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a b s t r a c t

Methods for quantifying the impacts of water use within life cycle assessment have developed signifi-
cantly over the past decade. These methods account for local differences in hydrology and water use
contexts through the use of regionally specific impact characterisation factors. However, few studies have
applied these methods to the mining industry and so there is limited understanding regarding how
spatial boundaries may affect assessments of the mining industry's consumptive water use impacts. To
address this, we developed production weighted characterisation factors for 25 mineral and metal
commodities based upon the spatial distribution of global mine production across watersheds and na-
tions. Our results indicate that impact characterisation using the national average ‘Water Stress Index’
(WSI) would overestimate the water use impacts for 67% of mining operations when compared to as-
sessments using watershed WSI values. Comparatively, national average ‘Available Water Remaining’
(AWaRe) factors would overestimate impacts for 60% of mining operations compared to assessments
using watershed factors. In the absence of watershed scale inventory data, assessments may benefit from
developing alternative characterisation factors reflecting the spatial distribution of commodity produc-
tion across watersheds. The results also provide an indication of the commodities being mined in highly
water stressed or scarce regions.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The global mining industry is situated across a wide range of
regional hydrological contexts that can result in complex water
related risks that must be managed by mining and mineral pro-
cessing operations (CDP, 2013; Northey et al., 2017). In order to
mitigate or manage these risks, mining operations will tailor their
management practices and process design to address the specific
hydrological conditions affecting the site (Kunz and Moran, 2016).
As a result of this, it has been observed that there is significant
variability in rates of water consumption and efficiency between
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mining operations (Mudd, 2008; Gunson, 2013; Northey et al.,
2013). Given the myriad of drivers that influence water consump-
tion throughout the mining industry, methodological approaches
are required that enable the fair comparison of water consumption
and efficiency of mine sites located across geographic regions,
which may have significantly different climate, hydrological and
water use contexts. To address this, recent studies that evaluate
water consumption in themining industry are increasingly utilising
spatially explicit life cycle impact characterisation factors to ac-
count for differences in the local water scarcity or stress of mines
located in different regions (Northey et al., 2016).

Life cycle impact assessment aims to quantify the environ-
mental burdens associated with the provision of products or ser-
vices. A variety of methods have been proposed over the last decade
for characterising the relative water use impacts of production
systems as part of life cycle assessment studies (Boulay et al., 2015a;
Kounina et al., 2013). These methods differ based upon the
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underlying conceptualisation of what constitutes a water use
impact, their data underpinnings and the approach taken to
calculating and normalising impact characterisation factors. These
impact characterisation factors are typically modelled for (sub-)
watersheds based on the outputs of global hydrological and water
use models. Characterisation factors for different spatial scales (e.g.
regional, national, continental) may be determined via weighting
watershed factors based on the distribution of withdrawals or
consumption across the region. Consequently, these national
average factors are largely representative of the conditions where
major water users, such as the agricultural industry, are situated.
Although mining can occasionally be a large local consumer of
water within an individual watershed, at national scales other in-
dustries e such as agriculture e typically consume at least an order
of magnitude morewater (Gunson, 2013; Hejazi et al., 2014). As the
spatial distribution of mineral resources may not be correlatedwith
the spatial distribution of overall water use or availability within a
region, we hypothesise that assessments of the mining industry's
water consumption may produce substantially different results
depending on whether watershed or national average impact
characterisation factors are used.

This paper tests the above hypothesis by developing production
weighted average characterisation factors based on the spatial
distribution of mine site production across watersheds and coun-
tries. Region specific weighted average factors are developed for
twenty five mined commodities and compared with national
average factors to understand the influence that spatial scale and
watershed aggregation procedures would have on the accuracy of
impact assessment of mined products. The results of the study also
provide an indication of the relative exposure of global mining
industry sub-sectors to water stress and scarcity related risks.
2. Background and methods

