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Supplementary tables

Supplementary Table 1: List of data sources used to build Figures 1c and 1d

Graedel (2015)

Authors Title

Davidsson and Material requirements and availability for multi-terawatt deployment of

Hoo6k (2017) photovoltaics

de Koning, Kleijn Metal supply constraints for a low-carbon economy?

et al. (2018)

Deetman, Scenarios for Demand Growth of Metals in Electricity Generation Technologies,
Pauliuk et al. Cars, and Electronic Appliances

(2018)

Elshkaki and Solar cell metals and their hosts: A tale of oversupply and undersupply

Giurco, Dominish
et al. (2019)

Requirements for Minerals and Metals for 100% Renewable Scenarios

Harvey (2018)

Resource implications of alternative strategies for achieving zero greenhouse
gas emissions from light-duty vehicles by 2060

Hertwich, Gibon

Integrated life-cycle assessment of electricity-supply scenarios confirms global

et al. (2015) environmental benefit of low-carbon technologies

Hund, La Porta et | Minerals for Climate Action: The Mineral Intensity of the Clean Energy
al. (2020) Transition

Li and Adachi Evaluation of long-term silver supply shortage for c-Si PV under different
(2019) technological scenarios

Manberger and
Stenqvist (2018)

Global metal flows in the renewable energy transition: Exploring the effects of
substitutes, technological mix and development

Pehlken, Albach

Is there a resource constraint related to lithium ion batteries in cars?

et al. (2017)

Rasmussen, Platinum Demand and Potential Bottlenecks in the Global Green Transition: A
Wenzel et al. Dynamic Material Flow Analysis

(2019)

Valero, Valero et | Material bottlenecks in the future development of green technologies

al. (2018)

Watari, Nansai et | Review of critical metal dynamics to 2050 for 48 elements

al. (2020)

Watari, McLellan | Total Material Requirement for the Global Energy Transition to 2050: A focus
et al. (2019) on transport and electricity

Watari, McLellan | Analysis of Potential for Critical Metal Resource Constraints in the International
et al. (2018) Energy Agency’s Long-Term Low-Carbon Energy Scenarios

Ziemann, Miller Modeling the potential impact of lithium recycling from EV batteries on lithium
et al. (2018) demand: A dynamic MFA approach




Supplementary Table 2: Commodity coverage in the S&P Global Market Intelligence database (S&P
database)

Commodity Percentage of production Estimated global production
covered by S&P database (average of 2018 and 2019)*

Platinum 100% 0.185 kt

Uranium Oxide 99% 63 kt***

Iron 99% 1,485,000 kt

Nickel 97% 2,550 kt

Copper 96% 20,200 kt

Lithium 95% 86 kt

Silver 95% 27 kt

Cobalt 84% 144 kt

Gold 81% 3.3kt

Zinc 77% 12,750 kt

Bauxite 72% 348,500 kt

Molybdenum 70% 294 kt

Manganese 59% 18,950 kt

Lead 59% 4,530 kt

Rare Earths** Not Available 200 kt

Heavy Mineral Sands N.A. N.A.

Tin N.A. 314 kt

Tungsten N.A. 83 kt

*Source: USGS (2020), unless stated otherwise.

** In the analysis, lanthanides, scandium and yttrium are grouped together as rare earths. The
coverage level for rare earths production is not provided by the S&P database, which means there is
a higher uncertainty around ESG results for rare earths.

