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A B S T R A C T

Study region: This review focuses on major uranium-producing arid regions, including Australia, 
Chile, Kazakhstan, the USA, Niger, South Africa, and Namibia. These regions are globally sig-
ni昀椀cant not only for their uranium deposits but also because communities rely heavily on 
groundwater as a primary drinking water source.
Study focus: The paper synthesises existing knowledge on the occurrence of uranium in ground-
water across these arid environments, examining its impacts on water quality and associated 
health risks. It further evaluates available remediation technologies and considers their appli-
cability under diverse hydrogeological and socio-economic settings. Unlike previous studies 
limited to individual sites or countries, this review provides a cross-regional comparison that 
integrates hydrochemical, radiological, and remediation perspectives.
New hydrological insights for the region: The analysis reveals recurring hydrogeochemical chal-
lenges in arid uranium provinces, particularly the limited application of isotopic tracers, radio-
nuclide monitoring, and advanced groundwater modelling. By comparing case studies across 
continents, the review identi昀椀es consistent knowledge gaps and emphasises that remediation 
strategies must be tailored to local hydrogeology and cost constraints. This synthesis presents a 
novel global perspective on understanding uranium-related groundwater risks in arid regions and 
outlines a roadmap for future research and adaptive water management.

1. Introduction

Groundwater contamination is a pressing global issue that threatens human health and ecosystems, arising from both natural 
processes and anthropogenic activities such as industrial waste, mining, urbanisation, and agriculture (Akhtar et al., 2021; Li et al., 
2021; Karunanidhi et al., 2022; Jibitha and Sabu, 2023). In arid regions, groundwater is particularly scarce due to limited recharge, yet 
it remains the primary source of drinking water worldwide, relied upon by nearly three billion people (Famiglietti and Ferguson, 2021; 
Benaissa et al., 2023; Zhang et al., 2024; Elsaidy et al., 2025). Its natural protection, favourable bacteriological quality, and acces-
sibility make safeguarding groundwater resources a global priority.

Uranium is a naturally occurring, toxic, and radioactive heavy metal with an average crustal abundance of 3 ppm, though 
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concentrations in uranium-rich provinces can reach up to 500 ppm (Stumpf et al., 2020; Smedley and Kinniburgh, 2022; Ighalo et al., 
2024). When mobilised through erosion, dissolution, or acid mine drainage, uranium contaminates groundwater and poses severe 
health risks. Globally, guidelines and standards for uranium in drinking water vary considerably and remain relatively recent in 

Fig. 1. Geographic distribution of uranium deposit types in Australia.
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development. The World Health Organisation recommends a guideline of 30 µg/L in drinking water, yet elevated levels remain 
widespread, with exposure linked to kidney damage, neurological effects, and increased cancer risks (Lapworth et al., 2021; Smedley 
and Kinniburgh, 2022; Vengosh et al., 2022).

Around the world, a number of arid regions host uranium deposits, notably in Australia, Chile, Kazakhstan, the USA, Niger, 
Namibia, and South Africa, where mining activities heighten contamination risks (Ma et al., 2020; Mathuthu et al., 2021; Smedley and 
Kinniburgh, 2022; Ibrayeva et al., 2025). In these environments, groundwater contamination is aggravated by solute concentration 
through evaporation and poorly managed waste disposal, which mobilise uranium and associated radionuclides into aquifers (Smedley 
and Kinniburgh, 2022; Vengosh et al., 2022; Ibrayeva et al., 2025). Research conducted in the mid-20th century in the United States, 
Canada, and Europe established a link between radon exposure and lung cancer (Nilsson and Tong, 2020; Ngoc et al., 2022; Richardson 
et al., 2022; Ruano-Ravina et al., 2023). In Namibia, Mathuthu et al. (2021) observed that isotopic ratios of uranium (234U/238U) in 
groundwater samples were below unity (<1), suggesting that the uranium originated from mining activities rather than natural 
sources. The rising global demand for uranium has led to increased mining activities, intensifying the need to assess groundwater 
pollution in arid regions. The OECD (2025) report serves as a cornerstone reference in uranium research, offering the most 
comprehensive and authoritative account of global resources, production, and demand. Its detailed synthesis of market dynamics, 
policy developments, and environmental and social considerations makes it an essential source for evaluating both the status and the 
broader impacts of uranium mining worldwide

This review provides a comprehensive synthesis of uranium contamination in groundwater, particularly in arid regions, where 
recharge limitations and geochemical conditions exacerbate the vulnerability. Unlike previous studies that focus on isolated sites or 
individual aspects, this work integrates uranium occurrence and remediation approaches across multiple uranium provinces. By 
highlighting underrepresented regions such as Africa, the study addresses critical knowledge gaps and advances understanding of 
groundwater risks in mining-affected arid environments.

2. A review of uranium occurrence and impacts

2.1. Australia

Australia is one of the largest global uranium producers, alongside Kazakhstan (Herrmann, 2023; Britt and Czarnota, 2024; OECD, 
2025). Approximately 90 % of Australia’s uranium reserves are found in hematite breccia complexes and unconformity-related de-
posits(International Atomic Energy Agency, 2020; Hiatt et al., 2021). Fig. 1 highlights the spatial clustering of deposits across 
Australia, particularly in the Northern Territory, South Australia, and Western Australia. It illustrates the major deposit categories as 
de昀椀ned by the International Atomic Energy Agency (2020), with symbols and colours representing different deposit types (e.g., 
sur昀椀cial 昀氀uvial valley intrusive plutonic and others). The legend is adapted from the IAEA’s “World Uranium Geology, Exploration, 
Resources, and Production” (2020).

Signi昀椀cant uranium deposits in Australia include the Olympic Dam Iron Oxide Copper Gold-Uranium (IOCG-U) deposit in South 
Australia and the unconformity-related deposits of Ranger, Jabiluka, Nabarlek, and Koongarra in the Northern Territory. Other notable 
deposits include Kintyre in Western Australia and Yeelirrie (Gigon et al., 2019; Reid, 2019; Courtney-Davies et al., 2020; OECD, 2025). 
Most of the countries’ uranium mines are found in Western Australia (4 mines) and Southern Australia (4 mines) (OECD, 2025).

The International Atomic Energy Agency (2020) and Herrmann (2023) note that uranium mining in Australia is governed by a 
complex regulatory framework that operates at both the federal and state/territory levels. Proponents of uranium mines are required to 
undertake rigorous and comprehensive environmental impact assessment processes that incorporate public comments on the proposal, 
as per the requirements of Australia’s Commonwealth and relevant state or territory legislative frameworks (OECD, 2025). Aboriginal 
Land Rights and Native Title laws ensure that Aboriginal peoples’ cultural and land concerns are respected in approval processes 
(OECD, 2025). Mining is a key driver of Western Australia’s economy, with the Yilgarn Craton hosting signi昀椀cant uranium concen-
trations primarily associated with carnotite in calcrete formations (Drummond et al., 2021; Ralph et al., 2020, 2024). Mining oper-
ations in Western Australia face notable radiological challenges, with 19 sites identi昀椀ed where workers were exposed to naturally 
occurring radioactive materials (Ralph and Cattani, 2021). Average worker radiation doses increased by 32.4 %, reaching 0.94 mSv in 
2019–20, a level close to regulatory intervention thresholds (Ralph and Cattani, 2021). While natural uranium concentrations in 
groundwater are generally below 5 μg/L, elevated levels above the WHO (World Health Organisation) guideline of 30μg/L were 
observed in granitic terrains and uranium-rich zones in Australia (Smedley and Kinniburgh, 2022). Groundwater near uranium de-
posits in Koongarra, exhibits uranium concentrations as high as 440 µg/L (Smedley and Kinniburgh, 2022). The consumption of water 
contaminated with uranium has been associated with adverse health effects, including kidney damage (Guéguen and Frerejacques, 
2022; Horvit and Molony, 2022; Anderson et al., 2025), particularly in Western Australia (Rajapakse et al., 2019). However, it is 
essential to note that the Australian government supports the development of a sustainable uranium mining industry that adheres to 
the highest global environmental and safety standards (OECD, 2025).