2.1. Water use impact characterisation factors

Avariety of methods have been proposed over the last decade for
characterising the relative water use impacts of production systems
as part of life cycle assessment studies (Boulay et al., 2015a; Kounina
et al., 2013). Our assessment focuses upon the widely used ‘Water
Stress Index’(WSI)(Pfister et al., 2009) and the recently developed
‘Available Water Remaining’ (AWaRe) methods (Boulay et al., 2016,
2017; WULCA, 2017). The potential influence that characterisation
factors produced at different spatial scales would have on water use
impact estimates for the mining industry is assessed by considering
the spatial distribution of mine site production.
2.1.1. Water Stress Index (WSI)
The WSI was developed by Pfister et al. (2009) as a mid-point

indicator to measure the potential for water use to lead to user
deprivation. The basic data underpinning the WSI is the ratio of
water withdrawals to long-term water availability (WTA) within a
watershed. These WTA ratios are modified by a variation factor to
account for the degree of precipitation variability and the regula-
tion of flows within the watershed (defined by Nilsson et al., 2005),
according to Equation (1) and Equation (2). The modified WTA is
then scaled between 0.01 and 1 using a logistic function shown in
AWaRews;month ¼

8><
>:

AMDworld ave:=AMDi

0:1
100

for Di <A

for AMDi >10$AMD

for Di � Ai or AMDi <AMD
Equation (3) to produce the WSI. This logistic function is calibrated
so that a WSI of 0.5 corresponds to a WTA of 0.4 (assuming the
medianwatershed variation factor), which is commonly considered
the threshold between moderate and severe water scarcity. Pfister
et al. (2009) provided annual WSI data on a watershed basis, using
data from theWaterGAP 2 global hydrological and water use model
(Alcamo et al., 2003), as well as national averages developed by
weighting watershed data according to the spatial distribution of
withdrawals. Although there has been criticism and debate over the
conceptualisation of the WSI (Hoekstra, 2016; Pfister et al., 2017), it
is perhaps the most widely used approach to assessing consump-
tive water use impacts within life cycle assessment studies to date.
Other conceptualisations of the WSI with alternative normalisation
methods have been proposed to account for differences when
assessing marginal and consequential water use impacts in life
cycle assessment (Pfister and Bayer, 2014). However, in this
assessment we focus on the original WSI presented by Pfister et al.
(2009) because it is the most extensively used water use impact
characterisation factor.
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Where: Pi is the mean annual precipitation in each grid cell i
within a watershed, and Smonth and Syear represent the standard
deviation of monthly and annual precipitation respectively.

WSI ¼ 1
1þ e�6:4$WTA*

� 1
0:01 � 1

� (3)

2.1.2. Available Water Remaining (AWaRe)
The international working group for Water Use in Life Cycle

Assessment (WULCA) developed the Available Water Remaining
(AWaRe) method as a consensus based approach for assessing the
potential for water use to deprive other users of water (Boulay et al.,
2015b, 2016, 2017; WULCA, 2017). The basic underpinning of the
AWaRe method is the inverse of water availability minus demand
(AMD) from environmental water requirements (EWR) and human
water consumption (HWC) per unit area (equation (4)), which can be
interpreted as the surface-time equivalent (STE) required to produce
the excess water availability in a region (m2. month.m�3). The
AWaRe characterisation factors are determined from sub-watershed
AMD values that have been normalised according to Equation (5), so
that a value of 1 is equivalent to the global consumption weighted
average AMD (0.0136m3m-2month�1). Therefore an AWaRe value of
20 represents a region where there is 20 times less excess water
available per unit area than the global average.

1
AMDi

¼ Area
A� D

¼ Area
A� HWC � EWR

¼ STEi (4)
i

world average

world average

.
100

(5)



Table 1
Summary of 2014 production data and key results for the 25 mined commodities considered by this study.

National Production e Operation Production f Global Production Weighted Average % of Operation Production

Countries Production Operations Countries Production Coverage National Average
(NA) e

Watershed
(W) f

Ratio (W/NA) Overestimated
(W>NA)

