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ABSTRACT

	Aim: This study examines how modern drilling fluid technologies are being adapted to improve the extraction efficiency, environmental safety, and operational performance of lithium and rare earth element (REE) resources, which are increasingly important for clean energy technologies.
Study Design: A comprehensive peer literature review of drilling fluid innovations applied to lithium brine extraction, hard-rock rare earth mining, and advanced geothermal-style drilling systems used in critical mineral development.
Methodology: This research is based on a systematic peer review of articles published between 2020 and 2025, sourced from Google Scholar, Scopus, Web of Science, and ScienceDirect. Selected studies address drilling fluid chemistry, rheology, fluid loss control, and contamination management in lithium-bearing formations and REE extraction environments.
Results: The review identified relevant studies highlighting the adaptation of oil and gas drilling fluids such as polymer-based fluids, potassium-silicate systems, nano-enhanced muds, and high-density brines to the unique geochemical challenges of lithium and REE formations. Reformulated WBMs were able to maintain viscosity in brines in excess of 150,000 ppm, improve wellbore stability, reduce fluid-formation interactions, enhance brine recovery, and minimize contamination of sensitive mineral systems. Emerging nanomaterials and environmentally friendly additives also demonstrated potential to improve both recovery efficiency and sustainability performance.
Conclusions: Drilling fluid technologies originally developed for petroleum operations are being successfully applied and modified for lithium and REE extraction. These innovations have improved process efficiency and reduced environmental risks. However, limitations include long-term formation compatibility, nanoparticle behavior, the impact of specialty additives on mineral purity, and the scalability of eco-friendly drilling fluid systems. Further research is required to better understand these aspects and ensure safe, efficient, and sustainable critical mineral extraction.
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1. INTRODUCTION

The accelerating global transition to renewable energy systems, electric mobility, and digital technologies is significantly driving up demand for key minerals such as lithium and rare earth elements. Lithium forms the backbone of high-performance batteries for electrical vehicles, grid-scale storage systems, and portable electronics [1, 2, 56 – 58]. Rare earth elements (REEs) are crucial in permanent magnets, catalysts, advanced electronics, laser technologies, and wind turbine components [3, 4, 59]. As nations pursue decarbonization and strategic mineral security, production of these resources has significantly scaled up, pushing the need for more efficient, environmentally responsible, and technologically advanced extraction processes [5]. One of the key enabling technologies supporting this growth is the adaptation of drilling fluid technologies-long established in oil and gas drilling-to lithium brine extraction, hard-rock lithium mining, and REE deposit development [6].

Drilling fluids are used in most subsurface operations to stabilize the wellbore, control formation pressures, suspend cuttings, and reduce friction and wear during drilling [7, 8]. While drilling fluids have been widely researched for use in hydrocarbon drilling, the application to critical mineral extraction, such as lithium, presents unique challenges that require tailored solutions. Lithium resources are found mainly in two types of geological settings: brine reservoirs in continental salars and closed-basin aquifers, and hard-rock deposits containing spodumene and other lithium-bearing minerals. Drilling into lithium brine formations requires precise control of fluid chemistry. Interaction between mud components and brine constituents may lead to dilution, precipitation, foaming, or contamination that reduces lithium grade [9]. The presence of high concentrations of chloride, sulfate, and boron in brines means that even slight deviation in drilling fluid salinity or pH can trigger unwanted chemical reactions [10, 11]. From this point of view, low-solids, salt-saturated, polymer-based fluids minimize formation disturbance and protect brine purity.

Hard-rock lithium mining, especially conducted in pegmatite formations, presents a different set of drilling challenges. Rocks with spodumene can be quite abrasive and variable in hardness; hence, the requirement for drilling fluids with enhanced lubricity, improved cuttings transport, and temperature- and pressure-resistant properties [12]. Under such conditions, traditional water-based muds would fail owing to thermal degradation or lack of carrying capacity [13, 14]. Recent studies have focused on engineered polymer systems and synthetic-based muds that retain rheological stability in deep or complex drilling environments associated with hard-rock lithium [15, 16]. In addition, eco-friendly fluid formulations are increasingly used to align lithium production with sustainability expectations; an essential consideration, given the global scrutiny affecting the battery supply chain [17].