2.2. Chile

Uranium exploration in Chile began in the early 1950s, with the 昀椀rst deposits discovered at Estación Romero in northern Chile 
(International Atomic Energy Agency, 2020; OECD, 2025). In 1965, Chile established the Chilean Nuclear Energy Commission 
(CCHEN) to address issues related to atomic energy and radioactive materials (OECD, 2025). The commission was tasked with advising 
the government on matters related to nuclear energy and overseeing radioactive materials (Gutiérrez, 2014; International Atomic 
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Energy Agency, 2020; OECD, 2025). The distribution of uranium deposits in Chile is shown in Fig. 2. The symbols and colours 
represent different uranium deposit categories (e.g., volcanic-hosted, sur昀椀cial, intrusive, and others), with the legend adapted from the 
IAEA’s “World Uranium Geology, Exploration, Resources and Production”(2020).

Chile’s uranium resources were estimated at 1448 tonnes of uranium (tU) as of January 2017, comprising 561 tU of reasonably 
assured resources and 886 tU of inferred resources (International Atomic Energy Agency, 2020). Signi昀椀cant uranium-bearing deposits 
are hosted within Chile’s Paleozoic Coastal Batholith (Collao et al., 2019; OECD, 2025). These deposits include surface uranium re-
sources of 68.8 tU, metasomatic deposits of 1762.8 tU, Cenozoic volcanic deposits of 100 tU, and unconventional deposits totalling 
1798 tU (Collao et al., 2019; OECD, 2025).

Fig. 2. Uranium deposits of Chile showing the distribution of major deposit types as de昀椀ned by the International Atomic Energy Agency (2020).
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Although limited literature exists on the effects of uranium on groundwater quality, the Chilean government has made signi昀椀cant 
strides in enhancing environmental and mining regulatory standards (Ghorbani and Kuan, 2017; OECD, 2025). These efforts include 
enacting the Environmental Basics Law in 1994 and establishing the Ministry of Environment in 2010 to oversee and enforce envi-
ronmental policies (Ghorbani and Kuan, 2017). These policies covered the protection of the public, animal health, national protected 
areas, land昀椀lls and residue disposal. Chile has not reported any exploration and development expenditures for uranium since 2016 
(OECD, 2025).

2.3. Kazakhstan

Kazakhstan accounts for 40 % of global uranium production, solidifying its position as a key player in the international uranium 

Fig. 3. Uranium reserve distribution across the uranium provinces of Kazakhstan.
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market (Kenzhetaev et al., 2021; Britt and Czarnota, 2024). Kazakhstan has abundant natural resources, including metal ores, natural 
gas, minerals, and oil reserves (International Atomic Energy Agency, 2020; Kayukov et al., 2020). Despite its resource wealth, the 
country’s vast territory and diverse economic activities result in an uneven and insuf昀椀cient water supply, posing challenges to sus-
tainable economic development (Alimbaev et al., 2021; Adenova et al., 2023). Mining and metallurgical industries form the backbone 
of Kazakhstan’s economy (Alimbaev et al., 2020). Uranium mining in the country began in the 1940s, with signi昀椀cant deposits 

Fig. 4. Distribution of different uranium deposit types in the United States.
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identi昀椀ed in nine regions (Kayukov et al., 2020; OECD, 2025). These deposits are primarily found in branching vein networks and in 
layers of sandstone formations. Fig. 3 highlights Kazakhstan’s signi昀椀cant reserves, which host some of the world’s largest in-situ 
recovery operations. It illustrates the spatial extent and types of uranium deposits as de昀椀ned by the International Atomic Energy 
Agency (2020). Symbols and colours indicate different deposit categories, with the legend adapted from the IAEA’s “World Uranium 
Geology, Exploration, Resources and Production” (2020

Kazakhstan employs in-situ leaching (ISL) mining techniques at 26 sites operated by 13 uranium mining companies (Kenzhetaev 
et al., 2021; OECD, 2025). Although ISL is considered cost-effective and environmentally favourable, it releases uranium, thorium, 
radium, radon, and their decay products into the environment. This process alters groundwater chemistry, resulting in pollution 
(Zhanbekov et al., 2019; OECD, 2025).

Uranium mining and milling activities in Kazakhstan’s northern and southern regions have led to signi昀椀cant environmental 
pollution, including elevated radioactivity levels in water sources (Kayukov et al., 2020; Subbotin et al., 2024; Aumalikova, 2025; 
Ibrayeva et al., 2025). The southern region, in particular, faces high pollution levels, with radionuclide concentrations in natural 
environments and groundwater undergoing considerable changes (Mukhamedzhanov et al., 2019; Beisenova, 2020; Bakhtin et al., 
2025; Ibrayeva et al., 2025). Key contributors to groundwater pollution include open-air storage of radioactive waste, uranium ore 
processing, open-pit mining, and transportation (Kayukov et al., 2020; Aumalikova, 2025; Ibrayeva et al., 2025). Tleuova et al. (2023)
recommend intensive monitoring of water supply wells in industrial and uranium mining areas in southern Kazakhstan to mitigate 
these impacts.

Kazakhstan faces severe environmental challenges, with over 21 billion tons of accumulated waste and an annual increase of 1 
billion tons, underscoring the urgent need for long-term waste management programs to support sustainable social and economic 
development (Alimbaev et al., 2021; Aumalikova, 2025; Ibrayeva et al., 2025). The impacts of uranium mining are particularly 
concerning, as studies report elevated disease prevalence in villages near active deposits, such as those in Syrdarya province, and 
radioactivity levels at production sites, surrounding soil, and wastewater that exceed national standards (Zhanbekov et al., 2019; 
Kayukov et al., 2020). Intensive mining and agricultural practices have further contributed to widespread groundwater pollution, with 
areas like Mailuu-Suu experiencing exacerbated contamination from naturally occurring radionuclides and trace elements (Liu et al., 
2021; Adenova et al., 2023; Egemberdieva and Kamchybekova, 2024; Egemberdieva, 2025; Ibrayeva et al., 2025). Anthropogenic 
activities have altered natural conditions, resulting in temperature-driven changes in groundwater quality, depletion of available 
water resources, and a decline in overall water availability (Osipov et al., 2020; Adenova et al., 2023, 2025). In-situ leaching and other 
mining practices underscore the urgent need for improved groundwater monitoring and sustainable resource management to mitigate 
environmental and public health risks.

2.4. United States of America (USA)

Uranium is found in various deposits across the USA, as shown in Fig. 4. The 昀椀gure presents the major deposit categories as de昀椀ned 
by the International Atomic Energy Agency (2020), with symbols and colours representing types such as sandstone-hosted, volcanic, 
intrusive, and other classi昀椀cations. The legend is adapted from the IAEA’s “World Uranium Geology, Exploration, Resources and 
Production” (2020). It highlights the concentration of deposits in the western United States, particularly in states such as Wyoming, 
New Mexico, and Texas, which host signi昀椀cant sandstone-hosted resources.

