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Abstract: The rising demand for critical minerals essential for modern technologies, renewable energy solutions,
and advanced electronics has intensified mining activities worldwide. While these minerals are vital for a sus-
tainable future, their extraction and processing often pose significant threats to aquatic ecosystems. Findings
indicate that mining operations result in severe water contamination through heavy metals and toxic discharge,
habitat destruction due to sedimentation and landform alterations, and disruption of hydrological cycles affect-
ing both surface and groundwater. Additionally, the biodiversity of aquatic life is at significant risk, with exam-
ples such as mercury bioaccumulation in the Amazon Basin and coral reef degradation in Indonesia. This paper
examines these impacts in detail, supported by global case studies, and explores strategies for mitigating these
effects through sustainable mining practices, advanced water treatment technologies, and robust regulatory
frameworks.

Keywords: critical minerals; mining activities; water contamination; habitat destruction; mitigation strategies;
sustainable practices

1. Introduction

Critical minerals such as lithium (Li), cobalt (Co), nickel (Ni), and rare earth elements (REE) are
indispensable for the transition to renewable energy technologies, the proliferation of electric vehicles
(EVs), and the development of advanced electronics (Haque et al., 2014; Deady, 2021; IEA 2022&2023;
Paleologos et al., 2024; Mohamed 2024a). Their unique properties make them essential for building
sustainable futures, but their extraction often comes with a significant environmental cost (Gupta and
Krishnamurthy, 2005; Benzal et al., 2020; Ji et al., 2022; Mohamed 2024b). Mining operations, partic-
ularly those targeting critical minerals, are frequently located in ecologically sensitive areas, where
the potential for adverse impacts on water bodies is high (Bredariol, 2022). For instance, critical min-
erals like Li, REEs, and copper (Cu) are highly vulnerable to water stress due to the substantial water
requirements involved in mining exploration (Figure 1, data from Bredariol, 2022).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Freshwater use to produce lithium, rare-earth minerals and copper.

Moreover, the map shown in Figure 2 (Bredariol, 2022) illustrates global water stress levels, cat-
egorized as low (<10%), low-medium (10-20%), medium-high (20-40%), high (40-80%), and ex-
tremely high (>80%), overlaid with the locations of Cu (orange circles) and Li (blue circles) mines.
Regions with the highest water stress are concentrated in the Middle East, North Africa, parts of
South Asia, and southwestern United States. Many mining operations for Cu and Li are situated in
areas of medium to extremely high-water stress, highlighting potential environmental and resource
management challenges in these regions.
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Figure 2. Location of copper and lithium mines and water stress levels, 2020 (adopted from
https://iea.imgix.net/8aa06eac-71ae-4ab0-9634-523248604704/Ch3_waterstressmap.png?auto=compress%2Cfor-
mat&fit=min&q=80&rect=0%2C0%2C3048%2C1204&w=1600&fit=crop&fm=jpg&q=70&auto=format&h=632.).

A study by Oelofse (2008) estimated that approximately 19,300 kilometers of rivers and 72,000
hectares of lakes and water reserves were negatively affected by aqueous effluents from the mining
industry. These effluents are characterized by low pH levels and elevated concentrations of reactive
and toxic metals (Ethier, 2011; Kagambeg et al., 2014; Dong et al., 2020). The cost of addressing the
resulting pollution is significant, with mitigation expenses exceeding 1.2 million USD annually at the
abandoned Equity mine site in Houston, British Columbia, Canada (Sumi et al., 2001). Furthermore,
itis projected that the site will continue generating acidic aqueous solutions for the next 150,000 years.

Aquatic ecosystems, which include both surface water sources such as rivers and lakes and
groundwater systems, are particularly vulnerable to mining activities (Daraz et al., 2023; GBC, 2023;
Otunola et al., 2024). These ecosystems not only support a wide array of biodiversity but also provide
critical resources for human communities, including drinking water, agriculture, and fisheries.

The interaction between mining processes and aquatic ecosystems is intricate and multifaceted.
Mining activities can introduce toxic substances, disrupt hydrological cycles (Marazuela et al., 2019),
destroy habitats (Liu et al., 2019; Garajardo and Reddn, 2019), and impact social well-being (Babidge,
2016, 2018; Egbue, 2012). A comparative life cycle assessment of Co, Cu, and Ni extraction processes,
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presented in Table 1 (data from Farjana et al., 2019). This table compares the environmental impacts
of producing Co, Cu, and Ni. Nickel exhibits the highest impacts in climate change (11.19 kg CO, eq.),
ozone depletion, human toxicity, particulate matter, acidification, and freshwater ecotoxicity, indi-
cating its significant environmental burden. Cobalt shows the greatest contributions to land use
(24.69 kg C deficit) and terrestrial eutrophication, while Cu generally has lower impacts across most
categories. However, Cu still poses notable risks in freshwater eutrophication and toxicity effects.
These findings underscore the need for sustainable practices in Ni and Co extraction.

Table 1. Comparative life cycle assessment results from cobalt, copper, and nickel extraction processes.

Impact category Unit Cobalt (Co) Copper (Cu) Nickel (Ni)
Climate change kg CO2eq. 10.81 5.44 11.19
Ozone depletion kg CFC-11 eq. 3.68E-07 2.68E-07 5.12E-07
Human toxicity, non-cancer effects CTUh 6.95E-07 7.79E-07 2.52E-06
Human toxicity, cancer effects CTUh 1.45E-08 2.54E-08 4.51E-08
Particulate matter kg PMzseq. 5.3E-03 0.024 0.095
Acidification mole H* eq. 0.1 0.42 1.87
Terrestrial eutrophication mole N eq. 0.52 0.26 0.38
Freshwater eutrophication kg Peq. 3.18E-05 0.01 0.014
Marine eutrophication kg N eq. 0.041 0.018 0.026
Freshwater ecotoxicity CTUe 0.52 9.25 17.52
Land use kg C deficit 24.69 4.58 6.76
Water resource depletion m? water eq. 0.057 0.032 0.053

Moreover, these impacts often extend beyond the immediate mining areas, affecting down-
stream ecosystems and communities dependent on clean and stable water sources (Lukacs and Or-
tolano, 2015; Akpan et al., 2021; Wang et al., 2021; Abiye and Ali, 2022; Jiao et al., 2023; Palmerton,
2023). Addressing these challenges is essential to ensuring that the pursuit of critical minerals does
not compromise the health of aquatic environments or the livelihoods of communities that rely on
them.

This paper explores these dynamics, shedding light on the ecological and socio-economic rami-
fications of critical mineral mining on aquatic ecosystems. It emphasizes the importance of adopting
sustainable practices, innovative technologies, and robust policy frameworks to mitigate these im-
pacts and achieve a balance between economic development and environmental conservation.

2. Methodology and Data Analysis

To gather the necessary information for analyzing previously published cases, the following
comprehensive methodology was employed. Initially, an extensive search was conducted by entering
relevant keywords and phrases into scholarly search engines, such as Google Scholar. This provided
a broad range of academic articles and papers that addressed key topics, including critical minerals,
mining activities, mitigation measures, mining waste, and innovations in wastewater treatment with
application to mining industry. After this initial search, the most pertinent results were examined
thoroughly to identify key findings. If further details were required, references and sources cited
within these articles were also reviewed to deepen the understanding of the subject matter.

Once the scholarly articles were assessed, these findings guided additional searches using non-
scholarly search engines. These alternative search engines were used to gather supplementary infor-
mation on the materials and their applications, focusing specifically on mineral mining, mining waste
innovative solutions, and advanced mitigation measures.

For the data analysis portion of the study, a grounded theory approach, known for its flexibility
and iterative nature, was employed. This approach was implemented through a series of organized
steps: (i) conducting an online search to gather data from various sources, (ii) utilizing relevant key-
words to narrow down the focus and identify pertinent studies, (iii) reviewing abstracts to quickly
assess the relevance of the articles, (iv) performing a detailed analysis of full-length papers to identify
emerging patterns in the discussions (including both agreements and disagreements) and familiariz-
ing with the key points made by the authors, and (v) identifying and clustering key themes or rela-
tionships that emerged from the literature. This iterative process allowed for a deeper understanding
of the trends and relationships in the research data.
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3. Impact on Aquatic Ecosystems
3.1. Water Contamination

Mining activities produce tailings and wastewater that can release heavy metals, acids, and other
toxic substances into water bodies (Wolkersdorfer and Mugova, 2022). For instance, producing one
tonne of REEs generates 60,000 m® of waste gas containing hydrochloric acid, 200 m? of acid-laden
wastewater, and 1-1.4 tonnes of radioactive waste (Hayes-Labruto et al., 2014). Beyond water pollu-
tion, REEs extraction, separation, and refining require substantial amounts of water, acidic sub-
stances, and electricity. As shown in Table 1 (data from Farjana et al., 2019), Ni extraction has a higher
impact than Co and Cu in categories such as acidification, freshwater eutrophication, and freshwater
ecotoxicity. However, Co extraction surpasses Ni and Cu in terms of terrestrial and marine eutroph-
ication, land use, and water resource depletion. Among the three, Cu extraction is identified as the
least environmentally damaging process.

Examples from the mining industry highlight significant environmental and social impacts. In
Chile’s Atacama Desert, Li extraction from brine pools has caused considerable depletion of the water
table, severely impacting local aquifers and reducing freshwater availability for ecosystems and
nearby communities (Egbue, 2012; Babidge, 2016, 2018; Garajardo and Reddn, 2019; Marazuela et al.,
2019; Liu et al.,, 2019; Liu and Agusdinata, 2020; Greenfield, 2022; Maxwell et al., 2022). The high-
water consumption required for Li mining has further exacerbated water scarcity in this already arid
region, endangering the survival of native plant and animal species (Romero et al., 2012; Molina
Camacho, 2016).

Similarly, Co mining in the Democratic Republic of Congo (DRC), which holds approximately
70% of the world’s Co reserves (RAID and AFREWATCH, 2024), has led to significant environmental
and health challenges. Effluent discharge from Co mines has contaminated nearby rivers with ele-
vated levels of Co, cadmium (Cd), and lead (Pb) (RAID and AFREWATCH, 2024). These pollutants
have had toxic effects on aquatic organisms, including reduced fish populations and the bioaccumu-
lation of heavy metals in the food chain. Communities reliant on these water sources for drinking
and agriculture face heightened health risks (Banza et al., 2009; Elenge and De Brouwer, 2011; Cheyns
et al., 2014; Pourret et al., 2016; WHO, 2017; Nkulu et al., 2018; Smolders et al., 2019; Lindberg and
Anderson, 2020; Muimba-Kankolongo et al., 2021; Sanderson and Hume, 2022).

For instance, a study by Brown et al. (2022) assessed the impact of Co mining activities on land
cover in Kolwezi, DR Congo (DRC), and its surrounding mining areas. Between 2009 and 2021, land
cover change showed significant increases of 147.2% for rooftops (e.g., metal, clay, and concrete ma-
terials), 104.7% for impervious surfaces (e.g., asphalt and low-albedo surfaces), 85.4% for bare land
(e.g., dirt tracks, construction sites, sediment deposits, and bare soil), and 56.2% for exposed rock
(e.g., mine pits, rock piles, tailings, and smelt waste). Conversely, decreases were observed in trees (-
4.5%), shrubs (-38.4%), grass and cultivated lands (-27.1%), and water resources (-34.6%) such as riv-
ers, lakes, ponds, and streams.

To further evaluate these impacts (human health and environment), RAID and AFREWATCH
(2024) conducted extensive fieldwork, visiting 25 villages and towns and collecting testimonies from
144 individuals living near five of the world’s largest Co and Cu mines in the DRC between July 2022
and February 2024 (Figure 3). Results shown in Figure 3 highlight several significant impacts on the
well-being and livelihoods of a community, illustrating how intertwined environmental, economic,
and health challenges are. Firstly, a drastic decrease in agricultural productivity was reported by 99%
of respondents, indicating the profound effect of environmental degradation, changing climatic con-
ditions, or resource depletion on farming activities. Agriculture is likely a key source of income and
food security for this community, and a decline in productivity would have cascading effects on live-
lihoods, exacerbating food insecurity and economic vulnerability.
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Figure 3. % of total interviewees who reported several Human health and environmental issues.