Commodity No. kg No. No. kg % of national AWaRe WSI AWaRe WSI AWaRe WSI AWaRe WSI
Antimony a 17 1.57� 108 2 2 6.02� 106 4 26.5 0.49 61.7 0.71 2.33 1.44 0 40
Bauxite b 31 2.60� 1011 47 15 1.91� 1011 74 19.9 0.37 6.2 0.11 0.31 0.31 88 90
Chromite b 18 3.00� 1010 31 7 1.45� 1010 48 20.6 0.67 18.7 0.48 0.90 0.72 47 92
Coal b 66 8.09� 1012 1138 30 4.93� 1012 61 20.2 0.46 25.2 0.45 1.25 0.98 53 60
Cobalt a 18 1.29� 108 29 15 6.40� 107 50 10.1 0.11 4.5 0.07 0.44 0.67 92 90
Copper a 56 1.84� 1010 270 44 1.60� 1010 87 23.1 0.49 40.9 0.55 1.77 1.13 36 44
Diamonds b 23 2.51� 104 39 11 1.96� 104 78 14.3 0.27 17.4 0.07 1.21 0.27 47 96
Gold a 88 3.02� 106 661 75 2.30� 106 76 18.9 0.38 21.7 0.31 1.15 0.83 56 64
Iron Ore b 48 3.38� 1012 280 35 1.77� 1012 52 21.8 0.42 22.5 0.15 1.03 0.36 38 88
Lead a 43 5.37� 109 103 23 1.96� 109 36 22.3 0.48 15.0 0.27 0.67 0.56 77 74
Lithium b 9 6.54� 108 2 2 9.90� 107 15 25.0 0.43 35.1 0.31 1.41 0.73 70 70
Manganese b 25 5.47� 1010 26 11 3.37� 1010 68 20.5 0.48 23.4 0.11 1.14 0.23 67 84
Molybdenum a 14 2.95� 108 42 13 2.00� 108 68 23.7 0.55 46.5 0.70 1.96 1.28 32 35
Nickel a 31 2.06� 109 77 21 1.50� 109 73 9.4 0.24 8.6 0.12 0.91 0.52 85 89
Palladium a 11 1.84� 105 31 6 1.84� 105 100 9.8 0.33 8.3 0.18 0.84 0.53 63 100
Phosphate b 40 2.45� 1011 22 8 4.71� 1010 19 29.7 0.56 9.3 0.51 0.31 0.91 87 52
Platinum a 10 1.45� 105 40 7 1.61� 105 111 14.9 0.51 15.8 0.39 1.06 0.77 29 99
Potash c 12 3.91� 1010 22 6 6.86� 1010 c 11.1 0.26 11.3 0.15 1.02 0.60 71 86
Rutile b 12 7.40� 108 9 5 4.46� 108 60 17.8 0.38 37.6 0.29 2.11 0.74 60 66
Silver a 65 2.74� 107 257 40 1.77� 107 64 17.9 0.51 21.5 0.46 1.21 0.90 63 60
Tin a 23 3.55� 108 7 5 7.02� 107 20 18.1 0.34 1.6 0.35 0.09 1.03 100 65
Tungsten a 20 8.53� 107 4 4 1.28� 107 15 25.1 0.42 2.6 0.07 0.11 0.16 100 100
Uranium d 18 6.59� 107 55 15 6.40� 107 97 21.8 0.42 27.7 0.44 1.27 1.04 56 58
Zinc a 49 1.37� 1010 140 33 8.08� 109 59 21.2 0.50 15.4 0.35 0.73 0.70 73 68
Zircon b 17 1.57� 108 11 7 8.48� 108 72 19.3 0.47 31.0 0.14 1.60 0.29 71 85

Reporting Basis.
a Produced or containedmetal., b Gross mineral., c National scale data is expressed on a K2O equivalent basis. Operation data expressed on a gross potashmineral basis., d U3O8
equivalent.
Production Data Basis.
e National production in 2014 (British Geological Survey, 2016)., f Operation production in 2014 (SNL, 2017).
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WULCA (2017) has provided AWaRe factors for a variety of
temporal and spatial scales based upon monthly sub-watershed
data from WaterGAP 2.2, which is underpinned by a global hy-
drological model (Müller Schmied et al., 2014) and water use data
(Fl€orke et al., 2013). Annual AWaRe factors at the watershed scale
are produced via weighting monthly watershed factors by monthly
water consumption in the watershed, according to Equation (6).
National AWaRe factors are produced by first spatially averaging
monthly watershed factors by the monthly water consumption
occurring in each watershed in the country according to equation
(7). The resulting monthly, national AWaRe factors are then
weighted according to the total water consumption occurring in the
country in each month, according to Equation (8), to produce the
annual factor. In order to more accurately assess the impacts of
different industries, AWaRe factors are available that have been
weighted based upon the temporal and spatial distribution of
agricultural, non-agricultural and total water consumption (for
assessing unknownwater use). The annual watershed and national
average AWaRe factors weighted by the spatial and temporal dis-
tribution of non-agricultural water consumption are used in this
study.