Signi昀椀cant sources of uranium pollution stem from mining, milling, tailings disposal, coal combustion, and phosphate fertilisers 
derived from uranium-rich rocks (Burow et al., 2017; Gardner et al., 2023; Padhi et al., 2023; Fegadel and Lynch, 2024). Major 
uranium mining areas include the Colorado Plateau, which encompasses regions of New Mexico, Arizona, Colorado, and Utah (Winde 
et al., 2017). Arizona’s Grand Canyon contains some of the highest-grade uranium deposits (0.6 % uranium oxide) in the USA (Bern 
et al., 2022; Tillman et al., 2021).

Despite over three decades of uranium mining, federal regulations addressing worker health and environmental protection were 
implemented only recently, leading to illnesses and fatalities among workers and contamination near communities and water sources 
(Gilles, 2020; Redvers et al., 2021; Winde et al., 2017). In 2012, the federal government imposed a 20-year moratorium on uranium 
mining near the Grand Canyon, suspending operations until 2032 due to insuf昀椀cient information on environmental impacts, except 
where valid mining rights already existed (Tillman et al., 2021; Halbleib, 2023).

The legacy of uranium mining in the USA is signi昀椀cant, with many abandoned uranium mines concentrated in the western states 
(Hoover et al., 2017; De Pree, 2020; Ingram et al., 2020). Remediation efforts for contaminated sites are estimated to have cost 
approximately USD 5 billion (Winde et al., 2017; Dinis and Fiúza, 2021). Since 2015, former miners and millers have received 
compensation amounting to USD 774 million, a 昀椀nancial burden that could have been avoided with earlier regulatory measures 
(Winde et al., 2017). Groundwater quality has been systematically monitored across the USA since 1991 by the U.S. Geological Survey 
(USGS) National Water Quality Assessment (NAWQA) program (Burow et al., 2017; Tillman et al., 2021; Belitz et al., 2022; Lindsey 
et al., 2023). Due to geogenic and anthropogenic activities, uranium concentrations in groundwater exceed 30 µg/L in arid western 
states, raising human health concerns in these areas (Balaram et al., 2022; Smedley and Kinniburgh, 2022). However, it is noteworthy 
that even in states without anthropogenic activities, aquifers such as the High Plains and Central Valley, uranium concentrations in 
groundwater can surpass drinking water standards due to natural geological factors (Ingram et al., 2020; Lopez et al., 2021; Balaram 
et al., 2022; Mine and Ziegler, 2022). Due to anthropogenic activities, uranium concentrations in groundwater in the San Joaquin 
Valley, California, have increased over time, posing signi昀椀cant health risks to local populations (Burow et al., 2017; Tisherman et al., 
2023). The health impacts of uranium contamination in the USA include kidney disease and a potential link to congenital disabilities 
associated with uranium exposure (Vengosh et al., 2022). These 昀椀ndings emphasise the critical need for enhanced monitoring and 
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stricter regulatory frameworks to safeguard public health.
Rural and tribal populations in the USA face disproportionately higher exposure to uranium contamination from abandoned hard- 

rock mines than other groups (Lin et al., 2020; Redvers et al., 2021; Martinez-Morata et al., 2022; Madrigal et al., 2024). This is 
primarily due to inadequate infrastructure for water access, which often necessitates the consumption of unregulated water sources. 
This vulnerability highlights the need for targeted interventions to enhance water access and quality in these underserved 
communities.

Existing studies’ recommendations emphasise the need for increased water quality monitoring nationwide, particularly in areas 
with elevated uranium levels. Moreover, ensuring access to safe drinking water in rural regions with high uranium concentrations is 
paramount. Public education campaigns targeting these communities should raise awareness about the health risks associated with 
consuming unregulated water. Such community engagement initiatives are crucial for mitigating health risks and fostering proactive 
measures to address uranium contamination.

2.5. Africa

Africa contributes signi昀椀cantly to the global uranium market, accounting for approximately 16 % of global production (OECD, 
2025). Uranium mining on the continent dates back to the 1920s, re昀氀ecting its long-standing role in the industry (Kinnaird and Nex, 
2016). The continent hosts a diverse array of uranium deposits, distributed across several countries, including Namibia, Niger, Mali, 
Malawi, and South Africa (Kinnaird and Nex, 2016; Bezuidenhout, 2021; Sanusi et al., 2022; Wilde, 2023; Mwalongo et al., 2024; 
OECD, 2025). Notable deposit types include Archaean quartz-conglomerate-hosted gold-uranium deposits in South Africa, Neo-
proterozoic end-orogeny sheeted leucogranites and small intrusive granitic stocks in Namibia, Mesozoic sandstone-hosted roll-front 
and calcrete deposits in Niger and Mali, as well as alluvial deposits in Mali (Kinnaird and Nex, 2016; Bezuidenhout, 2021; Frimmel, 
2023; Wilde, 2023). Fig. 5, adapted from Kinnaird and Nex (2016), illustrates the distinction between primary deposits (formed 
directly from magmatic or hydrothermal processes) and secondary deposits (derived from weathering, sedimentary processes, or 
reworking).

Namibia, Niger, and South Africa are the leading producers of uranium in Africa (International Atomic Energy Agency, 2020; 

Fig. 5. Distribution of primary and secondary uranium deposits in Africa.
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Wilde, 2023; Mwalongo et al., 2024; OECD, 2025). Despite their substantial contributions to the global uranium supply, the continent 
faces challenges related to water resource management. Over the past three decades, efforts to improve water and sanitation infra-
structure have advanced; however, inadequate management of domestic and industrial waste continues to pose signi昀椀cant threats to 
groundwater quality and availability (Lapworth et al., 2018; Foster et al., 2020; Bruce and Limin, 2021; Omohwovo, 2024).

2.5.1. Niger
Niger is a landlocked country situated between the savannah and desert biomes, characterised by a scorching and arid climate 

(Sacré Regis M. et al., 2020; Adamou et al., 2021; Almouctar et al., 2024). Uranium was 昀椀rst discovered in Niger in the late 1950s by 
French surveyors (Volberding and Warner, 2018; Adamson, 2021; LeBlanc, 2022; OECD, 2025). Today, Niger ranks as one of the top 
global producers of uranium, contributing approximately 5 % of the world’s uranium supply (Mamadou et al., 2022; Soumaila, 2023). 
The country’s uranium deposits are primarily found in mid-grade ore within sandstone formations (Winde et al., 2017; International 
Atomic Energy Agency, 2020; Bohari et al., 2022; Mamadou et al., 2022; OECD, 2025). Fig. 6 highlights the concentration of deposits 
in Niger, particularly in the Tim Mersoi Basin. The Tim Mersoï uranium province holds one of the world’s largest reserves of U, the 
Djado and Emi Lulu basins, located in the Palaeozoic formation, exhibit signi昀椀cant uranium potential (Mamadou et al., 2022; OECD, 
2025).

Since 2011, several foreign companies have halted exploration activities in Niger due to geopolitical tensions (International Atomic 
Energy Agency, 2020). As reported by the OECD (2025), Orano’s mining operations prioritise environmental protection, maintaining 
ISO 14001 certi昀椀cation and reducing water use by 35 % through the AMAN project despite increased production. The company 
supports local communities with free healthcare facilities, housing, education, and agricultural initiatives. Sustainability efforts 
include building an 8 MW solar power plant and advancing remediation plans for Cominak’s closure to ensure safety, social support, 
and sustainable land use (OECD, 2025). At Dasa, environmental assessments indicate limited impact on nearby populations and 
livelihoods. However, despite being one of the largest producers of uranium globally, the country has a notable lack of studies on the 
impact of uranium mining on groundwater quality.