*** Year 2016, S&P database estimate.



Supplementary Table 3: Correlations across the seven ESG dimensions

Waste

Water
Conservation
Communities

Land Uses

Social Vulnerability
Governance

Waste

Water

Conservation Communities

Land
Uses

Social
Vulnerability Governance

0.125
0.419
0.442

0.072
0.098




Supplementary Table 4: Correlations across the 24 variables

Popu-
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Supplementary Table 5: methodological steps for the building of the Governance and Social Vulnerability dimensions

Dimension Additional data Missing values and Normalisation and Aggregation and weighing
selection step extreme values inversion
Governance | 2018 estimations of the | Missing values were rare Percentile values were The total Governance score is the average of
“percentile rank among | (11 points). For cases with converted to fractions and | these six indicator scores.
all countries” for each of | missing values, we reversed so that a high
the six Worldwide assigned a value equal to score corresponds to a high
Governance Indicators the average of WGI scores | risk.
of the whole sample.
Social No additional step Total Dependency Ratio The three variables were Social Vulnerability score calculated by
Vulnerability (TDR): i) cases with missing | normalised using the the aggregating the normalised values of the HDI,

values were assigned the
average country value,
calculated from the
individual values of the
mining projects located in
that country. ii) Ratio was
capped to 200 in order to
reduce the incidence of
rare extreme values (17
points).

formula: Xnorm = (X — Xmin) /
(Xmax — Xmin), Xmax (Xmin)
being the value of the
country scoring the highest
(lowest) according to the
variable.

Human Development Index
(HDI): normalised value
was reversed so that a high
score corresponds to a high
risk.

Gini coefficient and TDR with a weight of 0.6,
0.2 and 0.2 respectively. The difference in
weighing reflects the fact that the three
variables are different in nature. The HDI
comprises three dimensions that use their own
specific measures, while the GINI coefficient
and the TDR are individual measures. The GINI
coefficient is a statistical measure of wealth
distribution and the TDR is a percentage.
Weights were adjusted to 0.75 for the HDI and
0.25 for the TDR when the Gini coefficient value
was missing (150 points). When both HDI and
Gini values were missing (33 points), we sought
alternative values calculated from the average
score of neighbouring countries.




Supplementary Table 6: methodological steps for the building of the Land Uses and Conservation dimensions

Dimension

Additional data selection step

Missing values and
extreme values

Normalisation and inversion

Aggregation and weighing

Communities

The Communities dimension is made
of three variables: i) the Global
Human Settlements Layer (GHSL)
population density value of the 1
km? cell in which the mining project
point falls; ii) The sum of GHSL
population densities of cells falling
within a 100 km buffer zone around
the point; iii) the Indigenous Peoples
Land polygons.

No missing or
extreme value issue

The normalisation process
accounts for the fact that
levels of vulnerability of local
communities are not directly
proportional to the number of
human lives at stake. Any non-
zero population density within
1km of the mine location was
interpreted as a maximum risk
score of 1.

For variable (ii), i.e. population
density within a 100 km
buffer, the score was set equal
to log(1+x) / log(1+xmax).

The base communities score is made of the
average of the two population density
variables. Mining properties falling into a
polygon of the Indigenous Peoples Land
dataset had their Communities score
increased by 0.2, to account for the added
level of vulnerability in indigenous
communities.

Land Uses

No additional step

For Pasture Land and
Cropland variables,
missing values were
rare and generally
correspond to
remote areas. They
were therefore
assigned a value of
zero.

The three variables were
divided by their maximum
value to obtain normalised
values.

Because Pasture Land and Cropland
datasets are issued by the same source and
use the same cell resolution, their
summation is also a percentage of
occupied land. The percentage not
occupied by either pastures or crops can
be occupied by forests. The three variables
were therefore aggregated using the
formula: Crops + Pastures + (1 - Crops - Pastures)
* Forests. This prevents overlap between
data from different sources.




Supplementary Table 7: methodological steps for the building of the Conservation, Water and Waste dimensions

Dimension | Additional data selection step Missing values and extreme values Normalisation and inversion Aggregation and weighing
Conser- The Conservation category is built on No missing or extreme value issue Distances were rescaled by The Conservation score is
vation the distance from a mining project to their rank order such that the average of the

key or threatened biodiversity mining projects falling within a | normalised distance and

polygons, and values of total species polygon get the highest risk richness scores.

richness in the location of the mining value (1) and that mining

project. Distance to the nearest projects furthest away from

biodiversity polygon (either from the any polygon get the minimum

Key Biodiversity Area dataset or the risk value (0).