Rare earth elements introduce their own set of challenges due to the geological variability of the REE deposits. These deposits occur in carbonatites, alkaline igneous complexes, ion-adsorption clays, and metamorphic formations (See Figure 1), all of which demand different drilling strategies. 
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Figure 1: Geological Variability of the REE Deposits

The presence of highly abrasive minerals such as fluorite, monazite, bastnasite, and magnetite accelerates drill bit wear and compromises mud viscosity and filtration control [18]. It is for this reason that emerging research has now focused on developing nano-enhanced drilling fluids that incorporate nanoparticles such as silica, graphene oxide, titanium dioxide, or iron oxide to improve thermal conductivity, enhance the filter cakes, reduce fluid loss, and generally improve mud lubricity [19, 20]. Nanoparticles were also found to be useful in maintaining the stability of the drilling fluid under the high-temperature, high-pressure conditions that are becoming quite common as exploration of rare earth elements is targeting deeper and more complex geological formations.

Another recent development is the intersection between geothermal drilling and critical mineral extraction. Operators are exploring "geothermal lithium" resources in several regions, most notably the United States, Germany, and New Zealand, where high-temperature geothermal brines have economically recoverable lithium concentrations. Drilling in such settings exposes equipment and fluids to a variety of extreme conditions, including supercritical water, high salinity, and corrosive brine chemistry. Innovations such as potassium formate brines, high-density completion fluids, and thermally stable polymer additives have been recently developed to maintain integrity and prevent corrosion or scaling [10, 21, 22, 60]. These geothermal-style fluids also minimize the risk of formation damage, which is critical in maintaining the productive flow of mineral-rich fluids.

Another driver for advanced technologies in drilling fluid in lithium and REE extraction is environmental sustainability. Traditional drilling additives, like oil-based muds, diesel lubricants, and heavy metal compounds, pose ecological risks incompatible with modern environmental regulations and community expectations [23 – 25]. There is a growing shift toward biodegradable additives, plant-based lubricants, and nontoxic viscosifiers that maintain performance with reduced environmental impact [26, 27]. This shift is also in line with the greater objective of not compromising the clean energy transition with environmentally harming mineral extraction practices. Indeed, there is considerable potential for drilling fluid technologies to enhance the efficiency, safety, and sustainability of lithium and REE extraction. However, given the speed of development in technology and diversity in geology where these critical minerals occur, there is now a pressing need for more specialized studies focused on mineral-specific challenges in terms of long-term compatibility, large-scale field validation, and environmental performance. 

While significant advances have been achieved in the development of drilling fluid systems for the extraction of lithium and REE, several important knowledge gaps are still poorly addressed. First, there is a lack of understanding of the long-term chemical and physical interactions between advanced drilling fluids, particularly nanoparticle-enhanced and polymer-rich formulations and lithium-bearing brines or REE-bearing formations. Laboratory-scale data exist, but comprehensive field-based evidence on formation compatibility, contamination risks, and subsequent mineral processability remains limited. Also, integrated investigations comparing the performance of drilling fluids in different geological environments of lithium and REE deposits are lacking, and thus the establishment of standardized best practices is not straightforward. These gaps should be filled through the consolidation of empirical research, the evaluation of the appropriateness of advanced drilling fluid technologies across diverse mineral commodity settings, and the identification of the most critical areas where innovation is urgently needed to ensure efficient, safe, and environmentally compatible extraction of lithium and rare earths.

2. METHODOLOGY

The methodologies for the study were based on a systematic review approach, which aimed to gather high-quality evidence on the emerging application of drilling fluid technologies to lithium and rare earth extraction. The review began with the development of a structured search strategy aimed at capturing peer-reviewed research articles, experimental studies, and field-based analyses relating specifically to drilling fluids, critical mineral extraction, and subsurface engineering. Four major academic databases-Google Scholar, Scopus, ScienceDirect, and Web of Science-were selected because of their wide coverage of engineering, geoscience, chemistry, and applied technologies. These platforms provide collective access to a wide range of reputable journals publishing research on drilling performance, mineral exploration, nano-enhanced fluids, and environmentally friendly drilling additives, making them highly suitable in the scope of this review.

