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ABSTRACT 11 

The volume of produced water, a by-product of oil & gas operations and other energy processes, 12 

has been growing across the United States (U.S.) along with the need to manage or recycle this 13 

wastewater. Produced water contains many naturally occurring elements of varying 14 

concentrations, including critical minerals which are essential to the clean energy transition. 15 

However, the current understanding of critical mineral concentrations in produced water and the 16 



 2 

associated volumes across the U.S. is limited. This study has assessed available databases and 17 

literature to gain insight into the presence and concentration of five high priority critical minerals, 18 

namely cobalt, lithium, magnesium, manganese, and nickel. The U.S. Geological Survey’s 19 

National Produced Waters Geochemical Database was the main data source used for determining 20 

average critical mineral concentrations in produced water from the major oil and gas reservoirs in 21 

the U.S. The volumes of produced water for these major reservoirs were coupled with these 22 

concentrations to provide insights into where critical minerals are likely to have high abundance 23 

and therefore more recovery options. The analysis indicated the highest recovery potential for 24 

lithium and magnesium from produced water in the Permian basin and the Marcellus shale region. 25 

However, these assessments should be considered conservative due to the limited availability of 26 

reliable concentration data. It is expected more critical mineral recovery options could emerge with 27 

comprehensive characterization data from more recent and representative sources of produced 28 

water. 29 
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1. Introduction 32 

Demand for critical minerals is increasing with the global transition to low emission, clean 33 

energy technologies including electric vehicles, solar panels and wind turbines. Minerals, such as 34 

lithium, nickel, cobalt and some rare earth elements (REEs), are critical for these clean energy 35 

technologies and other manufacturing processes that are essential to national and economic 36 

security. The United States relies on imports for many of these critical minerals, making them 37 

susceptible to supply chain disruptions as well as being challenging and expensive to source on 38 
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the global market. Therefore, obtaining critical minerals from domestic sources, including 39 

traditional and unconventional sources, has become increasingly important. A potential new and 40 

unconventional source of domestic critical minerals is produced water (PW), which is the 41 

wastewater produced during the extraction of oil and gas. Understanding the potential benefits and 42 

challenges of extracting critical minerals from PW is the focus of this study.  43 

Large volumes of PW are generated across the United States. As freshwater supplies become 44 

limited and the demand for critical minerals increases, there is a greater need to investigate the 45 

potential of beneficially reusing PW to reduce freshwater demand, improve disposal practices and 46 

provide a potential new source of critical minerals. There have been some comprehensive studies 47 

that have investigated beneficially reusing large volumes of PW within and outside of the energy 48 

sectors for applications including hydraulic fracturing, irrigation, industrial use, municipal use, 49 

surface water discharge and groundwater recharge (Scanlon et al., 2020b). However, little attention 50 

has been given to the technical, economic and environmental impacts of converting PW into a 51 

resource for critical minerals. To realize this potential and to identify the challenges associated 52 

with extracting these minerals from PW, more detailed and real-time information is required for 53 

PW composition and volumes in the United States. 54 

This study has assessed the current state of literature and public databases that provide 55 

information on PW volumes and critical mineral concentration in PW from the major U.S. 56 

formations. We have described the challenges with utilizing these data and highlighted the research 57 

needs for fully understanding the potential of obtaining critical minerals from PW. 58 

2. Assessment of critical minerals in major sources of U.S. produced water 59 

Motivated by the rising demand for critical minerals and the potential to beneficially reuse 60 

increasing volumes of produced water, the objective of this study was to assess the potential of 61 
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using U.S. produced water sources as a new supply option for critical minerals. Is there enough 62 

critical minerals in U.S. produced water sources to meet current and/or future demand for critical 63 

minerals and what are the limitations to using these sources? To answer these questions, the 64 

quantities and locations of critical minerals in produced water sources needed to be estimated. 65 

After completing this evaluation, a summary of limitations and data gaps will be presented to help 66 

drive future research needed to accelerate the potential recovery of critical minerals from produced 67 

water. 68 

2.1. Critical minerals 69 

A critical mineral is defined as a non-fuel mineral or mineral material essential to the economic 70 

or national security of the U.S. and which has a supply chain vulnerable to disruption (U.S. Energy 71 