Additionally, healthcare affordability has become a pressing concern, with 75% of respondents
indicating that they can no longer afford necessary medical care. This is closely tied to income loss,
as reported by 60% of interviewees, which reflects broader economic challenges such as unemploy-
ment, reduced earnings from agriculture, or inflation. The inability to afford healthcare not only
worsens the immediate health outcomes of individuals but also increases long-term vulnerability to
diseases. Health concerns are further exacerbated by the rise in skin diseases, as 72% of respondents
have experienced these issues. This could result from environmental pollution, contaminated water
sources, or hazardous working conditions. The increasing prevalence of such illnesses highlights the
link between environmental degradation and public health.

Food insecurity is also a growing issue, as 59% of respondents reported being forced to reduce
the number of meals per day. This is likely a direct consequence of reduced agricultural productivity
and income loss. Insufficient access to food affects the community’s overall nutritional health, partic-
ularly for vulnerable groups such as children and women. The figure also highlights a negative im-
pact on children’s health, reported by 56% of respondents. Poor nutrition, limited access to
healthcare, and environmental factors likely contribute to these adverse outcomes, jeopardizing the
long-term development and well-being of children. Similarly, women'’s gynecological and reproduc-
tive health has been negatively affected, as noted by 56% of participants. This could stem from limited
access to healthcare, malnutrition, or exposure to harmful environmental pollutants, underscoring
the disproportionate burden on women in the community.

In conclusion, this figure paints a sobering picture of the interconnected challenges faced by the
community. Environmental degradation, economic instability, and inadequate access to healthcare
collectively impact agriculture, food security, and public health. Vulnerable groups such as women
and children are particularly affected, highlighting the urgent need for integrated interventions to
address these multifaceted issues.

3.2. Habitat Destruction

Mining operations often require the clearing of vegetation and the alteration of landforms, which
can destroy aquatic habitats. For instance, a study by Farjana et al. (2019) (Table 1) revealed that the
land use associated with the extraction of Co, Cu, and Ni contributes to a land carbon deficit of 24.69
kg, 4.58 kg, and 6.76 kg, respectively. This indicates that Co extraction has a higher environmental
impact than Ni and Cu. Additionally, water acidity increases in the order of Co (0.1 mole H* eq.), Cu
(0.42 mole H* eq.), and Ni (1.87 mole H* eq.), while terrestrial eutrophication decreases in the order
of CO (0.52 mole N eq.), Ni (0.38 mole N eq.), and Cu (0.26 mole N eq.). Sedimentation caused by
mining runoff can further smother aquatic plants, disrupt habitats for fish and invertebrates, and
degrade water quality.

Nickel mining in Indonesia exemplifies the severe environmental consequences of extractive in-
dustries. According to Nasution et al. (2024), the rapid expansion of Ni production in Indonesia has
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resulted in deforestation, habitat degradation, air and water contamination, and significant risks to
human health and the environment. Coastal ecosystems have been particularly affected, with waste
discharge into the ocean causing impacts up to 20 kilometers from mining sites. These impacts in-
clude seawater discoloration, high fish mortality, elevated concentrations of heavy metals, and the
emergence of arsenic bacteria previously absent in these environments (Syarifuddin, 2022). Open-pit
mining in Sulawesi has contributed to extensive sedimentation in rivers and coastal waters, degrad-
ing coral reefs vital for marine biodiversity and local fisheries. Increased sediment loads have reduced
sunlight penetration, impairing coral growth and damaging spawning grounds for numerous fish
species (Hartono et al., 2017; Bidul and Zaid, 2024; Syarifuddin, 2022). Furthermore, Ni mining has
exacerbated erosion rates at river estuaries, damaged local infrastructure, and degraded soil fertility
through reduced pH, organic carbon content, phosphorus, and nitrogen levels (Prematuri et al., 2020;
Mustafa et al., 2022; Wahanisa and Adiyatma, 2021).

Similarly, Cu mining in Zambia’s Copperbelt region highlights the environmental and health
challenges posed by mining activities. While ores are mined primarily for Cu and Co, trace elements
such as Pb, As, Cd, Hg, and Zn accumulate in soils and stream sediments (Kribe et al., 2023). Issues
associated with mining and processing include soil and crop contamination from dust fallout and
smelter emissions, which release 300,000 to 700,000 tons of pollutants annually (Muma et al., 2020).
Surface soils near chemical leaching plants have been found to contain high concentrations of Co
(2483 mg/kg), Ni (321 mg/kg), Cu (22.6 mg/kg), Zn (637 mg/kg), and sulfur (38.1 wt.% Stot) (Kribek
et al., 2010). Heavy metals also accumulate in crops, with leafy vegetables exhibiting higher concen-
trations than tubers or bulbs (Kribek and Nyambe, 2010). Additionally, leaks from tailing dams pose
a significant threat to aquatic ecosystems. For instance, water collected from the Bwana Mkubwa
Waste Pond in 2009 was highly acidic (pH 4.10), exhibited high electrical conductivity (5580 uS/m),
and contained an average sulfate concentration of 7378 mg/L (Kribek et al., 2010; Kribek and Nyambe,
2007). Insufficient technological controls for tailing dam stability and failures in slurry pipeline sys-
tems further exacerbate pollution, leading to heavy metal deposition in stream sediments and con-
tamination of water resources (Kribek and Nyambe, 2005).

3.3. Alteration of Hydrological Cycles

Water-intensive mining processes can significantly disrupt local hydrological cycles, affecting
both groundwater recharge and surface water flows. For example, a study by Farjana et al. (2019)
(Table 1) reported that the water usage for extracting Co, Ni, and Cu follows a decreasing order of
0.057 m?3, 0.053 m?, and 0.032 m® water equivalents, respectively, indicating that Co extraction has a
higher water footprint than Ni and Cu. Such disruptions reduce water availability for ecosystems
and human communities, causing widespread environmental and social impacts.

Rare Earth Element (REE) mining in China provides a striking example of these consequences.
Excessive water withdrawal for REE extraction has altered river flows, leading to localized droughts
that harm aquatic ecosystems. Altered flow regimes disrupt fish migration patterns and shrink wet-
land areas critical for biodiversity. China, which holds 39% of the global REE reserves, produces ap-
proximately 100 kilotons annually, accounting for 90% of global production as of 2010 (Trapasso et
al., 2021). Since the 1960s, REEs, along with iron (Fe) and niobium (Nb), have been extracted from the
Bayan Obo industrial mining site in Mongolia, China, resulting in large volumes of tailings contain-
ing REEs and radioactive elements. The production of just one tonne of REEs generates 60,000 m? of
waste gas containing hydrochloric acid, 200 m? of acidic sewage water, and 1-1.4 tonnes of radioac-
tive waste (Hayes-Labruto et al., 2014). Separation and refining processes further exacerbate the issue
by consuming significant amounts of water, acidic substances, and electricity. The pond leaching
process, for instance, destroys 200 m? of surface vegetation, requires the removal of 300 m?® of topsoil,
and produces 2,000 m? of waste tailings per tonne of Rare Earth Ores (China Water Risk, 2016).

The environmental impacts of REE mining are starkly visible in Longnan County, where 17.7
km? of forest —accounting for 20% of the county’s total deforestation —has been destroyed due to REE
extraction (China Water Risk, 2016). This pollution significantly affects the Yellow River watershed,
which provides drinking water, irrigation, and fishing resources to nearly 200 million people. The
region’s soils and watersheds have been contaminated with heavy metals, fluorine (F), and As, neg-
atively affecting local ecosystems and inhabitants. REEs have been detected in various aquatic envi-
ronments, including rivers, estuaries, and oceans (Négrel et al., 2000; Akagi, 2017; Trifuoggi et al.,
2018). In marine environments, REEs bioaccumulate in organisms and may be transferred through
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the trophic web, potentially leading to biomagnification or bio-dilution at higher trophic levels
(Souza et al., 2021).

A study by Traore (2023) reviewed the content and distribution of REEs in Chinese rivers and
lakes. It noted that in river water, the sequence of REEs concentrations in decreasing order was Ce >
La>Nd > Pr>Sm > Gd > Dy > Er > Yb > Eu > Lu > Ho > Tb > Tm. Mean REE concentrations in the
Pearl and Jiulong rivers were 229.6 mg/kg and 266.86 mg/kg, respectively, exceeding the national
river average of 174.8 mg/kg. The Liaohe River recorded concentrations ranging from 106.61 to 174.71
g/L, with an average of 144.59 g/L. In sediments, Ce was the most abundant element, followed by La,
Nd, and Pr, which together accounted for 85.39% of the total REE concentration. Similarly, average
sediment concentrations of REEs in Poyang and Dongting lakes were 254.0 ug/g and 197.95 ug/g,
respectively, exceeding the average upper continental crust concentration of 146.4 ug/g.

Accumulation of REEs has been documented in various organisms, such as plankton in the Med-
iterranean Sea (Strady et al., 2015), algae in China (Strady et al., 2015), bivalves in Japan and Germany
(Akagi and Edanami, 2017), fish in the United States and China (Figueiredo et al., 2018), and turtles
in Sicily (Censi et al., 2013). This demonstrates the far-reaching ecological impacts of REE mining, as
these elements permeate aquatic food chains and potentially affect biodiversity and ecosystem health
on a global scale.

Mining activities have a profound impact on the interaction between surface water and ground-
water, with an estimated 1x10° m3/day of water being pumped from mine shafts (Ashton et al., 2001).
This extensive water extraction causes significant groundwater drawdown, disrupting natural
groundwater recharge processes. In the Copperbelt region, large-scale copper mining has led to the
clearing of riparian vegetation, which alters the natural flow regimes of rivers and streams. This dis-
ruption, coupled with increased sedimentation, has negatively affected aquatic life, including fresh-
water fish species that depend on clean substrates for breeding.

According to a study by the World Bank (2016), soils in plant areas within the Copperbelt are
heavily contaminated with Pb (6.4%) and Zn (8.3%), with smaller amounts of Cd (0.0095%). The sur-
face soils across the region contain 50 times higher concentrations of Cu than subsurface samples
(Ncube et al., 2012), primarily due to plant spills, leaks, fugitive windblown dust from dumps, and
stack emissions. Furthermore, dredged sediments from mine canals contain alarmingly high levels
of Pb (30%) and Zn (25%). Atmospheric emissions from Cu smelting activities range between 300,000
and 700,000 tons per year, far exceeding the WHO limit of 125,000 tons/year, while SO, concentrations
in the air range from 500 to 1,000 pg/m?3, far surpassing Zambia’s guideline of 50 pug/m? (World Bank,
2016).

Despite the extensive mining activities in the Copperbelt, a study by Sracek et al. (2012) found
that the Kafue River’s water quality remains relatively unaffected due to the high neutralizing capac-
ity of mining wastes. This neutralization controls the precipitation of iron oxides and hydroxides and
the adsorption or co-precipitation of Cu and Co. However, the high metal content in stream sedi-
ments poses significant risks to human health and the environment, particularly during accidental
acid spikes that can remobilize heavy metals. In contrast, Kribe et al. (2023) reported high concentra-
tions of dissolved Cu (up to 14,752 ug/L) and Co (up to 1,917 ug/L) in some Kafue River tributaries
near large mining centers, exceeding Zambian effluent limits.

