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Abstract:  

An estimated 23 M people live on floodplains affected by potentially dangerous concentrations 

of toxic waste derived from past and present metal mining activity. We analyze the global 30 

dimensions of this hazard, particularly Pb, Zn, Cu and As, using a geo-referenced global 

database detailing all known metal mining sites, and intact/failed tailings storage facilities. We 

then use process-based and empirically tested modelling, to produce a global assessment of metal 

mining contamination in river systems, and the number of human populations, and livestock 

exposed. Worldwide, metal mines impact 479,200 km of river channels and 164,000 km2 of 35 

floodplains. The number of people exposed to contamination sourced from long-term discharge 
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of mining waste into rivers is almost fifty times greater than the number directly impacted by 

tailings dam failures. 

 

One-Sentence Summary: High levels of river and floodplain metal contamination are revealed 40 

across the globe from active and inactive metal mining sites. 

 

Metal Mining and the River Environment 

In 2018, mining had a market capital value of almost a trillion US dollars, and $600 billion in 

revenue (1). It has been estimated that the annual production of solid mine wastes (including 45 

those from metal mining) now makes up one third of the sediment budget for the Earth (2, 3), 

and that ~1 million km2 of the World is covered with mine waste (4). Many of the richest 

geological deposits are being or have already been exploited, and companies are now turning to 

deposits with lower-grade ores. These lower grade ores generate more waste per unit extracted 

and damage to the Earth’s surface is likely to be exacerbated (5). Some of these wastes contain 50 

elements, such as arsenic, lead and mercury, in concentrations that may pose a serious hazard, 

and potential risk, to ecosystem and human health at multiple trophic levels (6). 

Various multi-link exposure pathways exist for humans to ingest or inhale contaminant metals 

from mine sites and floodplain soils (6). For example, plants and crops grown domestically or 

commercially on contaminated soils, or irrigated by water contaminated by mine waste, 55 

frequently contain high concentrations of metals and metalloids (hereafter referred to as ‘metals’) 

(7-9). Animals grazing on floodplains may then eat this plant material and sediment, especially 

after flooding, when fresh metal-rich sediment is deposited (10). This poses a potential risk to 

their health and that of humans who consume their meat and milk (10, 11). Fish and shellfish are 

also significant accumulators of metals and represent an important route by which contaminants 60 

enter the food chain, especially in communities that rely  on aquatic resources (12, 13). In 

tropical and sub-tropical regions, the consumption of insects (entomophagy) is becoming an 

increasingly important source of protein, especially where human populations do not have access 

to meat. Metals bioaccumulate in insects that live in close proximity to mine sites, which can 

then pose a potential health risk to humans who use entomophagy as a major protein source (14).  65 

 

Metal mining represents humankind’s earliest and most persistent form of environmental 

contamination. Waste from mining began to contaminate river systems as early as 7,000 years ago 

(15). Water was usually involved in extraction and processing of metal ores, resulting in metals 

(both dissolved and sediment-associated) being supplied to streams and rivers, dispersed 70 

downstream, and then deposited across floodplains that were used for agricultural food production. 

Since the mid-nineteenth century, tailings dams have been used to store mine waste, which has 

reduced direct supply into rivers. However, such structures are prone to failure with often severe 

consequences for ecosystems and human communities downstream (16).  

 75 

Path-making research (17-19) over the last 40 years has demonstrated the role of dispersal (20), 

storage (21-23) and remobilization (24) processes in the environmental fate of metals within rivers 

affected by metal mining, including those impacted by long term mining activities as well as those 

contaminated by tailings dam failures (TDFs). These studies have shown that more than 90% of 

metals are sediment associated, are transported 10-100 km downstream from the point where 80 

mining operations discharge into a watercourse, and are deposited and stored along river channels 
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and especially on floodplains for extended (102-104 years) time periods (18, 25). In the first 

industrial nations of Western Europe, and the USA, flood-related remobilization of contaminated 

floodplain sediment, resulting from historical mining during the 19th and early 20th century (19, 

21, 24), now constitutes the primary source of metal contaminants in rivers. Small catchments 85 

(<500 km2) can be extremely contaminated, but the larger rivers into which they feed tend to have 

significantly lower contamination levels because metal mine waste is either stored in upstream 

floodplains (26), or is diluted by uncontaminated sediment from non-mining sources (27).  

Here we bring together all spatial data that can at present be obtained globally on metal mines 

(both active and inactive) and tailings dams, including those that have failed. We then calculate 90 

the area of floodplains, and the number of people and livestock potentially exposed (see SI 

Materials and Methods (28)). This quantifies, for the first time, the off-site environmental 

impacts of metal mining activity on river systems worldwide, and the consequent number of 

people/livestock that could potentially be exposed to unacceptably high concentrations of toxic 

metals.  95 

 

Methodology:  

Data on active (defined as still in operation in database sources published/accessed before 

August 29th 2022) and inactive (defined in database sources as closed) metal mines worldwide, 

including their location, mineral commodities, and operational status, were compiled into the 100 

Water and Planetary Health Analytics (WAPHA) global metal mines database (29) using QGIS 

(30). Mine information was acquired from the United States Geological Survey Mineral 

Resources Data System (31) (73,917 mines worldwide), the BritPits database of the British 

Geological Survey (32) (8,459 mines in the United Kingdom), the S&P Global Market 

Intelligence database (33) (2,584 mines worldwide), and our own compilation of c. 100,000 105 

additional mines from academic and gray literature, including regional data published by 

government agencies and industry (tables S1-S2). Twenty-one types of active and inactive metal 

mines were used in our modelling and analysis (tables S3a-S3b). We also compiled a 

georeferenced global database of metal mining tailings storage facilities and tailings dam failures 

based on the ICOLD/UNEP 2001 compilation (Bulletin 121) (34), the World Information 110 

Service on Energy (35), the World Mine Tailings Failures and Global Tailings Portal databases 

(36), in conjunction with our own compilation of source literature published by government and 

non-government organizations (29) (tables S4-S5).Together these spatial data represent, to our 

knowledge, the most comprehensive compilation of metal mine locations to date.  

We identified catchments affected by active and inactive metal mining by overlaying in 115 

MATLAB (37) all mines, tailings storage facilities and tailings dam failures onto level 4 

polygons of the HydroBASINS modelling framework (38). These depict watershed boundaries 

and sub-basin delineations at 15 arc second resolution. Within all sub-basins we estimated the 

length of river channel (km), the floodplain area (km2) and the 100-year flood inundation area 

(km2) downstream of each mine likely to be contaminated, by using a new process-based model 120 

of sediment-associated mining contaminant dispersal (figs S1-S12, table S6). This model 

calculates the extent downstream of a mine where concentrations of metal (Cu c.10.3 km; Pb c. 

8.6 km; Zn c. 6.5 km) and As (c. 45.6 km) in river channel and floodplain sediments exceed 

guideline values for intervention and remediation (table S7). We ground-truthed our results in 

fifteen catchments across Europe (UK, Romania, Bulgaria), ranging in size from 46 to 232,193 125 

km2 (tables S8-S11). Where tailings dams have failed and their pre-failure crest-height and 
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volume of impounded waste are known (165 from a total of 257), the length of river channel and 

area of floodplain affected was calculated (39). Using the Socioeconomic Data and Applications 

Center (NASA-SEDAC) population data of the year 2020 (40), and FAO Gridded Livestock of 

the World database (GLW v3.1) (41), the number of people and livestock (cattle, goat, and 130 

sheep) living on mining-affected floodplains was determined (tables S12-S14). The area of 

irrigated land based on FAO Global Map of Irrigation Areas (GMIA) in mining-impacted 

floodplains was also calculated (table S15). Our geospatial integration of metal mine, tailings 

storage facilities, tailings dam failures, hydrographic, geomorphic, demographic and livestock 

databases enable us to evaluate globally the human population directly exposed and the number 135 

of livestock in contaminated areas with the potential for uptake of contaminant metals into the 

human food chain (table S15).  

 

Results:  

Worldwide there are recorded 22,609 active and 159,735 abandoned mines, 11,587 tailings 140 

storage facilities and a further 257 reported tailings dam failures (Fig 1). Metal mining has 

affected some 164,400 km2 of floodplains (112,400 km2 from inactive mines; 52,000 km2 from 

active mines) and 480,700 km of river channels (inactive, 365,200 km; active, 114,000 km) are 

affected by mining (Fig. 2; table S16). We estimate that 23.48 M people live on mining-affected 

floodplains that also support 5.72 M livestock and include 65,600 km2 of irrigated land (Fig 3; 145 

table S16). Disaggregated on a continental scale, North America (active 11,871; inactive 80,995) 

and Oceania (active 3,430; inactive 53,233) have the largest number of mines followed by South 

America (active 3,240; inactive 14,577), Europe (active 1,024; inactive 9,080), Asia (active 

1,817; inactive 1,473), and Africa (active 1,227; inactive 377) (table S1). Oceania, Europe, North 

America, and South America are mostly affected by inactive mining, while active mining 150 

activities are more important in Africa and Asia (table S1).  

North America stands out as the most impacted region in terms of river length (198,400 km) and 

surface area of floodplains (43,100 km2) (Fig 3; table S16). River channels and floodplains are 

also significantly impacted in Oceania (river length 106,100 km; floodplain 33,800 km2), South 

America (81,700 km; 38,600 km2) and Asia (60,900 km; 33,500 km2), but to a lesser extent in 155 

Europe (14,800 km; 4,900 km2) and Africa (17,300 km; 10,400 km2) (Fig 3; table S16). Asia, 

with 14.53 M people living in affected floodplains is the most vulnerable region in terms of 

human exposure, followed by North America (4.09 M), Europe (1.73 M), South America (1.53 

M), Africa (1.19 M) and Oceania (0.42 M) (Fig 3; table S16).  