2.5.2. South Africa
As shown in Fig. 7, South Africa hosts signi昀椀cant uranium deposits, primarily in the Karoo Uranium Province, the Witwatersrand 

Basin, the Springbok Flats Basin, Intrusives, and Namaqualand sur昀椀cial uranium deposits (Makubalo et al., 2020; Pretorius et al., 2020; 
Raji et al., 2021; Moshupya et al., 2022). The 昀椀gure shows the distribution of uranium deposit types as de昀椀ned by the International 
Atomic Energy Agency (2020), with symbols and colours representing different categories. The legend is adapted from the IAEA’s 
“World Uranium Geology, Exploration, Resources and Production” (2020).

Fig. 6. Uranium deposits in Niger showing the distribution of major deposit types as de昀椀ned by the International Atomic Energy Agency (2020).

L.C. Afrikaner et al.                                                                                                                                                                                                   Journal of Hydrology: Regional Studies 62 (2025) 102814 

9 



The Northern Cape Province in South Africa is an arid region where groundwater is the sole drinking water source, like most arid 
regions in the world (Lalumbe and Kanyerere, 2022; Abdessamed et al., 2023). Uranium mining in the province has caused elevated 
levels of uranium in the groundwater, averaging 0.155mg/L, which is 5 times higher than the drinking water quality guideline 
(Makubalo and Diamond, 2020). Uranium bioaccumulates in plants, particularly grasses, thereby posing a risk to livestock and 
potentially leading to signi昀椀cant human exposure through the consumption of mutton and sheep organs, which serve as dietary staples 
(Lalumbe and Kanyerere, 2022; Cui et al., 2023; Duhan et al., 2023).

Groundwater in Namaqualand, located within the Northern Cape Province, undergoes complex geochemical processes such as 
parent rock weathering, which result in unique groundwater chemistry (Adadzi, 2020; Makubalo and Diamond, 2020; van Gend et al., 
2021). When compared to South Africa’s drinking water quality standards, data from Namaqualand showed that 41 % of samples 
exceeded the gross alpha standard derived from uranium isotopes (Abiye and Shaduka, 2017)(Gross Alpha Activity (pCi/L)=Uranium 
Concentration (µg/L)× 0.67) (Scott et al., 2023). In their study, Smedley and Kinniburgh (2022) reported uranium concentrations in 
Namaqualand groundwater ranging from 1.3 to 5100 µg/L due to evaporation and secondary uranium mineralisation. Hence, they 
recommended that groundwater be treated before consumption, as uranium levels exceeded the acceptable water quality standards. 
Mining companies in South Africa are required to use resources responsibly, rehabilitate exploration sites, and comply with envi-
ronmental management plans through regular inspections (OECD, 2025). Companies must also engage with affected communities 
during the application process for mining rights and implement Social and Labour Plans.

Fig. 7. Major uranium deposits in South Africa.
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2.5.3. Namibia
Uranium was 昀椀rst discovered in Namibia in 1928 near the Rossing deposit (World Nuclear Association, 2023; Namibia Uranium 

Association, 2024; OECD, 2025). The Rossing mine, the country’s 昀椀rst operational uranium mine, began production in 1976 under Rio 
Tinto. Namibia is now the third-largest global supplier of uranium (Namibia Uranium Association, 2024; OECD, 2025). Fig. 8 shows 
the different types of uranium deposits in the country. Currently, only Rossing, Langer Heinrich, and Husab are operational, while the 
Trekkopje mine remains under care and maintenance, alongside six ongoing exploration projects (Namibia Uranium Association, 
2024).

In 2023, Namibia produced 8283 tonnes of uranium, marking a 24.5 % increase from the previous year (Namibia Chamber of 
Mines, 2024). However, the region’s location in the Namib Desert presents challenges due to limited groundwater resources and 
vulnerable aquifers (Hamutoko et al., 2014; Lohe et al., 2021; Atlas of Namibia Team, 2022). Namibia has low-grade uranium ore, 
ranging from 80 to 540 ppm U3O8, and the country hosts both primary and secondary deposits (Wilde, 2023; Namibia Uranium 
Association, 2024; OECD, 2025).

The uranium mines in Namibia have made signi昀椀cant efforts to monitor groundwater quality in their surrounding areas, as reported 

Fig. 8. Uranium deposits in Namibia,illustrating the distribution of major deposit types as de昀椀ned by the International Atomic Energy 
Agency (2020).
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in their annual reports and supported by the Air and Water Quality working group of the Uranium Association of Namibia (Namibia 
Uranium Association, 2024). Uranium mining operations, in collaboration with the line Ministries, maintain active monitoring of key 
environmental concerns (Musiyarira et al., 2017; Namibia Uranium Association, 2024; OECD, 2025). Emphasis is placed on adopting 
best practices and exchanging experiences through participatory approaches to environmental planning and management, alongside 
the promotion of effective waste management strategies (OECD, 2025). However, in the uranium province, Kringel et al. (2010)
observed elevated uranium levels in the groundwater near the Rossing uranium mine, Langer Heinrich mine, and the Swakop River 
valley. Unable to con昀椀rm whether the elevated levels were due to pollution, they recommended further studies to determine whether 
the high uranium concentrations stemmed from contamination or natural sources. Similarly, Hamutoko et al. (2014) concluded that 
the groundwater in the Khan and Swakop rivers (located in the uranium province) was un昀椀t for human consumption based on its 
hydrochemistry, uranium levels, and radionuclide content due to natural dispersion rather than anthropogenic activities. They rec-
ommended further analysis of other aquifers in the uranium province to assess their suitability for water supply. Mathuthu et al. (2021)
indicate that the average values of absorbed dose rate (D= 118.11nGyh−1) and annual effective dose equivalent for ingestion (Hin=
1.26 mSvy−1) in groundwater samples exceeded the thresholds recommended by UNSCEAR, pointing to a potential radiological 
hazard. Their isotopic ratio analysis further suggests that the uranium present in the groundwater is primarily associated with mine 
seepage contamination rather than natural geological sources. These results emphasise that seepage water constitutes a signi昀椀cant 
radiological risk to both human health and the environment due to the elevated hazard parameters identi昀椀ed.

In Namibia, most rivers are ephemeral or seasonal, characterised by infrequent yet often intense 昀氀ow. These seasonal 昀氀oods can 
in昀氀uence uranium concentrations in alluvial aquifers through the mobilisation of contaminants and dilution (Balaram et al., 2022; 
Geris et al., 2022; Smedley and Kinniburgh, 2022). This can dilute the concentration of uranium in groundwater, but it can also 
transport contaminants into groundwater. These rivers’ alluvial aquifers and sand beds represent vital water sources for local com-
munities, particularly subsistence farmers, highlighting the importance of understanding surface–groundwater interactions in 
assessing water quality and contamination risks. In a study by Abiye and Shaduka (2017), the main 昀椀ndings reported indicate that 
uranium contamination in the Gawib shallow aquifer system is a direct result of seepage from unlined uranium tailings. The high 
permeability of the alluvial aquifer facilitates the movement of groundwater in this arid region, thereby enhancing the spread of 
contamination. Their study further highlights the risk of uranium migration into the deeper aquifer system and downstream into the 
Swakop River, with the potential to extend as far as the Atlantic Ocean through seasonal 昀氀ash 昀氀ood events.