Act of 2020). Critical minerals are essential to decarbonizing the nation’s economy and demand is 72 

expected to increase by 400-600% over the next several decades (Department of Energy, 2022). 73 

Specifically, the International Energy Agency (IEA) has predicted that in fewer than 20 years the 74 

demand for critical minerals used in batteries (lithium, cobalt, nickel and graphite) will be 5 to 50 75 

times the current levels (IEA, 2021). Additionally, the U.S. automotive supply chains for EVs 76 

(electric vehicles) will need to transition to domestic sources for battery materials to receive tax 77 

credits, and as such, finding new domestic sources of these minerals is high priority. 78 

The Energy Act of 2020 formally established a specific list of critical minerals which have a 79 

high risk of a supply chain disruption and serve an essential function for energy technologies 80 

(Office of the Federal Register, 2022). The latest list of 50 critical mineral commodities was 81 

released in 2022 by the United States Geological Survey (USGS) and includes minerals known to 82 

be present in PW such as lithium and magnesium (Office of the Federal Register, 2022). The full 83 

list of critical minerals and their main applications can be found Table A1 in the Appendix. Many 84 
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of these critical minerals may be present in PW sources, but to date, reliable, comprehensive, and 85 

accessible data on their presence are limited, which makes it difficult to assess the potential and 86 

challenges of extracting these critical minerals from PW sources.  87 

To ensure this assessment is relevant to the critical minerals most needed for future clean energy 88 

technologies and U.S. DOE (Department of Energy) priorities, we have focused our analysis on 89 

the following five elements: cobalt (Co), lithium (Li), magnesium (Mg), manganese (Mn) and 90 

nickel (Ni). Co, Li, Mn and Ni make up ~50% of the minerals needed for electric vehicle (EV) 91 

batteries (IEA, 2021) and are classified as ‘critical minerals’ according to the USGS. Additionally, 92 

the critical mineral Mg is included in our assessment because of the abundance of Mg 93 

concentration data in published PW datasets, its ability to decarbonize and dematerialize 94 

transportation via use in alloys for EVs and because of the ability to electrochemically separate 95 

elemental magnesium from brines (Grant, 2023). In addition, due to the U.S.’s heavy reliance on 96 

rare earth element (REE) imports, we have provided some discussion on the presence of REEs in 97 

PW samples. 98 

2.2. Produced water sources and volumes 99 

To assess recovery potential of the selected critical minerals in PW sources, the flow rate or 100 

volume of PW is required along with average mineral concentration data for each formation or 101 

basin. The U.S. generated ~2.8 billion gallons of PW per day during the extraction of oil and gas 102 

in 2017 (Veil, 2020) which increased to ~3.0 billion gallons per day in 2021 (Veil, 2022). Current 103 

reporting of PW volumes can be inconsistent across different regions but is typically done at large 104 

spatial scales (Veil, 2020; Veil, 2022). It has been reported that the best PW characterization 105 

analysis occurs at a similar spatial unit to avoid over-aggregation of data (Sabie et al., 2022b) 106 

which will also provide better links to the geologic and reservoir attributes (Scanlon et al., 2020a). 107 
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Additionally, some regions are being transformed by the “shale revolution”, like the Permian 108 

Basin, from major conventional plays (i.e. oil and gas recovered using vertical well bores and 109 

minimal stimulation) to very large unconventional plays (i.e. oil and gas recovered from low 110 

permeability and porosity resources which requires a horizontal well bore followed by multistage 111 

hydraulic fracturing), with significant implications for the management of PW (Scanlon et al., 112 

2017). Although unconventional wells have a lower PW to oil ratio than a mature conventional 113 

well, the PW cannot be injected into shale reservoirs (unlike conventional wells that re-use PW for 114 

enhanced oil recovery with minimal adverse environmental impacts (Scanlon et al., 2020b)) 115 

resulting in the generation of significant volumes of PW from unconventional wells that need to 116 

be managed. Currently the most common method for disposal of PW from unconventional wells 117 

is deep underground injection into salt water disposal (SWD) wells (Gregory et al., 2011). 118 