Data from Kribek et al. (2023) (Table 2) reveal that pH levels at the Kafue River outflow are
slightly higher, while concentrations of SO,?- and trace elements generally increase downstream from
the industrial areas of the Copperbelt. Although these concentrations remain below Zambia’'s water
effluent discharge limits, very low pH and extremely high concentrations of SO, and dissolved
heavy metals were observed in the Wusakile River, a tributary of the Kafue, in 2005. Sediments at the
Kafue River outflow show enrichment in sulfur, Co, Cu, manganese (Mn), and to a lesser extent, Pb,
Zn, As, and Hg, compared to sediments at unpolluted inflow points. Tributaries of the Kafue River
also exhibit high concentrations of As, Cu, Co, Pb, and Zn in sediments. Pettersson et al. (2000) noted
that Co and Cu were found in sediments as far as 100 and 300 km downstream of the mining area,
respectively. In polluted sediments, these metals are predominantly present as exchangeable metals
and carbonates, whereas in unpolluted sediments, they are associated with organic matter. The po-
tential for desorption or dissolution and remobilization of these metals is high under low pH condi-
tions (Yong et al., 1992; Mohamed and Antia, 1998; Sracek et al., 2011; Mohamed and Paleologos,
2018; Mulenga, 2022).
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Table 2. Quality of Kafue river water and sediment during years 2008 and 2009.
Kafue River Tributaries of the Kafue River
Mushishima River Wousakile River
Water Sediment Water Water Sediment
Parameter/ Inflow Outflow Inflow Outflow
Element  (ugl)  (ugll)  (mgks)  (mgkg ovkeb) Inflowlugl)
pH 6.6 6.8 ND ND 2.04
SOs 1.02 79.5 ND ND 1396 mg/L
Al 45 20.5 ND ND 2115 ug/L
As <05 0.8 0.36 3.77 30.9 mg/kg
Ba 15.3 37.9 ND ND
Co <0.05 33.1 18 mg/kg 540 919 909 pg/L 1060 mg/kg
Cr ND ND 64 40
Cu 35 523 161 1520 14,752 7405 pg/L 6316 mg/kg
Fe ND ND 2.27 wt.% 2.01 wt.%
Hg ND ND 0.026 0.11
Mn 125 158 117 2251
Mo <0.1 1.18 ND ND
Ni 0.11 0.82 27 23 51.5 ug/L
P 33.5 62.1 ND ND
Pb 0.11 0.25 8.5 245 161 ug/L 60 mg/kg
Se 0.05 0.91 ND ND
Stot ND ND 0.08 wt.% 0.13 wt.% 0.29 wt.%
Zn 1.7 3.7 62.5 55.5 346 ug/L 129 mg/kg

The environmental impact of producing 1 kg of neodymium (Nd), as determined using the Life
Cycle Assessment (LCA) method, was analyzed, by Zapp et al. (2022), for four process chains: mixed
bastnésite/monazite ore at Bayan Obo (Mongolia, China), bastnésite ore at Mountain Pass (San Ber-
nardino County, California, USA), monazite ore at Mount Weld (Western Australia), and eudialyte
ore at Norra Kérr (Jonkoping County, Sweden). The results, presented in Figure 4 and Table 3 (data
from Zapp et al,, 2022), are expressed in kilogram equivalents. The production of REEs involves a
series of processes, including mining, flotation, precipitation using ammonium bicarbonate, solvent
extraction, magnetic separation, roasting, leaching, precipitation with oxalic acid, and electrolysis.
Each of these processes contributes to the environmental impact parameters to varying degrees, as
shown in Table 3. The analysis highlights significant effects on global warming potential, freshwater
and marine eutrophication potentials, particulate matter formation, and acidification potential, im-
pacting both terrestrial and aquatic ecosystems.

N g [
E_‘,‘dl_a,ly.te ore at Norra Karr, Eudialyte ore at Norra Karr, Jonkoping
Jérksping County, Sweden County, Sweden r

Monazite ore at Mount Weld, Western Monazite ore at Mount Weld, Western

Australia AT -

Bastnisite ore at Mountain Pass, San Bastnisite ore at Mountain Pass, San
Bernardino County, California, USA Bernardino County, California, USA F

Mixed bastnésite/monazite ore at Mixed bastnisite/monazite ore at

Bayan Obo, Mongolia, China Bayan Obo, Mongolia, China F 1
0 20 40 60 80 100 120 140 0.01 01 1
GWP (kg CO2 eq.) AP (kg SO2 eq.) u PM (kg PM10 eq.)
M EP marine (kg Negq.) B FP Freshwater (kg P eq.)

Figure 4. Environmental impacts of four process chains (based on eudialyte at Norra Karr, monazite at Mount
Weld, bastnasite at Mountain Pass, and the mixed bastnésite/monazite ore at Bayan Obo in kg equivalents for
production of of 1 kg neodymium.
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Table 3. Major process contributions to the environmental impact parameters.
Major process contribution in decreasing order
Process Chain GWP FP Freshwater EP marine PM AP
(kg CO2eq.) (kg Peq.) (kg N eq.) (kg PMweq.) (kgSO:eq.)
Mixed bastnasﬁe/mon.amte (?re at Bayan Obo, 954535856 95458 3 153 6585459
Mongolia, China
Bastnasite ore at Mountain Pass, San Bernardino 45952 954 459 153 15459

County, California, USA
Monazite ore at Mount Weld, Western Australia 4>8>6>9 9>8>4 8>4 1>4>2>6 6>4>8>9
Eudialyte ore at Norra Kérr, Jonképing County, 4565857 259 458 153 6545152
Sweden
Number identification of processes used: 1 for Mining; 2 for flotation; 3 for ammonium bicarbonate precipitation; 4 for solvent
extraction; 5 for magnetic separation; 6 for roasting; 7 for leaching; 8 for precipitation with oxalic acid; and 9 for electrolysis
GWP (kg CO2 eq.) for global warming potential; EP freshwater (kg P eq.) for eutrophication potential; EP marine (kg N eq.) for

eutrophication potential; PM (kg PMuo eq.) for particulate matter; and AP (kg SOz eq.) for acidification potential

3.4. Biodiversity Loss

Biodiversity loss due to pollutants and habitat alterations is a critical environmental issue, par-
ticularly in aquatic ecosystems (Table 1). The disruption of habitats, combined with the presence of
pollutants, leads to a decline in species populations, including those that are endemic or critically
endangered. These impacts can have profound and long-lasting effects, resulting in significant eco-
logical imbalances.

One of the major contributors to biodiversity loss in the Amazon Basin is gold mining, particu-
larly artisanal and small-scale gold mining (ASGM). This activity relies heavily on Hg for extracting
gold from ore, releasing between 410 and 1400 tonnes of Hg annually, accounting for 37% of global
Hg emissions (Seccatore et al., 2014; Esdaile and Chalker, 2018). Hg poisoning poses serious health
risks to ASGM communities, as it can be absorbed through the lungs and transported to other organs
(Tchounwou et al., 2003; Park and Zheng, 2012; Steckling et al., 2017). In addition to Hg contamina-
tion, ASGM leads to widespread deforestation. For instance, between 2006 and 2009, approximately
20 km? of Amazon forest was cleared annually in Peru for mining activities (Swenson et al., 2011).

Mercury released into the environment is highly toxic to living organisms. Once it enters water
bodies, it accumulates in sediments and the water column, exposing aquatic species to contamination
through ingestion of tainted food or water. This leads to bioaccumulation and biomagnification,
where Hg concentrations increase as it moves up the food chain (Paddock, 2017; Reichelt-Brushett et
al., 204). Fish, particularly top predators, suffer from Hg-related health issues, including reproductive
failures, deformities, and mortality, threatening their survival. Mercury also bioaccumulates in
aquatic and terrestrial plants, further amplifying its ecological impact (Zillioux et al., 1993; Wolfe et
al., 1998; Scheuhammer et al., 2015). Phytoremediation has been proposed as a potential strategy for
addressing Hg contamination in ASGM areas.

Endangered species in the Amazon Basin face heightened risks due to Hg pollution. The Ama-
zon river dolphin and several fish species endemic to the basin are particularly vulnerable due to
their restricted habitats and specialized ecological niches. Mercury contamination leads to population
declines, jeopardizing their survival and the overall ecological balance of the region.

The health risks of Hg contamination extend to indigenous communities in the Amazon Basin,
who rely on the river for food and drinking water. These communities face direct exposure to Hg
through fish consumption, water use, and even skin contact. As Hg accumulates in the food chain,
individuals consuming fish as a primary protein source experience elevated Hg levels in their bodies.
This exposure results in severe health issues, including neurological damage, kidney failure, and de-
velopmental disorders in children ((Tchounwou et al., 2003; Bose-O'Reilly et al., 2008; Park and
Zheng, 2012; Gibb and O’Leary, 2014; Esdaile and Chalker, 2018). The contamination also threatens
traditional livelihoods, as fishing is not only a source of sustenance but also a vital aspect of cultural
identity for many indigenous groups.

Mercury contamination and declining fish populations disrupt broader ecosystem dynamics,
leading to food chain imbalances. The decline in fish affects predators such as birds and aquatic mam-
mals, further amplifying biodiversity loss. Additionally, the disruption of aquatic ecosystems impairs
critical ecosystem services, such as water purification, carbon sequestration, and local climate
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regulation. In a biodiversity-rich region like the Amazon, such disruptions have cascading effects on
both local and global environmental health.

In summary, Hg contamination from gold mining in the Amazon Basin poses a grave threat to
aquatic biodiversity, fish populations, and the health of indigenous communities. It exacerbates bio-
diversity loss, undermines ecosystem functions, and endangers traditional livelihoods, highlighting
the urgent need for effective interventions to mitigate these impacts and protect the region’s unique
ecosystems.

4. Mitigation Strategies

Figure 5 presents an overview of mitigation measures for critical minerals mining, categorizing
them into four key areas: advanced treatment technologies, sustainable mining practices, policy and
regulations, and community engagement and indigenous rights. Each category highlights specific
approaches aimed at minimizing environmental and social impacts while ensuring sustainable re-
source extraction.

Advanced treatment technologies focus on reducing water contamination and improving waste
management through methods like reverse osmosis, constructed wetlands, ion exchange, flotation,

bioremediation, and electro-coagulation.

Sustainable mining practices emphasize environmentally responsible extraction methods, such as
dry-stack tailings, closed-loop water recycling, revegetation, underground mining, carbon capture,

and alternative energy sources.

Policy and regulations outline the institutional and regulatory frameworks that govern mining
activities. This includes professional associations, expert panels, civil society involvement, standard-
setting organizations, intergovernmental agreements, and economic interventions like zero-

discharge policies, penalties, incentives, and reclamation strategies.

Community engagement and indigenous rights recognize the importance of Indigenous knowledge,
free, prior, and informed consent, collaborative resource management, and social development to

ensure fair and sustainable mining practices.

A detailed discussion of these mitigation measures is provided in the following sections, explor-
ing their implementation and effectiveness in addressing the challenges associated with critical min-
erals mining.

Mitigation Measures for
~ Critical Minerals Mining
{ v ) )
Advanced Sustainable Policy & Community
Treatment Mining Practices Regulations Engagement &
Technologies Indigenous Rights
e el
O Reverse Osmosis O Dry-Stack Tailings O Dimensions (Professional QO Indigenous
(RO) A Closed-Loop Water Associations; Expert Panel; Civil Knowledge
0 Constructed Recycling Society; Standard-Setting Q Free, Prior, &
Wetlands O Environmental Organizations; Commodity- Informed Consent

O Ion exchange (IX) Impact Assessments Specific; Finance Sector; Q Collaborative

doi:10.20944/preprints202501.237

Flotation & O Revegetation & Intergovernmental agreements; Resource
Coagulation / Habitat Restoration States) Management
Flocculation O Underground Interventions (Zero-Discharge; Q Social Development &

Bioremediation

Electro-coagulation

Mining

QO Carbon Capture &

Offsetting

O Alternative Energy

Penalties; Green Technologies;
Reclamation & Rehabilitation;

Taxes & Incentives; Certification)

Infrastructure

Figure 5. Mitigation measures for critical minerals mining.
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4.1. Advanced Water Treatment Technologies

Implementing advanced water treatment systems in mining operations is critical to reducing the
environmental impact of contaminants in mining effluents. These technologies are specifically de-
signed to treat water polluted with toxic substances, heavy metals, sediments, and other pollutants,
ensuring that the water meets environmental standards before being released into natural water bod-
ies. Such systems are vital for protecting aquatic ecosystems, preventing soil degradation, and safe-
guarding human health.

Among the key advanced water treatment technologies, reverse osmosis (RO) systems play a
significant role. RO uses a semi-permeable membrane to remove contaminants from water by apply-
ing pressure, forcing water through the membrane while leaving behind contaminants like salts, met-
als, and minerals. This technique is especially effective for treating water contaminated with heavy
metals such as As, Cd, and Pb, as well as high salinity levels (Adeola and Forbes, 2020; Simdes et al.,
2020). RO has been widely employed in coal mining and gold extraction processes to clean effluents
before discharge into the environment. For instance, in Chile, RO is utilized to treat recyclable water
in the Cu industry (Bosse et al., 2007). However, the effectiveness of RO systems depends on the scale
of the mining operation and the concentration of pollutants in the effluents.

