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1 Introduction 

1.1 The Achilles’ heel of sustainable development 

Resource extraction has always been the basis of development – and this will not change in the future. 

Building up infrastructure for a growing population and reaching the goals of the Agenda 2030 will also 

depend on the availability of metals, particularly steel and copper. The ongoing digital transformation 

revolutionizing economies and societies with rapid technological advances in artificial intelligence, 

robotics, and the Internet of Things depends on a long list of critical minerals and metals. As does the 

energy transition and complying with the Paris Agreement. A rapid reduction in the use of fossil fuels, a 

switch to renewable energies, and the electrification of transport will significantly increase the demand 

for metals.[1,2,3]  

Yet, as our research shows, metal production is a significant driver of global coal-related greenhouse 

gas (GHG) emissions.[4] We also find that the climate and particulate-matter (PM) related health impact 

of metals has almost doubled over the past two decades[5], contributing to more than 10% of global 

climate and PM-health impacts[6]. The increased impact of metals is driven by the infrastructure growth 

in emerging economies and the rise in coal combustion to process metals, particularly in China. The 

use of coal for metals production has increased six-fold over the past two decades, consuming one-third 

of global coal used today.[4] High-income countries have contributed to the rising carbon and PM-health 

footprint of metals, to a large extent due to increased dependency on cheaper metals, which are mostly 

processed in countries with a high reliance on coal-based energy and laxer environmental regulation. 

For example, half of the Swiss metals’ carbon footprint is currently attributed to coal combustion, 

primarily due to steel and aluminium being processed in China.[7] 

Biodiversity loss from mining has different drivers, mainly attributed to nickel and gold mining in countries 

with exceptionally high ecosystem value.[7] The highest biodiversity losses involve nickel mines in New 

Caledonia and the Philippines, and gold mines in Ghana, Mexico, Peru, and Australia (see Figure 1). 

Mining operations are also a key driver of water pollution globally.[8]   

 
Figure 1 Global hotspots of mining-related biodiversity loss impacts:[9] Global mining areas[10] (total 57’277 km2) coloured by 

primary commodity based on SNL metals and mining database[11] and their location in ecoregions[12]. The grey scale refers to the 

global species loss, expressed in potentially disappeared fraction (pdf) per square meter based on UNEP-SETAC.[13] 
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Moreover, the increasing demand for metals is likely to exacerbate existing problems in the mining 

industry, such as social conflicts over water allocation and pollution, health concerns of communities 

living around mines, displacement, conflicting demand for land, and various human rights abuses 

frequently associated with informal mining activities. The growing demand further accentuates the need 

to diversify the supply of metals to include larger amounts of secondary sources, meaning to use more 

recycled metals. 

1.2 The policy challenges of resource governance 

Reducing the negative impacts of mineral and metal supply chains requires coherent policies along the 

entire life cycle. This starts with policies to promote responsible extraction, continues with incentives for 

smart product design to minimize the need for metals, encouraging re-use of products, and includes 

measures to increase recovery and recycling at the end of product life. Such policies must work along 

global value chains where minerals are increasingly exploited in low-income countries with limited state 

capacity to govern the extractive sector, manufacturing concentrates in jurisdictions that tend to have 

weaker environmental and labour standards, and consumer markets are built on ever shorter product 

cycles. 

Against this background, the governance challenges to promote the responsible supply and use of 

minerals revolve around three clusters of issues to which the Swiss Minerals Observatory research 

contributes (see Figure 2). 

 
Figure 2: Contributions of the Swiss Minerals Observatory to inform policies that guide the supply and responsible use of minerals. 

Items 1 to 6 relate to sustainable extraction (section 2), items 7 to 10 relate to supply chain regulation (section 3) and 11 to 13 

relate to consumer behaviour (section 4). 

The first cluster of issues concerns sustainable extraction (items 1 to 6 in Figure 2), i.e., strengthening 

the local capacity to manage environmental impacts, also after mine closure, and translate resource 

extraction into well-being and development.[14,15] To manage externalities, monitoring of environmental 

quality is critical. However, there is little information in the public domain. Environmental data published 

by mining companies is commonly presented only at an aggregate level for an international audience 

and is not suitable for assessing impacts at the individual mine-site level.[16] The challenge lies in 

developing robust methods that work in capacity-constrained settings to independently monitor social 

and environmental effects and bridge the information gap from the extraction level to the national and 

international levels. In addition, translating revenues from large-scale mining into development and well-

being is contingent on the host country’s politics and practice of revenue generation, management, and 

re-investment.[17,18] 
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Artisanal and small-scale mining (ASM) is an essential rural, non-farm activity in sub-Saharan Africa. 