A combination of keywords and Boolean phrases also directed the search process. The search phrases included "drilling fluids for lithium extraction," "drilling mud interaction with brines," "rare earth drilling technologies," "HTHP drilling fluids," "nanoparticle-enhanced drilling muds," and "eco-friendly drilling additives for critical minerals" to refine the search towards studies that directly addressed drilling fluid performance in lithium and rare earth contexts. All studies were considered starting from 2020 to ensure that state-of-the-art information on drilling fluid chemistry, rheological design, and formation compatibility was included. A total number of 73 records were identified from the combined searches of the four databases: Google Scholar provided 30 records, Scopus added 22, ScienceDirect yielded 15, while Web of Science had 6 entries. These records were exported, reviewed manually, and filtered for duplicate entries, bringing the dataset down to 52 studies.

Subsequently, 52 studies were subjected to thorough title and abstract screening. The reason for this step was to determine if each article was aligned with the central focus of the review. Those discussing only conventional oil and gas drilling, those examining mineral extraction processes unrelated to the areas considered in this paper, or papers offering purely conceptual discussion devoid of experimental relevance were removed. Publications published before 2020 were also excluded, as well as sources that could be categorized as reviews, editorials, or opinion pieces, to ensure the integrity of the evidence base and its originality. After the screening, 37 studies were excluded based on insufficiency of relevance, being older than 2020, or failing to have a direct focus on the drilling fluid technologies being analyzed. This left 15 studies that went on to full-text evaluation.

Full-text evaluation then applied more stringent criteria for the scientific quality and direct relevance of each study to the review’s objectives. The full texts were reviewed for empirical data, laboratory experiments, drilling simulations, field trials, or chemical analyses that could relate to the performance of drilling fluids in lithium brine formations or within a rare earth geological environment. Further critical evaluation involved the clarity of the methodology, strength of data interpretation, and relevance to main challenges such as formation compatibility, rheological stability, environmental impact, and efficiency of drilling. Exclusions were also made for those studies that dealt with processes other than drilling, such as mineral processing; those without primary data; articles published in a language other than English; and those that did not give enough methodological detail to allow the reader to interpret the findings reliably. Following these full-text inclusion criteria, 8 studies fulfilled all the criteria for selection and entered synthesis for the qualitative analysis.

Despite this, several limitations still exist. One key limitation is the smaller pool of academic research focused on drilling fluid technologies for lithium and rare earth extraction. Critical mineral drilling is a narrower research base compared to petroleum drilling. Another limitation involves the exclusion of publications in languages other than English, which could potentially have excluded some valuable studies published within major lithium-producing countries such as China or Chile, where important drilling innovations may be reported in domestic journals. But most importantly, research into drilling fluids is dynamic, and the most advanced developments specifically, nanotechnology, biodegradable additives, or hybrid geothermal-lithium systems may not be fully represented in published form. These shortcomings point to the need for continued research and a broader approach to data sharing and integration of field-laboratory tests in order to more fully develop knowledge in this developing area of application for drilling fluids.

3. RESULTS AND DISCUSSION

Recent studies of drilling operations in lithium and REE formations primarily have stressed the increasing demands on the development of drilling-fluid systems designed for these geochemically and mechanically complicated environments. The literature is consistent in showing that conventional oil-and-gas drilling fluids need significant modification for high-salinity brines, clay-rich lithologies, and carbonate-dominated REE deposits. These adaptations generally focus on improving rheological stability, maintaining wellbore integrity, and preventing formation damage in settings where conventional additives often underperform.