However some locations do not have access to deep well injection sites and induced seismicity 119 

from SWD has been well reported and is an important consideration that is driving the need to 120 

develop alternative treatment and disposal methods for PW from unconventional sources 121 

(Savvaidis et al., 2020; Scanlon et al., 2018). PW management from unconventional oil and gas 122 

(UOG) operations is becoming increasingly important as the PW volumes generated from these 123 

sources continues to increase (U.S. EPA, 2020).  124 

Therefore, UOG PW will be the focus of this study, specifically PW from the major U.S. UOG 125 

production regions shown in Table 1. For this analysis we have focused on PW from tight oil, shale 126 

gas and coal bed methane (CBM) sources, as defined by Scanlon et al. (2020b). The formations 127 

were selected due to their inclusion in the U.S. Geological Survey National Produced Waters 128 

Geochemical Database (Blondes, 2018), referred to here as ‘USGS PW database’, but also 129 

importantly, due to availability of PW volume data including historical and future projections from 130 
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comprehensive studies reported by Scanlon et al. (Scanlon et al., 2020b; Scanlon et al., 2020c). 131 

These studies reported that in 2017 PW volumes from the major plays totaled ~600 billion liters 132 

and one year of PW was found to be equal to ~50% of one day of freshwater use in the United 133 

States. It should be noted that although comprehensive analyses were used to determine these 134 

volumes, assumptions and sources of uncertainty were also reported (Scanlon et al., 2020a; 135 

Scanlon et al., 2020b). These limitations should be considered when assessing outcomes from the 136 

current study which combines these estimated volumes with mineral concentration data to assess 137 

current and projected critical mineral content in PW across the major UOG producing regions. As 138 

reported in Scanlon et al. (2020a) the estimations of future PW volumes were based on technically 139 

recoverable resources (TRR) of oil and gas which may result in overestimation of future PW 140 

volumes while TRR estimates were based on recent trends in water volumes and current 141 

technology which may result in underestimates. Continued reporting and development is expected 142 

to reduce uncertainties (Scanlon et al., 2020a). 143 

2.2. Produced water composition 144 

PW is generated from formations that contain oil and gas and therefore will contain some of the 145 

chemical characteristics from the hydrocarbons and the formation from which it was produced. 146 

PW may include naturally occurring water from the oil and gas formation (known as formation 147 

water), water previously injected into the formation, water from adjacent reservoirs (if connected), 148 

water which condenses from the gas phase (the primary source of water in some gas wells with 149 

low production volumes), and residuals of chemicals added during production processes. PW 150 

volumes and compositions can vary significantly depending on a number of factors including 151 

location, geologic formation and type of hydrocarbon being produced. The composition, physical 152 
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properties and the volumes of water produced at the surface can also vary throughout the lifetime 153 

of a reservoir (Veil, 2020). 154 

The majority of PW is highly saline containing various inorganic anions and cations, ranging 155 

from heavy metals to radioactive species. PW will also contain dissolved organic matter, various 156 

oils, suspended solids (e.g. silts, sands, precipitated solids), biological species, chemical additives, 157 

and other chemical byproducts (Emmons et al., 2022; Ground Water Protection Council, 2019). 158 

Salinity or total dissolved solids (TDS) can vary significantly from <3,000 mg/L to over 300,000 159 

mg/L (Ground Water Protection Council, 2019). High salinity can make the water challenging to 160 

treat and analyze. In the Bakken and Marcellus formations, the salinity of the PW can be 10 times 161 

greater than seawater. While in California and Wyoming, the salinity of the PW is typically lower 162 

than seawater.  163 

Most of the PW generated today is managed via salt water disposal (SWD), reinjection for 164 

enhanced oil recovery (EOR), and reuse for hydraulic fracturing (HF) where minimal treatment is 165 

required. Using PW outside of the energy sector will likely require more intensive water treatment 166 

and development of a regulatory framework (Hildenbrand et al., 2023). A major barrier to 167 

developing a permitting process for beneficial reuse of PW and for developing technologies that 168 

can treat PW is the lack of comprehensive chemical characterization (Scanlon et al., 2020b).  169 