Threatened Biodiversity Hotspots Total species richness values

dataset) was calculated with the NEAR are normalised by the

function of ArcGIS 10 Spatial Analyst. maximum value across the

The total species richness is made of sample.

the sum of all species richness rasters.

Water No additional step Missing data for the Baseline Water Stress | The Baseline Water Stress and | The Water score is the
(38 points) were given a value of 5, i.e. the Inter-annual Variability are | average of the two
maximum risk, on the basis that the cases | already expressed as a risk indicator scores.
were located in either remote islands or in | scale (from O for the lowest
Greenland, which are locations with risk to 5 for extremely high
specific water challenges. Cases with risk). Values were divided by 5
missing value for the Inter-annual for normalisation.

Variability were given a Water score solely
based on their Baseline Water Stress.
Waste The precipitation variable was built by | No missing or extreme value issue For each of the six indicators The Waste score is the

taking the maximum value out of the
12 monthly values recorded by the
WorldClim dataset. This step accounts
for the influence of heavy rains on
mine waste containment failures.

we took the percentile rank to
generate an even distribution
of scores between 0 and 1.

average of the five
indicator scores. This step
accounts for the
cumulative effect the five
factors can have on waste
containment failures.




Supplementary table 8: Selected mining projects and associated contained resources (source: S&P
database)

Number of mining projects Amount of contained resources
Total Operating Pre- Total Operating Pre- Unit
production production

Silver 1702 441 1261 | 6.31E+10  3.23E+10 3.08E+10 ounces
Bauxite 102 50 52 | 1.31E+10 7.51E+09 5.61E+09 tonnes
Cobalt 280 57 223 | 2.30E+07  1.27E+07 1.02E+07 tonnes
Copper 1580 455 1125 | 2.58E+09  1.68E+09 9.00E+08 tonnes
Iron 618 198 420 | 2.49E+11  1.30E+11 1.19E+11 tonnes
Lanthanides 103 11 92 | 2.08E+08 6.72E+07 1.41E+08 tonnes
Lead 694 219 475 | 2.55E+08 1.35E+08 1.20E+08 tonnes
Lithium 113 26 87 | 1.81E+08  9.59E+07 8.46E+07 tonnes
Manganese 64 30 34 | 1.40E+09 9.74E+08 4.26E+08 tonnes
Molybdenum 345 84 261 | 5.76E+07  2.47E+07 3.29E+07 tonnes
Nickel 449 101 348 | 3.31E+08  1.33E+08 1.99E+08 tonnes
Scandium 8 0 8 | 7.80E+04  0.00E+00 7.80E+04 tonnes
Tin 60 14 46 | 5.76E+06  2.46E+06 3.30E+06 tonnes
Yttrium 17 1 16 | 1.37E+06  3.41E+04 1.33E+06 tonnes
Zinc 950 266 684 | 7.34E+08  4.08E+08 3.26E+08 tonnes
Gold 3955 1029 2926 | 6.36E+09  3.09E+09 3.27E+09 ounces
Platinum 171 50 121 | 2.29E+09  1.68E+09 6.11E+08 ounces
Heavy Mineral 53 14 39 | 2.00E+09  4.73E+08 1.53E+09 tonnes
Sands

Tungsten 106 37 69 | 1.07E+07 4.75E+06 5.96E+06 tonnes
U308 372 62 310 | 2.57E+10 1.01E+10 1.56E+10 pounds
Total sample 6888 1884 5004 | N.A. N.A. N.A. N.A.




Supplementary Table 9: Top 15 countries according to sum of total ESG score for selected metal groups.