A study by Pervov et al. (2023) explored a new RO system designed to reduce the flow of RO
concentrate and dewatered sludge, increase heavy metal recovery, and mitigate high operational
costs. The system, which uses nanofiltration membranes, achieved a total dissolved solids (TDS)
value of 110-120 g per liter. Despite its benefits, RO is considered an expensive water treatment tech-
nique, with costs ranging from €0.76 to €2.12 per cubic meter per year. This high cost is largely due
to its significant energy consumption and the scaling of nano-filters, which decreases performance
over time. While RO provides a highly effective solution for treating contaminated water, the opera-
tional costs and potential performance challenges need to be carefully managed (Fatta and Kythre-
otou, 2005; Vigneswaran et al., 2007; Adeola and Forbes, 2020; Ezugbe and Rathilal, 2020).

Constructed wetlands are an effective water treatment technique that utilizes natural processes
to treat wastewater, mimicking the filtration and purification functions of natural wetlands. These
wetlands rely on plants, microorganisms, and soil to work in synergy to remove contaminants, in-
cluding suspended solids, heavy metals, and nutrients (Rao and Finch, 1989; Kilborn Inc, 1999; Rodg-
ers and Castle, 2008; Skrzypiec et al., 2017; Pat-Espadas et al., 2018; Opitz et al., 2021). The system is
particularly suitable for treating mining effluents, which often contain sediments, nutrients, and
heavy metals. Constructed wetlands have been applied in various mining sectors, including coal
mining, bauxite mining, and gold mining, where they treat runoff water from mining sites (Lorion,
2001; Shardendu et al., 2003; Shrestha, 2008). In fact, Regulation Number 5 of 2022 by the Ministry of
the Environment in Indonesia specifically addresses wastewater treatment for mining activities using
constructed wetlands (Agincourt Resources, 2023).

An example of constructed wetlands in mining can be seen in Australia, where the Sibelco min-
ing company employs this technique to treat water from its operations. These wetlands effectively
remove contaminants such as Fe, Al, and suspended solids before the treated water is safely returned
to local waterways (SIBELCO, 2013). Moreover, the combination of constructed wetlands with other
treatment systems, such as adsorption, has proven successful in removing heavy metals. For instance,
a study by Nguyen et al. (2019) achieved removal efficiencies of 80.3% for As, 96.9% for Mn, 79.6% for
Cd, 52.9% for Zn, and 38.7% for Pb from a Pb—Zn mine in northern Vietnam, with a consistent flow rate
of 5 m®/day after four months of treatment. Similarly, in the Katanga region of the Democratic Republic
of Congo, mining liquid waste from copper ore flotation was treated using biological techniques in
combination with constructed wetlands. The wetlands were used as a polishing stage after the removal
of pollutants in a tailings pond converted into a bioreactor (Shengo and Mutiti, 2016).

Ion exchange (IX) systems are a highly effective water treatment method that involves replacing
undesirable ions, such as heavy metals or minerals, in contaminated water with harmless or beneficial
ions using a resin or other materials (Jasim and Ajjam, S.K., 2024). This process is particularly useful
for removing specific contaminants like Cu, Zn, As, and ammonia (NHs). Ion exchange systems are
especially beneficial in mining applications, as they can effectively treat mining effluents containing
toxic heavy metals and recover valuable metals from wastewater, allowing for their reuse in the min-
ing process. This makes ion exchange a crucial technology in industries such as uranium mining and
precious metal recovery (Lanxess, 2025).
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An example of IX technology in action can be seen at the Los Pelambres Mine in Chile, one of
the largest copper mines in the world. Here, IX systems are used to treat water contaminated with
Cu and other metals, ensuring that the effluent meets environmental standards before being dis-
charged into local rivers (Sole et al., 2016). This application of IX not only reduces environmental
impact but also helps manage valuable resources in the mining process, contributing to both sustain-
ability and efficiency in the industry.

Flotation and coagulation/flocculation are widely used water treatment techniques in the mining
industry. Flotation systems work by using bubbles to attach to fine particles, such as tailings or sedi-
ments, causing them to rise to the surface and form a froth that can be easily skimmed off. Coagula-
tion and flocculation involve the addition of chemicals that cause particles to clump together, making
them easier to remove from the water. These methods are particularly effective for treating
wastewater containing suspended solids, tailings, and fine particles generated during mining activi-
ties (Dibrov et al., 1998; Anastassakis et al., 2004; Rubio et al., 2007; Tasdemir and Bagaran, 2020).

In mining applications, flotation and coagulation/flocculation are often used to treat wastewater
that results from the extraction and beneficiation of ores. For instance, during the production of base
metals, such as Cu, Ni, Pb, Zn, titanium (Ti), and Al a significant amount of water is consumed in
the flotation treatment process, with varying water usage per tonne of ore. Specifically, the water
consumption for Cu, Ni, Pb, Zn, Ti, and Al production ranges from 0.3 to 7.8 m3/tonne, depending
on the metal (Lutandula and Mpanga, 2021). These methods are frequently used in combination with
other treatment systems to further enhance the removal of pollutants from mining effluents. For ex-
ample, Sudilovskiy et al. (2008) demonstrated that combining conventional flotation with reverse os-
mosis (RO) filtration provides a cost-effective method for removing Cu from wastewater. This com-
bination allows for more efficient treatment, ensuring that the water released back into the environ-
ment meets regulatory standards and minimizing the environmental impact of mining activities.

Bioremediation is an effective water treatment method that utilizes microorganisms, such as
bacteria, fungi, and algae, to degrade or detoxify pollutants in contaminated water. These microor-
ganisms can break down a wide range of pollutants, including organic compounds, heavy metals,
and cyanide (CN-), which are often used in mining processes. The use of bioremediation in mining is
becoming increasingly popular, especially for treating effluents contaminated with CN- from gold
extraction and various organic compounds (Potvin, 2004; Alkherraz et al., 2020; Oyewumi Tolulope
et al., 2020; Anandkumar et al., 2022; Wrébel et al., 2023).

In the mining industry, bioremediation is particularly valuable for treating leachate from tailings
storage facilities and CN--affected water in gold mining. The ability of microorganisms to break down
these hazardous substances makes bioremediation a cost-effective and environmentally friendly so-
lution for mitigating the impacts of mining activities on surrounding ecosystems. Studies have shown
that bioremediation can effectively reduce the concentrations of toxic compounds in wastewater, of-
fering a sustainable approach to managing mining effluents and protecting water quality.

Electrocoagulation is a treatment method in which an electric current is passed through contam-
inated water, causing the coagulation of pollutants such as suspended solids, oils, and heavy metals.
This process leads to the aggregation of the contaminants, which can then be removed as sludge
(Walsh and Reade, 1994; Day and Howe, 2003; Schelesinger and Paunovic, 2006; Brahmi et al., 2019;
Murillo Costa et al., 2021; Alam et al., 2022).

In the mining industry, electrocoagulation is particularly effective for removing heavy metals,
oils, and suspended particles from mining effluents. It is commonly employed in metal mining oper-
ations and tailings management (Solis-Marcial et al., 2024). For example, a study by Solis-Marcial et
al. (2024) conducted on water samples from a mining unit in central Mexico with an initial Cu con-
centration of 150 ppm demonstrated that electrocoagulation effectively eliminated undesirable ions
and organic compounds from mining-metallurgical process water. After treatment, the residual Cu
concentrations were reduced by 43% and 3% for charge densities of 104 and 204 A/m?, respectively.
Additionally, the formation of crystals containing Zn, Pb, Fe, Ca, and sulfur was observed, which
could decrease the efficiency of the flotation process. Interestingly, using flotation after electrocoag-
ulation enhanced the recovery of silver (Ag), gold (Au), and Zn by 1.5%, 2.0%, and 30%, respectively,
compared to untreated water. This suggests that electrocoagulation has a positive effect on metal
recovery through flotation. However, no substantial change in the recovery of lead was observed.
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A summary of the advantages and disadvantages of these wastewater treatment methods is
shown in Table 4. This table provides a comparative look at the effectiveness, sustainability, and lim-
itations of each method in the context of the mining industry.

Table 4. Advantages and disadvantages of the wastewater treatment methods with respect to the mining indus-

try.
Treatment Method Advantages Disadvantages
. High operational costs due to ener
. Highly effective at removing heavy metals 81 op 8y
and salts consumption
Reverse Osmosis (RO) . . . Requires frequent maintenance and re-
. Can treat a wide range of contaminants
placement of membranes
. Useful for water reuse - . .
. Inefficient for high contaminant loads
. Low operational costs . Requires large land area
. Sustainable and eco-friendl . Limited by climatic conditions
Constructed Wetlands . y y
. Can treat a variety of pollutants . Slower treatment process compared to
. Good for treating runoff other methods
. Effective for removing specific contami- Expensive setup and maintenance
nants like heavy metals . Not effective for high volumes of
Ion Exchange (IX) Y &
. Can recover valuable metals wastewater
. Regenerable resins . May require chemical regeneration
. Limited to certain types of contami-
. Effective for removing suspended solids  nants (mainly solids)
Flotation & and tailings . Chemicals required for coagulation can
Coagulation/Flocculation . Can be combined with other methods be expensive
. Economical in certain cases . Inefficient for high-concentration con-
taminants
. Eco-friendly and sustainable . Slow process
. Effective for degrading o ic pollutants ¢ Limited to specific types of pollutants
Bioremediation ‘ grading organic pollutan imi pecific types of pollutan
and cyanide . Not as effective for non-biodegradable
. Low energy requirement contaminants
. . . . High energy consumption
. Effective for removing oils, heavy metals, & &Y P .
. . Generates sludge that requires further
. and suspended solids .
Electrocoagulation . disposal
. Enhances flotation recovery
. . May form crystals that affect other pro-
. Can treat various pollutants cesses

Advanced water treatment technologies offer several key benefits for mining operations. One of

doi:10.20944/preprints202501.2379.v1

the primary advantages is the reduction of pollutants. These systems can remove a wide range of
contaminants, including heavy metals like As, Cd, and Hg, chemicals, and suspended solids, ensur-
ing that water discharged into the environment does not harm aquatic ecosystems. Additionally,
these systems help mining companies comply with national and international environmental regula-
tions, reducing the risk of costly fines and enhancing their corporate reputation. Another benefit is
the potential for water reuse and recycling. Technologies such as reverse osmosis and ion exchange
allow treated water to be reused in the mining process, which helps reduce overall water consump-
tion and minimizes reliance on external water sources. Moreover, the proper treatment of mining
effluents helps protect local ecosystems, ensuring the health of aquatic and terrestrial wildlife that
depend on water for survival.

However, there are challenges associated with implementing advanced water treatment tech-
nologies. One significant challenge is the cost and infrastructure required. These systems can be ex-
pensive, particularly for small-scale or remote mining operations, and there may be issues related to
their maintenance and scalability. Another challenge is the energy consumption of certain treatment
methods. For instance, reverse osmosis requires considerable energy, which could contribute to a
carbon footprint if the energy is sourced from non-renewable resources. Additionally, many treat-
ment processes generate sludge as a by-product, which must be managed carefully to prevent further
environmental contamination.

In conclusion, advanced water treatment technologies are crucial in mitigating the environmen-
tal impacts of mining, particularly in regions with sensitive ecosystems. By integrating these
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technologies into mining practices, companies can significantly reduce the release of harmful pollu-
tants into local water bodies, safeguard biodiversity, and promote sustainable water management.
The effectiveness of these systems, however, depends on their design, operation, and integration into
broader environmental management strategies.

4.2. Sustainable Mining Practices

Sustainable mining practices aim to minimize environmental damage and promote the efficient
use of resources, especially in water-intensive operations. By integrating these practices into mining
operations, companies can reduce water usage, enhance environmental protection, and ensure long-
term sustainability for local ecosystems. Below are some key sustainable mining practices with ex-
amples:

4.2.1. Dry-stack Tailings

Sustainable mining practices are becoming increasingly important to reduce environmental im-
pacts and improve the efficiency of mining operations. One of the key practices gaining attention is
the adoption of dry-stack tailings to minimize water use. Dry-stack tailings refer to a method of stor-
ing mining waste without the use of water, contrasting with traditional tailings dams where waste
slurry is mixed with water and stored in large ponds. Instead, dry-stack tailings are dewatered and
compacted into stacks, which reduces water consumption and eliminates the risks associated with
dam failures, which can lead to catastrophic environmental consequences (https://www.tail-
ings.info/disposal/drystack.htm).