There are a number of studies that report on chemical properties and general characteristics of 170 

PW sources, including TDS, presence of inorganic ions (particularly those likely to cause scaling 171 

issues such as Al, Ba, Ca, Fe, Si) and some limited analysis for oils, dissolved organics and other 172 

trace elements (Danforth et al., 2020; He et al., 2017; Hildenbrand et al., 2018; Oetjen et al., 2018; 173 

Wang et al., 2019; Xiao, 2021). Several studies have focused their characterization studies on PW 174 

from the Permian (Engle and Blondes, 2014; Engle et al., 2016; Jiang et al., 2022b; Jiang et al., 175 
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2022c; Liden et al., 2022; Sabie et al., 2022b; Saller and Stueber, 2018; Scanlon et al., 2017; Thiel 176 

and Lienhard, 2014), Marcellus (Blondes et al., 2020; Chapman et al., 2012; Dieterich et al., 2016; 177 

Maguire-Boyle and Barron, 2014; Marcon et al., 2017; Phan et al., 2016; Phan et al., 2020; 178 

Rosenblum et al., 2017; Tasker et al., 2020; Thiel and Lienhard, 2014) and Bakken (Rosenblum et 179 

al., 2017; Wang et al., 2019; Xiao, 2021) formations, however most of these studies lack 180 

comprehensive information on the presence and concentration of critical minerals. Much of the 181 

data from these studies have been included in the USGS PW database (Blondes, 2018). This 182 

database is subsequently the main resource used in this study for determining the concentration of 183 

critical minerals in PW. Furthermore, 15,000 of the most complete datapoints from the USGS PW 184 

database have been made available in a modified format for ease of analysis via the National 185 

Energy Water Treatment and Speciation (NEWTS) Database (Wenzlick et al., 2022) and ease of 186 

visualization via the NEWTS Dashboard (Justman et al., 2023).  187 

2.2.1. Produced water mineral concentration data  188 

The USGS PW database contains geochemical attributes for 114,943 PW and other deep 189 

formation water samples in the U.S. However, out of the 50 elements listed as critical minerals by 190 

the USGS, only 19 were included in the database (refer to Appendix A. Supplementary Data Table 191 

A1 for full list). The database did not contain any concentration data for rare earth elements. 192 

To determine critical mineral (CM) concentration in PW sources, the USGS PW database was 193 

filtered and sorted as follows: 194 

1. Data were excluded if charge balance error was greater than 20% (this is a conservative 195 

value chosen to include as much CM data as possible while excluding data with large 196 

errors) 197 

2. Data were filtered for the formation/basin of interest 198 
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3. Statistics for CM concentration including average, minimum, Q1, median, Q3, 98th 199 

percentile and maximum were determined. 200 

The elements of interest for this study were Co, Li, Mg, Mn and Ni and the main formations of 201 

interest were those in Table 1. The average concentration of critical minerals, standard deviation 202 

and number of samples assessed are presented in Table 2. Note that mineral concentration data 203 

were not available for some elements due to lack of measured data and the number of samples with 204 

mineral concentration measurements was limited in many cases which resulted in less 205 

representative data as indicated by large standard deviations. A full summary of the statistical 206 

results, concentration box plots and mineral distribution can be found in Appendix A. 207 