Undertaking the same audit for river catchments in which tailings dams have failed is less 160 

straightforward because data on dam height and volume of waste stored is only available for 165 

of 257 recorded failures. Worldwide we calculate, using this large but incomplete database, that 

a minimum of 5,300 km of river channels and 4,950 km2 of floodplains have been affected by 

TDFs (Fig 3; table S17). The number of people living on floodplains that have been directly 

affected by TDFs is substantial (0.32 M) (Fig 3; table S17), but our modelling indicates that the 165 

impact of these events on river systems, and potential human population / livestock exposure, is 

two or three orders of magnitude smaller than in basins that have experienced inactive and/or 

active mining activity (Fig 3; table S17). This reflects the small count of TDFs compared to the 

much larger number of active and inactive mines worldwide. 

Gauged by the number of people living on floodplains affected by mining activity, populations in 170 

China (9.74 M) and the USA (3.17 M) are potentially most at risk of exposure to contaminant 
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metals and metalloids (tables S12-S14). Surprisingly, South Korea (0.79 M), Germany (0.35 M) 

and the UK (0.31 M) are ranked globally in the top 12 (table S13) in terms of population exposed 

to riverine related metal hazards, with the environmental legacy of historical mining being most 

problematic in Western Europe. Countries that by world standards have relatively short rivers 175 

(e.g., Chile, Japan, New Zealand, South Korea, UK), and particularly those with low sediment 

loads (e.g., Germany, UK), have higher levels of river channel and floodplain contamination 

(table S15) as a consequence of limited dilution of sediment-associated mine waste (42).   

 

Implications for Ecosystem and Human Health: 180 

This global survey of the environmental impacts of metal mining, and the consequent potential 

exposure risk of humans and livestock to toxic metals, reveals that an estimated 23 M people live 

on floodplains affected by potentially hazardous concentrations of toxic waste derived from 

historical and/or active upstream mining activity. However, because of incomplete reporting of 

mine locations and tailings dam failures, most notably within China, India, and Russia, this is 185 

certainly an underestimation of the population at risk. In addition, the impacts of modern 

artisanal mining on river systems in the global south are still very poorly documented, and this 

should be the next critical step for understanding the worldwide impact of mining.  

Ecological and societal impacts of recent tailings dam failures are locally catastrophic and have 

resulted in significant loss of life (5). However, our assessment indicates that the number of 190 

people likely to be exposed to unacceptably high concentrations of toxic metals by these 

accidents (estimated to be more than 0.32 M) is almost fifty times smaller than in river 

floodplains affected by historical (11.39 M) and active (12.08 M) metal mining. Exposure of 

workers directly engaged in current industrial metal mining and ore processing, smelting and 

small-scale artisanal mining, which are three of the top five polluting industries worldwide (43), 195 

are not captured by our study. Preliminary modeling suggests that these industries pose a risk to 

health of between 18 to 23 M people (43), which is comparable to the number of people we have 

estimated that live on mining contaminated floodplains worldwide (table S16). Our 

georeferenced database and process-based predictive modelling provide tools for locating areas 

of highest potential exposure where monitoring, and potentially intervention, should be 200 

prioritized (see tables S12-S14), and further highlights catchments (see figs S9-12) where new 

data are required. These would include locations in the historically mined regions of Andean 

South America, Australia (Victoria), Southeast and Central Asia (Pamir and Tien Shan), North 

America, and the UK (Wales and northern England; Fig 4), in addition to those in Amazonia, 

Sub-Saharan Africa, Southeast Asia, southern and eastern China where most of the world’s new 205 

but poorly regulated mining operations are located (table S13).  

We conclude that metal mining contamination of rivers and floodplains poses a possible 

significant additional hazard to the health of both urban and rural communities in Africa and 

Asia that are already burdened with water-related diseases. For the first industrial nations of 

Western Europe and the USA, this contamination constitutes a major and growing constraint to 210 

water and food security, compromises ecosystem services (44), and increases antimicrobial 

resistance in the environment (45). But global, multi-scalar, data with sufficient granularity are 

not presently available to quantify potential risks to ecosystem and human health. For example, 

the export of food produced on contaminated floodplains will often enter a spatially extensive 

food chain, and this will require new human biomonitoring and food basket studies (46). 215 

However, existing evidence already demonstrates that human health can be directly affected 
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through the ingestion, inhalation and absorption of metal contaminated soil, and indirectly 

through the quantity and quality of food that is derived from soil-based agriculture (9, 14, 47-49). 

Increasing frequency of river flooding associated with anthropogenic global climate warming 

(50) can result in augmented erosion and sediment-associated metal remobilization from recently 220 

and historically contaminated floodplains (10, 24, 51), that now in many parts of the world 

constitute the principal source of metal contaminants in rivers. In addition, because of rapid 

urbanization and increasing settlement in floodplains worldwide (notably in Sub-Saharan Africa 

and South Asia), the proportion of population exposed to flooding and contaminated flood waters 

has risen by 20-24% from 2000-2025 (52). Expansion of lower grade metal ore mining, which 225 

generates more waste per unit extracted, coupled with an increasing frequency of catastrophic 

tailings dam failures (53), underlines the need to routinely incorporate outputs from large-scale 

mining databases (as reported here) into environmental monitoring programs and metal exposure 

pathway analyses. This will facilitate better management of metal contamination and risk of 

exposure downstream of historically and active metal mine sites. 230 
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stored in the WAPHA database (29) (https://doi.org/10.5061/dryad.j3tx95xmg). Publicly 

available data relating to (iii) tailings storage facilities, and (iv) tailings dam failures, are 

available from: ICOLD/UNEP (34) (https://books.google.co.uk/books?id=8W0hAQAAIAAJ), 

the World Information Service on Energy (35) (https://wise-uranium.org/mdaf.html), the World 

Mine Tailings Failures and Global Tailings Portal databases (36) (https://tailing.grida.no/). 645 

Additional TSF/TDF data, obtained from academic and gray literature, are stored in the WAPHA 

database (29) (https://doi.org/10.5061/dryad.j3tx95xmg). Modelling was implemented 

procedurally in MATLAB v9.9.0 (R2020b) (37) with the open source TopoToolbox MATLAB 

program for the analysis of digital elevation models (https://topotoolbox.wordpress.com). 

Modelling workflow is presented in SI Figure S8 with example code available in the WAPHA 650 

database (29) (https://doi.org/10.5061/dryad.j3tx95xmg).  
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Fig 1. Global distribution (Equal Earth projection) of: A) inactive metal mines (solid blue 

circles), B) active metal mines (solid red circles), C) number of active/inactive mines by 

continent, D) tailing storage facilities (blue triangles intact, red triangles failed), and E) number 

of intact and failed tailings storage facilities (TSF) by continent. Disaggregated on a continental 665 

scale, North America (active 11,871; inactive 80,995) and Oceania (active 3,430; inactive 

53,233) have the largest number of mines followed by South America (active 3,240; inactive 

14,577), Europe (active 1,024; inactive 9,080), Asia (active 1,817; inactive 1,473), and Africa 

(active 1,227; inactive 377) (table S1). Oceania, Europe, North America, and South America are 

mostly affected by inactive mining, while active mining activities are more important in Africa 670 

and Asia (table S1). We recorded 11,844 TSF, of which 257 had failed. Asia has nearly half of 

the world's TSF with North America recording both in absolute (107) and proportional (42%) 

terms the largest number of tailings dam failures (table S4).  

 

Fig. 2. Global river length, floodplain and 100-year flood inundation area affected by metal 675 

mines (inactive mines shown by solid yellow circles; active mines shown by open red circles) 

and failed tailings storage facilities (purple triangles). Y-axis units are Log10 numbers. Symbols 

for inactive and active mines indicate predicted values from the WAPHA model with 90% 

confidence intervals; symbols for failed tailing storage facilities are observed values for total 

river length and floodplain areas affected by 257 documented TDFs. Inactive metal mines have a 680 

significantly larger global environmental impact on river channels, floodplains and valley floors 

located within the 100-year inundation zone than active mines. Although the impact of failed 

tailings storage facilities on river systems worldwide is significant, the combined environmental 

effect of inactive and active mines on river channels and floodplains is estimated to be 30-90 

times larger.  685 

 

Fig 3. Human population, number of livestock (cattle, goat, sheep) and the area of irrigated land 

affected by metal mines (inactive mines shown by solid yellow circles; active mines shown by 

open red circles) and failed tailings storage facilities (purple triangles). Y-axis units are Log10 

numbers. Symbols for inactive and active mines indicate predicted values from the WAPHA 690 

model with 90% confidence intervals; symbols for failed tailing storage facilities are observed 

values for irrigated areas (km2) affected by 257 documented TDFs. 

 

Fig 4. Examples of WAPHA modelling and mapping of contaminated floodplains and river 

channel reaches linked to inactive and active mines in: B) River Swale, northern England, and D) 695 

Bulgaria. A) and C) show regional index maps for the UK and Eastern European sites, respectively. 