AWaRews;annual¼
1

Cws;annual

X12
month¼1

AWaRews;month$Cws;month (6)
AWaRenational;month ¼
1

Cnational;month

Xn
ws¼1

AWaRews;month$Cws;month

(7)

AWaRenational; annual ¼
1

Cnational; annual

X12
month¼1

AWaRenational;month$Cnational; month

(8)
2.2. Mine production weighted averages and boundaries of
assessment

To determine the potential influence of spatial aggregation of
life cycle inventories and impact characterisation factors on as-
sessments of mining industry water use, the deviation between
watershed and national average factors was assessed at several
different spatial boundaries - global, national and individual min-
ing operations. Ideally this assessment would be based upon the
spatial distribution of mining industrywater consumption between
watersheds and nations within these boundaries. However, there is
currently no global inventory of the water use requirements of
individual mining operations at a level of detail that would facili-
tate this. Fortunately, commodity production from individual
mining operations is available for a large proportion of the mining
industry (Table 1) and this has been used as a proxy for mine-site
water use. Therefore weighted average WSI and AWaRe factors
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were estimated based upon the spatial distribution of annual
commodity production amongst watersheds and nations (equation
(9)).

Production Weighted Average ¼
P

iCFi � ProductioniP
iProductioni

(9)

where: CFi and Productioni represent the AWaRe or WSI value and
annual commodity production respectively of each watershed or
nation “i” within the boundary of assessment.

Production data for the year 2014 was obtained for 25 mined
commodities: antimony, bauxite, chromite, coal, cobalt, copper,
diamonds, gold, iron ore, lead, lithium, manganese, molybdenum,
nickel, palladium, phosphate, platinum, potash, rutile, silver, tin,
tungsten, uranium, zinc and zircon (Table 1). National mine pro-
duction datawas sourced from the British Geological Survey (2016),
whereas production and location data for individual mining oper-
ations was sourced from the SNL Mining & Metals database (SNL,
2017). Operations that did not intersect with both the spatial WSI
and AWaRe datasets were excluded from the analysis. The opera-
tion production data covers approximately 50e90% of the national
production for most commodities considered. The spatial distri-
bution of the mining operations in relation to the WSI and AWaRe
factors is shown in Fig. 1 and a summary of the production data is
provided in Table 1 for individual commodities. Data for individual
countries is provided in the electronic supplementary Tables S2 to
S3. For several commodities there was inconsistency in the
Fig. 1. Location of mining operations (SNL, 2017) considered in this study in relation to annua
and the WSI (Pfister et al., 2009).
reporting basis (i.e. containedmetal and gross mineral) used for the
available national and operation production data. For uranium
production, the national data was converted from a U to a U3O8
basis to ensure consistency with the operation data. For potash it
was not possible to express the national and operational scale
production data in consistent units. The national data represents
production on a K2O equivalent basis, whereas the operation data
represents gross potash minerals (it was not possible to determine
the mineralogy of each operation's products). However, our
judgement is that the overall production coverage of potash is likely
high, hence in the figures presented in subsequent sections, potash
has been labelled as having greater than 75% production coverage.
3. Results and discussion

Production weighted WSI and AWaRe factors were developed
according to equation (9) for all 25 mined commodities at global,
national and operational boundaries of assessment. The results
provide a basis for evaluating the influence that the use of water-
shed or national average factors would have upon impact assess-
ments of the mining industry, as well as improving understanding
of the relative exposure of mining supply chains to water stress and
scarcity related risks. Key results for all commodities are provided
in Table 1, with more detailed results for commodities production
from individual countries being presented in the electronic
supplementary information Tables S1 to S3 and Figures S1 to S7.
l AWaRe factors for non-agricultural water use (Boulay et al., 2016, 2017; WULCA, 2017)
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3.1. Deviation between watershed and national average factors

The deviation between watershed and national average factors
for estimating the water use impacts of mined commodities was
assessed at several different spatial aggregation boundaries, shown
in Fig. 2 for all commodities. For the boundary of individual mining
operations, the local watershed factor is compared with the na-
tional average factor. At a national boundary, production weighted
watershed values are compared with the national average factors.
At the global boundary, watershed factors weighted according to
operation production are compared with national average factors
weighted production according to national production for each
commodity assessed.

The ratio of watershed based factors to the national average
based factors provides a measure of the potential error that may be
introduced when assessing the impacts of the mining industry's
water use. The ratio between factors can range up to several orders
of magnitude for individual operations or countries (Fig. 3). De-
viations are slightly reduced at higher levels of spatial aggregation
(i.e. global). Figs. 2 and 3 support our hypothesis that the use of
national average water use characterisation factors would be likely
to overestimate impacts for the mining industry, when compared
to results generated from watershed based assessments. Fig. 3
shows the magnitude of deviation and the proportion of mining
operations whose water use impacts would be over or under-
estimated by the use of national average characterisation factors,
when compared to the use of watershed specific factors.