However, realizing its potential to alleviate poverty and promote development requires that this sector 

is actively integrated into the countries’ economic and development plans.[19,20] 

The second cluster of policy issues is preoccupied with supply chain regulation (items 7 to 10 in 

Figure 2), i.e., how to incentivize and regulate value chain actors to reduce environmental and social 

impact and contribute to sustainable development in resource-rich countries. The UN Guiding Principles 

for Business and Human Rights, the Sustainable Development Goals, OECD Due Diligence Guidance 

for Responsible Business Conduct, and the Paris Agreement are internationally agreed on standards 

and goals for carbon reduction. Nevertheless, their translation into actionable governance systems 

through combinations of civil society, private sector, and government-led policies is marred with 

legitimacy issues, coordination problems, green window dressing, free-riding, adverse market 

incentives, and interest politics.[21,22,23,24] 

Lastly, the third cluster of policies evolves around sustainable consumption (items 11 to 13 in 

Figure 2), i.e., minimizing resource use and need for extraction. Decoupling growth from resource inputs 

– meaning achieving economic growth with considerably less use of resources – cannot be achieved 

through current decoupling rates. Instead, decoupling needs to be complemented by sufficiency-

oriented strategies and the enforcement of absolute reduction targets.[25] Additionally, circular economy 

approaches are required to reduce primary resource use, such as through the 10R strategy (refuse, 

rethink, reduce, reuse, repair, refurbish, remanufacture, repurpose, recycle, and recover).[26] 

From 2017 to 2022, the interdisciplinary Swiss Minerals Observatory research group contributed to 

improving the scientific basis for more responsible resource extraction, responsible trade, and use of 

mineral resources by bringing together social sciences, natural sciences, and engineering perspectives. 

This report is a summary of the project’s final findings and recommendation along the value chain, 

discussing policies for sustainable extraction, supply chain regulations, and sustainable consumption.  
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2 Promoting sustainable 
extraction 

The contributions of the Swiss Minerals Observatory research project towards sustainable resource 

extraction focus on two aspects that have been neglected in previous research: first, developing and 

testing methods for environmental monitoring and, second, advancing the understanding of the 

livelihood contribution of artisanal and small-scale mining (ASM). 

2.1 Improving environmental monitoring at 
extractive sites 

Mining’s environmental effects are manifold, including impacts on water availability and quality, air 

quality, land availability and fertility, and forest and biodiversity loss. Various national and international 

governance regimes have emerged to mitigate such adverse effects.[27,28] 

Less attention has been devoted to monitoring environmental impacts through local actors and 

developing corresponding local capacities. While demanding responsibility from actors along the value 

chain is well-founded, it must not come at the expense of building local capacity to manage 

environmental issues through host country systems. Local capacity is indispensable for sustainable 

environmental management, especially in the long-term and after mine closure, which is usually not 

covered by existing supply chain initiatives.  

Our research project contributes to strengthening local monitoring by developing three complementary 

methods to improve water monitoring in mining areas. 

2.1.1 Modelling water pollution and remediation measures for better 
management practice at the catchment level 

Mining affects local surface water resources through pollution, water abstraction, and interference with 

groundwater bodies. Areas with geological deposits that are commercially exploitable often host multiple 

mining operations next to each other, mines are located close to related industries, and surrounding 

communities (see Figure 3). Therefore, in intensely mined areas it is not sufficient to manage only a 

mine’s interactions with water resources. Rather, a catchment-based approach to environmental 

management is important, i.e., understanding how water use dynamics of the different mining operations 

affect other actors in the broader water catchment. This is important for identifying the different pollution 

sources and quantifying the responsibility of each operator, which in turn provides quantitative evidence 

to develop effective pollution remediation and accountability. 

To account for these complex interdependencies, we have developed a hydro-geochemical model to 

simulate the effect of multiple pollutant sources and model the effect of mitigation measures.[29] It is a 

high-resolution tool to inform the design of environmental management strategies at the catchment level.  