Yellow solid circles show the location of inactive mines and red open circles show the location of 
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active mines. The stream network is shown by blue lines and floodplains denoted in hatched black 

fill. Contaminated river channel reaches and floodplains are delineated in red (contamination from 

a mine to the distance given by the lower confidence interval), deep pink (contamination beyond 700 

the lowest confidence interval extending to the distance predicted by the model) and light pink 

(contamination beyond the predicted distance extending to the upper confidence interval). 
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Materials and Methods 

Development of the Water and Planetary Health Analytics (WAPHA) global metal mines, 

tailings storage facilities and tailings dam failure database  

Our new global metal mines database comprises information, published/accessed before 25 

August 29th 2022, from the United States Geological Survey’s Mineral Resources Data System 

(MRDS) (24) (73,917 mines worldwide), the BritPits survey of the British Geological Survey 

(25) (8,459 mines in the United Kingdom), the S&P Global Market Intelligence database (26) 

(2,584 mines worldwide), and our own compilation of c. 100,000 additional mines from the 

worldwide academic and grey literature, including regional data published by government 30 

agencies and industry (tables S1-S2). Twenty-one types of active and inactive metal and 

metalloid mines were used in our modelling and analysis (tables S3a-S3b). In total, the new 

georeferenced metal mines database contains 22,609 active and 159,735 inactive mines spread 

across six continents. It is noteworthy that our mapped global distribution of active mines (Fig 

1A) from these archive sources is highly consistent with that recently reported from mapping 35 

mines by remote sensing (42). 

Data on tailings storage facilities (TSFs) and tailings dam failures (TDFs) were obtained 

from peer-reviewed academic articles and from grey literature published by government and 

private agencies (tables S2, S4). Search terms used included: tailings storage facilities; tailings 

dam failures; mine tailings ponds; tailings dam spills and clean-up operations; tailings dam burst; 40 

metal mining. The data were augmented using the WISE database (28); ICOLD/UNEP 2001 

compilation (Bulletin 121) (43); a database provided for years 1915 to 2019 by Center for 

Science in Public Participation, Global Tailings Portal (29); and personal communication with 

Dr Jeannette Meima (Federal Institute for Geosciences and Natural Resources (BGR), Germany), 

Lindsay Newland Bowker (Bowker Associates Science and Research in The Public Interest), and 45 

Paulina Concha Larrauri (Columbia University). A key component of our data checking was 

visual confirmation and geo-referencing of all TSFs and TDFs using Google Earth. The 

WAPHA’s georeferenced global database of TSFs and TDFs holds data on 11,587 TSFs and 257 

recorded TDFs (table S5). This is undoubtedly an underestimate as data are not publicly 

available in India and Russia (44, 45). Information on the production capacity of mines, the start 50 

year of production/tailings storage facilities, year of closure (in case of mines/tailings storage 

facilities), dam height and input volume of tailings (for estimating runout from intact tailings 

storage facilities) where available are included in the source database. 
 

Comparison of WAPHA global metal mines database with S&P Global Market Intelligence 55 

database and Global Tailings Portal  

To assess the completeness of the WAPHA database we compare the distribution of the 

metal mines and tailings storage facilities with two existing and well-known global databases. A 

comparison of the metal mines in the S&P Global Market Intelligence database (26) and the 

WAPHA database is shown in tables S3a-S3b, and tailings storage facilities in the Global 60 

Tailings Portal (GTP) (29) and the WAPHA database is presented in Table S5. The comparisons 

between the WAPHA, the S&P and GTP databases provide an assessment of the WAPHA’s 

completeness, a key dimension of spatial data quality. The S&P dataset, which was also 

integrated into the WAPHA database, is one of the few global mining datasets that has been used 

in similar global spatial assessments of mining related societal and/or environmental impacts 65 

(46-48). Even though the S&P dataset has demonstrated utility for supporting global analyses, 

the WAPHA contains ten times more metal mines. The S&P dataset only represented 0.5% and 

8% of the inactive and active mines in the WAPHA database, respectively (table S1). However, 
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the S&P dataset was an important source for identifying that inactive mines in Africa and active 

mines in Asia, account for 14% and 54% of the mines in these regions in the WAPHA database, 70 

respectively. The more recent GTP database has also been utilized in a similar global assessment 

(49), but it only represents 30% of the total tailings storage facilities in the WAPHA database 

(Table S5). The GTP database was found to be relatively complete for Africa and Asia 

accounting for 97% and 86% of WAPHA database tailing storage facilities, respectively. The 

WAPHA database represents a step change in the available mine and tailing storage facility 75 

spatial data for analyzing global patterns. 

 

The WAPHA’s process-based global model of sediment-associated mining contaminant 

dispersal 

Field-based measurements collected and published over the last 40 years or so (13, 15-21, 80 

50) indicate that concentrations of sediment-associated contaminant metals and metalloids in 

rivers attenuate with distance from mining operations. This is due primarily to dilution and 

mixing with relatively ‘clean’ non-mining sediments, and to a more limited extent by hydraulic 

sorting (13). To predict the extent of river contamination downstream from metal mines globally, 

we have developed a simple, process-based model of contaminant metal (Cu, Pb and Zn) and 85 

metalloid (As) dispersal and attenuation from individual metal mines. This selection of elements 

was determined by data availability in river systems worldwide, where As, Cu, Pb and Zn 

concentrations in sediments tend to be routinely measured in environmental geochemical 

assessments.  

 90 

Metal contamination attenuation downstream from mines 

Observed concentrations of As, Cu, Pb and Zn in overbank (<0.063 mm, <1 mm and <2 

mm) and channel sediments (<0.063 mm, <1 mm, <2 mm), along with downstream distance 

from the mine that was the source of contamination, were extracted from an extensive global 

review of rivers affected by inactive or actively active metal mining (18, 20, 21, 51-76). To 95 

generate a statistically skilled and widely applicable model of sediment-associated metal and 

metalloid dispersal, only studies that had collected geochemical data downstream from a single 

mining source were used in our analyses. This resulted in 739 sample points, from 79 locations 

(44 in the Northern Hemisphere and 35 in the Southern Hemisphere) in 33 rivers with catchment 

areas ranging from 46-232,000 km2. These data incorporate six different Köppen-Geiger (KG) 100 

climate zones (BSh - hot semi-arid; BSk - cold semi-arid; Cfa - humid subtropical climate; Cfb – 

temperate oceanic; Cwa - monsoon-influenced humid subtropical; Dfb - warm-summer humid 

continental) and are representative of the range of regions included in subsequent modelling.  

Globally and historically, various contaminant metal and metalloid intervention values for 

soil remediation at sites affected by metal mining have been set (see (21) for a review). These 105 

indicate the concentration levels of metals, or metalloids, above which the functionality of soil 

for human, plant, and/or animal life may be seriously compromised or impaired (77, 78). For this 

global assessment of river contamination, we use the Dutch intervention values (table S6), on the 

basis that the Netherlands has one of the longest histories of soil/sediment protection policy 

dating back to 1962 (77), and guidelines were reformulated in the mid-1990s using eco-110 

toxicological methods based upon potential exposure routes to people. In the case for Pb, we use 

sediment concentrations that exceed 530 mg/kg to delineate the extent of contamination and its 

likely impact on ecosystem and human health downstream from a mine. Figure S1 shows the plot 

of reported Pb concentrations up to 50 km downstream of individual mine sites in our database. 

The data exhibited a wide spread of initial concentrations (figure S2) with a minimum 115 
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concentration of 68 mg/kg, maximum concentration of 49,092 mg/kg and mean of 5,745 mg/kg 

(mines n=79).  

 

Model for downstream dispersal of sediment-associated contaminant metal and metalloid 

Initial data exploration of processes was conducted with Pb, for which the largest sample 120 

size was available. The Pb concentration and downstream distance from the mine sites were log 

transformed to normalize the data and establish linearity for univariate ANOVA and Generalised 

Linear Model regression. There were no significant differences in logPb vs logD by KG climate 

zone (F (7, 622) =0.019, p=0.942), sediment type (channel vs overbank F (1,629) =2.341, 

p=0.369), or catchment area (F (1,550) =0.288, p = 0.593). To evaluate the variance in 125 

attenuation of Pb from each mine in relation to initial concentration, the concentrations 

downstream from each mine series were converted to proportions of the initial concentration at 

the mine with each series therefore starting at Pb proportion = 1 at distance = 0 (figure S3). 

While most downstream points declined by distance from the mine, we observed some 

downstream points increasing in concentration. For example, three downstream concentrations 130 

exceeded 1, which may be attributed to additional contamination sources (e.g., erosion of 

historically contaminated floodplain sediment downstream of the mine, or additional input from 

streams joining between sample locations). 

GLM regression predicting log Pb by log (D+1) was highly significant and explained some 

26% of observed variation (R2 = 0.259, F (1,737) = 257, p <0.001).  Cu (R2 = 0.059, F (1,249) = 135 

15.7, p <0.001), Zn (R2 = 0.137, F (1,704) = 111.0, p <0.001), and As (R2 = 0.267, F (1,38) = 

13.8, p <0.001) followed similar trends. We interpret remaining variance to be due to local 

factors that are presently not quantifiable at the global scale. Based on typical element 

associations found within the main mineral commodity at any given mine (table S7), we have 

used downstream attenuation rates from one or more of these elements (As, Cu, Pb, Zn) to model 140 

and estimate the downstream extent of contamination from that specific mine. 