Global | All 20 ETMs Figure 2c ETMs Cobalt, rare Rare earths, iron Iron, copper and Platinum, cobalt Copper, aluminium

Rank earths, lithium - and lithium - nickel - metals and silver - and nickel - metals
metals with metals with a with highest metals with a with a comparatively
highest relative comparatively cumulative mined | comparatively medium-risk profile
demand increase | low-risk profile ore tonnage high-risk profile

1 Australia Australia Australia Australia Australia Mexico Australia

2 United States United States United States China China United States China

3 China China Canada _l Canada Australia

4 Canada Canada Congo (DRC) Canada United States Canada Canada

5 Mexico Mexico China United States Russia

6 Russia Russia Argentina Russia China Russia

7 Mexico

8 Finland Chile Chile Russia

9 India

10 Chile Chile Zambia United States

11 Russia India Congo (DRC) Guinea

12 Kazakhstan Namibia Mexico Congo (DRC) Chile Chile

13 Cuba Sweden Kazakhstan Turkey Finland

14 Zimbabwe Tanzania Namibia Sweden

15 Zimbabwe Congo (DRC) Chile Nigeria Zambia Ecuador Cameroon
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Supplementary Table 10: Top 10 hot spot countries according to sum of total ESG score and average total ESG scores.

Mining

projects Mining Ag  Bx Co Cu Fe La Pb i Mn Mo Ni Zn Pt
Country perkm2 projects (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
China 0.61 2.72 0.18
Mexico 1.38 1.05 2.56 2.00 6.32 197 112 334
Peru 1.63 0.24 7.35
South Africa 1.57 1.05 0.09 1.74
Philippines 0.26 3.79 444 120 1.58 0.36
Kazakhstan h.m 5.70 0.33 2.79
Indonesia 1.16 2.44 3.65 1.40
Zimbabwe m
Congo DRC
India 1.73 3.78

Supplementary Table 11: Top 10 cold spot countries according to number of mining projects, mining project concentration and average total ESG scores

Country

Mining
projects Mining Ag Bx Co Cu Fe La Pb i Mn Mo Ni Zn Pt
perkm2 projects (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Australia
Canada
United States
Russia

Chile
Argentina
Sweden
Finland
Mongolia
Spain

5.17 3.34 8.14 113 296 128 151 0.16
4.07 758 403 293 871 634 102 0.73
842 7.87 323 6.89 124 1.03 - 2.76 5.95 4.9
4.82 12.3 5.04 0.02 261 108 10.0 5.32

0.04 126 0.16 148 0.13
254 0.79 0.06 0.91 2,57 0.01 0.18
039 937 0.12 1.32 217 1.27 1.57
0.12 0.50 0.01 o0.01 0.05 0.23
0.27 4.69 236 223 2.09 0.48 0.36.
31 0.61 2.89 0.25 0.17 134 046 0.02 131

Sum of
total
scores

Average
total
score

3.65
1020 3.78
754 3.57
684 3.58
374 3.70
370 3.49
291 3.51
233
216
167 3.55

Sumof  Average

total total

scores score
2.58

1657

2.72
883 2.77
390 2.93
250 2.98
q
106
137 3.18
93 2.99
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Supplementary Figures
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3.2
3.1
3.1
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3.1
3.0
3.0
3.0
29
29
29
29
2.8
2.8
25
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Supplementary Figure 1: Environmental Social and Governance analysis results for the 20

commodities analysed
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Source Institutions

UNEP - Office for Disaster Risk
Reduction

| Fick, S.E. and R.J. Hijmans, 2017

' World Bank — Global Wind Atlas

' Amatulli et al. 2018

| World Resources Institute

Measures ESG Dimensions
-~ ¥ Earthquakes —
| Cyclones
| Precipitations |
| [ "Wind Waste
| ~{ Terrain Ruggedness
——*| Baseline Water Stress g Water -~ Environment