Supplementary data section A2.  208 

In almost all cases, the mean mineral concentration value was higher than the median, indicating 209 

right-skewed concentration probability distributions. This suggests that the average critical 210 

mineral concentration estimates used in this study for predicting resource potential are 211 

conservative. In general, magnesium, lithium and manganese concentration data were better 212 

represented in the USGS PW database, but very limited concentration data were available for 213 

cobalt and nickel. However, even when many samples were available, for example, magnesium 214 

which contained thousands of measurements, representative concentrations were still difficult to 215 

ascertain as indicated by very large standard deviations. Variation in sample concentration from 216 

each location is likely due to factors including the timeframe of taking the samples, the accuracy 217 

of reporting, and the analytical methods. Therefore, analysis conducted in this study should be 218 

considered conservative but can provide important insight into PW regions with critical mineral 219 

potential. These limitations also highlight the need for more comprehensive sampling and 220 

characterization of PW samples across all oil and gas regions in the U.S. From this limited analysis, 221 
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lithium, nickel and cobalt average concentrations were highest in the Marcellus PW, magnesium 222 

concentrations were highest in Haynesville PW, and manganese concentrations were highest in 223 

PW from the Oklahoma AOI. 224 

The USGS PW database also contains mineral concentration data for other basins and formations 225 

within the U.S. that were not the focus of this study. We have filtered the database for mineral 226 

content in all available basins and formations (after data with charge balance errors of ±20% were 227 

excluded) and the highest average mineral concentrations are presented in the Appendix. These 228 

results highlight specific regions with the highest mineral concentrations and therefore high 229 

recovery potential, such as lithium from the Smackover region (253 mg/L) which is known to be 230 

rich in lithium (Darvari et al., 2024) and has a commercial PW lithium recovery process under 231 

development (Arkansas Smackover lithium project (NORAM Engineering and Constructors Ltd., 232 

2021)) using brines containing 160 to 399 mg/L of lithium. Similar studies from Canada have also 233 

identified regions with oilfield brines containing high concentrations of lithium and are evaluating 234 

economic extraction technologies (Kingston et al., 2023; Leece and Jiang, 2023). Finally, in 235 

addition to the USGS PW database, there have been some other limited studies in the literature 236 

that have reported U.S. PW concentration data for the five minerals of interest with a summary 237 

provided in the Appendix Supplemental Data Table A 9.  238 

2.2.1. Rare earth element concentrations in produced water 239 

The U.S. currently imports nearly all REEs and as such there is great interest in finding 240 

alternative domestic sources of these elements. In general, there are limited data published on the 241 

presence and amount of REEs in PW. The USGS PW database does not report any REE 242 

concentrations. Due to this lack of data, Quillinan et al. (2018) completed a study to quantify REEs 243 

in geothermal and produced waters and found that the concentrations of REEs in PW can exceed 244 
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those concentrations found in seawater by three orders of magnitude. This finding does offer 245 

promise for the development of economically-viable REE recovery processes from PW given 246 

research is being conducted for mining critical minerals and elements from seawater (Diallo et al., 247 

2015). However, most PW samples from this study had concentration of REEs (in near neutral pH 248 

natural waters) that were extremely low which made analytical measurements challenging in the 249 

presence of high TDS brines. Selective preconcentration approaches were used to concentrate the 250 

REEs and to remove interfering ions. The dataset from this study, available from Quillinan et al. 251 

(2018) and also via the NEWTS database (Siefert et al., 2023), provides insight into REE content 252 

in some of the regions of interest in this study (refer to results in Table 3). Total REE (non-Sc & 253 

Y) concentrations were determined for PW samples with the highest values in the Bakken 254 

formation (up to 5,000 ng/L) although significant scatter in the results and subsequently large 255 

standard deviations again limit the confidence in using these results for further analysis. The study 256 

found that REE behavior in brines is not correlated to TDS, temperature or lithology but is spatially 257 

associated and further work is required to discover what influences higher REE concentrations in 258 

some basins. Engle et al. (2022) utilized the data from Quillinan et al. (2018) with emergent self-259 

organizing map (ESOM) techniques, a form of machine learning, to predict where produced and 260 

geothermal waters were enriched in REEs by an order of magnitude or more relative to seawater. 261 