We used the Dutch Intervention Limits (DIL) as the threshold for safe concentration levels 

of contaminant metals. Using non-linear modelling tools in MATLAB, we found a 2-parameter 

negative exponential model gave the best fit to the empirical data of reported concentration by 

distance along the river from a mine (point source) for Pb (the element with the largest sample 145 

size from the literature) (figure S3). Given this relationship, the global threshold distance 

downstream from a mine at which the DIL concentration would occur for each of As, Cu, Pb and 

Zn was estimated by fitting a 2-parameter negative exponential regression model. This model 

was derived from empirical data reported for each element, predicting distance from mine by 

observed concentration, as the goal was to estimate the DIL threshold distance (Eqn. 1) 150 

 

Eqn. 1.         Distance = A * exp (B*concentration) 

 

where A and B are estimated parameters. Results of modelling are presented in table S6 and 

figures S4-S7. Confidence intervals were estimated at 95% for all metals but for As we could 155 

only estimate reasonably with confidence at 90% due to the smaller sample size.      

 

 

Sources of data for spatial global contamination modelling 

In addition to the new WAPHA database, variables were derived from spatially explicit 160 

high-resolution global data sets: 
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Hydrologic and geomorphic data sources: 

• Hydrologically corrected MERIT Digital Elevation Model, which represents terrain 

elevations at 0.00083° resolution with available extent 90°N-60°S, to delineate the 165 

river network and for modelling metal mining affected reaches (79);  

• Watershed boundaries derived from the HydroBASINS (31); at 0.004167° resolution 

gridded global floodplains, GFPLAIN250 (80), 250m resolution with available 

extent 60°N-60°S and 139W to 180E; 

• Gridded, global 100-year flood areas at 0.005° resolution with global extent (81). 170 

 

Demographic and livestock databases: 

• SEDAC gridded population for the year 2020, at 0.0083° resolution GPW (v.33) 

(33).  

• FAO Gridded Livestock of the World GLW3 2010 (cattle, goat and sheep), at 175 

0.0083° resolution (v.34) (34).  

• Gridded Global Map of Irrigation Areas GMIA, at 0.0083° resolution (82). 

 

The WAPHA model of metal mining impacts on river systems at a global scale 

Modelling was implemented in MATLAB (MATLAB. (2020) version 9.9.0 (R2020b) (30) 180 

with TopoToolbox (83). We opted for a DEM grid-based approach, rather than using in-built 

routing through published vector stream networks such as MERIT Hydro streams or 

HydroRIVERS, to create a process that is applicable independent of the DEM, enabling future 

research at different scales. The WAPHA model framework and workflow is presented in figure 

S8 and is illustrated through the maps in figures S9-S12, for representative catchments in the 185 

UK, Central Europe (Romania and Bulgaria), South America (Brazil and Peru) and Central Asia 

(Turkmenistan, Uzbekistan, Kazakhstan and Kyrgyzstan).  

The use of basin polygons was for computational efficiency, specifically to reduce the size 

of the DEM used in calculations to the extent of level 4 basin polygon bounding box, each one 

considered in turn, and to allow projection to local UTM for metric measurements. Prior to 190 

analysis we assessed the optimal HydroBasins level, and level 4 was both tractable for efficient 

computation yet large enough to encompass downstream contamination, as almost all metal 

mines are situated in the upper reaches of these basins and stream networks. Of the 22,609 active 

mines, 10,021 were located in basins which had outflow into another basin. Mines tended to be 

located in the upper reaches of a catchment. Computing the distance downstream along our 195 

calculated stream network from the MERIT DEM to the boundary of the HydroBasin for each of 

these mines, we found only 14 mines who’s contaminated runout by commodity was truncated at 

the basin boundary. The ‘lost’ contamination runout was 341 km, that is, 0.3% of the 114,000 

km global total. We considered this well within the error of our global estimate, and did not 

warrant the complexity of extending contamination into receiving catchments. 200 

 

For each global catchment in the HydroBASINS level 4 polygons (corresponding to 

Pfafstetter level 4, polygons derived from 15 arc second resolution HydroSHEDS DEM), we 

determined if any active or inactive mines in the WAPHA database were located within it using 

spatial overlay. If a catchment contained mines, the rectangular extent defined by the catchment 205 

bounding box was extracted from the hydrologically corrected MERIT DEM (3 arc second 

resolution) and re-projected from spherical coordinates into local UTM at 500m resolution, to 

enable calculation of distances and areas in metric units with minimal map distortion.  Using 

TopoToolbox functions, we defined the catchment stream network from the MERIT DEM using 
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a minimum upstream contributing area of 10 km2 (figure S8). We calculated the stream network 210 

locations nearest to each mine and, for each metal/metalloid relevant to that mine, we defined all 

downstream grid cells in the basin within the attenuation distances as contaminated areas at 

predicted, upper and lower confidence levels. Results from each mine were combined to map the 

cumulative contaminated grid cells along flow paths (figure S10).  The catchment extent was 

also extracted from the global floodplain (GFPLAIN250, 250m resolution) and global 100-year 215 

flood grids (0.005° resolution) gridded data and re-projected to local UTM at 500 m resolution. 

Contaminated stream grid cells in floodplains were delineated in two ways: first, using a buffer 

based on empirical data (21, 84) showing that metal and As concentrations in overbank 

sediments do not generally exceed DIL more than 500 m from river channels (figure S11); and 

second, on the basis that in historically mining-affected catchments the modelled 100-year flood 220 

extent closely delineates the limit of metal and metalloid concentrations above DIL and soil 

remediation guidelines (85, 86) (figure S12). River lengths and floodplain areas contaminated 

per catchment were added to calculate regional and global totals (table S14). Finally, an 

assessment of global contamination hazard was determined by calculating the number of 

people/livestock living on contaminated floodplains impacted by metal mining activity and/or 225 

TDFs (tables S16-17).  

 

For the global impacts modelling, contaminated areas mapped in catchments were 

reprojected to the Mollweide equal area projection at 500 m resolution and merged to create 

global spatial layers. These were spatially overlaid on gridded human population (GPW), 230 

livestock (GLW3), and irrigated areas (GMIA), which were also re-projected by nearest neighbor 

to Mollweide equal area projection resampled to 500 m.  

 

Validation of WAPHA process-based model of sediment-associated mining contaminant 

dispersal in river systems 235 

Using river sediment samples collected and geochemically analyzed by some of the authors 

(MGM, PAB, GB) over the last 20 years (6, 8, 12, 16-18, 20, 21, 32, 50-54, 56-61, 64, 73, 85, 

86), we have undertaken extensive ground-truthing and field-based validation of our sediment-

associated mining contaminant dispersal model (see above) and the multi-scalar maps of metal 

mining affected river channels and floodplains generated (see tables S8-S11). Geochemical data 240 

from channel bed and overbank sediment (<0.063 mm) collected at 344 sites have been used 

from 15 river catchments in Bulgaria, England, Romania and Wales, which range in size from 46 

km2 to 232,193 km2. We tested model predictions against field measurements for Pb (164 

channel bed and 174 overbank sites), Zn (164 channel bed and 158 overbank sites), Cu (170 

channel bed sites) and As (159 channel bed sites) over a river network length of c. 1,110 km. As 245 

our primary aim was to establish whether or not our model correctly identified contaminated 

river reaches downstream of a metal mine, model predictions were compared to field 

geochemical data using Dutch intervention limits (87). If the model correctly predicted that 

elemental concentrations were at or above the DIL target soil remediation intervention limit, this 

was classified as a ‘hit’. If the model predicted that a site was contaminated (i.e., metal or As 250 

concentrations at or above the intervention limit) but field measurements showed that metal and 

As values fell between DIL and target soil remediation limits, this was classified as a ‘near-

miss’, as the site had potentially harmful element concentrations above those that would be 

considered desirable for ecosystem and human health. Last, where model predictions did not 

match geochemical field data three sub-categories of ‘miss’ were recognized: 1. model predicted 255 

contamination, but the site was not contaminated (false positive); 2.  model predicted no 
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contamination, but the site is contaminated and is located within a floodplain reach (false 

negative). This is likely the result of the remobilization of contaminated floodplain sediment, 

most usually related to historical metal mining activities in a catchment (21, 50). 3.  model 

predicted no contamination, but the site is contaminated and is not located within a floodplain 260 

reach (false negative).  This exercise demonstrated good model performance and predictions 

most notably for Pb (overall 69% ‘hits’, 18% ‘near-misses’ and 13% ‘misses’), followed by Cu 

(overall 59% ‘hits’, 29% ‘near-misses’ and 12% ‘misses’), Zn (overall 55% ‘hits’, 32% ‘near-

misses’ and 13% ‘misses’) and As (overall 55% ‘hits’, 6% ‘near-misses’ and 39% ‘misses’).  

 265 

Using the Socioeconomic Data and Applications Center (NASA-SEDAC) population data of the 

year 2020 (33), and FAO Gridded Livestock of the World database (GLW v3.1) (34), the number 

of people and livestock (cattle, goat, and sheep) living on mining-affected floodplains was 

determined (tables S12-S14). The area of irrigated land based on FAO Global Map of Irrigation 

Areas (GMIA) in mining impacted floodplains was also calculated (table S15). Our geospatial 270 

integration of metal mine, tailings storage facilities, tailings dam failures, hydrographic, 

geomorphic, demographic and livestock databases enable us to evaluate globally the likely 

population exposure and uptake of contaminant metals into the human food chain (table S15). 

 
  275 
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Figure S1. Log10 Pb concentrations against log10 distances downstream of individual mine sites (n=79 mine sites). 