The modelling framework is based on the existing distributed hydrological model TOPKAPI-ETH for 

which we have developed and integrated two new modules, namely the reactive solute transport module 

and the tracer-tracking module (see Figure 3).[30] The expanded hydrological model can inform policy-

making in three ways: First, by simulating the processes of transport and transformation of chemical 

elements, including trace metals, as they move through a catchment from a source upstream to 
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downstream water bodies in a high spatial-temporal resolution.[31] Second, by tracking the residence 

time and transport pathway of contaminants at the catchment level in a distributed manner.[29] This 

allows quantifying the different pollution sources that joined in the same water body and show their 

contribution to the overall pollution load. Finally, by simulating the impact caused by modifying external 

factors such as climate variation, adding – or removing – point and non-point pollution, land-use change, 

and the effect of different remediation strategies on the catchment chemicals export alteration.[32] 

 
Figure 3 Trace metal transport module of TOPKAPI-ETH. The catchment-level approach takes a holistic approach by considering 

various demand on the water resource and interaction between multiple actors.[31] 

The third function, i.e., the ability of the model to predict outcomes from different management scenarios, 

allows for the identification and testing of alternative management scenarios. The process of developing 

optimal management practices involves not only mining companies but local authorities, agriculture, and 

other stakeholders, making our model a tool that facilitates an integrated and strategic approach to 

environmental management.  

In a related project, we modelled different options for water abstraction in the Salar de Atacama to 

minimize the drawdown of the water table due to the evaporation ponds for lithium extraction. This high-

grade lithium deposit is the best-documented case for quantifying the water footprint of lithium mining in 

brine deposits.  The study can inform future pumping of brine to limit effects on surrounding aquifers.[33] 

Data availability and expertise in setting up and running such models present a significant bottleneck. 

However, if such models are translated into a cloud-based platform, this can go a long way in minimizing 

infrastructure requirements and supporting local researchers in practical implementation. Our results 

show that the distributed solute transport model is capable of identifying the spatiotemporal hotspots of 

trace-metal pollution and modelling the combined effect of point and non-point pollution sources, which 

can provide a basis for identifying responsible actors. For data collection, our findings show that 

laypeople can successfully be involved in collecting in situ data to support modelling efforts, as 

discussed in more detail in the next section.   

2.1.2 Citizen science promotes accountability 

Water has become a growing source of conflict in mining areas.[34] Between 2000 and 2017, water-

related issues were implicated in more than half of mining cases lodged with the International Finance 

Corporation’s compliance officer ombudsman. This independent recourse mechanism responds to 

complaints from project-affected communities.[35,36]  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/solute-transport
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Water quality data is often unavailable or not in the public domain, and environmental regulators do not 

have the capacity to assess water quality independently. The lack of evidence on pollution and ill-defined 

responsibilities further complicates addressing water-related conflicts between mining companies and 

the local population.  

Considering this lack of data on water quality, citizen science – the cooperation between citizens and 

scientists – can be an effective way to fill data gaps. Citizen science is well established in high-income 

countries.[37,38] However, our research in a coal mining area in Hwange, Zimbabwe, shows that citizen 

science also works with participants that have low levels of formal education and in capacity constraint 

and highly politicized settings.[39]  

Volunteers together with researchers collected 

water samples in a river over a prolonged period 

to identify the extent and sources of pollution, 

and assess the related public health risks.[40,41] 

Community volunteers successfully used the 

collected evidence to convince the companies 

of the importance of installing drinking water 

wells. However, our results also demonstrate 

that advocacy based on bottom-up monitoring 

alone is limited. In the absence of reliable 

regulatory procedures in a politicized sector 

with limited civic space, citizen science can 

bring about isolated (albeit still important) 

improvements but not necessarily more 

systemic advances in environmental management.[39] 

From a policy perspective, two findings are noteworthy to improve the effectiveness of citizen science. 

First, a lack of laboratory infrastructure and funding for local research is a key limitation of citizen science 

in low-resource settings. International development partners could do more to strengthen local research 

capacity. Second, we also find inconsistency inherent in the patchwork architecture of global 

governance. Social accountability initiatives by local communities and voluntary responsible sourcing 

guidelines by multinational companies may both aim at promoting good environmental management, 

but they follow different logics – compliance with internationally agreed benchmarks for water quality 

versus compliance with procedural norms – and thus set different, or even incompatible, priorities. This 

can frustrate the development of synergies and undermine improvements in effective environmental 

management on the ground. 

