy, 
the water associated with electricity consumption accounts 
for almost half of the total indirect water consumption. 
Interestingly, sodium cyanide, which is sometimes used as 
a  otation reagent, is also a large source of indirect water 
consumption for copper pyrometallurgy. No data on the 
embodied water for some important  otation reagents such 
as xanthates was found; however, they may be important 
contributors to the embodied water of metal concentrates.

The production of acid used in hydrometallurgical processes 
is a water intensive process. The embodied water of sulfuric 
acid consumed in copper heap leaching was estimated to 
be approximately 189 m3/t Cu (assuming 3.5 t H

2
SO

4
/t Cu), 

or roughly twice the processes� direct water consumption. 
Sulfuric acid consumption for HPAL of limonitic nickel ores 
was estimated to account for 1353 m3/t Ni.

���#��$%�����������
The results of the study for the base case ore grades are shown 
in Table 8. The direct water consumption represents 65 - 
80 per cent of the total embodied water for copper and nickel 
pyrometallurgy and the gold production processes. Whereas 
for the copper and nickel hydrometallurgy processes the 
indirect water consumption represents 75 - 82 per cent of the 
total embodied water.

A breakdown of the contribution of individual unit processes 
to the embodied water is shown for each production process 
in Figure 8. The embodied water is mostly associated with the 
milling and  otation stages of production for all processes, 
excluding the copper and nickel hydrometallurgy routes. For 
the hydrometallurgy routes, the indirect water associated 
with acid consumption is by far the largest contributor to the 
overall embodied water.
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Studies into the embodied water of various metal production 
processes have previously been conducted (Norgate and 
Lovel, 2004, 2006a, 2006b; Norgate and Haque, 2012). The 
results of these studies are plotted alongside this study for 
comparison in Figure 9. 

When differences in ore grades are taken into account, the 
total water consumption in all cases exceeds the estimates 
provided by Norgate and Lovel (2006a, 2006b). The direct 
water consumption found in this study is similar to the 
total water consumption found in other studies. Indirect 
water consumption is signi  cantly higher for this study 
and this is particularly evident for the copper and nickel 
hydrometallurgical processes. The main source of indirect 
water consumption in Norgate and Lovel (2006a, 2006b) was 
associated with electricity production from black coal, and the 
study did not account for many materials consumed such as 
sulfuric acid. 

The indirect water consumption for the hydrometallurgical 
processes is highly sensitive to the unit acid consumption and 
the embodied water of this acid. In Chile it has been shown 
that the acid consumption required to produce one tonne of 
electrowon copper has grown from 2.86 t H

2
SO

4
/t Cu in 2004 

to 3.65 t H
2
SO

4
/t Cu in 2010 (Chilean Copper Commission, 

2011). This is expected to increase further to 4.5 t H
2
SO

4
/t Cu 

in 2020 as leachable copper ore grades decline.

This study assumes that sulfuric acid consumed by 
processes has been produced by a stand-alone acid plant 
with an embodied water consumption of 54.1 L/kg H

2
SO

4
. 

Sulfuric acid produced from smelter off-gases are likely to 
have lower embodied water consumption as the majority of 
the water consumption are allocated to the primary metal 
products. For many regions the production of sulfuric acid is 
largely a by-product of these metallurgical processes. In the 
Chilean sulfuric acid market 96 per cent of acid is produced as 
a by-product of smelting and 96 per cent of acid is consumed 
by copper hydrometallurgy (Chilean Copper Commission, 
2011). The supply and demand of acid between copper 
pyrometallurgy and hydrometallurgy is essentially balanced 
in this case. This study has assumed no allocation of impacts 
to the acid produced as a by-product of smelting processes 
(Figure 10).

Norgate and Lovel (2006a, 2006b) also provided a generic 
equation that can be used to produce a rough  rst estimate of 
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the embodied water of re  ned metals, based on ore grades. 
This equation is shown below:

W = 167.7 G -0.9039

where:

W  = embodied water of (m3/t re  ned metal)

G  = grade of ore used to produce metal (%)

The equation has been plotted alongside the results of this 
study for comparison in Figure 11. At higher ore grades 
(>2 per cent metal) the equation produces similar results 
for copper and nickel pyrometallurgy, but underestimates 
the hydrometallurgical processes. At lower copper ore 
grades (<0.5 per cent Cu) the equation provides reasonable 
estimates for copper hydrometallurgy and overestimates 
the pyrometallurgical processes. For gold production the 
equation underestimates the embodied water, particularly 

for non-refractory ores. Despite these differences the equation 

provides a reasonable order of magnitude estimate of the 
embodied water of re  ned metals.