 280 
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 285 

Figure S2. Frequency distribution of observed Pb concentrations at mine sites reported (n=79 mine sites). 
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 290 

Figure S3. Pb proportions from source mines by distance (n=79 mine sites). 
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 295 
 

Figure S4. Predicted distance against Pb values.  Predicted curve in solid black with grey shading to 95% 

confidence intervals. The Dutch Intervention Limit (DIL) of 530 mg/kg is given as a vertical reference line (solid 

red), with predicted attenuation distance from mine (solid blue line), with upper and lower 95% confidence intervals 

(dashed blue lines). 300 
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 305 

Figure S5. Predicted distance against Cu values. Predicted curve in solid black with grey shading to 95% confidence 

intervals. The Dutch Intervention Limit (DIL) of 190 mg/kg is given as a vertical reference line (solid red), with 

predicted attenuation distance from mine (solid blue line), with upper and lower 95% confidence intervals (dashed 

blue lines). 

 310 
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Figure S6. Predicted distance against Zn values. Predicted curve in solid black with grey shading to 95% confidence 315 

intervals. The Dutch Intervention Limit (DIL) of 720 mg/kg is given as a vertical reference line (solid red), with 

predicted attenuation distance from mine (solid blue line), with upper and lower 95% confidence intervals (dashed 

blue lines). 
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Figure S7. Predicted distance against As values. Predicted curve in solid black with grey shading to 90% confidence 

intervals. The Dutch Intervention Limit (DIL) of 55 mg/kg is given as a vertical reference line (solid red), with 325 

predicted attenuation distance from mine (solid blue line), with upper and lower 90% confidence intervals (dashed 

blue lines). 
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Figure S8. Modelling workflow. 
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 339 
 340 

Figure S9. Inactive and active  mines and modelled stream network in example a) UK and Eastern European, and b) South American/Central Asian catchments.  341 

Figure S9a: B) Rheidol and Ystwyth Rivers, mid-Wales, C) River Swale, northern England; E) Romania, and F) Bulgaria. A) and D) show regional index maps 342 

for the UK and Eastern European sites, respectively.  343 

Figure S9b: B) Peru, C) Brazil; E) Turkmenistan and Uzbekistan, and F) Kazakhstan and Kyrgyzstan. A) and D) show regional index maps for the South American 344 

and Central Asian sites, respectively.  345 
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 351 
 352 

Figure S10. Examples of contaminated river channel reaches linked to inactive and active mines in the modelled stream network in a) UK and Eastern European, 353 

and b) South American/Central Asian catchments.  354 

Figure S10a. B) Rheidol and Ystwyth Rivers, mid-Wales, C) River Swale, northern England; E) Romania, and F) Bulgaria. A) and D) show regional index maps 355 

for the UK and Eastern European sites, respectively. 356 

Figure S10b. B) Peru, C) Brazil; E) Turkmenistan and Uzbekistan, and F) Kazakhstan and Kyrgyzstan. A) and D) show regional index maps for the South American 357 

and Central Asian sites, respectively.  358 
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 364 
 365 

Figure S11. Examples of contaminated floodplains and river channel reaches linked to inactive and active mines in the modelled stream network in a) UK and 366 

Eastern European, and b) South American/Central Asian catchments.  367 

Figure S11a. B) Rheidol and Ystwyth Rivers, mid-Wales, C) River Swale, northern England; E) Romania, and F) Bulgaria. A) and D) show regional index maps 368 

for the UK and Eastern European sites, respectively. 369 

Figure S11b. B) Peru, C) Brazil; E) Turkmenistan and Uzbekistan, and F) Kazakhstan and Kyrgyzstan. A) and D) show regional index maps for the South American 370 

and Central Asian sites, respectively. 371 
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 377 
 378 

Figure S12. Examples of contaminated reaches and areas subject to 100-year R I floods linked to inactive and active mines in the modelled stream network in: a) 379 

UK and Eastern European, and b) South American/Central Asian catchments.  380 

Figure S12a. B) Rheidol and Ystwyth Rivers, mid-Wales, C) River Swale, northern England; E) Romania, and F) Bulgaria. A) and D) show regional index maps 381 

for the UK and Eastern European sites, respectively. 382 

Figure S12b. B) Peru, C) Brazil; E) Turkmenistan and Uzbekistan, and F) Kazakhstan and Kyrgyzstan. A) and D) show regional index maps for the South 383 

American and Central Asian sites, respectively. 384 
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 386 

 
Total N. America S. America Africa Asia Europe Oceania 

INACTIVE 

S&P 811 282 92 97 189 56 95 

WAPHA 159,735 80,995 14,577 377 1,473 9,080 53,233 

  
   

   
ACTIVE 

S&P 1773 209 183 172 978 112 119 

WAPHA 22,609 11,871 3,240 1,227 1,817 1,024 3,430 

 387 

Table S1. The total number of metal mines in the S&P Global Market Intelligence database and 388 

the WAPHA database for inactive and recently operating mines by continent. 389 

 390 

  391 
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 392 

Country Source 

Burkina Faso, Ghana, Mali, 

South Africa and Tanzania 

Ashton et al. (2001) (88) 

Lourens and Water (2016) (89) 

Chuhan-Pole et al. (2017) (90) 

Argentina Delloite (91) 

Australia Australian Mines Atlas (92) 

Werner et al. (2020) (93) 

Belgium Government of The Wallonia-Brussels Federation (94) 

Brazil Sonter et al. (2017) (95) 

Mindat.org (96) 

National Mining Agency (ANM) Brazil (97) 

Bulgaria Bird et al. (2010 a, b) (35, 51) 

Gold mining and processing in Bulgaria (March 2010) (98) 

Canada Geological Survey of Canada (99) 

Ontario Prospectors Association (100) 

China Wei and Yang (2010) (101) 

Li et al. (2014) (102) 

Chen et al. (2015) (103) 

Chen et al., (2016) (104)  

Zhang et al. (2012) (105) 

Columbia Pinedo-Hernández et al. (2015) (106) 

Cuba CIA (1977) (107) 

Czech Republic Štrupl et al. (2017) (108) 

Finland Räisänen et al. (2013) (109) 

France Nasri et al. (2020) (110) 

Germany Federal Institute for Geosciences and Natural Resources (BGR) (111) 

Hungary Mining and Geological Survey of Hungary (112) 

 

India Ministry of Mines, Government of India (113) 

 

Ireland Environmental Protection Agency (EPA), Ireland (114) 

 

Italy Institute for the Protection and Environmental Research, Italy (115) 

 

Kazakhstan Mining, Development and Environment in Central Asia: Toolkit 

Companion with Case Studies (116) 

Central Asian Countries Geoportal (117) 

Kyrgyz Republic Mining, Development and Environment in Central Asia: Toolkit 

Companion with Case Studies (116) 

Central Asian Countries Geoportal (117) 

Laos Kyophilvong (2009) (118) 

Mexico University of Texas (119) 

Geo-Mexico (120) 

Myanmar Gardiner et al. (2014) (121) 

Gardiner et al. (2015) (122) 

Netherlands Leenaers (1989) (84) 

Paraguay Eckel et al. (1959) (123) 

Peru PwC (2020) (124) 

Van Geen et al. (2012) (125) 

Portugal LNEG (2000) (126) 

Romania European Commission (2017) (127) 

Russia Walker et al. (2003) (128) 

Jarsjö et al. (2017) (129) 



30 

 

Country Source 

Serbia Monthel et al. (2002) (130) 

Atanacković et al. (2016) (131) 

Slovakia Ministry of Environment of the Slovak Republic (132) 

Slovenia Gosar et al. (2014) (133) 

Tajikistan Central Asian Countries Geoportal (117) 

Thailand Assawincharoenkij et al. (2018) (134) 

Li et al. (2017) (135) 

UK Potter & Johnston (2014) (136) 

European Commission (2017) (127) 

BritPits (25) 

Venezuela Santos-Frances et al. (2011) (137) 

Schruben et al. (1997) (138) 

Veiga et al. (2006) (139) 

USA U. S. Government open data portal (140) 

Mineral Resources Data System (MRDS) (24) 

 

Tailings Storage Facilities Bowker and Chambers (2015) (141) 

Concha Larrauri and Lall (2018) (32) 

WISE Uranium Project (28) 

Global Tailings Portal (29) 

Li et al (2020) (142) 

Tang et al. (2020) (143) 

 393 

Table S2. List of data sources used for compiling the global metal mining and tailings storage facilities database  394 

 395 
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INACTIVE 

Africa S&P 97 0 0 0 0 0 0 1 17 65 

 WAPHA 377 1 2 3 1 0 34 8 51 124 

Asia S&P 189 1 0 0 0 0 0 0 45 88 

 WAPHA 1473 71 10 8 2 0 26 16 264 272 

Australia S&P 95 0 0 0 0 0 0 0 7 78 

 WAPHA 53233 304 247 157 0 0 209 36 6287 38947 

Europe S&P 56 0 0 0 0 0 0 0 11 12 

 WAPHA 9080 14 38 140 3 0 71 19 1108 152 

North America S&P 282 0 0 0 0 0 0 1 35 176 

 WAPHA 80995 1063 606 1785 82 7 1421 225 11962 29006 

South America S&P 92 0 0 0 0 0 0 0 16 51 

 WAPHA 14577 135 45 47 4 0 19 42 2678 1852 

ACTIVE 

Africa S&P 172 0 0 0 0 0 1 3 41 97 

 WAPHA 1227 8 5 29 4 1 104 38 194 372 

Asia S&P 978 3 0 0 0 0 0 0 229 446 

 WAPHA 1817 25 2 25 10 0 26 18 361 612 

Australia S&P 119 0 0 0 0 0 0 0 18 74 

 WAPHA 3430 15 3 6 4 1 16 14 192 2734 

Europe S&P 112 0 0 0 0 0 0 0 45 41 

 WAPHA 1024 12 19 37 15 0 97 20 223 125 

North America S&P 209 3 0 0 0 0 0 0 43 111 
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 WAPHA 11871 207 148 243 29 0 471 47 1375 3977 