2.1.3 Satellite remote sensing 

With over 18,000 tailing facilities globally,[42] and about 360 incidents during the last 100 years,[43] the 

risk from tailing dam collapse is significant. With the launch of the Sentinel-2 satellites by the European 

Space Agency, publicly available space-borne imagery has gained a higher resolution and increased 

sensing frequency. This allows for new applications in environmental monitoring beyond land-use 

change.[44] Taking the case of a tailings dam failure in Angola in 2021, we developed a workflow to 

analyse the effects of the incident and track the evolution and dynamics of the turbidity front over 1,400 

kilometres downstream to the point where the tributary joins the Congo River in neighbouring DRC.[45]  

Using satellite remote sensing allows us to establish the source and timing of tailing-dam-related 

incidents that lead to extreme turbidity, flooding, fish kills, and human health issues in the downstream 

population. The remote sensing-based analysis of such incidents can also help plan emergency 

responses and understand the liability for damage and repair.  

Team member, Dr. Désirée Ruppen, working with volunteers to 

gather data on water quality in Hwange, Western Zimbabwe. 

(Photo: Fritz Brugger) 
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The use of satellite imagery is subject to technical and capacity limitations: Technical limitations include 

limited resolution of satellite imagery, which prevents application to small streams, and cloud cover, 

which can render imagery unusable. Capacity constraints include the frequent lack of knowledge for 

remote sensing-based analysis and the lack of powerful computers for data-intensive processes, which 

are not available in many low-income countries. To build local capacity for independent monitoring and 

investigation of incidences, strategic support to local universities needs more attention from 

development partners. 

2.2 Livelihoods and well-being in artisanal and 
small-scale mining 

2.2.1 Livelihoods and well-being 

Artisanal and small-scale mining (ASM) produces about 15-20% of gold and up to 64% of tantalum and 

40% of tin globally, which are particularly important for the digital revolution.[46] ASM is characterized by 

labour-intensive methods, rudimentary working equipment, low mechanization, and high informality. 

ASM is also known for various human rights abuses such as child labour, hazardous working conditions, 

high levels of violence, and adverse environmental externalities such as mercury pollution or river 

siltation. Policies to regulate or eliminate the sector have been largely unsuccessful.[47] 

Artisanal and small-scale gold mining (ASGM) can create a livelihood for the people living around the 

mines.[19] Analysing the socio-economic effects of ASGM in Burkina Faso using satellite imagery, 

administrative data, and DHS and LSMS survey data between 2000 and 2018, our research finds that 

household expenditure and assets increase by 6% in the vicinity of artisanal and small-scale mines. 

Despite concerns that children leave school to mine, we find that school enrolment increases by about 

2% in the vicinity of an artisanal mine. While this does not eliminate the possibility of children working in 

their free time, on average, children do not fully substitute mining for schooling. However, we do not find 

additional positive benefits for local communities where an ASGM mine has a formal license.[48]  

In theory, ASGM has an even more significant potential to alleviate poverty, given the high world gold 

price. However, local gold markets are subject to many market imperfections, and the movement of 

global gold prices is not always a very accurate predictor of local gold prices. For example, in contrast 

to the world gold price, local gold prices declined during the COVID-19 pandemic and related lockdown 

in Burkina Faso (see Figure 4). We find that these effects were exacerbated by imperfect local markets, 

including very few buyers, a lack of knowledge of world gold prices, and the inability to store gold until 

the local price recovers.[49] 

 
Figure 4 World gold prices and the range of reported local price in Burkina Faso. The green bar chart shows the reported gold 

prices miners received in a period of about one month before the pandemic (left graph), early during the pandemic when many 

travel restrictions were applied (middle graph) and later when the health crisis were ongoing, but travel restrictions have mostly 

been lifted (right graph). The black dotted line shows the average world gold price in each period. While the world gold price 

increased during the pandemic, local prices decreased sharply and only recovered once travel restrictions were lifted. [49] 
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From a development perspective, measures to foster the competitiveness of local markets by increasing 

the number of local buyers and creating access to credit should be prioritized. In addition, despite gold 

prices being easily accessible, we found extremely low levels of knowledge of world gold prices. Given 

the popularity of radio, broadcasting world gold prices on local radio could improve market knowledge. 

