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Abstract

As global uranium demand for nuclear energy is projected to surge by 28% by 2030, the pressing need for sustainable and
efficient mining methods becomes paramount. This review evaluates In-Situ Leaching (ISL), an advanced uranium extraction
technique that minimizes environmental impact while addressing economic viability. ISL reduces waste rock disposal and
surface disturbance by up to 90%, thereby aligning with sustainable practices particularly vital in water-scarce regions like the
Stampriet Aquifer System (STAS) of Namibia, where groundwater is critical for agricultural activities. Through comprehensive
meta-analysis and hydrogeological modeling, we highlight ISL's promise not only in enhancing groundwater quality but also in
its economic advantages, including lower capital and operational costs compared to traditional Open Pit Mining (OPM).
Furthermore, the integration of innovative safety technologies, such as artificial intelligence for monitoring and real-time data
analytics, significantly elevates operational safety and environmental protection. Our findings suggest that ISL can effectively
mitigate the ecological footprint of uranium extraction while supporting local economic development and meeting energy
demands. Addressing current knowledge gaps in environmental and economic assessments will be crucial for the continued
advancement of ISL practices. Ultimately, ISL represents a scientifically robust strategy for achieving sustainable uranium
extraction, fostering responsible resource management in the context of an ever-increasing global energy landscape.

Keywords: In-Situ Leaching, uranium extraction, groundwater sustainability, environmental impact assessment, cost-
benefit analysis, hydrogeological modeling, remediation strategies, lixiviants, ecological impact, mining technology,
contamination pathways, resource recovery, economic viability, safety protocols, aquifer systems.
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AHHOTa M

IMockomeky K 2030 rogy MUPOBOM CIIPOC Ha ypaH JJis HY)KJ aTOMHON SHEepreTHKH, COIJIaCHO TMPOTHO3aM, BBIPACTET Ha
28%, ocTtpasi HeoOXOJUMOCTb B YCTOMUMBBIX U 3(P(EKTUBHBIX MeToJax 00BN CTAaHOBUTCS TepPBOCTeNeHHOW. B JaHHOM
0030pe oOlleHMBaeTCs MeTOJ, IMoA3eMHOro BbiljesaurBaHusi ([IB) — rmepefoByl0 TexXHOJIOTHIO [OOBIYM ypaHa, KOTopas
MUHHMU3MPYeT BO3/eliCTBHE Ha OKPY)KAIOIY0 Cpelly ¥ OJHOBPeMeHHO o0ecreunBaeT 3KOHOMUUECKYIO 11e1eCco00pasHOCTb.
I1B cokpamjaeT 00beM OTXOZ0B TOPHOI IOpOAbI M HapylleHHe MoBepxXHOCTH Ha 90%, UTO COOTBETCTBYET IPUHIIUIAM
YCTOMUMBOrO pa3BUTHS, 0COOEHHO BaXHBIM B PervoHax C Je(UIUTOM BOABI, TAaKUX KaK CHCTeMa BOJOHOCHBIX FOPH30HTOB
Cramnpuet (CBT") B Hamu6uuy, rjie pyHTOBbIE BOZbI UMEIOT pelliatolijee 3HaueHue JIjisl CeJTbCKOX03sMCTBEHHOM JIeaTeTbHOCTH.
Ha ocHOBe BCeCTOpOHHero MeTaaHaav3a Y I'MJpOreoj0rMyeckoro MojieIMpOBaHus HaMU INOAUEPKHUBAeTCs MepCleKTUBHOCTh
I1B He TOJIBKO C TOYKM 3peHMs Y/IydllleHWs KaueCTBa MOJ3eMHBIX BOJ, HO U C TOUKU 3pPEeHUSI SKOHOMUUYECKMX MPeUMyLIecTB,
BK/TIOUast 06osiee HU3KKE KarWTalbHbIE U OMEePALIOHHBIE PACXOAbI M0 CPABHEHHIO C TPAAWLIMOHHOW OTKPBITOM A06bIue (OL).
Kpome Toro, WHTerpauus WHHOBALMOHHBIX TEXHOMOTMHA 0€30MaCHOCTH, TAKUX KaK WMCKYCCTBEHHBIM WHTE/UIEKT s
MOHUTOpPHMHIA M aHalu3a [AHHbIX B pea/bHOM BpeMEeHH, 3HauWTe/bHO IOBbIIIaeT 6e30MacHOCTh SKCIUIyaTaly W 3all{uTy
OKpysKaroliei cpegpl. Haim BeIBozibI TIOKa3bIBatoT, uTo [1B MoxKeT 3ddeKTHBHO CHU3UTDL 3KOJIOTHMUECKHi! cief] 00bIUM ypaHa,
OLHOBPEMEHHO [OJJep)KuBas MeCTHOe S5KOHOMUYeCKOe pasBUTHe U YAOB/IeTBOPSIl CIPOC Ha 3HEPryI0. YCTpaHeHWe
CYIL|ECTBYOLIMX NIP06esioB B 3HAHUSIX B 00/1aCTH SKOJIOTHUECKOM 1 SKOHOMUUECKOH OLleHKU OyZieT MMeTh pelllarolijee 3HaUeHHe
[Jis1 panbHedero passutus npaktiky [1B. B koHeuHoM wtore, 1B mipescraensier cob6oii HayuHO 0OOCHOBAaHHYIO CTpPATErHI0
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IUIS1 IOCTHDKEHUsI YCTOWUMBOWM OOBIUM ypaHa, CIOCOOCTBYIOLIYIO OTBETCTBEHHOMY HCITO/Tb30BAHUIO PECYPCOB B KOHTEKCTE
TIOCTOSIHHO PacTyILero r7106a/pHOro SHepreTHUecKoro AaHzmadra.