Across the 25 mined commodities, the use of national average
WSI is likely to overestimate impacts for 67% of mining operations
and 72% of impact estimates at the national boundary. The use of
Fig. 2. A comparison of production weighted average AWaRe and WSI factors for 25 min
Watershed characterisation factors were weighted based on production from individual mi
were weighted based upon national production in 2014 (British Geological Survey, 2016).
non-agricultural AWaRe factors also leads to a similar tendency to
overestimate water use impacts, albeit for only 60% operations and
60% of national estimates. It is clear that the use of national average
factors will lead to a systemic bias to overestimate water use im-
pacts of the mining industry, compared to if watershed scale data
was used. This bias is observable at all scales of spatial aggregation,
although the average deviation is reduced at higher levels of spatial
aggregation.

The spatial distribution of mine-site production varies between
commodities due to differences in the underlying geological for-
mation processes required to produce amineral deposit fromwhich
each specific commodity can be profitably extracted. Due to this
there are differences in the results obtained for individual mineral
or metal commodities. Assuming water use is uniform across pro-
duction, global assessments based on national average factors
would overestimate impacts for 20 (out of 25) commodities using
the WSI and for 10 commodities using AWaRe factors for non-
agricultural water use (see Fig. 4, Table 1 and electronic
supplementary Fig S7). However, even when the overall results for
a given commodity are under- or overestimated, it is important to
recognise that the individual regions where this commodity is
produced may display significant divergence between watershed
and national average factors. The cumulative production distribu-
tion of individual commodities in relation to the national average
and watershed AWaRe and WSI is shown in Table 1 and the elec-
tronic supplementary Fig. S1 to S4. These distributions highlight
that while there is a tendency for the national average factors to
overestimate the impacts across the mining industry, this can be
highly variable between individual mined commodities e with a
large proportion of individual commodity production being over-
ed commodities determined at operational, national and global system boundaries.
ning operations in 2014 (SNL, 2017), whereas national average characterisation factors



Fig. 3. Ratio between watershed and national average AWaRe and WSI factors for all commodities at the operational and national boundary. The proportion of datapoints over-
estimated by national average factors when compared to watershed factors is indicated by the vertical dotted lines.
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or underestimated. Therefore, the reliability of life cycle assessment
studies that seek to redistribute mined commodity production
away fromwater stressed or scarce regions may be severely limited
by the use of national average characterisation factors.

Given that non-agricultural products are less likely to be
spatially correlatedwith overall water use, it is reasonable to expect
that the results of this study for the WSI may be similar when
assessing other minor water consuming industries (e.g.
manufacturing). During the development of the AWaRe factors, the
provision of factors specific to agricultural, non-agricultural and
unknown water use partially addresses this issue. However our
results (Figs. 2 and 3) show that the non-agricultural factors still
show a bias to overestimate impacts of the mining industry.
Therefore assessments of the consumptive water use impacts of
mining should be conducted at watershed scales whenever
possible.

To provide further evidence of this judgement, supporting in-
formation Fig. S7 shows that the use of national average factors will
result in commodity production weighted factors that display a
strong reversion to the global average WSI of 0.602 (Ridoutt and
Pfister, 2013) and the global consumption weighted average
AWaRe factor for non-agricultural water use of 20 (Boulay et al.,
2016), when compared to the watershed based assessment.
Therefore finer levels of spatial resolution provide improved
discriminatory power when assessing water use impacts, particu-
larly for assessments of production systems that are less likely to be
spatially correlated with the distribution of water use across
watersheds.

3.2. Relative exposure of commodities to water stress and scarcity

The WSI and AWaRe characterisation factors can also be inter-
preted as indicators of contextual water risk for themining industry
(Northey et al., 2014, 2017). Local scarcity or overexploitation of
water resources in a region can impactmining operations in a range
of ways, from making water sourcing more difficult to increasing
tension with competing water users such as agriculture and/or
other consumptive uses.