3. Remediation

Numerous polluted sites worldwide have been identi昀椀ed as requiring uranium remediation (Dinis and Fiúza, 2021; Akash et al., 
2022; Arfasa et al., 2022; Balaram et al., 2022). Examples include Kazakhstan, due to in-situ mining in the northern and southern 
regions (Zhanbekov et al., 2019; Kayukov et al., 2020; Subbotin et al., 2024; OECD, 2025); the United States, particularly in Cal-
ifornia’s San Joaquin Valley (Gardner et al., 2023; Padhi et al., 2023); South Africa, notably in the Northern Cape (Makubalo and 
Diamond, 2020; Smedley and Kinniburgh, 2022); and Namibia, around the unlined tailings dams of uranium mines (Abiye and 
Shaduka, 2017; Mathuthu et al., 2021). Without proper closure plans or rehabilitation projects, mining sites continue to be signi昀椀cant 
sources of environmental pollution, with groundwater contamination being a primary concern.

Regulators utilise various technologies to control contamination, with remediation enhancing uranium recovery from groundwater 
while supporting environmental protection and resource ef昀椀ciency (Dinis and Fiúza, 2021; Balaram et al., 2022; Gandhi et al., 2022). 
Groundwater remediation requires dynamic, adaptive approaches due to continuously changing subsurface conditions and 

Fig. 9. Schematic representation of the ion exchange process in uranium recovery.
adapted from Dinis and Fiúza (2021).
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site-speci昀椀c complexities (Naseri-Rad et al., 2022; Warner et al., 2023). These methods can be broadly classi昀椀ed into three categories: 
chemical, physical, and biological remediation (Motlagh et al., 2020; Dinis and Fiúza, 2021).

3.1. Chemical remediation

Ion exchange technology has effectively reduced radionuclide levels in water (Dinis and Fiúza, 2021; Ighalo et al., 2024). This 
method is relatively simple to develop and operate, is cost-effective and has a long lifespan (Alexandratos, 2021; Gandhi et al., 2022; 
Zhang et al., 2023; Zimmermann et al., 2025). As illustrated in Fig. 9, contaminated water is 昀椀ltered and passed through an ion ex-
change resin, where ion exchange processes remove the contaminants (Barman et al., 2023; Gandhi et al., 2022b; Ighalo et al., 2024).

Ion exchange resins with high exchange capacity are widely used for removing contaminants like uranium, particularly in countries 
such as South Africa and Australia (Ighalo et al., 2024). However, the concentrated wastewater produced by this process must be 
treated, stored, or disposed of properly to prevent further pollution (Liu et al., 2021; Banayan Esfahani et al., 2023; Hamza et al., 
2024). A signi昀椀cant limitation of ion exchange is its high sensitivity to pH levels, which affects uranium concentration polarisation and 
speciation (Quinn et al., 2020; Gopalakrishnan et al., 2024; Ighalo et al., 2024). Additionally, the presence of certain cations, due to 
their hydration radius and high mobility, can reduce uranium removal ef昀椀ciency (Chen et al., 2022; Gandhi et al., 2022; Hao et al., 
2025).

3.1.1. Permeable reactive barrier (PRB)
Permeable reactive barriers (PRB) are an in-situ remediation technique that can be used independently or in combination with 

other remediation methods (Torres and Gómez, 2020; Akhtar et al., 2021; Singh et al., 2023). This process is passive, sustainable, and 
remarkably effective for remediating migrating groundwater plumes, as illustrated in Fig. 10 (Torres and Gómez, 2020; Budania and 
Dangayach, 2023; Sakr et al., 2023; Singh et al., 2023). A barrier containing reactive materials facilitates geochemical reactions that 
remove pollutants from groundwater (Torres and Gómez, 2020; Li and Liu, 2022; Sakr et al., 2023; Meky et al., 2025). The reactive 
materials employed in this process include activated carbon (AC), zeolites and zero-valent iron (ZVI), which are the most widely used 
(Bilardi et al., 2023; Singh et al., 2023; Wu et al., 2024).

However, the successful implementation of PRBs requires careful site selection, with numerical models typically employed to 
determine groundwater 昀氀ow patterns and volumes before a barrier is installed (Guo et al., 2024; Wang et al., 2024; Jiang et al., 2025). 
Under ideal conditions, PRBs can remain effective for decades, providing a reliable means of removing radionuclide isotopes from 
groundwater over an extended period (Kwak et al., 2024; Meky et al., 2025; Sakr et al., 2023; Sánchez Hidalgo et al., 2025). Less 
expensive reactive media can be utilised to reduce costs, and the technology is continuously evolving, with ongoing research into new 
reactive materials and alternative construction methods (Dayanthi et al., 2024; Ren et al., 2024; Sánchez Hidalgo et al., 2025)

3.2. Physical remediation

3.2.1. Membrane 昀椀ltration

Membrane 昀椀ltration technologies, such as nano昀椀ltration, ultra昀椀ltration, and reverse osmosis, are capable of separating uranium 
from water (Dinis and Fiúza, 2021; Gandhi et al., 2022; Ighalo et al., 2024). Ultra昀椀ltration employs low-pressure membranes that 
are energy-ef昀椀cient; it is less effective at separating low molecular weight species or dissolved salts (UroÇsević and Trivunac, 2020; 
Joshi et al., 2022; Giacobbo et al., 2023). Reverse osmosis, although chemical-free and environmentally friendly, requires high 
energy input and is constrained by slow water production rates and the need for pre-昀椀ltration (Shalaby et al., 2022; Abushawish 

Fig. 10. Schematic representation of the permeable reactive barrier (PRB) process for groundwater remediation,
adapted from Naidu and Birke (2015).
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et al., 2023; Harby et al., 2024; Ighalo et al., 2024). Nano昀椀ltration, though effective in removing heavy metals and salts, requires 
high-energy membranes and has a relatively short lifespan (Covaliu-MierlÚa et al., 2023; Nompumelelo et al., 2023; Mahmoud and 
Mostafa, 2023; Ighalo et al., 2024).
However, challenges such as membrane fouling, scaling, high energy demand, and material degradation continue to drive research 
focused on sustainable materials and optimisation strategies for membrane 昀椀ltration (Chen et al., 2022; Akinyemi et al., 2023; Ilyas 
and Vankelecom, 2023; Osman et al., 2024). Despite these limitations, membrane 昀椀ltration is gaining attention as a uranium 
remediation process due to its high ef昀椀ciency, low cost, and compact space requirements (Chen et al., 2022; Gandhi et al., 2022; 
Ilyas and Vankelecom, 2023; Ighalo et al., 2024).

3.2.2. Adsorption
Adsorption is recognised as one of the most effective approaches for removing uranium from water because of its high ef昀椀ciency, 

simplicity, and cost-effectiveness (Jun et al., 2021; Gandhi et al., 2022; Verma and Kim, 2022; Ighalo et al., 2024; Liu et al., 2025). In 
an adsorption process, extraction rates of 70–90 % for uranium were achieved using TiO2 microsphere-infused alginate beads (Bhoria 
et al., 2021; Ighalo et al., 2024). A wide range of adsorbents has been explored, including clay minerals, metal oxides, layered double 
hydroxides (LDHs), graphene oxides (GOs), and metal–organic frameworks (MOFs) (Mohapi et al., 2020; Bhoria et al., 2021; Akhtar 
et al., 2024). Nonetheless, signi昀椀cant challenges persist in scaling these technologies for large-scale applications, necessitating ongoing 
research aimed at enhancing adsorbent performance and advancing sustainable, cost-effective solutions (Raji et al., 2023; Satyam and 
Patra, 2024).