However, such policies need to be complemented by corresponding support for access to protective 

gear, training for workers’ safety at mining sites, and cleaner production methods to avoid adverse health 

effects from cyanide[50] and mercury[51], chemicals that artisanal miners often use to liberate gold from 

ore. Our field research in Burkina Faso, which included surveys, hair sampling, and a field experiment, 

reveals very little use of protective equipment (PPE) and insufficient knowledge about the risks of 

mercury. While higher knowledge has a small positive correlation on higher reported PPE use, the free 

distribution of PPE had a large and significant increase in reported usage. Distributing PPE to individuals 

with a high risk of exposure – which we identified as miners who reportedly use mercury often and gold 

traders who are often present when gold amalgams are heated, to oversee the process – could have 

significant public health benefits.[51] 
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3 Supply chain regulation 

3.1 Swiss gold supply chain 

Switzerland is of global importance concerning trade of gold. About two-thirds of the globally extracted 

gold is imported, refined, and re-exported by Switzerland (see Figure 5a). The Swiss gold value chain 

is not fully transparent, for example provenance of gold refined in Switzerland is often unknown. 

Accordingly, little is known about the link of Swiss gold trade to the many environmental and social 

issues associated with global gold extraction.  

In the Swiss Minerals Observatory, we have increased the transparency of the Swiss gold value chain 

and the related environmental impacts. We have developed an improved methodology[5] and database 

based on multi-regional input-output (MRIO) analysis, a form of life-cycle assessment that allows 

tracking material flows and the related impacts along global value chains. We have merged several 

existing MRIO databases, improved the resolution, and integrated data on the extracted, refined, and 

traded gold amounts.[52] Moreover, we have improved the biodiversity loss impact assessment by 

combining a global-scale dataset of mining areas based on satellite images with most recent life-cycle 

impact assessment methodologies on ecoregion level.[7] 

Our research shows that gold refined in Switzerland was mostly mined in Australia, Russia, the USA, 

Canada, Ghana, Mexico, Peru, South Africa, Uzbekistan and Brazil (Figure 5a). While the majority (55%) 

of the gold was directly imported by Switzerland, some was imported via other regions, mostly the United 

Arab Emirates, the United Kingdom, the USA, and Germany. Most of the gold refined in Switzerland 

was exported and finally used in India, the USA, and Turkey. 

 
Figure 5 Supply chain analysis of a) global gold trade and b) related impacts on biodiversity due to land use of gold mining in 

2020. Numbers in the graph refer to percentages. 

By linking the gold supply chain analysis (Figure 5a) with the global mining-related biodiversity impact 

assessment (Figure 1), we found that Switzerland sources gold that is mined in particularly valuable 

ecosystems (Figure 5b), including Ghana, Peru, Colombia, and Mexico, where gold mining contributes 

strongest to local mining-related biodiversity loss. Since most gold mined in these countries are refined 

in Switzerland, the majority of the mining-related biodiversity loss in these countries are related to gold 
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refined in Switzerland. For example, 95% of the total mining-related biodiversity loss in Ghana are 

attributed to gold refined in Switzerland.  

Due to gold sourced in particularly rich ecosystems, gold refined in Switzerland accounts for more than 

three quarters of global biodiversity loss related to gold mining (Figure 5b). This equals 20% of total 

global mining-related biodiversity loss (including mining of other metals, see Figure 1). While previous 

research concluded that the energy transition exacerbates biodiversity threats of mining,[1,53,54] our 

research shows that the biodiversity loss related to Swiss gold trade is about hundred times higher 

compared to the biodiversity impact of global renewable electricity generation. These results highlight 

the need for regulation of Swiss gold supply chains to foster more sustainable gold mining. 

3.2 Upstream 

3.2.1 Regulation of global supply chains 

The world community has debated the need for international regulation and oversight of multinational 

companies for several decades already. While attempts to set up international legally binding 

instruments have been implemented to reduce trade in minerals from conflict regions, the governance 

of sustainability has largely relied on voluntary private-sector and multi-stakeholder initiatives.[55] 

Regulating supply chains directly through requirements towards companies can be effective in principle 

since around 80% of global trade is linked to the supply chains of multinationals.[56] Examples of such 

regulations include those against deforestation and child labour, via transparency requirements and 

corporate liability for due diligence.  

Our research shows that, in general, policy proposals to regulate global supply chains for a wide range 

of goods (including minerals) attract considerable public support, not only in Switzerland but also in 

other high-income countries (see Figure 6).[57,58] However, the political viability and enforceability of such 

sustainability regulation strongly depend on the design of governance frameworks in this area and the 

degree of cooperation between governments and the private sector.[59] Our research provides relevant 

insights to be considered when designing and implementing voluntary and state-backed measures.  