' Jenkins et al. 2013

Inter-annual Variability

' KBA Partnership - IUCN

Species Richness

| Critical Ecosystem Partnership Fund

Distance to Key Biodiversity Areas and
Threatened Biodiversity Hotspots

—> Conservation

NASA - Socioeconomic Data and
Applications Center

Cropland

Pasture Land

Japan Aerospace Exploration
Agency - EORC

Forest Land

Population Density 1km

' European Commission - JRC

Population Density 100km

' Garnett et al. 2018

Indigenous Peoples Lands

UNDP Human Development Reports

Human Development Index

World Bank

Gini Index

NASA - Socioeconomic Data and
Applications Center

Total Dependency Ratio

Control of Corruption

Political Stability and Absence of Violence

' World Bank

Rule of Law

I Land Uses —
I Communities > Social
| Social Vulnerability
» Governance

Voice and Accountability

Government Effectiveness

Regulatory Quality

Supplementary Figure 3: ESG framework structure, indicators and source institution
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Supplementary Figure 4: Distribution of individual governance indicators (top row) and contribution of each indicator to the overall governance dimension

(bottom row)
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Supplementary Figure 6: Distribution of individual communities indicators (top row) and contribution of each indicator to the overall communities
dimension (bottom row)
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Supplementary Figure 8: Distribution of individual conservation indicators (top row) and contribution of each indicator to the overall conservation
dimension (bottom row)

Aggregate score including all indicators

0.00




% of sites

407

T

|
N\

N\

—_
M
—_
M

o

Baseline water stress score
Now
Inter-annual variability of water supply
N oW

o

0 025 05 075 1 0 025 05 075 1
Score for Water stress Score for Variability
1.00
/ /
7/ 7/
/ /
/ /
0.751 / E /
/ /
©)

0.50- @ -
iy ®
0.251 ,@' - O

Aggregate score including all indicators

0.00

0 025 05 075 1 0 025 05 075 1
Supplementary Figure 9: Distribution of individual water indicators (top row) and contribution of each indicator to the overall water dimension (bottom
row)



% of sites

401

201

Average monthly precipitation (cm)

1.00

Aggregate score including all indicators

0.00

Supplementary Figure 10: Distribution of individual waste indicators (top row) and contribution of each indicator to the overall waste dimension (bottom

row)

407

201

0.751

0.501

0.251

£
s
s 10.01
Q
Y
® 7.51
2
3
5 5.01
X
2
o 2.51
g
T T T g 00 T T T
0 0.25 0.5 0.75 1 g 0 0.25 0.5 0.75 1
Score for Precipitation - Score for Earthquakes
/7 /
/ /
/ /
/ /
/ /
// /7
B0 4 ¢5e0
7
/ / @
/ /
/ /
/ /
/ /
/7
0 025 05 075 1 0 025 05 075 1

Terrain Ruggedness Index

=
£
150 201 g
- 2
£ -
=151 £10007
1007 g Z
£ 10 £
E $ 5001
507 § 5 g j
= s
0 . : ; 0 , : . 5 0 : : :
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 19 0 0.25 0.5 0.75 1
Score for Terrain ruggedness Score for Wind © Score for Cyclones
’
/ ’
/ ’
’ ’ ’
’ ’ ’
’ ’ Vs
’ / Vs
’ ’
’ J e
oB& SEP Y&
O, O] it
4 /
’ ’ Vs
’ / Vs
’ ’ ’
’ ’
0 025 05 075 1 0 025 05 075 1 0 025 05 075 1