3.1 Adaptation of Conventional Drilling Fluids to Lithium and Rare Earth Formations

Conventional drilling fluids initially optimized for hydrocarbon reservoirs are increasingly modified to the specific characteristics of lithium and rare earth formations (Table 1). Lithium resources occur either in high-salinity brines or in clay-rich pegmatites, both of which pose challenges that differ profoundly from those in oil- and gas-related environments. High salinity weakens polymer hydration, changes the rheological behavior of the fluid, and negatively impacts the functionality of conventional viscosifiers and fluid-loss agents [28–30]. Consequently, reformulation of WBMs with salt-tolerant polymers, cross-linking gels, and synthetic copolymers has significantly improved their ability to maintain viscosity in brines in excess of 150,000 ppm and provided shear stability with enhanced cuttings transport in deep brine aquifers [21, 31, 32].

Table 1: Comparison of Drilling Fluid Technologies for Lithium and Rare Earth Formations

	Formation Type
	Drilling Fluid Type
	Key Adaptations / Additives
	Performance / Benefits
	References

	Lithium brine (high-salinity)
	Water-Based Mud (WBM)
	Salt-tolerant polymers, cross-linking gels, synthetic copolymers
	Maintains viscosity, shear stability, enhanced cuttings transport
	[21, 31, 32]

	Lithium pegmatites (clay-rich)
	Polymeric WBM
	Temperature-resistant polymers, smart polymers
	Wellbore stability, prevents pipe sticking
	[10, 40, 41]

	REE carbonate-hosted deposits
	WBM with inhibitors
	Potassium-based salts, amine-treated polymers, silicate systems
	Reduces clay swelling, maintains wellbore integrity
	[33]

	REE hard-rock deposits
	Synthetic-based & ester-based fluids
	High-performance lubricants, thermal stabilizers
	Improved lubricity, reduced bit wear, enhanced penetration
	[18, 34]

	REE high-density brines
	Weighted mud (barite/hematite)
	Micronized weighting agents
	Homogeneous density, prevents sag
	[18, 34]




Rare earth element formations present different but equally important challenges. REEs mostly occur in carbonate-hosted deposits, ion-adsorption clays, and hard-rock systems where chemical reactivity and mechanical abrasiveness complicate fluid performance. Traditional WBMs can facilitate clay swelling, influence ion-exchange equilibria, or react with carbonates, leading to formation instability, increased torque, and drag [7, 33]. Inhibitive additives incorporating potassium-based salts, amine-treated polymers, and silicate systems have been employed to reduce clay expansion and maintain wellbore integrity [33], while high-performance synthetic-based and ester-based fluids provide superior lubricity and thermal stability in hard-rock REE systems, reducing bit wear and improving the rate of penetration [18, 34].

High-density brines associated with REE drilling can also interact negatively with barite-weighted mud systems, resulting in settling or sag. To address this, alternative weighting agents such as micronized barite and hematite have been implemented to provide a homogeneous density. These findings demonstrate that successful drilling fluid adaptation requires a comprehensive understanding of the mineralogical, ion, and reservoir conditions and indicates that custom-made, formation-specific fluid design holds the key to critical mineral drilling.

3.2 Improvements in Wellbore Stability, Fluid Loss Control, and Drilling Efficiency 

Improvement of wellbore stability is one of the critical needs for lithium and REE drilling since these formations usually include highly reactive, variable pore pressures, and complex mineralogical compositions. It has been reported that clay-rich lithium pegmatites experience hydration and swelling in the presence of incompatible drilling fluids, which lead to tight hole conditions, pipe sticking, and nonproductive time increment [23, 38, 39]. Advanced polymeric WBMs have provided significant enhancement in this perspective by forming thin, low-permeable filter cakes that physically support the borehole wall. The introduction of salt-tolerant and temperature-resistant polymers has become highly effective in maintaining rheological stability under a high-salinity condition widely associated with lithium brine reservoirs [10, 40, 41].