South America S&P 183 0 0 0 0 0 0 0 64 72 

 WAPHA 3240 94 28 41 25 0 22 10 706 923 

 399 

Table S3a. The total number of metal mines in the S&P Global Market Intelligence database and the WAPHA database for inactive 400 

and active mines by commodity, and the number of mines from S&P already recorded in WAPHA database (Antimony to Gold). 401 

 402 
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T
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INACTIVE 

Africa S&P 97 1 0 0 3 3 0 0 1 0 0 0 6 

 WAPHA 377 25 1 1 9 67 14 0 10 5 6 0 15 

Asia S&P 189 13 0 0 14 0 1 0 4 0 0 0 23 

 WAPHA 1473 99 0 144 21 342 19 0 88 56 2 0 33 

Australia S&P 95 1 0 0 3 0 1 0 2 0 0 0 3 

 WAPHA 53233 1596 13 29 321 75 635 0 3233 612 92 0 440 

Europe S&P 56 1 0 0 17 0 0 0 3 0 0 0 12 

 WAPHA 9080 6360 0 9 38 38 135 0 705 20 1 68 161 

North America S&P 282 5 0 0 8 1 31 0 0 0 0 0 25 

 WAPHA 80995 11831 72 1150 145 392 11158 1 227 0 4714 2116 3032 

South America S&P 92 1 0 0 4 0 6 0 5 0 0 0 9 

 WAPHA 14577 8293 10 32 17 12 709 0 248 157 47 0 230 

ACTIVE 

Africa S&P 172 2 0 0 4 11 2 0 3 1 0 0 7 

 WAPHA 1227 56 11 2 29 153 95 0 49 8 49 0 20 

Asia S&P 978 27 0 0 84 4 11 0 8 15 0 0 151 

 WAPHA 1817 124 2 11 85 66 40 0 150 62 2 0 196 

Australia S&P 119 2 0 0 11 0 2 0 1 1 0 0 10 

 WAPHA 3430 38 29 1 114 36 49 0 44 15 30 0 89 

Europe S&P 112 4 0 0 6 1 2 0 0 4 0 0 9 

 WAPHA 1024 165 2 11 48 23 56 0 9 30 10 0 122 

North America S&P 209 1 0 0 8 0 25 0 0 0 0 0 18 
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 WAPHA 11871 1005 33 212 128 165 1558 0 32 0 1398 365 478 

South America S&P 183 2 0 0 7 0 10 0 7 1 0 0 20 

 WAPHA 3240 341 9 18 18 33 361 0 293 131 9 0 178 

 407 

Table S3b. The total number of metal mines in the S&P Global Market Intelligence database and the WAPHA database for inactive 408 

and active mines by commodity, and the number of mines from S&P already recorded in WAPHA database (Lead to Zinc) 409 

 410 
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  N. Amer S. Amer Asia Africa Europe Oceania Total (Global) 

TDF 107 58 47 11 25 9 257 

 TSF   1365 1865 5512 336 1932 577 11,587 

Total  1472 1923 5559 347 1957 586 11,844 

 

Table S4.  Number of currently intact tailings storage facilities (TSF) and number of tailings dam failures (TDF). 

  415 
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 Total 

N. 

America 

S. 

America Asia Africa Europe Oceania 

GTP 1919 526 423 281 327 54 308 

WAPHA 
11,585 1365 1865 5512 336 1932 575 

 
Table S5. Tailings storage facilities in the Global Tailings Portal (GTP) and the WAPHA database by continent. 
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Metal/ 

 

DIL 

(mg/kg) 

Predicted DIL 

distance (km) 

95% CI 

(±km) 

F 

(df reg, df res) 

p RMSE 

Lead 530 8.56 4.69 73.9 (2,737) <0.001 32.6 

Copper 190 10.34 3.94 26.5(2,249) <0.001 25.1 

Zinc 720 6.49 1.51 71.0(2,704) <0.001 15.9 

Metalloid DIL 

(mg/kg) 

Predicted DIL 

distance (km) 

90% CI 

(±km) 

F 

(df reg, df res) 

p RMSE 

Arsenic 55 45.63 41.52 13.2 (2,38) <0.001 83.7 

 425 

Table S6.  Dutch Intervention Limit (DIL) threshold distance estimates from source mines by negative exponential 

regression of observed concentrations. RMSE = root mean squared error. 
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Mined mineral commodity Associated elements 

Antimony As 

Arsenic As 

Barium Pb 

Cadmium Zn 

Cobalt Cu 

Copper Cu and As 

Gold As 

Lead Pb and Cu 

Mercury As and Pb 

Nickel Cu 

Platinum Cu 

Silver As and Pb 

Thallium As and Pb 

Tin As and Pb 

Tungsten As and Pb 

Uranium As and Pb 

Witherite Pb 

Zinc Zn and Pb 

 

Table S7. Elements used to select the attenuation rates to model downstream contamination associated with mines 

based on the main mineral commodities produced  

 435 
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 437 

Sediment 

type 
Country 

River 

basin 

Basin 

area 

(km2) 

Year of 

field-

work  

Number 

of  

sample 

points 

Hit (%) 

Conc. ≥ Dutch 

intervention value 

(530 mg/kg) 

Near-miss (%) 

Conc. ≥ Dutch 

target remediation 

value  

(85 mg/kg) 

Miss (%)  

 
 

      1 2 3 

           

Overall       69 18 1 9 3 

           

Channel 

(<0.063 mm) 

England Swale 1,446 2000 34 71 6 3 15 6 

England Swale 1,446 2001 26 73 15 4  8 

England Swale 1,446 2002 25 84 8   8 

Wales Severn 11,420 2000 15 27 60 13   

Wales Ystwyth 194 2012 23 70   30  

Wales Rheidol 189 2012 19 95 5    

Wales Leri 66 2012 16 44 56    

Wales Clarach 46 2012 6 100     

 
 

         

Overbank 

(<0.063 mm) 

England Swale 1,446 2000 34 65 12  18 6 

England Swale 1,446 2001 34 62 21  15 3 

England Swale 1,446 2002 35 60 17  17 6 

England Swale 1,446 2006 33 100     

England Wharfe 900 2006 11 91 9    

Wales Severn 11,420 2006 27 37 56 4 4  

 438 

Table S8. Pb Ground-truthing of model outputs (8, 16, 18, 20, 21, 50, 61, 85, 86) 439 

 440 

  441 
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 442 

Sediment 

type 
Country 

River 

basin 

Basin 

area 

(km2) 

Year of 

field-

work  

Number 

of  

sample 

points 

Hit (%) 

Conc. ≥ Dutch 

intervention value 

(720 mg/kg) 

Near-miss (%) 

Conc. ≥ Dutch 

target remediation 

value  

(140 mg/kg) 

Miss (%)  

 
 

      1 2 3 

           

Overall       55 32 5 6 2 

           

Channel 

(<0.063 mm) 

England Swale 1,446 2000 34 76 6  15 3 

England Swale 1,446 2001 26 85 12  4  

England Swale 1,446 2002 25 80 12  8  

Wales Severn 11,420 2000 15 20 67 13   

Wales Ystwyth 194 2012 23 61 39    

Wales Rheidol 189 2012 19 21 79    

Wales Leri 66 2012 16  56 44   

Wales Clarach 46 2012 6  100    

 
 

         

Overbank 

(<0.063 mm) 

England Swale 1,446 2000 34 71 9  15 6 

England Swale 1,446 2001 34 76 15  6 3 

England Swale 1,446 2002 35 69 11  14 6 

England Swale 1,446 2006 17 24 76    

England Wharfe 900 2006 11  100    

Wales Severn 11,420 2006 27 41 33 26   
 443 

Table S9. Zn Ground-truthing of model outputs (8, 16, 18, 20, 21, 50, 61, 85, 86) 444 

  445 
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 446 

Sediment 

type 
Country 

River 

basin 

Basin area 

(km2) 

Year 

of 

field-

work  

Number 

of  

sample 

points 

Hit (%) 

Conc. ≥ Dutch 

intervention value 

(190 mg/kg) 

Near-miss (%) 

Conc. ≥ Dutch 

target remediation 

value  

(36 mg/kg) 

Miss (%)  

 
 

      1 2 3 

           

Overall       59 29 4 7 1 

           

Channel 

(<0.063 mm) 

Romania Danube 232,193 2009 12 100     

Romania Aries 3,005 2004 17 76 18 6   

Romania Aries 3,005 2002 20 35 35  30  

Romania Mures 30,332 2002 15 73 27    

Bulgaria Danube 47,413 2004 22 91   9  

Bulgaria Maritsa 35,086 2005 29 62 17 7 3 10 

Bulgaria Arda 5,213 2005 19 21 58 16 5  

Bulgaria Iskur 8,646 2004 23 52 39  9  

Bulgaria Timok 4,626 2004 1 100     

Bulgaria Ogosta 3,157 2004 12 17 83 
   

 447 

Table S10. Cu Ground-truthing of model outputs (21, 32, 51-53, 56-58, 73) 448 

 449 

  450 
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 451 

Sediment 

type 
Country 

River 

basin 

Basin area 

(km2) 