The relative exposure of commodity production to these issues
may be ranked using the global production weighted average fac-
tors as shown in Fig. 4. Commodities being mined in highly water
stressed or scarce regions include phosphate, molybdenum and
copper. Other commodities such as nickel, cobalt and potash are
predominantly mined in less water stressed regions. There are



Fig. 4. Global production weighted averageWSI and non-agricultural AWaRe factors for each commodity based uponwatershed and national average water indices. Grey lines show
the change in relative ranking of each commodity depending upon the scale and characterisation factor used. Watershed factors were weighted based upon production from
individual mining operations in 2014 (SNL, 2017), whereas national average factors were weighted based upon national production in 2014 (British Geological Survey, 2016).
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considerable differences in the relative ‘ranking’ of commodity risk
depending onwhetherWSI or AWaRe factors are used. For instance,
chromite is one of the most exposed commodities when using the
WSI, however the AWaRe factors suggest that chromite production
is only moderately exposed to these issues when compared with
the other mined commodities. A major reason for these differences
is that each of the indicators, WSI and AWaRe, are fundamentally
measuring a different aspect of local hydrology due to the differ-
ences in their formulation. The WSI is a normalised measure of the
ratio of withdrawals to long-term water availability modified by
inter- and intra-annual hydrologic variability, which may be
interpreted as a relative measure of the intensity of withdrawals or
competition for water use between regions. Whereas the AWaRe
index is an indicator based upon the absolute availability of water
beyond current demands and so to a greater degree also reflects
other hydrological factors e beyond the intensity of available water
use e such as the general aridity of the region. Therefore, any
comparison of the relative ‘ranking’ of the exposure to water risks
of an individual commodity's production based upon these in-
dicators should carefully consider the underlying formulation of
each index, as well as the hydrological context of the countries
producing each commodity (the distribution of commodity pro-
duction amongst countries is provided in the electronic
supplementary tables).

Differences in the relative ranking of commodities also occurs
depending on if watershed or national average factors are used.
Compared to the national average factors, watershed based
assessment will result in the relative exposure ranking increasing
for 11 and 15 commodities for the WSI and AWaRe factors
respectively. However, it is important to emphasise that the un-
certainty of the relative results based upon watershed assessment
is closely related to the degree of operation production data avail-
able for each commodity (refer to Table 1 or the shading in Fig. 4).
The operation production data covers less than 50% of global pro-
duction for 8 of the 25 commodities (antimony, cobalt, chromite,
lead, phosphate, lithium, tin, tungsten), and so thewatershed based



S.A. Northey et al. / Journal of Cleaner Production 184 (2018) 788e797 795
results are more uncertain for these commodities.
Previously, Northey et al. (2014) identified that different pro-

cessing stages of mineral and metal supply chains (e.g. mining,
mineral concentrating, smelting and refining) are not always co-
located and may be located in regions experiencing substantially
different water stress. Therefore, further assessment of the relative
exposure of commodity production to water stress risks may
benefit from considering the spatial distribution of the downstream
production processes following mining e as this may alter the
overall risk profile for an individual commodity.

The WSI and AWaRe factors were also used as part of an
assessment of the global spatial distribution of copper, lead-zinc
and nickel resources in relation to regional climate zones and wa-
ter risks (Northey et al., 2017). The study used watershed scale data
for AWaRe and the WSI, as well as several other indicators such as
water criticality (Sonderegger et al., 2015), blue water scarcity
(Hoekstra et al., 2012), and the water depletion index (Berger et al.,
2014). Weighting of these indices was conducted based upon
remaining resources rather than production levels, providing an
indication of how future supply and life-of-mine production may
be distributed in relation to water stress and scarcity. The key
findings were that copper resources are located in regions with
higher water stress, than either lead-zinc or nickel resources
(Northey et al., 2017), which is broadly consistent with our
assessment of the current production of these commodities.

3.3. Suitability of production weighted average characterisation
factors

A valid question is whether the spatial distribution of mining
production is a reasonable proxy for the spatial distribution of
mining industry water consumption. Studies have shown that there
is considerable variability in the water use requirements of mining
operations when expressed on a cubic metre per tonne of product
basis, even for operations producing the same commodity (Gunson,
2013; Mudd, 2008; Northey et al., 2013). There are a range of causal
reasons for this, including differences in: mineral deposits (e.g. ore
grades and grain sizes), processing methods, site infrastructure,
local climate and site water management practices. The water
balance of individual mining operations can be quite dynamic and
an individual operation may face risks associated with both
shortfalls and excesses of water at different periods of time (Gao
et al., 2017; Kunz and Moran, 2016; Northey et al., 2016, 2017).
Detailed water balance modelling exists for individual mining op-
erations, however currently there is very limited statistical under-
standing of howmine site water consumption varies across regions
in response to local climates and hydrological settings.