Additives based on nanomaterials have been developed to drastically improve the control of fluid loss. Nanoparticles, due to their ultrafine size compared to other conventional materials, can penetrate into microfractures and pore throats more effectively, ensuring a much tighter and uniform sealing layer at the wellbore interface [19, 42]. This will minimize filtrate invasion into sensitive formations and preserve natural permeability-important in sustaining brine quality during lithium extraction operations. The inclusion of smart polymer systems with cross-linking capabilities at certain temperature or pH conditions has, indeed, provided adaptive sealing mechanisms for further enhanced fluid loss control in fractured or thermally unstable formations. Similarly, there has been improvement in lubrication, hydraulics, and cuttings transport that increases drilling efficiency. Biopolymer-enhanced muds demonstrated torque and drag reduction, particularly in directional or extended-reach wells that are common in REE exploration [25, 43, 44]. High-performance lubricants of biodegradable origin replaced conventional oil-based lubricants, offering better environmental performance with no mechanical sacrifice. Furthermore, optimized rheological profiles have been able to maintain low plastic viscosity while providing sufficient yield point, thus enhancing hole cleaning efficiency, reducing ECD, and improving the rate of penetration [20, 44]. This indeed is reasonable evidence that modern drilling-fluids engineering offers substantial gains in stability, fluid control, and operational performance across critical mineral drilling environments.

3.3 Lithium Brine Recovery Enhancement and Mineral Purity Preservation

Lithium brine extraction is so sensitive that the preservation of mineral purity is considered a key performance indicator in drilling-fluid design (See Figure 2). Conventional WBMs often introduce ions, metals, or organic compounds that contaminate brines and interfere with the downstream extraction process-including solar evaporation and selective adsorption [10, 45, 46].
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Figure 2: Lithium Brine Extraction Process

Recent innovations have addressed this challenge with the development of specially formulated low-contaminant, ion-compatible drilling fluids for brine environments. These fluids employ monovalent salt systems, environmentally benign polymers, and carefully controlled pH to ensure chemical neutrality. Laboratory studies demonstrate that such formulations can prevent toxic ion release, unwanted scaling reactions, and alteration of the lithium-rich brine's natural ionic balance. Another significant development involves the use of filtrate-compatible additives, which minimize the risk of cross-contamination [45]. These additives yield a clean filtrate with ionic compositions very close to the formation brine, thus avoiding dilution effects that may interfere with lithium concentration gradients. This is particularly important in salar environments where the brine chemistry naturally changes with depth and seasonal cycles. Also, adopting biodegradable polymers and ultra-low-solids drilling fluids further contributes to preserving brine purity by reducing the amount of suspended solids introduced and minimizing long-term environmental footprints.

Improvements in wellbore stability and controlled filtrate invasion have also increased enhanced recovery by reducing formation damage and preserving permeability around production intervals. Studies have shown that filter cakes created with nanoparticle-stabilized muds are exceptionally thin and limit near-wellbore alteration, allowing brine to flow more readily into production wells [19, 47, 48]. In addition, the shift toward lightweight, polymer-based completion fluids ensures that brine reservoirs suffer minimal disruption during well completion and workover operations [22]. These advances greatly improve lithium brine recoverability while maintaining the purity and integrity of the mineral resource and hence enhance overall sustainability and profitability in lithium extraction processes.

3.4 Application of Nanotechnology and Eco-Friendly Additives in Critical Mineral Drilling

Nanotechnology has emerged as a transformative innovation in critical mineral drilling, since nanoparticles offer unique properties such as high surface area, superior thermal stability, and tunable surface chemistry. In drilling applications, nanoparticles such as silica, titanium dioxide, graphene oxide, and iron oxide have been successfully incorporated into drilling fluids to enhance rheological behavior, improve fluid loss control, and increase wellbore stability [19, 49]. Their extremely small size allows them to penetrate microfractures and nanopores and create efficient sealing layers that prevent filtrate invasion, a crucial requirement in lithium and REE formations. Nanoparticles also reinforce filter cake structure, producing stronger and more homogeneous borehole walls that resist collapse or washout, while their thermal resilience provides considerable value in high-temperature REE drilling environments. In graphene-based nanofluids, viscosity and lubricity remain sustained at high temperatures, enhancing drilling efficiency and reducing bit wear. Other studies indicate that nanoparticles can alter surface wettability and reduce friction coefficients, reducing torque, drag, and improving directional drilling performance [18, 50, 51]. These combined effects contribute to higher rates of penetration and lower operational costs.