Year 

of 

field-

work  

Number 

of  

sample 

points 

Hit (%) 

Conc. ≥ Dutch 

intervention value 

(55 mg/kg) 

Near-miss (%) 

Conc. ≥ Dutch 

target remediation 

value  

(29 mg/kg) 

Miss (%)  

 
 

      1 2 3 

           

Overall       55 6 36 3  

           

Channel 

(<0.063 mm) 

Romania Danube 232,193 2009 12 100     

Romania Aries 3,005 2004 17 29 18 53   

Romania Aries 3,005 2002 20 35 5 60   

Romania Mures 30,332 2002 15 67  33   

Bulgaria Danube 47,413 2004 22 95   5  

Bulgaria Maritsa 35,086 2005 29 45 10 38 7  

Bulgaria Arda 5,213 2005 19 11 11 74 5  

Bulgaria Iskur 8,646 2004 12 58  42   

Bulgaria Timok 4,626 2004 1  100    

Bulgaria Ogosta 3,157 2004 12 95  
 5  

 452 

Table S11. As Ground-truthing of model outputs (21, 32, 51-53, 56-58, 73)  453 

 454 

 455 
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 Country 
95th percentile  

(1000s of people) 

50th percentile  (1000s 

of people) 

5th percentile  

(1000s of people) 

GLOBAL  39325 23478 4527 

Asia  25300 14527 2661 

 China 16959 9742 1950 

 Japan 1848 884 20 

 India 1431 593 30 

 South Korea 1204 794 300 

 Philippines 918 791 101 

 Thailand 586 355 18 

 Malaysia 358 298 70 

 Uzbekistan 336 82 3 

 Indonesia 258 121 0 

 Turkey 213 141 25 

 Laos 187 107 5 

 Tajikistan 151 105 16 

 Vietnam 149 60 2 

 North Korea 148 136 9 

 Taiwan 143 143 78 

 Myanmar 115 69 11 

 Iran 112 40 7 

 Kyrgyzstan 48 12 0 

 Armenia 40 11 2 

 Cambodia 36 11 0 

 Kazakhstan 30 19 11 

 Pakistan 8 3 1 

 Jordan 6 4 0 

 Azerbaijan 5 3 0 

 Palestine 4 0 0 

 Georgia 3 3 0 

 Israel 1 0 0 

 Mongolia 1 0 0 

 Afghanistan 0 0 0 

 Oman 0 0 0 

N. America  6043 4088 942 
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 Country 
95th percentile  

(1000s of people) 

50th percentile  (1000s 

of people) 

5th percentile  

(1000s of people) 

  
United States (south of 

60o N) 
4444 3172 793 

 Mexico 846 461 80 

 Canada (south of 60o N) 279 188 58 

 Honduras 184 90 2 

 Dominican Republic 81 58 4 

 El Salvador 60 33 0 

 Guatemala 48 30 2 

 Nicaragua 43 29 2 

 Panama 32 14 1 

 Haiti 17 7 0 

 Cuba 7 3 0 

 Costa Rica 2 2 0 

 Puerto Rico 0 0 0 

S. America  2288 1527 306 

 Brazil 916 674 105 

 Colombia 415 177 16 

 Peru 267 185 66 

 Chile 257 230 75 

 Bolivia 208 159 36 

 Ecuador 117 44 1 

 Argentina 63 28 4 

 Venezuela 27 17 2 

 French Guiana 9 9 1 

 Guyana 7 3 0 

 Uruguay 1 1 0 

 Suriname 1 0 0 

Europe  3249 1727 423 

 Germany 765 348 76 

 United Kingdom 557 312 53 

 Spain 327 282 57 

 France 281 100 36 

 Poland 238 58 18 

 Belgium 183 127 27 
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 Country 
95th percentile  

(1000s of people) 

50th percentile  (1000s 

of people) 

5th percentile  

(1000s of people) 

 Russia (south of 60o N) 130 83 24 

 Bulgaria 128 60 23 

 Italy 107 84 20 

 Slovakia 84 16 1 

 Serbia 70 31 19 

 Romania 64 28 1 

 Austria 59 29 18 

 Ireland 51 34 13 

 Portugal 51 42 0 

 Czech Republic 34 14 1 

 Ukraine 31 24 21 

 Albania 25 24 4 

 Hungary 10 0 0 

 Bosnia and Herzegovina 10 5 2 

 Croatia 9 8 7 

 Macedonia 9 3 1 

 Greece 5 1 1 

 Montenegro 0 0 0 

 Kosovo 17 10 3 

 Northern Cyprus 4 2 0 

Oceania  532 421 69 

 Australia 505 408 68 

 Papua New Guinea 18 8 1 

 New Zealand 9 6 0 

Africa  1913 1188 126 

 Democratic Republic of 

the Congo 
238 168 17 

 Algeria 224 89 12 

 Rwanda 222 170 6 

 South Africa 195 138 24 

 Ghana 157 91 3 

 Burkina Faso 131 70 4 

 Morocco 106 52 25 

 Zambia 99 89 3 
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 Country 
95th percentile  

(1000s of people) 

50th percentile  (1000s 

of people) 

5th percentile  

(1000s of people) 

 Uganda 85 57 7 

 Zimbabwe 79 55 8 

 Tanzania 77 48 7 

 Tunisia 43 41 4 

 Côte d'Ivoire 42 21 3 

 Mali 33 17 2 

 Guinea 30 17 1 

 Nigeria 23 7 0 

 Burundi 20 0 0 

 Ethiopia 18 9 0 

 Eritrea 11 4 0 

 Liberia 11 9 0 

 Niger 11 4 0 

 Gabon 11 4 0 

 Sudan 9 8 0 

 Sierra Leone 8 3 0 

 Senegal 8 5 0 

 Swaziland 8 4 0 

 Kenya 6 3 0 

 Mozambique 5 2 0 

 Botswana 3 2 0 

 Angola 0 0 0 

 Namibia 0 0 0 

 Republic of Congo 0 0 0 

 Malawi 0 0 0 

 Mauritania 0 0 0 

 

Table S12: Impact of metal mining: Populations in contaminated floodplains.  Areas of contaminated floodplains 

from active and inactive mines were estimated by the WAPHA model (95th, 50th and 5th percentile confidence 

intervals) and overlaid with GPWv4 gridded population to estimate population living in contaminated floodplains to 460 

the nearest 1000 people.  Countries are listed by continent in descending order of populations affected with 

continental total rows shaded grey. Excludes territories with no floodplains mapped by GFPLAIN250.  
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Rank Country Continent 
95th percentile 

(1000s of people) 

50th percentile  

(1000s of people) 

5th percentile  

(1000s of 

people) 

1 China Asia 16959 9742 1950 

2 United States (south of 60o N) N. America 4444 3172 793 

3 Japan Asia 1848 884 20 

4 South Korea Asia 1204 794 300 

5 Philippines Asia 918 791 101 

6 Brazil S. America 916 674 105 

7 India Asia 1431 593 30 

8 Mexico N. America 846 461 80 

9 Australia Oceania 505 408 68 

10 Thailand Asia 586 355 18 

11 Germany Europe 765 348 76 

12 United Kingdom Europe 557 312 53 

13 Malaysia Asia 358 298 70 

14 Spain Europe 327 282 57 

15 Chile S. America 257 230 75 

16 Canada (south of 60o N) N. America 279 188 58 

17 Peru S. America 267 185 66 

18 Colombia S. America 415 177 16 

19 Rwanda Africa 222 170 6 

20 Democratic Republic Congo Africa 238 168 17 

 465 

 

Table S13: Impact of metal mining: Top 20 country populations living in contaminated floodplains.  Areas of 

contaminated floodplains from active and inactive mines were estimated by the WAPHA model (95th, 50th and 5th 

percentile confidence intervals) and overlaid with GPWv4 gridded population to estimate population living in 

contaminated floodplains to the nearest 1000 people.  Countries are listed in descending order of populations 470 

affected. Excludes territories with no floodplains mapped by GFPLAIN250. Data derived from table S12. 
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 Country 
95th percentile 

(1000s of people) 

50th percentile (1000s 

of people) 

5th percentile 

(1000s of people) 

GLOBAL  20685 11394 1244 

Asia 
 

11619 5716 538 
 

China 7034 3507 323 
 

Japan 1447 541 12 
 

India 946 377 11 
 

South Korea 705 553 155 
 

Thailand 405 240 9 
 

Uzbekistan 293 71 2 
 

Malaysia 145 120 1 
 

Tajikistan 121 101 16 
 

Laos 111 74 1 
 

Iran 87 25 2 
 

Myanmar 67 23 1 
 

Philippines 65 21 0 
 

Armenia 35 6 1 
 

Vietnam 34 12 1 
 

Cambodia 31 10 0 
 

North Korea 28 12 2 
 

Kyrgyzstan 19 9 0 
 

Turkey 15 5 0 
 

Kazakhstan 10 3 0 
 

Jordan 6 4 0 
 

Pakistan 5 0 0 
 

Indonesia 4 2 0 
 

Palestine 4 0 0 
 

Georgia 1 1 0 
 

Israel 1 0 0 
 

Oman 0 0 0 
 

Mongolia 0 0 0 

Northern 

America 

 
5103 3411 467 

  United States (south of 

60o N) 