Conceptually, mining operations in dry climates will have lower
surface runoff into on-site dams and greater evaporative losses,
resulting in a greater dependence on surface and/or groundwater
withdrawals. Conversely, mining operations in wet climates are
likely to accumulate more water on-site and require active
discharge through time. Given the role of local climates in gov-
erning regional water availability that underpins WSI and AWaRe
factor estimates, there may be a correlation between mine water
use intensity (i.e. cubic metre consumed per tonne of product) and
theWSI or AWaRe factors. If this correlationwasmoderate, it would
invalidate our assumption that mining production is a reasonable
proxy for water use in this assessment. However, the absence of a
comprehensive global mine water use dataset currently precludes
our ability to test this assumption. Therefore, we must assume that
mine production could be a reasonable proxy for estimation of
mine water use across regions, whilst recognising that this
assumption introduces uncertainty to the results of our assessment.

Although the input water requirements for mineral processing
are relatively constant through the year, the overall water balance
of a mining operation can vary substantially throughout the year
and an individual operation will display seasonality in its water
withdrawals from surrounding water sources or stores e as well as
when water discharges will occur. All aspects including evapora-
tion, flow into pits or mine workings, and runoff into water storage
facilities may vary seasonally and in response to local catchment
rainfall events (Northey et al., 2016). The temporal distribution of
the mining industry's water use may differ from the temporal
distribution considered during weighting of monthly factors when
developing annualised characterisation factors.

Due to seasonal variations of water consumption, it has previ-
ously been determined that the annual WSI will, on average, un-
derestimate impacts when assessing the agricultural industry e

hence the use of sub-annual (e.g. monthly) characterisation factors
is encouraged (Pfister and Bayer, 2014; Scherer et al., 2015; Scherer
and Pfister, 2016). Another limitation of the WSI is that in some
regions where water is physically scarce (e.g. central Australia), the
region may not be considered water ‘stressed’ due to only limited
water withdrawals occurring (possibly due to the regional water
scarcity). Further compounding this is the tendency of the Water-
GAP model to overestimate river discharge in arid regions (Scherer
and Pfister, 2016). In contrast, the formulation of the AWaRe factors
being based upon an absolute measure of excess water availability
(Equation (4)) overcomes the inherent limitations associated with
the WSI being based upon the ratio of water withdrawals to avail-
ability (Equation (1)). Therefore, we suggest that the use of AWaRe
factors may be preferable to the WSI when assessing the water use
impacts of mining operations located in arid regions, particularly
when there are limited water withdrawals from other user groups.

Previous analysis of water use impact characterisation factors
has found a substantial deviation when factors are developed at
different spatial and temporal boundaries (Ansorge and Ber�ankova,
2017; Boulay et al., 2015a; Nú~nez et al., 2015; Scherer et al., 2015;
Quinteiro et al., 2017). As the national average characterisation
factors may not reflect the water use context of specific industries
and commodities within a country, uncertainty data is available for
the national average AWaRe factors reflecting the spatial and
temporal differences in water use and availability across water-
sheds within a country (Boulay et al., 2017;WULCA, 2017). Fig. S5 in
the supporting information shows that 81% of mining operations
and 90% of national production weighted averages fall within 1
standard deviation of the spatial uncertainty associated with the
national average.
3.4. Limitations in the impact assessment of groundwater use

Many mining operations consume water from confined and
unconfined aquifer systems e to meet the requirements of ore
processing, dust suppression, waste management practices, and
aquifer depressurisation to prevent groundwater seepage intomine
voids or to alleviate slope stability issues (Northey et al., 2016). The
potential impacts of mining operations on groundwater systems
are highly complex, uncertain and site specific (Currell et al., 2017).
Existing life cycle assessment based water use impact methods are
not tailored to assess the potential impacts of water use on
groundwater systems. Current approaches typically utilise esti-
mates of water availability derived from global hydrological
models, such as WaterGAP, which has been calibrated to estimate
discharge from major river systems (Alcamo et al., 2003; Müller
Schmied et al., 2014). Water availability in the determination of
characterisation factors therefore largely reflects what can be
considered ‘flow’ water resources (Madrid et al., 2013), however
many mining operations extract groundwater from what may be
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considered ‘fund’ (i.e. rechargeable aquifers) or ‘stock’ (i.e. fossil
aquifers) groundwater resources e which may require assessment
using different water use impact pathways (Kounina et al., 2013;
Mil�a I Canals et al., 2009). Approaches for assessing the impacts of
fund and stock groundwater depletion are still underdeveloped
within life cycle assessment and require further conceptualisation.
This topic has been a focus of discussion within the WULCA sub-
committee that is developing a framework for considering water
use impact characterisation pathways to the natural resources area-
of-protection within life cycle assessment.
3.5. Implications for mine water use disclosures and reporting