Table 2: Summary of Nanotechnology and Eco-Friendly Additives Used in Drilling Fluids for Lithium and Rare Earth Formations

	Additive Type
	Examples
	Target Formation / Use
	Performance / Benefits
	Environmental Impact
	References

	Nanoparticles
	Silica, TiO₂, Graphene oxide, Iron oxide
	Lithium brines, REE formations
	Improved fluid loss control, wellbore stability, filter cake reinforcement, enhanced drilling efficiency
	Minimal additional footprint; potential long-term fate unknown
	[19, 49, 50, 51]

	Biopolymers
	Xanthan gum, cellulose derivatives, chitosan, guar gum
	Lithium brines, clay-rich REE formations
	Rheological stability, torque/drag reduction, hole cleaning
	Biodegradable, low-toxicity, environmentally safe
	[25]

	Green surfactants
	Plant oil-based, amino acid inhibitors
	Clay-rich formations
	Inhibition of swelling, improved clay compatibility
	Reduced ecological risk, low toxicity
	[23, 27]

	Bio-lubricants
	Biodegradable lubricants
	Hard-rock REE, directional wells
	Effective lubrication, reduced torque & drag
	Non-polluting, replaces oil-based lubricants
	[23, 27]

	Smart polymer systems
	Cross-linking polymers
	Fractured / high-temperature formations
	Adaptive sealing, controlled fluid loss
	Compatible with environment when biodegradable
	[19, 42]




Eco-friendly additives have also gained prominence due to increasing environmental legislation and sustainability objectives in mining and energy industries. Biopolymers such as xanthan gum, cellulose derivatives, chitosan, and guar gum serve as biodegradable, low-toxicity alternatives to synthetic polymers [25]. When combined with nanoparticles, these biopolymer-nanocomposite fluids exhibit enhanced rheological stability, with lower environmental risk and improved formation compatibility. Green surfactants derived from plant oils and amino acid–based inhibitors further reduce ecological risk while maintaining inhibition performance in clay-rich formations. Studies also highlight the potential of bio-lubricants to replace traditional oil-based lubricants and deliver effective lubrication without causing soil or groundwater contamination [23, 27]. The integration of nanotechnology with environmentally friendly materials yields advanced drilling fluids with not only high performance but also reduced environmental footprint and better compatibility with sensitive lithium and REE ecosystems, hence marking a major stride toward sustainable extraction of critical minerals.

3.5 Formation Compatibility Challenges, Environmental Risks, and Operational Limitations

The reason formation compatibility is still one of the most complex challenges in drilling lithium and REE deposits is because these formations have a wide variety of mineralogical and geochemical compositions, each responding in an unpredictable manner to interactions with drilling fluids. Clay-rich lithium deposits are susceptible to hydration, swelling, and dispersion when contacted by incompatible aqueous fluids, which could trigger severe wellbore instability and limit drilling progress [8, 52, 53]. Carbonate-rich REE formations, on the other hand, tend to dissolve if the fluid is too acidic or not properly buffered, a reaction that enlarges pore spaces, destabilizes the rock matrix, and leads to increased fluid loss [18, 54]. High-salinity brines also create compatibility problems, wherein fluids of mismatched ionic composition can either precipitate salts or disrupt the osmotic balance of the formation and create pore collapse or scaling. Added to that is the complexity brought about by environmental risk. The drilling fluids interacting with lithium brines may introduce heavy metals, surfactants, or polymer residues that compromise the purity of the brine and affect extraction processes. Improper waste disposal from drilling in surface environments carries the risk of soil contamination, groundwater pollution, and disruption of sensitive ecosystems, an issue of particular concern in salt-flat regions where hydrological networks are fragile [7]. Besides, the use of oil-based mud in REE exploration raises serious concerns about hydrocarbon leakage and long-term environmental persistence, thus requiring more restricted monitoring and regulatory compliance [23, 54].