 
Figure 6 Support for new supply chain regulations. We find substantial public demand for a reduction of environmental burdens 

from the economy and regulation of global supply chains, in Switzerland and other high-income countries.[58] 

First, we show that companies can gain strategic competitive advantages in interactions with 

governmental authorities and societal stakeholders through voluntary sustainability measures.[60,61,62,63] 

For example, it is worthwhile for companies to engage in voluntary measures, so that pending regulation 
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is formulated or enforced less stringently.[63,64,65,66] Similarly, recent studies in public opinion research 

suggest that voluntary measures can reduce public pressure for stricter regulation.[67,68]  

Second, even though hybrid (i.e. private-public) governance might be attractive because of its flexibility, 

policymakers should use the backing of public support to press for more robust accountability 

mechanisms (transparency, monitoring, regulatory triggers) to facilitate corporate contributions to 

sustainability.[69,70] The implementation of solid accountability mechanisms becomes even more 

essential considering evidence suggesting that other non-institutionalized societal control mechanisms 

(such as short-run shifts in public pressure on companies) are somewhat limited.[71] 

Against the backdrop of substantial public demand for reducing environmental burdens from the 

minerals sector and other economic activities,[72,73] voluntary and hybrid governance measures to 

increase market transparency represent a starting point. However, to meet the high demand for action 

in sustainability policy, we recommend more stringent measures. We propose clearly defined 

sustainability targets for relevant industries (e.g., minerals) that increase in stringency over time, 

including provisions that significantly strengthen top-down regulatory mandates if a company-led 

(voluntary) policy fails to meet these targets, e.g., in the form of sanctions for non-compliance. 

3.2.2 Trade agreements 

Incorporating sustainability provisions into trade agreements, and preferential bilateral or regional trade 

agreements in particular, has become another widely adopted strategy to promote a greener and more 

sustainable economy.[74] However, our work[75,76] and closely related studies[77] suggest that these 

provisions’ effect on reducing the environmental footprints of traded goods remain modest in general, 

and almost entirely nil in the minerals sector. In addition, the mitigating effect seems to be most 

substantial in trade relationships in which the exporting country already has robust environmental and 

labour governance.[78] Moreover, we observe that discrepancies in democracy levels between trading 

countries aggravate the outsourcing of environmental footprints through trade. Hence, policymakers 

from high-income democracies should be aware of both sides’ incentive structures when negotiating 

trade agreements. Specifically, they should also consider potential incentives for lower-income 

(autocratic) countries and their elites to become pollution havens. Thus, in short, international trade 

agreements and environmental clauses therein cannot substitute for direct sustainability regulation of 

international supply chains. 

3.3 Downstream 

3.3.1 Certified gold: too many schemes and not enough demand 

Other regulatory regimes intend to leverage consumer demand for clean products. Certification 

schemes have become increasingly popular to address issues in metal supply chains, including gold. 

We identified at least fourteen different gold certification schemes in 2021. Each certification scheme 

determines its standards, methodology to verify compliance, and scope of operation, including where in 

the world they operate, on which part of the supply chain, and whether they focus on industrial or 

artisanal mining, or both.[79]  

While consumer demand for ethical gold is increasing, jewellers and banks are still the driving force for 

certified gold. However, jewellers and banks face different concerns when sourcing certified gold. 

Jewellers are worried that certification would reduce a product’s perceived luxury and quality. For large 

retailers, avoiding reputational damage, and for smaller retailers such as goldsmiths, trust relationships 

are large drivers to sourcing certified gold. 

The additional cost of certification is more significant for investors than for jewellers; since gold is only 

a small part of the total cost of a piece of jewellery, the certification mark-up is smaller. Certified gold 
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comes with a premium of about 5%, requiring the willingness to pay from the investor. Further, given 

the low supply – Fairtrade Gold, one of the best-known gold certification schemes, supply less than 

0.1% of the gold imported into Switzerland – banks would also need to diversify their sources of 

responsible gold to meet demand.[79] More recently, the market is moving: refiners have started offering 

transparency for provenance gold for investors as premium products[80], while some finance institutes 

only sell Fairtrade small gold bars (1 to 20 grams) to retail customers.[79] 

3.3.2 Incorporating externalities in consumer prices 

For a market to function, prices should reflect the total cost of goods. However, social and environmental 

externalities are largely absent from cost calculations. We have developed a new method to calculate 

the ‘full cost’ of metals by analysing the cost of the sustainability performance of global supply chains. 