3.3. Biological remediation

3.3.1. Bioremediation
Bioremediation methods, such as bioleaching, bioreduction, and biosorption, are employed to remove uranium from polluted 

environments (You et al., 2021; Akash et al., 2022; Ighalo et al., 2024). This technology utilizes microorganisms to degrade pollutants 
into harmless components, making it one of the most environmentally friendly remediation techniques (Motlagh et al., 2020; 
Mukherjee et al., 2021; Gandhi et al., 2022; Muttaleb and Ali, 2022; Kuppan et al., 2024). It is typically used in situ to treat 
groundwater contamination, with natural bioremediation relying on both aerobic and anaerobic bacteria (Rossi et al., 2021; Madison 
et al., 2023; Skinner et al., 2024). Bioremediation faces signi昀椀cant limitations, including biological speci昀椀city, environmental vari-
ability, site heterogeneity, scalability challenges, and regulatory hurdles (Patel et al., 2022; Kuppan et al., 2024b; Mahanayak, 2024). 
When enzymes are employed, additional constraints arise from their low stability under variable pH and temperature conditions, 
challenges in separating them from the reaction medium, and limited reusability (Somu et al., 2022; Ekeoma et al., 2023).

3.3.2. Phytoremediation
Phytoremediation is another effective method, particularly suited for treating low concentrations of pollutants. In this process, 

plants and microbes remove environmental pollutants by accumulating them in the plant’s root systems, as depicted in Fig. 11 (Dinis 
and Fiúza, 2021; Mitra et al., 2021; Raklami et al., 2022; Khatoon et al., 2024). This method is ideal for the remediation of tailings 
material (Acosta-NúÞnez et al., 2025). However, selecting the appropriate plant species for phytoremediation can be challenging due to 

Fig. 11. Schematic representation of the phytoremediation process for uranium-contaminated soils and water adapted from Dinis and Fiúza (2021).
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various factors involved in uranium remediation (Gandhi et al., 2022; Huang et al., 2022; Ka昀氀e et al., 2022; Amabogha et al., 2023). 
Additionally, this process has limitations, as the contaminant must be located near the surface and within the reach of the plant roots 
(Ka昀氀e et al., 2022; Khan et al., 2023; J. Wang and Aghajani Delavar, 2023).

Signi昀椀cant experience has been gained in remediation technologies; however, these technologies are costly when applied to large- 
scale contaminated sites. While well-developed technologies for groundwater contaminated with radionuclides exist, many challenges 
remain to be addressed. Uranium pollution remediation is receiving increasing global attention, and the development of processes and 
procedures within the nuclear industry could serve as a model for broader applications. A key challenge across all technologies is the 
safe disposal of the liquid and solid waste produced after treatment. Membrane 昀椀ltration and ion exchange are among the most 
ef昀椀cient techniques for uranium removal compared to other remediation methods. Various modelling tools are available to simulate 
the behaviour of uranium and other contaminants in groundwater systems. Commonly used groundwater simulation programs, 
including MODFLOW, MT3DMS, RT3D, FEFLOW, and MODPATH, allow for accurate contaminant transport modelling when model 
objectives are clearly de昀椀ned and 昀氀ow processes are thoroughly characterised (Chowdhury and Rahnuma, 2023; Kumar and Gour, 
2021). For radiological risk assessment at uranium-impacted sites, tools such as AMBER, GoldSim, NORM, Legacy Site Assessment, 
PRG-dose calculator, and RESRAD-OFFSITE have been employed (Bello et al., 2022, 2022; Branko et al., 2022; Pepin et al., 2022). 
Comparative studies between these models emphasise the need to select context-speci昀椀c tools and, where appropriate, integrate 
multiple modelling approaches to support effective remediation planning (Kumar and Gour, 2021).

4. Discussion

Groundwater contamination from uranium mining in arid regions is a challenge of both local and global relevance, and the present 
昀椀ndings contribute to bridging this knowledge gap. The United States, for example, possesses extensive records, while many other 
regions remain underrepresented. This imbalance highlights the need for broader global assessments of uranium contamination in arid 
regions.

Country experiences re昀氀ect this uneven knowledge base. In Australia, integrated and interdisciplinary approaches are needed to 
evaluate the spatial and socio-environmental impacts of uranium mining. Chile has strengthened regulatory frameworks, but 
groundwater quality near mines remains underexplored. Kazakhstan, facing acute water scarcity, must adopt stronger policies to 
balance resource use with aquifer protection. In the United States, despite extensive datasets, continued baseline monitoring is crucial 
for tracking changes during and after mining operations. In Africa, limited monitoring of uranium exposure has allowed long-term 
environmental and health risks to persist, resulting in signi昀椀cant 昀椀nancial burdens for remediation. Evidence from Niger shows 
mining consumes signi昀椀cant groundwater reserves, while studies in South Africa call for robust epidemiological assessments and 
institutional mechanisms for risk reduction. Namibia has advanced groundwater monitoring through industry-led initiatives, but the 
absence of peer-reviewed publications restricts scienti昀椀c validation and broader application.

Sustainable uranium mining depends on effective tailings and water management supported by collaborative research and tech-
nological innovation. Overreliance on single remediation methods should be avoided in favour of integrated, cost-effective strategies. 
Comprehensive water quality monitoring, geological and hydrochemical investigations, and the development of modelling-based tools 
are critical for understanding uranium transport processes and improving groundwater resource management.

5. Conclusion

The 昀椀ndings of this study highlight the persistent environmental and health risks associated with uranium mining and reveal 
critical gaps in global groundwater monitoring, particularly in underrepresented regions such as Africa, South America, and Central 
Asia. By synthesising previous studies, this work provides new insights into the uneven distribution of uranium contamination 
knowledge and highlights regions where scienti昀椀c evidence is urgently needed.

The study demonstrates that sustainable uranium mining requires an integrated, multidisciplinary approach that combines 
hydrochemical, geological, and epidemiological assessments to evaluate contamination risks and guide effective mitigation strategies 
accurately. Practical implications include the need for cost-effective and complementary remediation technologies, advanced 
modelling tools to predict contaminant transport, and strengthened regulatory frameworks to safeguard both water resources and 
public health. Importantly, this research emphasises the value of international collaboration among scientists, policymakers, and 
industry stakeholders to establish robust monitoring networks and implement adaptive management strategies. By addressing data 
gaps and promoting evidence-based interventions, the 昀椀ndings provide a roadmap for mitigating the long-term impacts of uranium 
mining on groundwater resources, supporting both local community safety and broader environmental sustainability.

Future studies should expand peer-reviewed datasets in underrepresented regions, re昀椀ne monitoring frameworks, develop inno-
vative remediation technologies, and evaluate long-term water management effectiveness. By addressing data gaps and promoting 
evidence-based interventions, these efforts provide a roadmap for mitigating uranium mining impacts on groundwater, safeguarding 
both local communities and environmental sustainability.
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Guéguen, Y., Frerejacques, M., 2022. Review of knowledge of Uranium-Induced kidney toxicity for the development of an adverse outcome pathway to renal 
impairment. Int. J. Mol. Sci. 23 (8), 4397. https://doi.org/10.3390/ijms23084397.