The REEs were found to be typically co-associated although the factors causing this could not be 262 

determined from the limited data. Finally, Simmons (2019) has also reported some concentrations 263 

of REEs (La, Ce, and Eu) in the Uinta Basin waters with concentrations ranging from 0.05 to 5 264 

ppb. Additional characterization of REE in PW is required to comprehensively understand the 265 

presence and behavior of REE in PW and to confidently assess potential recovery options. 266 
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In summary, mineral concentration data in PW exist for all five elements of interest in this study, 267 

however the results vary significantly between sources and within the same source depending on 268 

location, quality of sampling and/or analysis, and amount of data. Many studies, including the 269 

current, have concluded that more comprehensive PW characterization is an important research 270 

need (Can Sener et al., 2021; Stewart et al., 2023). 271 

2.3. Critical mineral resource potential from produced water sources 272 

Assessing the critical mineral resource potential in PW sources relative to domestic consumption 273 

is important when developing new technologies for extracting these critical minerals from PW. 274 

Domestic consumption values for the five critical minerals of interest in this study were obtained 275 

from the Mineral Commodity Summaries 2023 report (U.S. Geological Survey, 2023). Critical 276 

mineral content in PW across the major U.S. UOG regions was estimated by combining the 277 

average CM concentration determined in this study with corresponding PW volume data (from 278 

2017) for each formation and mineral of interest. Note the average critical mineral concentration 279 

values were determined from PW samples taken over a range of years and contained significant 280 

variability as shown in Table 2. With these limitations, we have conservatively estimated the 281 

average annual critical mineral resource potential in units of metric tonnes per year, with the data 282 

for each mineral presented in the Appendix section A3. Magnesium has the highest annual 283 

potential recovery from PW followed by lithium, nickel, manganese and cobalt.  284 

Using the historical PW volume data presented in Scanlon et al. (2020b) and the average mineral 285 

concentrations for each formation, the growth in potential annual critical mineral recovery rates 286 

from 2009 to 2017 was plotted (Figure 1(a) to Figure 5(a)). These figures highlight the impact of 287 

increasing PW volumes in the Marcellus, Bakken and Permian fields and how this can result in an 288 

increase in the potential recovery of critical minerals. 289 
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The projected remaining PW volumes, shown in Table 1, were combined with average mineral 290 

concentration to estimate the projected total critical mineral content in each formation, as shown 291 

in Figure 1(b) to Figure 5(b). This analysis suggests there are significant lithium and magnesium 292 

resources available from PW, particularly from unconventional oil PW sources in the Permian 293 

basin. This is noteworthy as the Permian is projected to continue to increase its PW production 294 

volumes and become the largest unconventional oil play in the world (Sabie et al., 2022b; Scanlon 295 

et al., 2017). The Permian basin water intake has increased by 1.26 billion barrels since 2009 296 

(Sanchez-Rosario and Hildenbrand, 2022) and by 2017 the PW volume production was 20 times 297 

higher than 2011 (Scanlon et al., 2020a; Scanlon et al., 2020b). The Delaware Permian basin, 298 

which accounts for ~50% of projected oil production from UOG reservoirs in the U.S., is predicted 299 

to have ~4x higher projected PW volumes than HF water demand (Scanlon et al., 2020a) resulting 300 

in this region being considered an ideal location for reuse or recycling of PW (Ghurye et al., 2021). 301 

Additionally, PW from the Marcellus basin shows potential for lithium recovery.  302 

U.S. consumption data for the critical minerals and basins assessed in this study were used to 303 

estimate the potential amount of critical minerals available from PW relative to annual U.S. 304 

consumption, with results presented in Table 4. This analysis indicates there are significant 305 

amounts of lithium in PW to meet current and conservative future demands. Magnesium exceeds 306 

current consumption although future EV demand is unclear. Manganese, cobalt and nickel in PW 307 

have negligible impact on import reliance but their recovery could offset costs of PW treatment. 308 

More data are needed on REE concentrations but preliminary estimates suggest the total recovery 309 

of REEs from PW will not have an impact on U.S. demand and other sources of REEs are needed.  310 