The key benefits of dry-stack tailings are significant. By dewatering the tailings, this method
greatly minimizes the need for large amounts of water, which is especially crucial in areas where
water scarcity is a concern. Additionally, dry-stack tailings are more stable and have a much lower
risk of catastrophic failure compared to traditional tailings dams, which can collapse and release
harmful toxic waste into nearby ecosystems. Furthermore, the compact nature of the dry-stack tail-
ings reduces the potential for contaminants to leach into the environment, providing a more secure
method of waste containment.

There are several examples of dry-stack tailings being implemented in mining operations. For
instance, Newmont Mining’s Ahafo Mine in Ghana has successfully adopted this technique to signif-
icantly reduce water usage (Newmont, 2022). The tailings are dewatered and stacked in a contained
manner, minimizing both water consumption and the risk of environmental contamination from tail-
ings leaks. In fact, four of Newmont’s mines are currently using a dry-stack tailings technology called
GeoWaste, designed to blend filtered tailings with waste rock in transit to create a geotechnically
stable product. The data from the Colorado School of Mines (2025) highlights various mines that are
implementing this technology, including the Eleonore mine in Quebec, Canada, which uses a filter
press for dewatering with a daily throughput of around 6,900-7,200 metric tons per day; the Tanami
mine in Northern Territory, Australia, which uses a vacuum filter with a throughput of 6,000-8,400
metric tons per day; the Penasquito mine in Zacatecas, Mexico, which is testing GeoWaste/EcoTails
with a throughput of approximately 100,000 metric tons per day; and the Marlin mine in San Miguel,
Guatemala, which employs a filter press with a daily throughput of 6,000-8,000 metric tons per day.

4.2.2. Closed-loop Water Recycling Systems

Utilizing closed-loop water recycling systems is a key sustainable mining practice that helps
minimize the environmental impact of mining operations by reducing freshwater consumption and
treating wastewater. A closed-loop water recycling system is a process in which water used in mining
operations is collected, treated, and recycled, reducing the need for freshwater withdrawals from
external sources (Kinnunen et al., 2021). By reusing water within the mining process, this system not
only conserves freshwater but also minimizes the environmental effects of mining effluents. How-
ever, water recycling can sometimes affect plant performance due to high concentrations of dissolved
ions and high ionic strength, which can pose challenges for system operation (Corin et al., 2011; Levay
et al., 2001).

The key benefits of closed-loop water recycling systems are significant. First, they reduce the
demand for freshwater from local sources, which is especially beneficial in water-scarce regions. Sec-
ond, these systems help reduce pollution by treating effluents and removing harmful contaminants
before the water is reused, thus preventing the discharge of pollutants into surrounding ecosystems.
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Finally, closed-loop systems contribute to improved sustainability by reducing overall water con-
sumption, which helps minimize the environmental footprint of mining operations.

There are several examples of mining companies successfully implementing closed-loop water
recycling systems. For instance, Anglo American has implemented such a system at its Kolomela
mine in South Africa, where water used in the processing plant is recycled, reducing the mine’s reli-
ance on external water sources (Kumba Iron Ore Limited, 2017). The system at Kolomela recycles
between 3.12 and 4.57 Megalitres of water annually, and artificially recharges clean mine water into
underground aquifers, averaging 36,000 cubic meters per month, which is approximately 10 to 15%
of the excess water produced by the mine. In Canada, Teck Resources has adopted a closed-loop
water system at its Trail Operations and other sites (Teck, 2020). The system captures and recycles
water used in the milling process, reducing the need for fresh water and minimizing wastewater
discharge into nearby rivers. In 2020, Teck’s mining operations reused and recycled water 3.3 times
on average before it was treated and returned to the environment. Additionally, freshwater use in
Chile was reduced by 15%, leading to a 13% reduction in overall freshwater consumption in 2020.
The total water consumption in areas with water stress was 11,528 Megalitres in 2020.

4.2.3. Conducting Detailed Environmental Impact Assessments (EIAs)

Environmental Impact Assessments (EIAs) are a crucial tool in evaluating the potential environ-
mental effects of proposed mining projects before they commence (Rodriguez-Luna et al., 2022). This
comprehensive process identifies, predicts, and evaluates possible impacts on various environmental
factors, including water resources, air quality, biodiversity, and local communities. Additionally, it
provides a framework for mitigating these impacts and promoting the sustainability of mining oper-
ations. Several studies have highlighted the importance of EIAs in assessing mining projects, with
key research contributions from Wood (1995), Annandale (2001), Ahmad and Wood (2002), and
Khosravi (2019), focusing on legislation, administration, and the EIA process. The EIA system has
been adapted in various countries such as Chile (Rodriguez-Luna et al., 2021), the Middle East and
North Africa (El-Fadl and El-Fadel, 2004), Pakistan (Nadeem and Hameed, 2008), Egypt (Badr, 2009),
Laos (Wayakone and Makoto, 2012), the Gulf Cooperation Council States (Al-Azria et al., 2013),
United Arab Emirates (Malek and Mohamed, 2005; Heaton and Burns, 2014), Bangladesh (Ahmad
and Ferdausi, 2016), and Myanmar (Aung, 2017), among others. Despite their widespread use, the
UNEP (2024) has noted gaps in current EIA guidance, especially regarding tailings management, life-
cycle assessments, and the incorporation of climate change considerations.

The key benefits of EIAs include the identification and mitigation of risks to aquatic ecosystems
and other environmental resources early in the project lifecycle, allowing for the development of
strategies to minimize adverse impacts. Furthermore, EIAs help mining companies comply with local
and international environmental regulations, which are often legally required for project approval.
Additionally, the EIA process promotes stakeholder engagement, fostering transparency and com-
munication with local communities, indigenous groups, and other stakeholders, ensuring their con-
cerns are integrated into decision-making and environmental management plans.

Several examples demonstrate the implementation of EIAs in mining operations. For instance,
BHP conducted a detailed EIA before expanding its Olympic Dam copper and uranium mine in South
Australia, identifying risks to water resources and biodiversity. In response, the company imple-
mented measures such as water recycling, air quality monitoring, and ecosystem management plans
to mitigate mining impacts (Government of South Australia, 2011). Similarly, the Cerro Verde Copper
Mine in Peru underwent an EIA, which highlighted the mining impact on local rivers and ecosystems
(Vidal, 2023). This led to the adoption of water conservation measures, including closed-loop systems
and water recycling, as well as sedimentation control techniques to protect aquatic habitats from con-
tamination. In Chile and Peru, Cacciuttolo and Cano (2022) conducted an EIA of gold and copper
mining, proposing environmental management measures aimed at reducing the environmental im-
pact on various ecosystems.

The UNEP (2024) has identified several key gaps in the current EIA process for mining, including
a lack of tailored guidance for tailings management, insufficient baseline data, and inadequate con-
sideration of chemical use in ore processing. There is also a need for improved life-cycle assessments,
especially regarding tailings circularity, and better public participation in the EIA process. Further-
more, some regions experience unreliable data in impact assessments, which diminishes public trust
in the mining sector. Other challenges include limited time for public review, insufficient access to


https://doi.org/10.20944/preprints202501.2379.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2025 d0i:10.20944/preprints202501.2379.v1

16 of 6

independent technical experts, and the lack of technical assistance for strategic environmental assess-
ments. Lastly, climate considerations, such as emissions from tailings management, are often over-
looked, and there is a need for research to develop climate-resilient tailings storage facilities that can
withstand rising temperatures and extreme weather events (Mebratu Tsegaye et al., 2021; UNEP,
2023b, 2023c, 2023d, 2023e).

4.2.4. Other Sustainable Practices

Other sustainable mining practices are also crucial in reducing the environmental impact of min-
ing activities. One such practice is revegetation and habitat restoration, which involves restoring and
revegetating land after mining to promote ecosystem recovery and prevent soil erosion (Cacciuttolo
and Cano, 2022; Islam et al., 2024). For example, after gold mining, many companies plant native
vegetation and work to restore degraded ecosystems to aid in biodiversity conservation. This not
only enhances ecosystem recovery but also helps prevent long-term ecological damage.

Another important practice is minimizing surface disturbance. Techniques such as underground
mining or using smaller, more efficient equipment can reduce surface disturbance and the destruc-
tion of habitats (Nichols, 2020; GYA, 2024; Future Bridge Mining, 2025). This approach helps preserve
wildlife and plant species by reducing the amount of land affected by mining activities. A summary
of the environmental impact reduction measures in underground mining is shown in Table 5
(adopted from GYA, 2024), which highlights various strategies that can be employed to minimize
surface disruption.

Table 5. Environmental Impact Reduction Measures in Underground Mining.

Environmental Aspect Reduction Measure Benefit

Energy Consumption Use of renewable energy sources (e.g., solar, wind) ~ Lower carbon emissions and fuel dependency
Implement water recycling and conservation Reduce freshwater consumption and

Water Usage .
systems pollution

Install dust suppression and emission control

Air Quality systems Improve local air quality

Land Degradation Rehabilitate land after mining Restore natural habitats and ecosystems
Biodiversity Loss Design buffer zones and habitat corridors Protect local flora and fauna

Waste Management Use tailings reprocessing and safe disposal methods Reduce toxic waste and soil contamination
Acid Mine Drainage Chemical neutralization and natural barriers Prevent contamination of local water bodies
Noise Pollution Use sound barriers and low-noise equipment Minimize impact on nearby communities
Carbon Emissions Deploy electric or hybrid vehicles in mining Decrease the overall carbon footprint

Mine Closure Planning Create detailed closure and reclamation plans Ensure long-term environmental restoration

Carbon capture and offsetting is also a critical element of sustainable mining practices. As part
of decarbonization efforts, some mining operations invest in carbon capture technologies to reduce
the greenhouse gas emissions associated with their activities (Mohamed et al., 2022; Bose et al., 2024;
IGF, 2024; White & Case LLP, 2024). In addition to this, companies may engage in reforestation and
other environmental offset projects to help balance their carbon footprints. This helps mitigate the
negative impacts of mining operations on climate change and supports efforts to achieve net-zero
emissions.

Furthermore, the adoption of alternative energy sources is gaining traction within the mining
industry. Many mining companies are turning to renewable energy sources such as solar, wind, and
hydropower to power their operations, which reduces reliance on fossil fuels and lowers emissions
(GYA, 2024; White & Case LLP, 2024). For example, Gold Fields recently announced the construction
of a US$195 million renewable energy project in Western Australia to power its St Ives Gold mine.
Rio Tinto has made significant progress in using renewable energy at its Weipa bauxite mine in
Queensland, Australia. Additionally, Ivanhoe Mines has completed the electrification of its entire
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equipment fleet at its Platreef mine in South Africa, while Barrick Gold has contracted with Weir
Group to provide proprietary energy-efficient and sustainable mining technology for the Reko Diq
copper-gold project in Pakistan. Anglo American is also testing hydrogen fuel cells to power mining
vehicles, which could further reduce carbon emissions from mining operations.

In conclusion, the adoption of sustainable mining practices such as dry-stack tailings, closed-
loop water recycling, and comprehensive Environmental Impact Assessments (EIAs) can signifi-
cantly reduce the environmental footprint of mining operations. These practices ensure that mining
companies can achieve their economic goals while minimizing their impact on the environment and
local communities. By continuously integrating innovative and responsible practices, the mining in-
dustry can contribute to sustainable development and protect critical ecosystems for future genera-
tions.

4.3. Policy and Regulations
4.3.1. Regulatory Dimensions

Table 6 presents a comprehensive overview of various regulatory dimensions related to tailings
management, highlighting the roles of professional associations, expert panels, civil society, stand-
ard-setting organizations, commodity-specific entities, the finance sector, intergovernmental agree-
ments, and state-level regulations. These dimensions encompass a broad range of standards and pro-
tocols aimed at improving the safety, environmental responsibility, and sustainability of tailings
management in the mining industry.

Professional associations, such as the International Commission on Large Dams and the Mining
Association of Canada, provide foundational guidelines for managing the safety, design, construc-
tion, operation, and closure of tailings. For instance, the International Commission on Large Dams
emphasizes comprehensive management practices, while the Mining Association’s Towards Sustain-
able Mining programme focuses on tailings management protocols (Legge 1982; Bjelkevik 2023; Min-
ing Association of Canada 2023). The International Council on Mining and Metals (ICMM) has also
contributed with its Tailings Management Good Practice Guide and Tailings Reduction Roadmap,
providing industry-wide recommendations for sustainable practices (ICMM 2021a; ICMM 2022).