Over the past two decades there has been increasing trans-
parency and reporting of water use data as part of corporate sus-
tainability and environmental management reporting in the
mining industry (Leong et al., 2014; Mudd, 2008; Northey et al.,
2013). There is growing recognition of the need for local water
scarcity or stress information to be reported alongside mine-site
water use to facilitate meaningful interpretation of data (Northey
et al., 2014, 2016).

The International Council on Mining & Metals (ICMM) recently
released reporting guidelines to improve the quality and consis-
tency of the industry's water use and risk disclosures (ICMM, 2017).
ICMM member companies are expected to implement these stan-
dards by November 2018. The standard was heavily based upon the
previous Water Accounting Framework for the Minerals Industry
that was developed for the Minerals Council of Australia (2014),
which has been shown to be broadly applicable for mine sites
regardless of the local hydrological context (Danoucaras et al.,
2014). Beyond clearly outlining water accounting procedures, the
ICMM's standard also recommends that companies report on the
local water stress of regions that they operate within by using tools,
such as: the WRI Aqueduct Water Risk Atlas (2013), the GEMI Local
Water Tool (2016), the WBCSD Global Water Tool (2015), or the
WWF Water Risk Filter (2012). Northey et al. (2017) demonstrated
that a more meaningful understanding of the mining industry's
water use contexts could be achieved by considering multiple
water risk indices simultaneously. Therefore, alternative watershed
risk indices such as Water Criticality (Sonderegger et al., 2015), the
WSI (Pfister et al., 2009) or AWaRe factors (Boulay et al., 2016, 2017;
WULCA, 2017) may add further insight to the industry's water use
reporting, and also facilitate greater data interoperability with LCA
and water footprint assessments.

Oftenmining companies will aggregate the water withdrawal or
consumption estimates of multiple mining operations into divi-
sional, national or corporate totals when reporting the companies
water use (Mudd, 2008; Northey et al., 2016). In these cases we
emphasise that any water scarcity or stress information provided
alongside this data should be sourced from watershed scale data,
rather than national data that may not be representative of the local
water use context of the company's individual operations.
3.6. Implications for life cycle inventory development

The results of a recent life cycle assessment methodology har-
monisation project for metal associations recommended that water
scarcity impacts should not be reported as part of life cycle
assessment studies of metal supply, due to limitations with existing
inventory data (e.g. high levels of spatial aggregation) and the need
for further methodological development (Santero and Hendry,
2016). Existing inventory data for mined commodities are highly
spatially aggregated (i.e. global, continental or national boundaries
e often with poor production coverage within the region). We
recommend that future mine site water use inventory data be
developed and reported at the scale of individual operations. If
aggregation of site inventory data is required to protect commer-
cially sensitive data, then aggregation to the scale of watersheds
rather than national boundaries would facilitate more accurate
assessment of water use impacts. Where this is not possible, then
inventory developers could also develop weighted average impact
factors that reflect the underlying spatial and temporal distribution
of the inventory's water use data.

4. Conclusions

Life cycle assessment and water footprint studies of the mining
industry are increasingly utilising spatially explicit characterisation
factors when assessing consumptive water use impacts (Northey
et al., 2016). This study has shown that the use of existing na-
tional average impact factors may lead to a bias to overestimate the
consumptive water use impacts of the mining industry. Despite this
observed biased at an industry wide scale, there is high variability
in results for commodity production in specific countries and so for
some regions national average factors may actually underestimate
impacts for a particular commodity. Due to these disparities, it is
encouraged that future assessments of the mining industries
consumptive water use utilise watershed specific inventory data
and impact factors. In the absence of watershed specific water use
inventories for the mining industry, weighting watershed factors
based upon the spatial distribution of commodity production may
improve the estimation of the industry's relativewater use impacts.
Overall, there are significant opportunities for continued develop-
ment of life cycle inventory datasets and impact characterisation
procedures to improve the assessment of the mining industry's
water use impacts.
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