��&��&�(���&������  ���������������&

During March 2012 the authors visited an Australian mine 

and copper concentrator that receives more than 2000 mm of 

rainfall annually. The biggest focus from an environmental 

point of view has been on managing water quality issues and 

also assessing energy and greenhouse gas emissions. Because 

the site operates a positive water balance there has been 

little incentive to improve water use ef  ciency and recycle 

water on-site. A broad objective of the parent company�s 

sustainability policy is to reduce water consumption across 

all sites and so there is an aim to better understand water use 

within their processes. A process  ow diagram for the site�s 

concentrator is shown in Figure 12.
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The inputs and outputs of water were estimated for each 
of the major process areas within the concentrator (Table 9). 
The majority of water inputs occur during the milling stage 
where ore of about 2.4 per cent moisture content is converted 
to slurry containing 38.5 per cent solids (w/w). Within the 
 otation circuit, water additions are highest in the roughing 

and cleaning  otation cells, with only a minor addition of 
~4.8 m3/t concentrate occurring in the scavenger and regrind 
circuits. Concentrates are thickened to 50 - 57 per cent solids 
and then  ltered to a moisture content of 7.5 - 8 per cent for 
export to an international copper smelter. Tailings slurry 
containing ~43 per cent solids are pumped and discharged to 
the site�s TSF.

The concentrator�s water usage has been highly variable 
through time, as reported, based on site-speci  c data. The 
exact reasons for this are poorly understood by site staff, 
but are likely to be a combination of a number of factors. 
These factors could include errors in measurement of water 
 ow rates, variability in thickener and pump performances, 

changes in water levels in the tank that gravity feeds the 
concentrator, maintenance taking equipment off-line and 
rainfall occurring on the thickeners.

Case studies exist in the literature for other copper 
concentrators. Olivares et al (2012) used the methodology 
presented by Hoekstra et al (2009) to estimate the direct blue 
and grey water footprint of copper concentrate produced by 
Codelco�s El Teniente division in central Chile. The average 
blue water footprint of the site was found to be 29.5 m3/t 
concentrate when the TSF was excluded from the system 
boundary, or only 8.7 m3/t concentrate when the TSF was 
included. The grey water footprint of the site (the water 
required to dilute discharges to below certain standards) was 
found to be 31.5 m3/t concentrate.
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The US Geological Survey released a report describing the 
typical water requirements for the conventional  otation 
of copper ores (Bleiwas, 2012). Water requirements for the 
process were shown to range from 1.5 to 3.5 m3/t ore, with 
makeup water constituting anywhere from ten per cent 
to 100 per cent of this. The study found that for a 50 000 t 
ore/day copper concentrator operating in a semi-arid 
environment, processing an ore grade of 0.5 per cent Cu and 
discharging tails at 50 per cent solids, raw water requirements 
are approximately 38 m3/t concentrate.

������
���


The general growth of the mining and mineral processing 
industries coupled with declining ore grades will continue to 
place pressure on water resources. Integrated management 
approaches to water use within the industry is essential to 
maintain the long-term sustainability of these water resources.

The water consumption at mine sites is highly variable due 
to a range of factors including climate, process con  guration 

and the competition between water users in an area. The key 
variables that in  uence direct water consumption for metal 
production processes are the ore grade being processed, the 
tailings solids density and the rate of reuse/recycling within 
concentration facilities. In all cases, the overall site water 
balance is highly dependent on the climatic conditions. These 
affect not only water availability and in  ows into the site, 
but also the ability to reuse and recycle water within process 
facilities.

Prior studies were found to underestimate the direct and 
indirect water footprints of the metal production processes 
considered. This is particularly the case for the copper and 
nickel hydrometallurgy processes, where acid consumption 
was found to be a signi  cant contributor to the indirect and 
total embodied water. The results for these two processes are, 
therefore, highly sensitive to assumed embodied water of the 
sulfuric acid.

Reported data and the case study provided for a copper 
concentrator highlight the signi  cant variability in direct 
water consumption, both within and between mine sites. 
Improved assessment of the potential for individual sites 
to reduce their water consumption is essential for reducing 
the overall impact of the industry. It is hard to generalise but 
depending on processing routes, indirect water consumption 
may be higher compared with direct (ie hydrometallurgical), 
thus saving opportunities may exist outside the immediate 
process boundary. The choice of materials and energy has a 
large in  uence on water footprints. Further assessment will 
be made on  nding strategies to reduce water consumption, 
based on these results for selected metals.
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