Table 6. Existing performance standards for tailings management.

Regulatory Dimension Name Performance Standards Areas
safety, design, construction, operation, closure,
monitoring and management

The International Commission on Large Dams

Mining Association of Canada’s Towards

Professional iati
FOIesSIoNatassoctations g stainable Mining (TSM) programme

Tailings Management protocol

Tailings M t d Practi ide Taili
International Council on Mining and Metals (ICMM) Rzldlunciison ;12%?:;1 Good Practice Guide Tailings

Multi-disciplinary expert Global Industry Standard on Tailings Management GISTM conformance protocols

panel (GISTM)
.. . Earthworks, London Mining Network, and Mining Safety First: Guidelines for Responsible Mine
Civil society e
Watch Canada Tailings Management
International Organization for Standardization’s ISO .
Environmental management systems
14001
Standard-setting Global Reporting Initiative’s (GRI) Mining secto.r ‘supplement. Reportmg Or,l the
oreanizations volume of tailings produced and their risk
8 Sustainability Accounting Standards Board Metals and Mining standard
IRMA Standard for R ible Mini d Chai
Responsible Mining Assurance (IRMA) Standard for Responsible Mining and Chain
of Custody Standard
Commodity-specific sustainability standards Respof)n51ble Jewellery Council (RJC) Code of
Practices
Commodity-specific World Gold Council’'s (WGC) Gold Mining Principles
Single-commodity sustainability standards Aluminium Stewardship Initiative (ASI),
International Cyanide Management Institute (ICMI) International Cyanide Management Code
Equator Principles f i tal and social
Finance sector International Finance Corporation (IFC) quator Frincipies for environmentat and socia

performance standards
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Legal framework for countries to develop and
strengthen tailings safety, and it offers tools,
guidelines and methodologies to strengthen
tailings safety and management practices

. Methodology to support countries in practical
German Environment and UNECE . g}.’ PP P
agreements implementation

United Nations Economic Commission for Europe
(UNECE) Convention on the Transboundary Effects
of Industrial Accidents

Intergovernmental

Management of Waste from Extractive Industries
Directive; Best available techniques

European standard (EN 16907-7:2018) Hydraulic placement of extractive waste, i.e.,
tailings

European Union (EU) (2006/21/EC)

Example: Department of Mines and Petroleum,
States Western Australia [DMP] 2013; DMP 2015;
Australian Government 2016

Legally binding requirements for miners as well as
providing guidance

Multi-disciplinary expert panels, like the Global Industry Standard on Tailings Management
(GISTM), play a critical role in shaping industry standards by offering conformance protocols and
guidelines for tailings management. These panels include contributions from both technical experts
and stakeholders aiming to ensure that global practices are harmonized for better safety and envi-
ronmental outcomes (GTR 2023; Oberle, Brereton, and Mihaylova 2020; ICMM 2021b).

Civil society organizations, such as Earthworks, the London Mining Network, and Mining
Watch Canada, have also shaped the discourse by providing guidelines focused on responsible tail-
ings management and safety, advocating for practices that minimize environmental harm and ensure
community well-being. These organizations emphasize the importance of transparency and account-
ability in managing tailings storage facilities (Morrill et al. 2022).

Standard-setting organizations, such as the International Organization for Standardization (ISO)
and the Global Reporting Initiative (GRI), provide overarching frameworks for environmental man-
agement and sustainability. ISO 14001 offers a widely recognized environmental management sys-
tem standard (ISO 2015), while GRI's mining sector supplement encourages reporting on tailings
volumes and associated risks (GRI 2023). Additionally, the Sustainability Accounting Standards
Board (SASB) and Responsible Mining Assurance (IRMA) contribute standards and certifications that
guide companies toward responsible operations in the mining sector (IRMA 2023a; IRMA 2023b).

Commodity-specific standards also address the environmental impacts of tailings in particular
sectors, with organizations like the Responsible Jewellery Council (RJC) and the World Gold Council
(WGC) setting guidelines for sustainable practices in jewellery and gold mining (RJC 2019; WGC
2019). The Aluminium Stewardship Initiative (ASI) and the International Cyanide Management In-
stitute (ICMI) provide industry-specific certifications that help mitigate environmental risks associ-
ated with these materials (ASI 2023; ICMI 2021).

The finance sector plays an important role in fostering responsible practices through entities like
the International Finance Corporation (IFC) and the Equator Principles, which set environmental and
social performance standards for financial institutions involved in projects with significant environ-
mental impact, such as mining operations (Equator Principles 2023; IFC 2007a&b).

Intergovernmental agreements, such as the UNECE Convention on the Transboundary Effects
of Industrial Accidents, provide a legal framework for countries to strengthen tailings safety and
management practices. The European Union has also established regulations for the management of
waste from extractive industries, including best available techniques for tailings management (Gar-
barino et al. 2018; EU 2018). These agreements offer tools, methodologies, and frameworks to support
international collaboration in addressing the risks associated with tailings (UNECE 2023; UNECE
2022a; UNECE 2022b).

Finally, state-level regulations, such as those from the Department of Mines and Petroleum in
Western Australia, enforce legally binding requirements and provide practical guidance for tailings
management, ensuring compliance with national and international standards (UNEP 2023a; UNEP
2023b; UNEP 2023c; UNEP 2023d; UNEP 2023e).

Together, these regulatory dimensions provide a multi-layered approach to ensuring safe and
sustainable tailings management, balancing technical, environmental, social, and financial consider-
ations across the global mining industry. However, the UNEP (2024) has identified several critical
knowledge gaps in tailings management that need to be addressed to improve safety and sustaina-
bility in the industry. One significant gap is the call by member states for wider adoption and
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implementation of the Global Industry Standard on Tailings Management (GISTM). This standard is
considered crucial in enhancing the safety and sustainability of tailings management practices (UNEP
2023a; UNEP 2023b). However, civil society organizations have criticized current standards, pointing
out that they are often not applicable to existing facilities, fail to ban unsafe practices, do not require
sufficient dam break studies, and lack robust enforcement mechanisms. These shortcomings make
the current standards largely ineffective (McLaughlin 2022).

Furthermore, there is a recognized need for an independent verification mechanism that can
drive meaningful change, hold operators accountable, and prevent the reinforcement of existing
power imbalances in the sector. The current reliance on self-reporting by the industry is seen as prob-
lematic, and experts argue that implementing penalties for reporting failures or inaccuracies is essen-
tial to improving accountability (UNEP 2023e). The over-reliance on specific standards may also cre-
ate a false sense of security, as risks can arise in areas that are not adequately addressed by existing
frameworks.

Another significant challenge is that many existing standards lack future proofing, which makes
them inadequate for addressing emerging issues. This, combined with the fragmented nature of these
standards and the absence of a comprehensive international instrument, complicates the creation of
harmonized practices (UNEP 2023b; UNEP 2023e). Strengthening the legislative application of these
standards could significantly enhance their impact. National regulatory regimes often lack the nec-
essary financial guarantees to ensure safe tailings management and to cover associated environmen-
tal liabilities, which further exacerbates the problem.

The need for full cost accounting, including life cycle costs and externalities, is another gap in
global tailings management, with experts pointing out that this aspect has often been neglected
(Roche et al., 2017; Burritt and Christ 2021). Strengthening government enforcement and institutional
capabilities is also seen as essential in certain regions to ensure that legislation is effectively enacted
and implemented (UNEP 2023b; UNEP 2023d; UNEP 2023e). Moreover, there is a high demand in
the global South for investment in regulatory capacity and for studies that can provide effective pol-
icy guidance on tailings management.

Nationally, gaps in the clarity of governmental responsibilities and coordination among agen-
cies complicate the management of tailings, which spans multiple public sectors (UNEP 2023a; UNEP
2023e). Inter-State cooperation, especially in sharing best practices and lessons learned, is also essen-
tial for improving all aspects of tailings management, including design, monitoring, emergency re-
sponse, and circular economy initiatives (UNEP 2023a; UNEP 2023c; UNEP 2023e). Furthermore, sig-
nificant gaps remain in auditor independence and inclusivity in decision-making processes. It is cru-
cial to include governments, Indigenous Peoples, workers, impacted communities, and civil society
in decision-making to ensure a more comprehensive and inclusive approach (UNEP 2023c).

Finally, addressing the transboundary effects of dam failures and the chronic impacts of these
failures on rivers, air, soil, and water quality requires strengthened cross-border coordination. This
is essential to mitigate the environmental and social consequences of tailings management failures
and to promote long-term sustainability (UNEP 2023a; UNEP 2023c; UNEP 2023e).

4.3.2. Regulatory Interventions

As discussed previously governments and international organizations play a pivotal role in reg-
ulating mining activities to ensure environmental responsibility and sustainability. By enforcing strict
regulations, mandating innovative technologies, and holding companies accountable for non-com-
pliance, policymakers can help mitigate the negative impacts of mining on aquatic ecosystems, bio-
diversity, and water resources (UNEP, 2024). Below are key policy and regulatory interventions that
can help mitigate environmental risks:

4.3.2.1. Mandating Zero-Discharge Policies

A zero-discharge policy refers to regulations that mandate mining companies to prevent the
release of wastewater and other contaminants into the environment. This requires companies to en-
sure that all process water, tailings, and waste by-products are treated or reused before being dis-
charged into rivers, lakes, or other water bodies. The benefits of such policies are significant. They
protect aquatic ecosystems from pollutants such as heavy metals, sediments, and chemicals that can
cause long-term damage to water quality and biodiversity. Additionally, these policies encourage the
adoption of water recycling and closed-loop systems, which minimize water consumption and
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reduce environmental impacts. Furthermore, by imposing strict discharge standards, zero-discharge
policies hold companies accountable for their waste production, promoting more sustainable prac-
tices.

Examples of the successful implementation of zero-discharge policies can be found in several
regions. Brazil, for instance, has implemented these policies in highly water-intensive sectors, such
as iron ore and bauxite mining (OECD, 2022). The country’s National Mining Agency (ANM) man-
dates mining companies to treat wastewater and avoid releasing untreated effluents into local water
systems. However, Brazil still faces challenges in fully realizing these policies, including public mis-
trust toward mining activities, outdated Mining Code regulations, and the lack of a comprehensive
regulatory framework for tailings dam management. Addressing these issues requires updates to
environmental impact regulations, specialized frameworks for artisanal small-scale mining (ASM),
and enhanced community engagement mechanisms.

The European Union (EU) has also adopted stringent guidelines through its Mining Waste Di-
rective to ensure proper treatment of mining waste and prevent environmental harm (European Un-
ion, 2017). Many member states have implemented zero-discharge policies for tailings and
wastewater in mining operations. However, the Transport & Environment (T&E) organization (2024)
has called for updates to the Extractive Waste Directive (2006) to address modern challenges. Recom-
mended updates include transforming the directive into a comprehensive European Extractive Waste
Regulation, mandating safer tailings storage and monitoring techniques, strengthening environmen-
tal protection and community safety measures, and promoting active community participation in
mining-related decisions.

In Chile, a leading copper-producing country, the government has introduced zero-discharge
regulations for water used in copper mining operations (UNFCCC, 2021). Companies like Codelco,
the world’s largest copper producer, have implemented advanced water treatment and recycling sys-
tems to comply with these regulations. These measures demonstrate how robust zero-discharge pol-
icies can drive significant progress in sustainable mining practices, ensuring the protection of vital
ecosystems while addressing the industry’s environmental challenges.

Collectively, these examples highlight the importance of zero-discharge policies as a critical
component of sustainable mining practices. When supported by robust regulatory frameworks and
active community engagement, these policies can significantly reduce the environmental footprint of
mining activities and promote long-term ecological balance.

4.3.2. Imposing Penalties for Non-Compliance

Penalties for non-compliance are critical tools for ensuring that mining companies adhere to en-
vironmental regulations. These penalties, which may include fines, sanctions, or other legal actions,
serve as deterrents to harmful practices while reinforcing accountability for environmental violations.
By imposing such measures, governments can drive compliance with environmental standards set
by local, national, and international authorities, thereby safeguarding ecosystems and public health.

The imposition of penalties for non-compliance offers several key benefits. First, it encourages
mining companies to follow environmental laws and adopt more sustainable practices. This compli-
ance helps reduce the environmental footprint of mining operations and minimizes risks to ecosys-
tems and biodiversity. Second, penalties increase accountability by holding companies responsible
for their actions, particularly in cases of environmental negligence or deliberate violations. Finally,
by imposing significant financial or legal consequences, governments incentivize companies to pri-
oritize environmental protection in their operations, ensuring a higher standard of care and reducing
the likelihood of harmful incidents.