Guo, F., Ren, Y., Zhou, Y., Sun, S., Cui, M., Khim, J., 2024. Machine learning vs. Statistical model for prediction modeling and experimental validation: application in 
groundwater permeable reactive barrier width design. J. Hazard. Mater. 469, 133825. https://doi.org/10.1016/j.jhazmat.2024.133825.

Gutiérrez, G., 2014. Antecedents and perspectives on the development of nuclear energy in Chile. J. Phys. Conf. Ser. 511, 012089. https://doi.org/10.1088/1742- 
6596/511/1/012089.

Halbleib, K., 2023. Examining uranium mining in the canyon mine. Pace Environ. Law Rev. 40 (2), 357. https://doi.org/10.58948/0738-6206.1872.
Hamutoko, J.T., Mapani, B.S., Ellmies, R., Bittner, A., Kuells, C., 2014. A 昀椀ngerprinting method for the identi昀椀cation of uranium sources in alluvial aquifers: an 

example from the khan and swakop rivers, Namibia. Phys. Chem. Earth 72, 34–42. https://doi.org/10.1016/j.pce.2014.09.006.
Hamza, Z., Al-Sulaiman, A., Abdel-Shafy, H., 2024. A scientometric analysis and bibliometric review of IOEX as a treatment to remove pollutants. AlQadisiyah J. Eng. 

Sci. 17 (2), 121–127. https://doi.org/10.30772/qjes.2024.145618.1095.
Hao, Y., Hou, C., Chen, C., Zhou, H., Liu, Y., Lin, Y., Li, H., Hu, K., 2025. Advances in the ef昀椀cient removal of the key radioactive nuclide 90 sr using crystalline Ion- 

Exchange materials: a review. Chem. Asian J. https://doi.org/10.1002/asia.202401320.
Harby, K., Emad, M., Benghanem, M., Abolibda, T.Z., Almohammadi, K., Aljabri, A., Alsaiari, A., Elgendi, M., 2024. Reverse osmosis hybridization with other 

desalination techniques: an overview and opportunities. Desalination 581, 117600. https://doi.org/10.1016/j.desal.2024.117600.
Herrmann, T., 2023. Australia, Western: uranium mining. In Encyclopedia of Mineral and Energy Policy. Springer Berlin Heidelberg, pp. 32–35. https://doi.org/ 

10.1007/978-3-662-47493-8_130.
Hiatt, E.E., Kyser, T.K., Polito, P.A., Marlatt, J., Pufahl, P., 2021. The paleoproterozoic kombolgie subgroup (1.8 Ga), McArthur basin, Australia: sequence 

stratigraphy, basin evolution, and unconformity-related uranium deposits following the great oxidation event. Can. Mineral. 59 (5), 1049–1083. https://doi.org/ 
10.3749/canmin.2000102.

Hoover, J., Gonzales, M., Shuey, C., Barney, Y., Lewis, J., 2017. Elevated arsenic and uranium concentrations in unregulated water sources on the navajo nation, USA. 
Expo. Health 9 (2), 113–124. https://doi.org/10.1007/s12403-016-0226-6.

Horvit, A., Molony, D., 2022. A Systematic Review and Meta-Analysis of Mortality and Kidney Function in Uranium – Exposed Individuals. https://doi.org/10.37766/ 
inplasy2022.4.0122.

Huang, M., Liu, Z., Li, X., 2022. Phytoremediation of rare Tailings-Contaminated soil. J. Renew. Mater. 10 (12), 3351–3372. https://doi.org/10.32604/ 
jrm.2022.022393.

Ibrayeva, D., Bakhtin, M., Aumalikova, M., Kashkinbayev, Y., Kazymbet, P., Masaharu, H., Sakaguchi, A., 2025. Preliminary studies of the water contamination in 
settlements located near the uranium mining territory in Northern Kazakhstan. Environ. Sci. Pollut. Res. 32 (17), 11242–11250. https://doi.org/10.1007/s11356- 
025-36398-0.

Ighalo, J.O., Chen, Z., Ohoro, C.R., Oniye, M., Igwegbe, C.A., Elimhingbovo, I., Khongthaw, B., Dulta, K., Yap, P.S., Anastopoulos, I., 2024. A review of remediation 
technologies for uranium-contaminated water. In: In Chemosphere, 352. Elsevier Ltd. https://doi.org/10.1016/j.chemosphere.2024.141322.

Ilyas, A., Vankelecom, I.F.J., 2023. Designing sustainable membrane-based water treatment via fouling control through membrane interface engineering and process 
developments. Adv. Colloid Interface Sci. 312, 102834. https://doi.org/10.1016/j.cis.2023.102834.

Ingram, J.C., Jones, L., Credo, J., Rock, T., 2020. Uranium and arsenic unregulated water issues on navajo lands. J. Vac. Sci. Technol. A 38 (3). https://doi.org/ 
10.1116/1.5142283.

International Atomic Energy Agency. (2020). World Uranium Geology, Exploration, Resources and Production INTERNATIONAL ATOMIC ENERGY AGENCY 
VIENNA. www.iaea.org/publications.

Jiang, J., Chen, J., Ou, X., Luo, H., Wang, S., 2025. Prediction of heavy metal contamination in soil-groundwater systems at contaminated sites. Environ. Technol. 46 
(16), 3011–3023. https://doi.org/10.1080/09593330.2025.2451257.

Jibitha, J.B., Sabu, J., 2023. Sources of groundwater contamination: a review. Int. J. Res. Rev. 10 (10), 121–126. https://doi.org/10.52403/ijrr.20231016.
Joshi, U.S., Bhalani, D.V., Chaudhary, A., Jewrajka, S.K., 2022. Multipurpose tight ultra昀椀ltration membrane through controlled layer-by-layer assembly for low 

pressure molecular separation. J. Membr. Sci. 641, 119908. https://doi.org/10.1016/j.memsci.2021.119908.

L.C. Afrikaner et al.                                                                                                                                                                                                   Journal of Hydrology: Regional Studies 62 (2025) 102814 

18 

https://doi.org/10.1051/e3sconf/202453703005
https://doi.org/10.63666/ejsmr.1694-9013.1.I.2025.17
https://doi.org/10.63666/ejsmr.1694-9013.1.I.2025.17
https://doi.org/10.1016/j.jbiotec.2023.05.003
https://doi.org/10.1016/j.scitotenv.2025.179406
https://doi.org/10.1126/science.abh2867
https://doi.org/10.1108/SC-08-2023-0034
https://doi.org/10.2166/wp.2020.177
https://doi.org/10.1139/cjes-2022-0058
https://doi.org/10.1016/j.scitotenv.2022.153947
https://doi.org/10.1016/j.scitotenv.2022.160455
https://doi.org/10.1016/j.scitotenv.2020.143140
https://doi.org/10.1016/j.jhydrol.2022.127834
https://doi.org/10.1016/j.jhydrol.2022.127834
https://doi.org/10.1080/17480930.2015.1128799
https://doi.org/10.3390/membranes13080743
https://doi.org/10.3390/membranes13080743
https://doi.org/10.3390/min9070432
https://doi.org/10.4324/9780429334016-7
https://doi.org/10.4324/9780429334016-7
https://doi.org/10.1016/j.chemosphere.2024.143711
https://doi.org/10.3390/ijms23084397
https://doi.org/10.1016/j.jhazmat.2024.133825
https://doi.org/10.1088/1742-6596/511/1/012089
https://doi.org/10.1088/1742-6596/511/1/012089
https://doi.org/10.58948/0738-6206.1872
https://doi.org/10.1016/j.pce.2014.09.006
https://doi.org/10.30772/qjes.2024.145618.1095
https://doi.org/10.1002/asia.202401320
https://doi.org/10.1016/j.desal.2024.117600
https://doi.org/10.1007/978-3-662-47493-8_130
https://doi.org/10.1007/978-3-662-47493-8_130
https://doi.org/10.3749/canmin.2000102
https://doi.org/10.3749/canmin.2000102
https://doi.org/10.1007/s12403-016-0226-6
https://doi.org/10.32604/jrm.2022.022393
https://doi.org/10.32604/jrm.2022.022393
https://doi.org/10.1007/s11356-025-36398-0
https://doi.org/10.1007/s11356-025-36398-0
https://doi.org/10.1016/j.chemosphere.2024.141322
https://doi.org/10.1016/j.cis.2023.102834
https://doi.org/10.1116/1.5142283
https://doi.org/10.1116/1.5142283
https://doi.org/10.1080/09593330.2025.2451257
https://doi.org/10.52403/ijrr.20231016
https://doi.org/10.1016/j.memsci.2021.119908