It should be noted that demand for these critical minerals is expected to increase significantly 311 

into the future in order to meet sustainability targets. For example, a resource production model 312 
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by Ambrose and Kendall (2020a) predicts global lithium resources range from 293 to 527 million 313 

metric tons (Mt) of lithium carbonate equivalent (LCE) and global production of LCE will likely 314 

increase from 237,000 metric tons in 2018 to 4.4 to 7.5 Mt/year by 2100. Therefore the 315 

development of lower grade and unconventional sources will be required by 2050 (Ambrose and 316 

Kendall, 2020b). So, although the apparent consumption numbers and estimated annual CM 317 

potential from PW relative to 2022 demand reported in Table 4 are considered conservative, 318 

especially for future scenarios, there is still a need to discover and develop new methods for 319 

extracting CMs from unconventional sources like PW. 320 

3. Limitations & knowledge gaps  321 

As highlighted in this study the availability of reliable produced water mineral concentration 322 

data is limited in terms of the range of elements measured, the number of samples tested and the 323 

locations of these samples. These limitations resulted in large uncertainties in the assessed data, as 324 

indicated by large standard deviations in the current study, and less confidence in predicting 325 

resource availability. However, this study did indicate the presence of critical minerals in these 326 

growing volumes of wastewater sources and highlighted specific regions within the U.S. that show 327 

the most potential for resource recovery. Improving the quality and quantity of critical mineral 328 

concentration data from produced water sources and development of traditional and novel 329 

extraction processes will be required to encourage commercial deployment.   330 

3.1. Limited produced water volumes, composition and metadata 331 

The USGS PW database provides the most comprehensive analysis of PW samples, however, 332 

the number of samples with measured critical mineral concentrations is limited. Specifically, 333 

concentration data are available for only 19 out of 50 elements from the 2022 List of Critical 334 

Minerals (2022) and the number of samples for these elements varies from 3 for tungsten to over 335 
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103,000 for magnesium. Additionally, as reported by the Ground Water Protection Council (2019), 336 

location is missing from 10% of data, sample date is missing from 26% of data, 90% of samples 337 

are from prior to 2000 and the depth of well or sample is missing from 29% of data. The lack of 338 

recent comprehensive composition data for unconventional PW sources is also concerning given 339 

it is expected to become the dominant source of PW in the future. Variations in PW composition 340 

data by location can also be difficult to assess due to variable analytical, monitoring and reporting 341 

requirements between different regions. Finally, there are very little data available on the presence 342 

and specific amount of REEs in PW. The limited data that are available has large uncertainty (as 343 

also seen in this study via large standard deviations) as accurate measurement of low 344 

concentrations in salty brines is difficult (Quillinan et al., 2018). There is significant uncertainty 345 

in general for measuring trace elements in brines due to the lack of standardized methods and 346 

reference materials for highly saline PW (Tasker et al., 2019). With studies showing very large 347 

differences in concentration values, including the current study, further analysis is needed in 348 

general for all listed critical minerals and especially for REEs.  349 

3.2. Limited analytical techniques for measuring critical minerals in produced water 350 

To comprehensively characterize PW, numerous analytical techniques are required, which have 351 

been well described by Sanchez-Rosario and Hildenbrand (2022). Due to the high level of 352 

experimental effort needed for a comprehensive analysis of PW, many studies limit the number of 353 

measurements, which in turn limits the availability, quality and reliability of results. Many 354 

elements are not measured or stated as not being present as they are below the detection limits of 355 

current analytical methods. Further, most analytical methods were developed for the analysis of 356 

freshwater and wastewater, which are analytically much less complex media. The complex matrix 357 

of PW can cause interference for analytical methods and updated standard methods are required 358 
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for more widespread and accurate assessments, particularly for regional laboratories. Measuring 359 

trace elements in brines has been challenging due to dilution requirements although a recent study 360 

by Jubb et al. reported a promising method using ICP-OES with minimal dilution (Jubb et al., 361 

2020). Many organic chemicals (including more than 1,400 in the Permian basin alone (Khan et 362 

al., 2016)) have been identified in PW but less than 300 have an approved analytical technique 363 