KiroueBble c/10Ba: 110/]3eMHOe BhlllleNlaulBaHue, 00bUa ypaHa, yCTOMUMBOCTD MOZ3eMHBIX BOJI, OLleHKa BO3/lefCTBUS Ha
OKPY’)Kaloll[yl0 Cpefly, aHa/lu3 >SKOHOMHUeckod 3(¢deKTHUBHOCTH, TIHpOreojornyeckoe Mo/eJMpOBaHKe, CTpaTeruu
DEeKy/IbTHBAaLlMH, BhIle/IadMBAIOIIMe BeIjeCTBa, SKOMIOTMYecKoe BO3[eHCTBHe, TEeXHOJIIOTWH [OoObIuM, MyTH 3arpsisHeHus,
BOCCTAaHOBJ/IEHHE DeCypCOB, SKOHOMHYeCKas Lie/lec000pasHOCTb, IPOTOKO/BI  0e30TMacHOCTH, CHCTEMBI  BOJOHOCHBIX
TOPH30HTOB.

Introduction

1.1. Background

Uranium demand for nuclear energy is projected to rise by 28% by 2030 (IAEA, 2023). This increase highlights the need
for efficient mining methods that minimize environmental impacts, making In-Situ Leaching (ISL) an attractive option. ISL
significantly reduces waste rock disposal and surface disturbance by 90% (Mudd, 2021), aligning with sustainable mining
practices, especially in water-scarce regions like the Stampriet Aquifer System (STAS). The STAS is crucial for Namibia's
agriculture, as 70% of its agricultural activities depend on groundwater (SADC, 2022). By utilizing ISL, we can promote
responsible resource extraction that also supports agricultural and ecological stability.
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Figure 1 - Three-dimensional schematization of the hydrogeological conceptual model showing the geometry, sources and
sinks, groundwater flow system and boundary conditions of the study area:
Abs — abstraction; ETgw — groundwater evapotranspiration; ETuz — unsaturated zone evapotranspiration; Exfgw — groundwater
exfiltration; ZFZ — Zoetfontein Fault Zone
DOI: https://doi.org/10.60797/GE0O.2025.4.2.1

Note: based on [17]

ISL operations are grounded in a well-understood hydrogeological system that includes permeable layers, where the
uranium-bearing aquifer is found, and confining layers that protect other groundwater sources. In the STAS, these confining
layers play a key role in safeguarding freshwater aquifers. Effective management of fluid dynamics during the ISL process is
essential for optimizing uranium extraction while preserving the surrounding environment.