Operational limitations also exist. High-salinity environments reduce polymer hydration and increase drilling equipment corrosion rates, complicating fluid maintenance and requiring frequent chemical adjustments [10, 52]. Drilling in hard-rock REE formations accelerates bit wear and increases torque, demanding higher-cost equipment and more robust fluid systems. Further, many of the advanced additives-nanoparticles and specialized polymers-continue to be expensive and hard to scale for large drilling programs [20, 25]. Their long-term environmental effects are not fully understood, raising questions about regulatory acceptance and lifecycle sustainability. Collectively, these challenges reveal the importance of accurate fluid-formation compatibility determinations, enhanced environmental protections, and continued additive chemistry development to ensure safe, efficient, and sustainable drilling for critical minerals.

3.6 Knowledge Gaps and Research Needs for Scaling Drilling-Fluid Innovations

Despite the significant development of lithium and REE drilling-fluid technologies, several knowledge gaps remain that create barriers for full-scale deployment. One of the key gaps is that long-term chemical interactions between novel drilling fluids and complex mineralogical systems are poorly understood. Laboratory tests usually cannot accurately simulate the variations in temperature, pressure, salinity, and fluid dynamics characteristic of field conditions; hence, advanced additives often perform unpredictably under real conditions of drilling [19, 20, 55]. This again is the case with nanoparticles, whose agglomeration, adsorption, and thermal degradation under downhole conditions are not well understood. Far more downhole monitoring and reservoir-scale simulations are needed in order to assess the stability and transport behavior of nanoparticles in true formations. Another major research need pertains to the environmental fate of these new additives. While 'green' biopolymers and surfactants appear promising, their actual biodegradation rates, by-products, and interactions with hypersaline environments require greater scrutiny [23, 25]. The regulatory frameworks associated with the use of nanoparticles during drilling are also in a state of flux, with too little environmental data making approval processes difficult [23, 26]. Further research is necessary to develop standardized toxicity profiles, lifecycle assessments, and guidelines for the proper disposal of advanced fluids. Scaling challenges also involve cost and supply chain-related issues. Most high-performance polymer systems and nanoparticles are too expensive for large-scale use and generally remain at pilot-scale operations [20, 21, 25]. The development of cost-effective synthesis routes, optimization of the concentration of additives, and sourcing of raw materials from local sources can greatly enhance their economic viability. Guidelines regarding best practices for critical mineral drilling are also not fully developed for field operations. There is a need for formation-specific fluid design manuals, compatibility charts, and predictive models that integrate geology, chemistry, and drilling mechanics [8, 12]. Interdisciplinary collaboration remains limited. The integration of materials science, geochemistry, reservoir engineering, and environmental science will be essential in driving drilling-fluid innovation. Addressing these knowledge gaps will enable a shift from experimental formulations to widely adopted field applications that enable efficient and sustainable extraction of critical minerals.
 
4. CONCLUSION

Increased global demand for lithium and rare earth elements has accelerated the need for advanced drilling-fluid technologies that can deal with the unique geochemical and mechanical challenges of these critical mineral formations. Results of the review indicated that substantial progress has been made in reformulating conventional drilling fluids for high-salinity, clay-rich, and carbonate-dominated environments where traditional formulations often fail to perform. Tailored polymer systems, salt-tolerant additives, and advanced rheological modifiers have shown clear enhancements in wellbore stability, fluid loss control, and overall efficiency while drilling in lithium brine and REE deposits. These studies further support the need for formation-specific engineering rather than generalized fluid design. The review also highlights the strategic role that nanotechnology and environmentally sustainable additives may play in improving drilling-fluid performance while reducing ecological footprint. Despite these advances, several challenges still exist: limited fundamental understanding of formation-fluid interactions at high temperatures, high pressures, and varying salinity; environmental uncertainties related to the long-term fate of nanoparticles and synthetic polymers in subsurface environments; and operational limitations, including additive cost, scale-up feasibility, and equipment degradation in corrosive brines. It is expected that future efforts must combine geochemical modeling with advanced materials science and real-time monitoring to develop robust, cost-effective, and environmentally responsible drilling fluid systems. These will be crucial in enabling sustainable critical mineral extraction and contribute to the global energy transition.
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