We include climate change impacts, particulate-matter (PM) related health impacts, water stress, land-

use-related biodiversity loss, and value-added and workforce socio-economic indicators into the life-

cycle analysis.[5] 

Applying the method to metals embodied in electronics, such as Swiss mobile phones, shows that the 

external costs of these metals are more than ten times higher than their current market price (see Figure 

7).[81] These results highlight the need and the economic potential to internalize the external costs of 

primary metals production into the price of end products. Including all costs in the price of end-products, 

such as mobile phones, could incentivize recovery from slags of incineration plants.[82] In addition, 

calculating the total cost could create attractive economic opportunities to decarbonize and reduce 

supply chain impacts for consumer-facing companies in high-income regions, such as Switzerland.[83] 

 
Figure 7 Total costs of metals embodied in an average Swiss mobile phone. The total market value of the eleven metals in a 

phone for which we have data is USD 1.64 and the total external cost is USD 17.86 (top section). Despite the small amount of 

gold embodied in a phone, gold contributes to the largest share of both the market value of the metals in a phone and the total 

environmental costs (middle section). The largest impact of gold mining is from freshwater eutrophication and human toxicity, tin 

also contributes considerably to the environmental costs due to metal depletion. The regions that experience the highest impact 

are predominantly the areas were gold is mined (bottom section).[81] 
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4 Sustainable consumption 

4.1 The untapped potential of urban mining 

Although Switzerland is proud of its high recycling quota, the recycling rate of small personal electronics, 

specifically mobile phones, is still relatively low. Our survey finds that about 7 million unused phones 

are in households in Switzerland. Consumers often do not know why they keep old phones. We estimate 

that these 7 million unused phones are a significant lost resource, including embedded metal worth 

USD 131 million (market value and environmental savings).[81] 

Our field experiment on recycling behaviour shows that lowering barriers for consumers to return old 

phones is critical to increasing recycling (difference between grey bar and blue bars in Figure 8). 

Providing information on data security, the environmental benefits of recycling, and other potential 

concerns have little impact on increasing the recycling rate of old phones (differences in blue bars in 

Figure 8). The only measure that showed a significant effect was making recycling as easy as possible 

by including return postage on a pre-addressed envelope. This simple measure more than doubled the 

return rates of old phones.  

 
Figure 8 Various collection rates in a large-scale recycling field experiment. We randomised ease of recycling and messages 

about the advantage of recycling to about 15,000 employees at ETH Zürich. We found that making recycling as easy as possible 

had a significant impact on the return rate of old unused phones for recycling (grey bar versus blue bars). However, including 

various informational messages on the benefits of recycling, did not have a significant impact on return rates (differences in blue 

bars).[81] 

Collecting phones for recycling is still expensive, resulting in a net loss if only the market value of the 

metals in a phone is considered. However, the collection turns profitable when we consider the monetary 

value of the environmental benefits of recycling instead of mining new metals to produce phones (as 

shown in Figure 7). 

Switzerland already includes an advanced recycling fee in the sale of new devices to cover the cost of 

recycling. Increasing this fee to include initiatives to make returning old phones easy for consumers 

would offer a cost-effective solution to promote urban mining. 
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5 Recommendation and 
research priorities  

5.1 More sustainable extraction 

To minimize negative externalities from mining on the environment and human health, the availability of 

independent local expertise in monitoring is key. However, our research found significant gaps in the 

professional capacity and infrastructure available at the regional level, such as certified and independent 

laboratory capacity to analyse environmental samples and human health indicators.[40] No adequate 

hydrological data sources and modelling concepts are accessible in many mining areas located in low-

income countries. This lack of data hampers or even prevents a catchment-based stakeholder approach 

to water management; although the mining industry also supports stakeholder cooperation in theory, it 

is rarely done and complex.[84] Developing simplified analytical tools to support decision-making for such 

contexts is a high priority.[85] At the global level, new remote sensing missions such as ESA’s Copernicus 

program now offer time-series data in the public domain.[86] We have shown that such data could be 

used to analyse the causes and effects of incidents such as tailing-dams-related hazards.[45] Supporting 

the necessary information technology in low-income countries to facilitate such analyses by independent 

local experts is a high priority.  

Our research has also examined informal mining activities, specifically artisanal mining in Burkina Faso. 