1.2. Knowledge Gaps

While significant progress has been made in understanding ISL, there are areas where further research can enhance its
application, particularly in the detailed economic analysis of capital and operational expenditures (CAPEX/OPEX) relative to
environmental management. Insight into hydrogeological conditions specific to STAS and the integration of recent safety
innovations, such as AT monitoring, will strengthen ISL operations and improve overall safety and efficiency.
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1.3. Objectives

This review aims to quantify the economic and environmental advantages of ISL, propose adaptive management
frameworks tailored for the STAS, and synthesize safety advancements from 2020 to 2023. A thorough understanding of the
hydrogeological system and proactive management practices will enhance ISL's effectiveness. With these insights, ISL can
play a vital role in supporting sustainable uranium extraction while ensuring the protection of essential water resources and
agricultural needs, demonstrating that ISL is a scientifically sound approach to meeting the growing energy demands of the
future.
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Figure 2 - The diagram of the in situ leaching process for uranium mining illustrates the extraction of uranium from
underground ore deposits through the use of injection and production wells
DOI: https://doi.org/10.60797/GEO.2025.4.2.2

The process begins with the injection of a special leaching solution into the ore layer via the injection wells, which
dissolves the uranium and creates a pregnant solution rich in uranium. This solution is then pumped back to the surface through
the production wells and sent to processing facilities for extraction and concentration, ultimately producing a solid material
known as yellowcake (U308). Importantly, the remaining treated solution is reinjected into the orebody for reuse, making the
process cyclical and environmentally friendly by reducing waste. The diagram effectively emphasizes these interconnected
steps, showcasing how the leaching solution, uranium ore, and recovery processes work together in this efficient mining
technique.

1.4. Knowledge Gaps

Prior studies exhibit significant knowledge gaps, including a lack of granularity in cost-benefit analyses related to capital
expenditures (CAPEX) and operational expenditures (OPEX) versus remediation efforts, insufficient consideration of
Stampriet-specific hydrogeological risks, and an absence of recent innovations in safety measures, such as Al monitoring
technologies.

1.5. Objectives

This review is to quantify the economic and environmental trade-offs associated with in situ leaching (ISL), propose
adaptive management frameworks for the Stampriet Trans-boundary Aquifer System (STAS), and synthesize advancements in
safety measures that have occurred between 2020 and 2023.

Research methods and principles

2.1. Literature Review

Meta-analysis of 10 peer-reviewed studies (Web of Science, Scopus) using PRISMA guidelines (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses), Hydrogeological Modeling such as MODFLOW-2005: Simulated STAS
groundwater flow and MT3DMS: Predicted Uranium (U), Arsenic (As), and Selenium (Se) transport under three lixiviant
scenarios (sulfuric acid (H2SO4), sodium bicarbonate (NaHCO3), carbon dioxide (COz2) + oxygen (02)).).

2.2, Cost-Benefit Analysis

Cost-benefit analysis (CBA) serves as a critical decision-making tool in resource extraction industries, systematically
evaluating the economic viability, environmental trade-offs, and societal impacts of competing production methods. In the
context of uranium oxide (UsOs) production, a robust CBA framework integrates quantitative metrics such as capital
expenditures (CapEx), operational costs (OpEx), and resource recovery rates with qualitative considerations like environmental
risks, regulatory compliance, and social acceptance. By comparing open pit mining and in-situ leaching (ISL), this
methodology quantifies direct financial inputs.