21



a
Standard deviation in scores from 100 trials

0.04 | 0.07 | 0.06 | 0.05 | 0.14 | 0.08 | 0.05

0.04 | 0.06 | 0.07 | 0.05 | 0.09 | 0.06 | 0.03

0.04 | 0.06 | 0.06 | 0.05 | 0.1 | 0.08 | 0.04

0.03 | 0.05 | 0.06 | 0.05 | 0.08 | 0.08 | 0.04

0.03 | 0.05 | 0.06 | 0.04 | 0.12 | 0.07 | 0.04

0.03 | 0.06 | 0.08 | 0.05 | 0.17 | 0.06 | 0.03

0.03 | 0.06 | 0.05 | 0.03 | 0.08 | 0.07 | 0.04

0.04 | 0.05 | 0.06 | 0.03 0.03

0.03

Platinum

Cobalt

Silver

Copper
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Aluminium

Rare Earths

Iron
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b

Distributions of combined metal scores
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—i—
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Combined score for metal
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Supplementary Figure 11: Sensitivity analysis for the ESG risk matrix (n = 6888 mining projects),
testing the stability of each risk dimension (a) and the total ESG score (b). The test is to deliberately
skew each risk dimension by raising them to a random power between 0.5 and 2. Running this for
100 trials, using different sets of random numbers for each trial, we get to see how much the
aggregate scores depend on the precise scaling of the individual indicators. Boxes in panel b show
the mean (vertical bar) and interquartile range of literature estimates (n=17), and error bars show

the 5th and 95th percentiles.
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Standard deviation in scores from 100 trials

0.02 | 0.02 | 0.02 | 0.05 | 0.03 | 0.01 | 0.02

0.02 | 0.05 | 0.03 | 0.06 | 0.07 | 0.04 | 0.07

0.01 | 0.03 | 001 | 0.03 | 0.02 | 0.01 | 0.02

0.01 | 0.03 | 0.01 | 0.03 | 0.03 | 0.01 | 0.02

0.02 | 0.04 | 0.03 | 0.03 | 0.03 | 0.02 | 0.03

0.02 | 0.02 | 004 | 0.03 | 0.03 [ 0.07 | 0.1

002 [043 | 007 [ 012 | 013 | 0.03 | 0.07
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Supplementary Figure 12: Completeness test for each risk dimension (a) and the total ESG score (b).
The completeness test re-runs the analysis 100 times, each time with a different - randomly selected
- subset of the data. Subsets used represent 90% of the complete set. Each trial is with a different set

of 6199 mining projects taken the full set of 6888 mining projects. Boxes in panel b show the mean

(vertical bar) and interquartile range of literature estimates (n=17), and error bars show the 5th and

95th percentiles.
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* Reported grade for each mine (circle size = share of reported production for given metal)

| Effective grade of all mines combined (total produced commodity / value-weighted sum of mined ore)
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Supplementary Figure 13: Grades and production values reported in the S&P database for the 9 commodities in Figure 1
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Supplementary Figure 14: hot and cold spots distribution for selected metal groups. A. metals with
highest relative demand increase, cobalt, rare earths and lithium; B. metals with a comparatively
low-risk profile, rare earths, iron and lithium; C. metals with highest cumulative mined ore tonnage,
iron, copper and nickel; D. metals with a comparatively high-risk profile, platinum, cobalt and silver;
E. metals with a comparatively medium-risk profile, copper, aluminium and nickel.
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Supplementary Note 1

On the Waste dimension

The relationship between waste containment failure events and external factors is complex.
Analyses of past catastrophic tailings dam failures often identify several underlying causes (Rico et
al. 2008), some of which are external (heavy rains, seismic events), and some internal (management
decisions, human error). In building this category, we acknowledge the diversity of potentially
contributing factors and a cumulative effect. The five indicators we use have been acknowledged as
contributing external factors in the literature. Their specific connection to containment issues are

listed below:

1)
2)

3)
4)

5)

Seismicity: catastrophic tailings dam failures (LPSDP 2016, WISE 2020)

Cyclone intensity: catastrophic tailings dam failures and airborne pollution (Azam & Li 2010,
Rico et al. 2008)

Wind speed: airborne pollution (Balabanova et al. 2012)

Maximum precipitations: catastrophic tailings dam failures and acid mine drainage (WISE
2020, Rico et al. 2008)

Terrain ruggedness: catastrophic tailings dam failures and acid mine drainage (Rico et al.
2008, LPSDP 2016)

These five indicators, however, only represent an approximation of a complex system. In particular,
these indicators do not account for faults in the design and control of tailings dams (i.e. human
responsibility) which are the most common sources of tailings dam failures (LPSDP 2016).
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