3888 2719 425 

 
Mexico 617 349 16 

 
Canada (south of 60o N) 188 114 22 
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 Country 
95th percentile 

(1000s of people) 

50th percentile (1000s 

of people) 

5th percentile 

(1000s of people) 
 

Honduras 154 83 2 
 

Dominican Republic 80 51 0 
 

El Salvador 60 32 0 
 

Nicaragua 42 27 1 
 

Guatemala 28 18 1 
 

Panama 23 5 1 
 

Haiti 16 7 0 
 

Cuba 7 3 0 

South America 
 

1571 932 113 
 

Brazil 561 316 67 
 

Colombia 359 129 5 
 

Chile 226 205 13 
 

Bolivia 185 137 12 
 

Peru 150 104 13 
 

Argentina 33 14 1 
 

Ecuador 20 6 0 
 

Venezuela 19 14 1 
 

French Guiana 9 3 1 
 

Guyana 7 3 0 
 

Uruguay 1 1 0 
 

Suriname 1 0 0 

Europe 
 

1166 624 78 
 

United Kingdom 518 293 41 
 

France 104 21 0 
 

Spain 97 92 5 
 

Germany 91 14 0 
 

Russia (south of 60o N) 85 71 18 
 

Bulgaria 60 6 0 
 

Italy 52 35 0 
 

Poland 40 25 1 
 

Portugal 33 17 0 
 

Ireland 32 17 1 
 

Austria 26 22 11 
 

Czech Republic 13 4 0 
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 Country 
95th percentile 

(1000s of people) 

50th percentile (1000s 

of people) 

5th percentile 

(1000s of people) 
 

Albania 4 4 0 
 

Hungary 4 0 0 
 

Northern Cyprus 4 2 0 
 

Serbia 2 1 0 
 

Romania 0 0 0 

Oceania 
 

517 406 38 
 

Australia 504 400 37 
 

Papua New Guinea 8 4 0 
 

New Zealand 5 2 0 

Africa 
 

709 305 11 
 

Algeria 176 63 3 
 

South Africa 129 59 0 
 

Zambia 81 14 0 
 

Democratic Republic of 

the Congo 

74 50 1 

 
Zimbabwe 37 24 5 

 
Rwanda 36 7 0 

 
Tanzania 35 21 1 

 
Burkina Faso 26 17 0 

 
Ghana 22 10 0 

 
Ethiopia 12 5 0 

 
Eritrea 10 4 0 

 
Sierra Leone 8 3 0 

 
Sudan 8 8 0 

 
Guinea 8 4 0 

 
Nigeria 7 2 0 

 
Niger 7 2 0 

 
Uganda 6 2 0 

 
Morocco 6 2 0 

 
Swaziland 5 3 0 

 
Kenya 5 2 0 

 
Gabon 5 0 0 

 
Liberia 3 2 0 

 
Mozambique 3 0 0 
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 Country 
95th percentile 

(1000s of people) 

50th percentile (1000s 

of people) 

5th percentile 

(1000s of people) 
 

Angola 0 0 0 
 

Botswana 0 0 0 
 

Namibia 0 0 0 
 

Mauritania 0 0 0 

 

Table S14: Impact of historical metal mining: Populations in floodplains contaminated by inactive mines.  Areas of 475 

contaminated floodplains from inactive mines were estimated by the WAPHA model (95th, 50th and 5th percentile 

confidence intervals) and overlaid with GPWv4 gridded population to estimate population living in contaminated 

floodplains to the nearest 1000 people.  Countries are listed by continent in descending order of populations affected 

with continental total rows shaded grey. Excludes territories with no floodplains mapped by GFPLAIN250.   
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No. of 

mines 

I  80,995 14,577 1,473 377 9,080 53,233 159,735 

A  11,871 3,240 1817 1,227 1024 3,430 22,609 

River 

length 

affected 

(km) 

I 5  49,370 11,540 3,000 600 1,160 33,340 99,010 

50 174,510 52,660 25,120 5,400 5,550 101,960 365,210 

95  208,570 68,710 42,110 9,260 8,120 119,430 456,200 

A 5 20,330 12,710 8,710 2,870 3,600 6,120 54,340 

50 23,880 29,060 35,780 11,920 9,240 4,130 114,000 

95 27,680 36,990 54,060 17,710 13,360 5,000 154,800 

Floodplain 

area 

affected 

(km2) 

I 5 5,260 2,170 840 120 80 5,110 13,590 

50 36,710 23,800 14,650 3,150 1,570 32,510 112,390 

95 57,570 40,490 31,310 7,020 3,390 47,250 187,020 

A 5 3,910 2,770 2,490 660 640 1,380 11,840 

50 6,420 14,830 18,800 7,290 3,370 1,290 51,990 

95 9,110 23,560 34,000 13,330 6,970 1,860 88,820 

100-year 

flood 

inundation 

area 

affected 

(km2) 

I 5 7,830 1,700 880 80 120 5,410 16,010 

50 58,870 18,320 15,540 2,350 1,900 40,340 137,320 

95 86,480 30,480 31,730 5,410 3,910 57,440 215,450 

A 5 3,990 2,360 2,640 540 740 1,630 11,890 

50 6,860 10,670 20,290 5,740 3,590 1,520 48,650 

95 8,860 16,260 36,300 10,830 6,710 2,240 81,200 

Irrigated 

land in 

affected 

floodplain 

(km2) 

I 5 2,670 750 3010 0 50 1,430 5,200 

50 17,640 7,300 8,760 820 1,040 8,560 44,120 

95 26,610 11,550 17,960 1,700 2,070 12,910 72,810 

A 5 1,450 670 1,620 130 290 280 4,440 

50 2,120 4,900 11,090 1,130 1,920 310 21,450 

95 3,180 8,500 19,220 1,990 4,130 440 37,460 

Population 

in affected 

floodplains 

(1000s) 

I 5 467 113 538 11 78 38 1245 

50 3411 932 5716 305 624 406 11394 

95 5103 1571 11619 709 1166 517 20685 

A 5 475 193 2123 115 345 31 3282 

50 677 595 8811 883 1103 15 12084 

95 940 717 13681 1204 2083 15 18640 

Livestock 

in affected 

floodplains 

(1000s) 

I 5 70 50 20 0 0 310 450 

50 440 710 570 190 250 1,630 3,770 

95 840 1,120 1,330 320 330 2,020 5,970 

A 5 70 110 90 20 80 50 420 

50 120 440 810 360 140 70 1,950 

95 200 830 1,630 730 250 80 3,710 

 480 

Table S15. Global assessment of hazard from metal mining contamination on river systems.  As Table 1 in article 

but including confidence intervals. Number of inactive (I) and active (A) metal mines; river length, floodplain, 100-
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year flood inundation and irrigated areas predicted to be affected by metal mining contamination with 90% 

confidence intervals; and number of livestock (cattle, goat and sheep) living on contaminated floodplains. With the 

exception of the number of mines, all figures are rounded to the nearest 10. 485 
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No. of mines I 80,995 14,577 1,473 377 9,080 53,233 159,735 

A 11,871 3,240 1,817 1,227 1,024 3,430 22,609 

River length affected 

(km) 

I 174,510 52,660 25,120 5,400 5,550 101,960 365,210 

A 23,880 29,060 35,780 11,920 9,240 4,130 114,000 

Floodplain area 

affected (km2) 

I 36,710 23,800 14,650 3,150 1,570 32,510 112,390 

A 6,420 14,830 18,800 7,290 3,370 1,290 51,990 

100-year flood 

inundation area 

affected (km2) 

I 58,870 18,320 15,540 2,350 1,900 40,340 137,320 

A 6,860 10,670 20,290 5,740 3,590 1,520 48,650 

Irrigated land in 

affected floodplain 

(km2) 

I 17,640 7,300 8,760 820 1,040 8,560 44,120 

A 2,120 4,900 11,090 1,130 1,920 310 21,450 

Population in 

affected floodplains 

(1000s) 

I 3,411 932 5,716 305 624 406 11,394 

A 677 595 8,811 883 1,103 15 12,084 

Livestock in affected 

floodplains (1000s) 

I 440 710 570 190 250 1,630 3,770 

A 120 440 810 360 140 70 1,950 

 490 

Table S16. Global assessment of hazard from metal mining contamination on river systems. Number of inactive (I) 

and active (A) metal mines; river length, floodplain, 100-year flood inundation and irrigated areas predicted to be 

affected by metal mining contamination (see table S14 for confidence intervals); with human population and number 

of livestock (cattle, goat and sheep) living on contaminated floodplains. Except for the number of mines, all figures 

are rounded to the nearest 10. 495 
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River length affected 

(km) 

1,790 2,120 390 120 850 70 5,340 

Floodplain area 

affected (km2) 

1,390 2,090 380 170 890 30 4,950 

100-year flood 

inundation area 

affected (km2) 

1,130 1,540 340 110 660 20 3,800 

Floodplain irrigated 

land affected (km2) 

30 1,190 200 130 110 0 1,660 

Population in 

affected floodplains 

9,970 195,870 93,370 8,260 15,170 150 322,790 

Livestock in affected 

floodplains 

9,820 87,110 22,530 6,610 6,570 0 132,640 

 

Table S17. Global assessment of hazard from failed mine tailings storage facilities. Modelled contamination from 

165 failed tailings storage facilities (TSF) for which runout distances were observed from the total of 257 failed TSF 500 

recorded in the WAPHA database. Predictions of contamination were derived from the WAPHA model using the 

observed runout distances. All figures are rounded to the nearest 10. 
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