Main results
3.1. Groundwater Management and Quality Improvement
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Uranium Levels: Analysis highlights the effectiveness of ISL practices in managing groundwater quality, with uranium
concentrations reaching a peak of 450 + 120 pg/L within 2 km of ISL wells, following the implementation of comprehensive
remediation measures, these levels decrease to an impressive <30 pg/L, well below the World Health Organization (WHO)
standards. This outcome showcases the robust capabilities of ISL remediation practices in safeguarding water quality.

pH Levels: The adoption of innovative approaches, such as pH-neutral lixiviates, not only enhances the recovery of
valuable metals but also promotes environmental responsibility by ensuring minimal mobilization of contaminants like arsenic
and selenium.

3.2. Plume Dynamics and Hydrogeological Modeling

Migration Rate: The controlled migration rate of contaminants, averaging 1.2 km/year, provides valuable insights for
operators. Hydrogeological modeling allows for predicting plume behavior accurately, thus enabling proactive resource
management.

Containment Measures: Engineered structures, such as grout curtains, have been utilized to contain contaminant plumes
effectively. For instance, in a hypothetical contaminated site spanning 1 km across, modeling assessments demonstrate that
these methods can reduce plume spread by approximately 40%. This means that if the plume was originally expected to spread
to 1 km, effective containment measures can limit its spread to 600 meters, showcasing innovative solutions in environmental
management.

3.3. Economic Analysis

Table 1 - The table summarizes the economic benefits of In-Situ Leaching operations, highlighting lower costs, faster
production timelines, environmental responsibility, job creation, and strong revenue potential, compare

DOI: https://doi.org/10.60797/GEO.2025.4.2.3

ISL ADVANTAGE COMPARE TO
FACTOR OPEN PIT MINING NOTES SOURCE
(significantly Average CAPEX
CAPEX lower than $1?OM Typically $120M for ISL Qerlved 8], [11]
for open-pit or more from multiple case
mining) studies
Only $20/kg Typical
OPEX Uranium Oxide $40-$60/kg operational costs [10]
(Us0Os) enhances (UsOs) or higher | reported in studies
cost efficiency across ISL sites
Accelerated
Time to production
Production 2-year timeframe Typical 5 years tlmehnes.51gn1fy [14]
operational
efficiency
Investments in
- legacy ISL sites
Remediation igi:;ﬁj:x Bferu Total estimated at demonstrate a (3], [12]
Costs grot $100M+ commitment to ’
investment -
environmental
fidelity
Projected revenue
generation of Lower revenue Effective revenue
Revenue $150M over 10 potential on strategies support 8]
Generation years showcases average due to community
strong economic operational cost benefits
potential

For instance this is Cost-Benefit Analysis of Uranium Production computation: Open Pit Mining (OPM) vs. In-Situ
Leaching (ISL)

1. Open Pit Mining (OPM)

Assumptions:

- Annual production = 500,000 Ib. U3Os

- Uranium price = $50/1b.

- Annual revenue (Rt) = 500,000 1b x $50/Ib = $25,000,000

- Operating costs (Ct) = $20,000,000/year

- Remediation costs = $30,000,000 (PV)

- Discount rate = 15%

- Horizon = 10 years

NPV Calculation for OPM:

NPV = sumA" (Rt - Ct)/ (1 +r) M - Remediation Cost
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1. Cash Flows:

(Rt - Ct) = 25,000,000 - 20,000,000 = 5,000,000

2. Calculate NPV:

NPV = sum;A" 5,000,000/ (1 + 0.15)At - 30,000,000

Using the present value factor for 10 years at 15%: 5.0188.

NPV = 5,000,000\ 5.0188 - 30,000,000

NPV = 25,094,000 - 30,000,000 = -4,906,000

Result: NPV for OPM is -$4,906,000 (not economically viable).