Jun, B.-M., Lee, H.-K., Park, S., Kim, T.-J., 2021. Puri昀椀cation of uranium-contaminated radioactive water by adsorption: a review on adsorbent materials. Sep. Purif. 
Technol. 278, 119675. https://doi.org/10.1016/j.seppur.2021.119675.

Ka昀氀e, A., Timilsina, A., Gautam, A., Adhikari, K., Bhattarai, A., Aryal, N., 2022. Phytoremediation: mechanisms, plant selection and enhancement by natural and 
synthetic agents. Environ. Adv. 8, 100203. https://doi.org/10.1016/j.envadv.2022.100203.

Karunanidhi, D., Subramani, T., Srinivasamoorthy, K., Yang, Q., 2022. Environmental chemistry, toxicity and health risk assessment of groundwater: environmental 
persistence and management strategies. Environ. Res. 214, 113884. https://doi.org/10.1016/j.envres.2022.113884.

Kayukov, P.G., Feodorov, G.V., Yakovleva, N.A., Sadvakasov, Y.K., Ayupov, K.A., 2020. Radiation situation on the territory of Shuchinsk-Borovskaya resort area and 
measures on the radiation risks reduction. NEWS Natl. Acad. Sci. Repub. Kazakhstan 4 (442), 70–76. https://doi.org/10.32014/2020.2518-170X.86.

Kenzhetaev, Z., Nurbekova, M., Togizov, K., Abdraimova, M., Toktaruly, B., 2021. Methods for intensi昀椀cation of borehole uranium mining at the 昀椀elds with low 
昀椀ltration characteristics of ores. Min. Miner. Depos. 15 (3), 95–101. https://doi.org/10.33271/MINING15.03.095.

Khan, S., Masoodi, T.H., Pala, N.A., Murtaza, S., Mugloo, J.A., So昀椀, P.A., Zaman, M.U., Kumar, R., Kumar, A., 2023. Phytoremediation prospects for restoration of 
contamination in the natural ecosystems. Water 15 (8), 1498. https://doi.org/10.3390/w15081498.

Khatoon, Z., Orozco-Mosqueda, Ma. del C., Santoyo, G., 2024. Microbial contributions to heavy metal phytoremediation in agricultural soils: a review. 
Microorganisms 12 (10), 1945. https://doi.org/10.3390/microorganisms12101945.

Kinnaird, J.A., Nex, P.A.M., 2016. Uranium in Africa. Episodes 39 (2), 335–359. https://doi.org/10.18814/epiiugs/2016/v39i2/95782.
Kringel, R., Wagner, F., Klinge, H., 2010. Groundwater quality assessment in the Khan-and Swakop-River catchment with respect to geogenic background 

concentrations of dissolved uranium.
Kumar, M., Gour, A., 2021. Novel approach to groundwater contaminant transport modelling. J. Univ. Shanghai Sci. Technol. 23 (07), 281–292. https://doi.org/ 

10.51201/JUSST/21/07132.
Kuppan, N., Padman, M., Mahadeva, M., Srinivasan, S., Devarajan, R., 2024. A comprehensive review of sustainable bioremediation techniques: eco friendly solutions 

for waste and pollution management. Waste Manag. Bull. 2 (3), 154–171. https://doi.org/10.1016/j.wmb.2024.07.005.
Kwak, E., Kim, J.-H., Choi, N.-C., Seo, E., Lee, S., 2024. Longevity prediction of reactive media in permeable reactive barriers considering the contamination level and 

groundwater velocity at the planning site, with a focus on cadmium removal by zeolite. Chemosphere 353, 141532. https://doi.org/10.1016/j. 
chemosphere.2024.141532.

Lalumbe, L., Kanyerere, T., 2022. Characterisation of Hydro-Geochemical processes in昀氀uencing groundwater quality in rural areas: a case study of soutpansberg 
region, Limpopo province, South Africa. Water 14 (12), 1972. https://doi.org/10.3390/w14121972.

Lapworth, D.J., Stuart, M.E., Pedley, S., Nkhuwa, D.C.W., Tijani, M.N., 2018. A review of urban groundwater use and water quality challenges in Sub-Saharan Africa.
Lapworth, D.J., Brauns, B., Chattopadhyay, S., Gooddy, D.C., Loveless, S.E., MacDonald, A.M., McKenzie, A.A., Muddu, S., Nara, S.N.V., 2021. Elevated uranium in 

drinking water sources in basement aquifers of Southern India. Appl. Geochem. 133, 105092. https://doi.org/10.1016/j.apgeochem.2021.105092.
LeBlanc, J., 2022. Stratigraphic lexicon: the sedimentary formations of the republic of Niger, Africa. Pro-Metrics. https://doi.org/10.47909/978-9916-9760-6-7.
Li, H., Liu, Q., 2022. Reaction medium for permeable reactive barrier remediation of groundwater polluted by heavy metals. Front. Environ. Sci. 10. https://doi.org/ 

10.3389/fenvs.2022.968546.
Li, P., Karunanidhi, D., Subramani, T., Srinivasamoorthy, K., 2021. Sources and consequences of groundwater contamination. Arch. Environ. Contam. Toxicol. 80 (1), 

1–10. https://doi.org/10.1007/s00244-020-00805-z.
Lin, Y., Hoover, J., Beene, D., Erdei, E., Liu, Z., 2020. Environmental risk mapping of potential abandoned uranium mine contamination on the navajo nation, USA, 

using a GIS-based multi-criteria decision analysis approach. Environ. Sci. Pollut. Res. 27 (24), 30542–30557. https://doi.org/10.1007/s11356-020-09257-3.
Lindsey, B.D., Fleming, B.J., Goodling, P.J., Dondero, A.M., 2023. Thirty years of regional groundwater-quality trend studies in the United States: major 昀椀ndings and 

lessons learned. J. Hydrol. 627, 130427. https://doi.org/10.1016/j.jhydrol.2023.130427.
Liu, D., Wang, Y., Zuo, L., Guo, M., Liu, S., 2025. Advanced materials for uranium adsorption: a mini review of recent developments. Front. Mater. 12. https://doi.org/ 

10.3389/fmats.2025.1541204.
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