Several examples illustrate the successful application of penalties for non-compliance in mining
industries worldwide. In Indonesia, the government has targeted the nickel mining sector, imposing
heavy fines on companies discharging untreated wastewater into rivers, thereby harming local eco-
systems. For instance, Vale Indonesia was penalized for failing to meet wastewater treatment stand-
ards at its nickel processing plant in Sulawesi (Mayangsari et al., 2024). Similarly, in the United States,
the Environmental Protection Agency (EPA) enforces penalties under the Clean Water Act for viola-
tions of water quality standards. Peabody Energy, for example, faced a fine exceeding $1 million for
discharging polluted water from its coal mining operations into rivers without proper treatment (US
EPA, 2025).
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In Australia, the state of Queensland has implemented stringent penalties to ensure compliance
with environmental regulations. In 2020, Adani Mining was fined for improperly managing water
discharge from its Carmichael Coal Mine, resulting in a violation of the Environmental Protection
Act (Insights, 2020). Additionally, a company operating in southwest Queensland was fined $85,000
and ordered to pay over $5,000 in legal and investigation costs after failing to manage an accumula-
tion of contaminated water onsite ahead of the 2022 wet season (Queensland Government, 2024).

These examples demonstrate the importance of enforcing penalties to strengthen environmental
protection and promote sustainable practices in the mining industry. By holding companies account-
able and imposing significant consequences for non-compliance, governments can mitigate environ-
mental risks and drive positive change across the sector. This approach not only protects ecosystems
but also aligns with global efforts to ensure the sustainability of natural resources and reduce the
environmental impacts of industrial activities.

4.3.3. Encouraging the Adoption of Green Mining Technologies

Green mining technologies represent a transformative approach to reducing the environmental
footprint of mining operations through innovative practices and advanced technologies. These tech-
nologies focus on minimizing energy use, reducing water consumption, improving waste manage-
ment, and preserving ecosystems. Their goal is to lower greenhouse gas emissions, conserve water
resources, and curtail pollution associated with mining activities. For example, in Australia, the gov-
ernment has launched the Industry Growth Centre initiative, which supports innovation and com-
petitiveness in key sectors, including the $90 billion Mining Equipment, Technology, and Services
(METS) sector (Australian Government, 2025). This initiative fosters collaboration between industries
and research institutions, enhances workforce skills, and addresses regulatory challenges. Similarly,
Chile has demonstrated leadership in green mining through initiatives like the Alta Ley National
Mining Program, which connects industry stakeholders to tackle productivity, safety, and environ-
mental challenges in copper mining. This program aims to strengthen the innovation ecosystem and
develop 250 world-class mining service and technology suppliers (Verénica et al., 2017). Addition-
ally, the Aurus III Copper Venture Fund, established in Santiago in 2013, invests in startups and
technology companies developing sustainable solutions for copper industry processes (IDB, 2025).

The adoption of green mining technologies offers numerous benefits. These include reducing
the environmental impact of mining operations, such as deforestation, water pollution, and habitat
destruction, and promoting resource efficiency by optimizing the use of energy, water, and raw ma-
terials. Furthermore, these technologies provide long-term cost savings for companies by lowering
operational expenses related to water usage, energy consumption, and waste management.

Examples of successful implementation of green mining technologies can be observed globally.
In Canada, Goldcorp (now part of Newmont Mining) implemented renewable energy technologies
at its Borden Mine in Ontario to reduce greenhouse gas emissions. The mine transitioned to using
100% renewable hydroelectric power, significantly lowering its carbon footprint (Mining Association
of Canada, 2025). In South Africa, Anglo American invested in electric-powered mining trucks at its
Mogalakwena Platinum Mine, which not only reduced emissions but also minimized noise pollution
and improved operational efficiency (Anglo American, 2022). Meanwhile, Rio Tinto introduced ad-
vanced water recovery and treatment systems at its Pilbara iron ore operations in Western Australia.
By using a closed-loop water recycling system, the company significantly reduced water consump-
tion, a critical initiative given the arid conditions of the Pilbara region (Rio Tinto, 2023).

These examples underscore the potential of green mining technologies to transform the mining
sector into a more sustainable and environmentally conscious industry. By adopting such technolo-
gies, mining companies can reduce their ecological footprint, enhance resource efficiency, and con-
tribute to global sustainability goals while achieving long-term economic benefits.

4.3.4. Other Regulatory and Policy Interventions

Governments and regulatory bodies play a vital role in ensuring sustainable and environmen-
tally responsible mining practices through various interventions. One such intervention is mandating
reclamation and rehabilitation, which requires mining companies to restore disturbed land and eco-
systems after completing operations. For instance, Canada’s Mining Association actively promotes
rehabilitation practices, and provinces like British Columbia have established regulations that man-
date mining companies to restore mining sites to a natural or economically usable state following
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closure (Boulot and Collins, 2023). This ensures that mining activities do not leave a lasting negative
impact on the environment and contribute to land conservation efforts.

Another effective regulatory measure involves environmental taxes and incentives. Govern-
ments can impose environmental taxes on companies to encourage the reduction of harmful emis-
sions and the adoption of green technologies. A notable example is the European Union’s Emissions
Trading Scheme (ETS), which charges companies for carbon emissions, incentivizing them to either
lower their emissions or adopt cleaner, more sustainable technologies. This approach not only re-
duces environmental harm but also fosters innovation in the development of eco-friendly solutions.

Certification programs for responsible mining also serve as a critical tool in promoting sustain-
ability (Minsus.net, 2020). These programs, established by governments or independent agencies,
recognize companies that adhere to sustainable practices. For example, the International Council on
Mining and Metals (ICMM) (ICMM, 2025) offers guidelines and certifications for responsible mining,
which encourage companies to follow best practices in environmental and social governance (ESG).
By aligning their operations with these standards, mining companies can demonstrate their commit-
ment to sustainability, improve their reputation, and build trust with stakeholders.

Through these regulatory and policy interventions, governments and organizations can drive
the mining industry toward greater accountability, environmental stewardship, and sustainable de-
velopment.

In conclusion, policy and regulatory interventions are crucial for enforcing sustainable mining
practices and ensuring that mining operations are conducted in an environmentally responsible man-
ner. By mandating zero-discharge policies, imposing penalties for non-compliance, and encouraging
the adoption of green mining technologies, governments can help mitigate the environmental im-
pacts of mining activities. When effectively implemented, these interventions can promote sustaina-
bility in the mining industry, protect ecosystems, and contribute to long-term economic and environ-
mental benefits.

4.4. Community Engagement and Indigenous Rights

Community engagement and the recognition of indigenous rights are essential for the sustaina-
ble and effective management of natural resources, particularly in the context of mining activities
(IIED 2002a; UNEP 2022; ICMM 2023b). Involving local and indigenous communities in decision-
making processes allows for the integration of their traditional knowledge, cultural perspectives, and
resource management practices into mining operations. This approach not only enhances conserva-
tion efforts but also promotes equitable resource management outcomes (UNEP 2024). The Global
Industry Standard on Tailings Management (GISTM) emphasizes social performance requirements
alongside environmental standards, highlighting the importance of due diligence throughout the life
cycle of mining facilities, meaningful community engagement, and effective grievance mechanisms
(GTR 2020; Joyce and Kemp 2020).

The UNEP (2024) report identifies significant social gaps that need to be addressed to mitigate
the impacts of mining activities. One of the critical issues highlighted is the inadequacy of public
participation mechanisms in decision-making related to tailings management, which often leaves af-
fected communities without a voice in key processes (Joyce and Kemp 2020). Furthermore, there is a
lack of open-access research on the health, well-being, and human rights impacts of mining on sur-
rounding communities. Indigenous rights, including Free, Prior, and Informed Consent (FPIC) (UN,
2016) protocols and the incorporation of traditional knowledge, are frequently overlooked in tailings
management decisions. Emergency preparedness also requires significant improvement, with a need
for proactive communication and the sharing of site maps and tailings storage facility (TSF) data with
local communities (UNEP 2023a; UNEP 2023¢c; UNEP 2023e).

Additionally, there is an insufficient focus on mandatory studies, such as dam break analyses
and “worst-case scenario” planning, which are critical for understanding potential risks. Monitoring
early warning signs of failure, such as slippage and overtopping, is often neglected (UNEP 2023d).
Lastly, remediation, compensation, and insurance provisions for disasters are frequently excluded
from tailing site facility (TSF) planning and regulatory frameworks, leaving communities vulnerable
in the event of environmental or social catastrophes. Addressing these gaps is imperative for fostering
more inclusive and sustainable mining practices that prioritize the well-being of local and indigenous
populations. Below are key strategies and examples for promoting community engagement and re-
specting indigenous rights in mining operations:
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4.4.1. Incorporating Indigenous Knowledge in Conservation Strategies

Indigenous knowledge, often referred to as Traditional Ecological Knowledge (TEK), is the cu-
mulative understanding developed by indigenous peoples through centuries of interaction with their
natural environments. This knowledge encompasses insights into local ecosystems, biodiversity, and
sustainable resource management practices passed down through generations (Boulot and Collins,
2023; Teck, 2023a; Gholami et al., 2024; MMSD, 2025). In British Columbia, for example, the provincial
environmental assessment regulation recognizes the importance of understanding and incorporating
indigenous knowledge into environmental strategies, particularly in the final stages of land use plan-
ning, closure, and reclamation (BC Ministry of Energy and Mines, 2017).

The integration of indigenous knowledge into conservation strategies offers several key benefits.
Firstly, it enhances ecological understanding by providing unique insights into local ecosystems and
biodiversity that conventional scientific research may overlook. This can lead to more effective con-
servation and environmental protection strategies. Secondly, indigenous communities have a long
history of sustainable resource management, employing practices such as rotational farming, fire
management, and controlled hunting. These practices offer valuable lessons for contemporary envi-
ronmental management. Lastly, engaging indigenous communities ensures that their cultural values
and traditions are respected in environmental and mining activities, fostering social equity and jus-
tice.

There are notable examples of the successful implementation of indigenous knowledge in con-
servation and resource management. In Panama, Newmont Mining collaborated with the indigenous
Guna people to integrate their traditional knowledge into environmental management plans for a
gold mining project (Ansu-Mensah et al., 2021; Newmont, 2023; Lorch, 2024). This partnership ena-
bled the company to adopt sustainable land-use practices that honored both ecological conservation
and the cultural heritage of the Guna people. Similarly, in Alaska, the Alaska Native Claims Settle-
ment Act (ANCSA) established a framework for indigenous communities to manage land and re-
sources within the state (Congressional Research Service, 2021). Under this act, indigenous groups
formed regional corporations to oversee natural resource management, including minerals, while
incorporating traditional knowledge into decision-making processes. Teck Resources, which operates
in Alaska, exemplifies this approach by actively engaging with local indigenous communities to in-
clude their knowledge and address their concerns in project planning and impact mitigation (Teck,
2023Db).

4.4.2. Ensuring Free, Prior, and Informed Consent (FPIC)

Free, Prior, and Informed Consent (FPIC) is a principle enshrined in international law, particu-
larly through the United Nations Declaration on the Rights of Indigenous Peoples (UNDRIP). This
principle asserts that indigenous peoples have the right to give or withhold their consent to any pro-
ject affecting their lands, territories, and resources (Doyle and Whitmore, 2014; UN, 2016). FPIC en-
sures that indigenous communities are fully informed about proposed projects, consulted in a mean-
ingful way, and allowed to make decisions freely, without coercion or manipulation.

The implementation of FPIC offers several key benefits. First, it upholds indigenous rights by
granting communities the legal authority to approve or reject projects that impact their lands and
resources. Second, FPIC helps to prevent conflicts by fostering transparency and ensuring that the
voices of indigenous peoples are heard, reducing the likelihood of protests, social unrest, and legal
disputes. Third, securing FPIC can result in mutually beneficial outcomes for all stakeholders. Mining
and development companies that respect FPIC often gain social acceptance for their projects, leading
to shared benefits such as improved infrastructure, profit-sharing agreements, and better environ-
mental management practices.