Since most artisanal miners operate informally, data on their activities are very scarce. Described as a 

global data gap,[87] lack of data imposes major limitations on our understanding of the artisanal mining 

sector and, therefore, and contributes to failures of programs and policies to address negative 

externalities. In our project, we used various methods, including survey techniques, biological sampling, 

field experiments, secondary data, and satellite images, to contribute to understanding the sector’s 

ability to alleviate poverty on neighbouring households and the possibilities to improve the health and 

safety on mine sites. 

We have not considered the interaction between industrial and artisanal mining. Given the increase in 

resource demand and rising commodity prices, industrial and artisanal mines increasingly compete for 

resources, leading to conflicting demand for land, security concerns, and displacement of local 

populations. Future research also needs to consider the interaction between industrial and artisanal 

miners, and local populations and governments. On the international level, a more holistic approach 

could additionally consider the conflicting interests of universities, national geological surveys, 

international mining companies, and the trading industry.  

5.2 Supply chain regulation 

In global production networks, many environmental impacts are “outsourced” from high-income 

(consuming) countries to low- and middle-income (producing) countries and are thus not directly visible 

to consumers in high-income countries. Our research has helped to improve models that account for 

environmental impacts of material production and consumption, including mining activities. It shows that 

a large share of environmental impacts from minerals and metal consumption in high-income 

economies, such as Switzerland, materialize in low-income countries.[5] At the same time, a mismatch 

exists between the value generated downstream the value chains and the environmental impacts that 

occur mainly upstream. If raw materials are only mined and not further processed, the value added that 

remains in a country is limited since mining typically generates lower benefits than the processing of 

materials or their use in the service sector.[88] The geographically disconnected production and 
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consumption and the economic power gradient require regulation of global supply chains to address 

environmental and social inequity issues. Our research shows that more stringent regulation of 

international supply chains would be accepted by a large share of the population in high-income 

consumer countries.  

We found that regulatory approaches based on voluntary actions by the private sector can create 

competitive advantages for the implementing companies [61] but may crowd out public support for more 

government-led measures.[70] Certification schemes build on incentivizing consumers to choose more 

sustainably produced goods. However, our research in the case of gold shows that the proliferation of 

competing certification standards and a lack of consumer demand prevent those schemes from scaling 

beyond their niches.[79] 

Reporting external costs is a first step toward internalizing these costs, which might allow for the creation 

of funds to compensate for social and environmental impacts. Our research contributes tools to assess 

and monetize the impacts of mining-related products.[81]  

Since researchers have largely overlooked the demand for more responsibly sourced metals, we 

recommend further studies in this regard. Since we found that the demand for certified gold is mostly 

driven by retailers, which in turn is shaped by consumers, a more nuanced understanding of consumer 

preferences and the communication between retailers and consumers is necessary.  

Beyond certification and related approaches that rely on voluntary shifts in consumer behaviour, the 

effectiveness of evolving public policy based on corporate disclosure and how transparency translates 

into sustainability are important topics for future research.  

5.3 Incentivizing consumer behaviour 

The most effective way to reduce the impacts of primary material production is to consume fewer raw 

materials. In a growing economy, recycling is an option to satisfy demand without increasing primary 

production of some metals, such as gold. A challenge, however, is to tap into the resources in waste 

materials. Our research showed that for the example of mobile phones, a stated willingness to recycle 

only translates into reasonable collection rates when significantly reducing the effort required to 

recycle.[81] 

However, recycling holds significant problems that would need further research. Despite being 

prohibited, e-waste is often exported to low-income countries via falsely labelling it as scrap metal.[88] 

Irresponsible recycling in low-income countries creates significant health and environmental problems 

for local populations, including women and children who work as informal recycling laborers. In addition, 

the design of many electronic items, such as smartphones, makes disassembling items for recycling too 

expensive. Modular devices would not only ease recycling but also make devices more repairable, which 

could prolong the lifespan and delay replacement. Encouraging other methods to prolong the lifespan 

of electronic devices, such as growing second-hand markets, needs further investigation.  

Another difficulty with sourcing waste is disaggregating waste streams to the required recycling points. 

Therefore, developing effective recycling modalities accepted by consumers and the retail industry is 

essential. In high-income countries, developing more effective recycling modalities would include 

modifying the advanced recycling fee. In low-income countries, this would include policies to incorporate 

informal waste workers into collecting and sorting waste.  
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