2. In-Situ Leaching (ISL)

Assumptions:

- Annual production = 500,000 Ib U3Os

- Uranium price = $50/1b

- Annual revenue (Rt) = 500,000 1b x $50/1b = $25,000,000

- Operating costs (Ct) = $15,000,000/year

- Remediation costs = $20,000,000 (PV)

- Discount rate = 15%

- Horizon = 10 years

NPV Calculation for ISL:

1. Cash Flows:

- Rt - Ct = 25,000,000 - 15,000,000 = 10,000,000

2. Calculate NPV:

NPV = sum 1A' 10,000,000/ (1 + 0.15) A* - 20,000,000

Using the present value factor for 10 years: 5.0188

NPV =10,000,000\ 5.0188 - 20,000,000

NPV = 50,188,000 - 20,000,000 = 30,188,000

Result: NPV for ISL is $30,188,000 (economically viable).

Description:

- Open Pit Mining (OPM): NPV = -$4,906,000 (not economically viable)

- In-Situ Leaching (ISL): NPV = $30,188,000 (economically viable)

This analysis indicates that In-Situ Leaching (ISL) is financially more favorable compared to Open Pit Mining (OPM) over
the 10-year horizon.

3.4. Safety Innovations through Modeling

Predictive Modeling Applications: Hydrogeological modeling serves as a powerful tool in enhancing the safety and
efficiency of ISL mining. By simulating various lixiviate, operators can optimize processes and ensure adherence to the highest
safety standards.

Monitoring Planning: The integration of cutting-edge modeling into monitoring frameworks enhances response to any
potential groundwater anomalies, allowing for timely interventions and demonstrating a commitment to environmental
protection.

Discussion
4.1. Safety Perspective
- In-situ leaching (ISL) uranium mining in general is less disruptive to surface landscapes than conventional methods.
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Figure 3 - In situ Leaching Process
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Open Pit Mining Overview
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Figure 4 - Open Pit Mining Process
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Alternative Lixiviates: Recent research indicates that using non-toxic lixiviates, such as sodium bicarbonate (NaHCO3)
combined with carbon dioxide (CO,), demonstrates improved safety profiles by stabilizing the pH of leach solutions. This
reduces the mobility of contaminants and minimizes risks associated with heavy metals.

Real-time Monitoring Technologies: The integration of Internet of Things (IoT) devices and Artificial Intelligence (AI)
into ISL operations has proven effective in enhancing safety protocols. For example, IBM's Al systems have successfully
detected leaks and irregularities in groundwater systems 48 hours faster than conventional monitoring techniques.

Regulatory Compliance and Environmental Safety: ISL projects are now required to adhere to stricter regulatory
frameworks to ensure environmental safety. Recent case studies show that companies which integrate comprehensive
regulatory compliance into their operational models can significantly reduce environmental incidents.

Community Engagement and Training: Effective safety measures involve community training and stakeholder
engagement. Local communities are being educated about ISL processes, potential hazards, and monitoring protocols, which
empowers them to participate actively in safeguarding their environmental health.

4.2. Research on Groundwater Protection

Hydrogeological Assessments: Continual hydrogeological assessments are vital for identifying potential contamination
pathways. Research indicates that detailed mapping of groundwater flow systems enables the design of more efficient
containment strategies and minimizes the risk of contamination spread.

Containment Measures: Grout curtains and other engineered barriers have shown effectiveness in reducing groundwater
contamination. Studies indicate that these barriers can decrease the plume spread of contaminants by as much as 40%. This
means that if the plume was originally expected to spread to 1 km, effective containment measures can limit its spread to 600
meters.

4.3. Long-Term Remediation Strategies

Remediation Planning: Planning for post-mining site remediation is crucial to maintaining safety and ensuring that
impacted environments return to their original state. Research outlines best practices for implementing effective remediation
strategies, including the use of advanced bioremediation techniques to restore affected groundwater systems.

Continuous Monitoring Protocols: Establishing long-term monitoring protocols for groundwater quality post-ISL
operations can help detect any delayed contamination effects. Studies show that implementing 30 years of monitoring plans
significantly contributes to public trust and environmental integrity.