Several examples highlight the successful application of FPIC. British Petroleum (BP)’s Tangguh
LNG Project in Papua, Indonesia, demonstrates how multinational companies can engage with in-
digenous communities effectively. BP ensured that local communities were fully informed about the
project’s environmental and social impacts and sought their consent before proceeding with the lig-
uefied natural gas development (BP Berau Ltd., 2016). Another example is Rio Tinto’s Resolution
Copper Project in Arizona, USA. As a signatory to the Equator Principles, which mandate the acqui-
sition of FPIC for major projects, Rio Tinto worked closely with the San Carlos Apache Tribe to ad-
dress concerns related to cultural heritage and environmental impacts. By prioritizing meaningful
engagement, the company ensured that the tribe’s rights and concerns were respected before
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advancing mining activities (Equator Principles, 2025; Scheyder, 2024). These cases illustrate how
FPIC serves as a critical tool for fostering trust, respecting indigenous rights, and achieving sustain-
able development.

4.4.3. Promoting Collaborative Resource Management

Collaborative resource management is a strategy that involves partnerships between mining
companies, local communities, and indigenous groups to jointly manage natural resources, share de-
cision-making responsibilities, and co-create solutions to environmental and social challenges. This
approach promotes inclusivity and transparency by integrating diverse perspectives into the man-
agement of shared resources (Fraser, 2021; Brock et al., 2023; Poelzer et al., 2023; FAO, 2025). By fos-
tering collaboration, stakeholders can address complex environmental and social challenges more
effectively.

This model of resource management offers several benefits. First, it enhances environmental
stewardship by combining diverse knowledge and expertise, leading to more holistic and sustainable
ecosystem management. Second, it builds trust and fosters cooperation between mining companies
and indigenous communities, creating more productive and less confrontational relationships. Third,
it empowers local and indigenous communities by giving them a direct role in decision-making pro-
cesses related to their land and resources, ensuring that their voices are heard and respected.

Examples of successful collaborative resource management highlight its impact on sustainable
development. The Cerro Verde Mining Project in Arequipa, Peru, exemplifies this approach (Fraser,
2021; Freeport-McMoRan, 2016). The Cerro Verde Mining authority partnered with local stakehold-
ers to construct a municipal wastewater treatment plant in 2015, which treats 85% of the city’s mu-
nicipal sewage with a capacity of 1.8 m3/s, projected to increase to 2.4 m3/s by 2043. This collaboration
yielded significant outcomes, including uninterrupted production, reduced competition for water
resources, increased copper production to 1.1 billion pounds annually, and shared value through
enhanced water quality, agricultural productivity, and local technical capacity.

Another example is the Oyu Tolgoi Mining Project in Mongolia, where Rio Tinto and Turquoise
Hill Resources have implemented a collaborative approach with local Mongolian communities and
indigenous groups (Rio Tinto, 2025). This initiative focuses on co-managing water resources, ensur-
ing sustainable land use, and monitoring environmental impacts in the region.

In Brazil, mining companies such as Vale and Itati Unibanco have partnered with the Mundu-
ruku indigenous people in the Amazon to develop a sustainable mining strategy (Mining.com, 2022;
Bnamericas, 2023; Vale, 2025). This collaboration includes water protection, habitat restoration, and
the integration of traditional knowledge for forest management. The Munduruku actively monitor
environmental changes to ensure mining operations do not disrupt their traditional way of life. These
examples illustrate how collaborative resource management can create shared value while respecting
the rights and traditions of local and indigenous communities.

4.4.4. Investing in Social Development and Infrastructure

Investing in social development and infrastructure is a crucial aspect of ensuring that mining
projects deliver sustainable benefits to local communities while mitigating potential negative im-
pacts. Mining operations often have significant social and economic implications, ranging from job
creation to infrastructure improvement. However, without adequate planning and investment, these
activities can also harm communities. Effective engagement with local and indigenous groups in-
cludes providing opportunities for education, healthcare, infrastructure development, and sustaina-
ble livelihoods, ensuring long-term benefits beyond the lifespan of the mine (O’'Dwyer and Unerman,
2016; Ansu-Mensah et al., 2021).

Social development and infrastructure investments offer multiple benefits. Firstly, such initia-
tives empower communities by improving living standards through access to education, healthcare,
and essential infrastructure. Secondly, companies that prioritize these investments enhance their rep-
utation and strengthen their social license to operate. Gaining the trust of local communities and
governments can ensure smoother operations and reduce opposition or conflicts. Thirdly, fostering
economic diversification through educational programs, training, and infrastructure development
helps reduce dependence on mining, creating more resilient local economies.

Several examples highlight the impact of these efforts. Anglo American, a global mining com-
pany, invests in community development programs in South Africa (Angloamerican.com, 2023a&b;
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2024). These initiatives include building schools, healthcare centers, and offering training programs
for local communities near mining operations. By working closely with local and indigenous groups,
Anglo American ensures that community needs are met and that mining activities contribute posi-
tively to infrastructure development and economic opportunities.

BHP, another major mining company, has undertaken significant investments in Aboriginal
communities in Australia (BHP, 2024; Prestipino, 2024). These efforts include funding programs to
improve education, healthcare, and job opportunities. BHP collaborates with Aboriginal leaders to
ensure that cultural practices are respected and that mining activities foster long-term community
development.

In addition to corporate efforts, organizations such as Amira Global and Austmine play pivotal
roles in advancing social development in the mining sector (Amira Global, 2020). Amira Global, a
nonprofit organization supporting the resources industry, leverages research and development
(R&D) to address industry challenges, support future resource needs, and promote education and
networking. Austmine, the leading industry body for Australia’s $90 billion mining equipment, tech-
nology, and services (METS) sector, collaborates directly with copper producers to share insights,
tackle challenges, and develop innovative solutions that benefit communities and the industry alike
(Austmine, 2020).

These examples underscore the importance of integrating social development and infrastructure
investments into mining practices to create lasting, positive impacts on local communities and ensure
sustainable resource management.

In conclusion, incorporating community engagement and respecting indigenous rights are fun-
damental for ensuring that mining projects are sustainable, socially responsible, and environmentally
sound. By integrating indigenous knowledge, securing FPIC, promoting collaborative resource man-
agement, and investing in social development, mining companies can build positive relationships
with local communities, enhance environmental stewardship, and create shared benefits for all stake-
holders. These approaches not only improve the effectiveness of conservation strategies but also con-
tribute to the equitable and inclusive management of natural resources.

5. Summary, the Way Forward, Conclusion and Vision for the Future
5.1. Summary

The global demand for critical minerals essential for modern technologies, renewable energy
solutions, and advanced electronics has surged, driving intensified mining activities worldwide.
While these minerals are crucial for advancing a sustainable future, the extraction and processing of
these resources often pose significant environmental risks, particularly to aquatic ecosystems. Mining
operations are linked to severe water contamination from heavy metals and toxic discharges, habitat
destruction caused by sedimentation and landform alterations, and disruption of natural hydrologi-
cal cycles that affect both surface and groundwater. Moreover, the biodiversity of aquatic life is in-
creasingly under threat, with examples such as mercury bioaccumulation in the Amazon Basin and
coral reef degradation in Indonesia highlighting the extensive damage caused by mining activities.

This paper has explored the far-reaching impacts of mining on aquatic ecosystems, supported
by case studies from diverse regions around the world. The findings underscore the urgency of im-
plementing effective mitigation strategies to prevent further degradation. These strategies include (a)
incorporation of advanced wastewater treatment technologies, such as reverse osmosis, constructed
wetlands, ion exchange, flotation and coagulation/flocculation, bioremediation and electro-coagula-
tion, to address the contamination risks; (b) adoption of sustainable mining practices, such as dry-
stack tailings, closed-loop water recycling; (c) robust policy and regulatory interventions are essen-
tial, with governments and international bodies needing to enforce stricter mining regulations, in-
cluding zero-discharge policies and penalties for non-compliance; and (d) recognizing the rights and
knowledge of indigenous communities is pivotal in ensuring that mining activities are more inclu-
sive, equitable, and environmentally responsible.

5.2. The Way Forward:

To address the complex environmental and social challenges posed by mining and its impact on
aquatic ecosystems, a multi-faceted approach is necessary. The following steps outline the way for-
ward to mitigate the adverse effects of mining on water resources and biodiversity while fostering
sustainable development:
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1. Strengthening policy and regulatory frameworks: Governments and international bodies must
prioritize the implementation of stringent environmental regulations that hold mining companies
accountable for their water use and discharge practices. Zero-discharge policies, mandatory
environmental impact assessments (EIAs), and penalties for non-compliance should be enforced to
ensure that mining operations minimize their environmental footprint. Governments should support
the transition toward green mining technologies by offering incentives, such as tax credits or grants,
for companies that invest in sustainable practices, water treatment systems, and eco-friendly
extraction methods. International collaboration is crucial to align global mining standards and create
a unified regulatory framework that addresses the environmental impacts of mining on aquatic

ecosystems.

2. Promoting sustainable mining practices: Mining companies must adopt sustainable practices such as
dry-stack tailings and closed-loop water recycling to reduce their water consumption and prevent
contamination. These methods can help conserve precious water resources, especially in regions
where water scarcity is a growing concern. Mining projects should be required to conduct
comprehensive EIAs that evaluate the potential effects of mining on local ecosystems, hydrological
cycles, and aquatic biodiversity. This proactive approach will enable the identification of potential

risks before mining begins and allow for effective mitigation measures to be implemented early on.

3. Investing in advanced water treatment technologies: To address the severe contamination of water
resources, mining operations must implement advanced water treatment technologies to reduce
contaminants in mining effluents. Techniques such as reverse osmosis, chemical precipitation, and
bioremediation can effectively treat toxic discharges, ensuring that mining effluents meet
environmental standards before they are released into the surrounding ecosystem. Research and
development in eco-friendly mining technologies should be prioritized to minimize environmental
harm. These technologies could include the use of biodegradable chemicals in ore processing, the
development of non-toxic alternatives to mercury in gold mining, and the introduction of low-impact

mining techniques that reduce waste generation.

4. Ensuring community engagement and indigenous rights: Involving local and indigenous
communities in decision-making processes is crucial for ensuring that mining projects respect both
environmental and social considerations. Free, Prior, and Informed Consent (FPIC) must be upheld
as a core principle to guarantee that communities have the right to approve or reject projects that
affect their lands and resources. Collaborative resource management models, where mining
companies work alongside indigenous peoples and local communities to manage water resources
and biodiversity, should be encouraged. By integrating traditional ecological knowledge with
modern scientific practices, these partnerships can foster more sustainable and effective conservation

strategies.

5. Enhancing transparency and accountability: Transparency in mining operations is essential for
building trust with local communities and governments. Companies should be required to adopt
international reporting standards for environmental performance, social impacts, and water use.
Independent third-party audits can verify compliance with environmental regulations and ensure
that companies are meeting their obligations. Accountability mechanisms, including community

monitoring and stakeholder oversight, can help ensure that mining companies adhere to their
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environmental commitments. Local communities should be empowered to monitor mining impacts

and report violations, creating a system of checks and balances that holds companies accountable.

6. Adaptation to climate change and long-term resilience: Mining operations must recognize the
growing risks posed by climate change, including shifting weather patterns, extreme flooding, and
water shortages. Companies should adopt adaptive management strategies that allow them to
respond to these challenges and ensure that their operations remain resilient in the face of
environmental stressors. Long-term planning should include strategies for the reclamation and
restoration of mining-impacted areas, particularly aquatic ecosystems that have been degraded.
Restoring wetlands, riparian zones, and aquatic habitats should be prioritized as part of the closure

and post-mining phase.

5.3. Conclusion and Vision for the Future:

The future of mining must prioritize sustainability, not just in terms of economic benefits but
also in protecting the ecosystems that are integral to human and environmental well-being. As the
demand for critical minerals continues to grow, mining activities must evolve to minimize their im-
pact on aquatic ecosystems and biodiversity. By implementing robust environmental policies, adopt-
ing sustainable mining practices, investing in advanced technologies, and engaging with local com-
munities, the mining sector can contribute to a sustainable future while ensuring that the environ-
mental costs of mineral extraction are minimized.

The way forward requires the collaborative effort of governments, industries, local communi-
ties, and international organizations. Only through a holistic, inclusive, and proactive approach can
mining become a driver of sustainable development, ensuring that the minerals extracted today sup-
port the green technologies of tomorrow without sacrificing the health of our planet’s precious water
resources and biodiversity.
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