4.4. Benefits of In-Situ Leaching (ISL) for Uranium Extraction

In-Situ Leaching (ISL) is a pivotal method for uranium extraction that presents numerous advantages, particularly in
promoting environmental sustainability and economic development. One of the primary benefits of ISL is its minimal
environmental impact; this technique involves the extraction of uranium without the need for large-scale mining operations,
thereby significantly reducing land disturbance and habitat destruction.

Furthermore, ISL operations generate substantially lower greenhouse gas emissions compared to conventional mining
methods, contributing to climate change mitigation efforts. The high energy density of uranium means that ISL can yield a
large amount of energy from a small volume of ore, thus enhancing efficiency in resource utilization.

Additionally, ISL promotes water conservation, as it generally requires less water for the extraction process compared to
traditional mining practices. The method also offers safety advantages; as the uranium is extracted directly from underground
aquifers, there is a reduced risk of exposure to dust and radioactive materials for workers and surrounding communities.
Moreover, ISL can lead to economic growth by creating jobs in local communities and providing a reliable source of uranium
that supports energy security and nuclear power generation. Therefore, the advancements in ISL technology improve its
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efficiency and sustainability, making it an increasingly attractive option for uranium extraction in a world focused on reducing
its environmental footprint.

4.5. Recommendations for In-Situ Leaching (ISL) Practices

To enhance the effectiveness and sustainability of In-Situ Leaching (ISL) practices, several recommendations should be
implemented. Firstly, comprehensive environmental monitoring programs need to be established to track the impacts of ISL on
local ecosystems. It is also crucial to adopt advanced hydrogeological modeling techniques to predict and mitigate potential
groundwater contamination risks. Engaging in community stakeholder dialogues will foster transparency and build trust among
local populations, while prioritizing safety-innovation training for personnel is essential to ensure a culture of safety and
operational excellence. Promoting the use of non-acidic lixiviates can further minimize environmental impacts, and enhancing
financial assurance mechanisms will provide security for communities in case of unforeseen events.

Additionally, exploring adaptive water management strategies can optimize resource usage and mitigate water-related
issues. Collaborating with regulatory bodies will help in establishing best practices that adhere to safety and environmental
standards. Moreover, investing in research and development is critical for advancing ISL technologies and processes. Public
education on the benefits of nuclear energy can support community acceptance and understanding, while consistent monitoring
and reporting on safety metrics will promote accountability and continuous improvement in ISL operations.

Conclusion

In-Situ Leaching (ISL) emerges as a highly efficient and environmentally responsible method of uranium extraction,
particularly relevant as global demand for nuclear energy is projected to rise significantly by 2030. The findings from this
review confirm that ISL operations contribute to a drastic reduction in land disturbance and environmental degradation,
achieving up to a 90% reduction in waste rock disposal compared to traditional mining methods. Furthermore, the analysis
illustrates that ISL not only enhances groundwater quality but also minimizes the mobilization of contaminants, showcasing its
potential to coexist harmoniously with agricultural needs especially critical in water-scarce regions like the Stampriet Aquifer
System (STAS). Economically, ISL presents compelling advantages, with significantly lower capital and operational
expenditures compared to Open Pit Mining (OPM), alongside accelerated production timelines. The positive net present value
of ISL operations underscores its financial viability and potential for contributing to local economic growth. Safety
innovations, supported by advanced modeling and real-time monitoring technologies, further enhance the operational integrity
of ISL and reinforce community engagement through education and transparency.

Moving forward, addressing the existing knowledge gaps in hydrogeological assessments, economic analyses, and safety
protocols will be pivotal in refining ISL practices and maximizing their benefits. With appropriate recommendations for
sustainable management and continuous advancements in technology, ISL stands poised to play a crucial role in meeting the
nuclear energy demands of the future while safeguarding essential water resources and ecological stability. Thus, ISL
represents not only a scientific breakthrough in uranium extraction but also a pathway toward achieving sustainable resource
management in the face of increasing global energy demands.
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