(Danforth et al., 2020), which makes it challenging to get an accurate assessment of the 364 

composition of PW. Other studies have reported high concentrations of barium in produced water 365 

which can cause difficulties when measuring REEs due oxide and hydroxide interferences when 366 

using analytical techniques such as ICP-MS (Liu et al., 2023; Renock et al., 2016). Despite these 367 

drawbacks, recent and new analytical methods have been reported that claim to directly measure 368 

very low element concentrations without interferences that normally cause issues, such as 369 

measuring the ng/L or ppt levels seen for REEs in PW (Quillinan et al., 2018). These advances in 370 

analytical techniques are another reason to encourage new and widespread testing of PW samples 371 

to gain a more accurate understanding of the current presence of critical minerals in PW. 372 

3.3. Quality requirements for critical mineral extraction & recovery processes 373 

A better understanding and reporting on the quality requirements for critical mineral extraction 374 

and recovery processes is needed to assess the required separation technologies for these complex 375 

PW sources. There are numerous processing options for extracting CM from PW depending 376 

primarily on the composition of the PW (Ghurye et al., 2021). Multi-stage, modular processes will 377 

likely be required to achieve desired throughput, recovery and purity of CM. PW sources have 378 

varying composition, particularly for TDS, which can be an important property when choosing 379 

downstream recovery processes. If the mineral recovery process generates a lot of salt, such as 380 

from the use of mechanical vapor recompression (MVR) evaporators and crystallizers, the process 381 
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will quickly become overwhelmed with salt handling issues when operating on high TDS brines. 382 

Levels of Naturally Occurring Radioactive Materials (NORM) like radium (Ra-226) in the PW 383 

recovery process may need to be monitored as these materials could become concentrated in 384 

certain treatment processes resulting in environmental and health concerns (Ouyang et al., 2017; 385 

Rosenblum et al., 2017; Zhang et al., 2015). Recovery of minerals from very low concentration 386 

waste streams, particularly REEs, will likely require development of novel extraction processes to 387 

be economically feasible. There have been some reports of using biomaterials and ionic liquids for 388 

REE recovery from low concentration sources, including seawater, which offers potential for REE 389 

recovery from produced water (Hogan et al., 2017; Kihara et al., 2023; Wang et al., 2017; Ye et 390 

al., 2023). Understanding PW composition and minimum thresholds for metal ion concentration 391 

and contaminant limitations will be critical to efficient and economical design of any recovery 392 

process (Camarillo et al., 2016; Stringfellow and Dobson, 2021). Some studies have reported 393 

minimum mineral thresholds for economically feasible recovery that would be possible with 394 

current separation processes (Sanchez-Rosario and Hildenbrand, 2022) while other studies are 395 

developing novel processes specifically for extracting minerals from brines with much lower metal 396 

thresholds, such as metal oxide or ion exchange sorbents and membrane technologies (Ali et al., 397 

2021; Kumar et al., 2019; Safari et al., 2020; Seip et al., 2021). It is important to note that these 398 

new metal extraction processes may show promising performance in a laboratory setting (eg. direct 399 

lithium extraction technologies with high lithium recovery rates and good lithium to magnesium 400 

separation) but most are not tested with real brines that contain multivalent ions that could impact 401 

overall performance indicators (Vera et al., 2023). Additionally the economics of mineral recovery 402 

from less concentrated and unconventional sources using novel processes needs to be assessed at 403 

bench and pilot scale to comprehensively assess feasibility (Haddad et al., 2023) and it is therefore 404 



 19 

imperative that future research is conducted with real brines that have been fully characterized. 405 

The economics of extraction and purification processes required to get the metals to market using 406 

small-scale modular operations, as opposed to traditional large-scale centralized facilities, need to 407 

be assessed. There are some studies assessing the economics of mineral recovery from brines (Can 408 

Sener et al., 2021; Neupane and Wendt, 2017; Sanchez-Rosario and Hildenbrand, 2022; Warren, 409 

2021; Wenzlick and Siefert, 2020) but these types of assessments need to be done regularly with 410 

current commodity pricing to ensure the concentrations required to make REE extraction are 411 

economically viable. Another consideration for the development of new recovery processes is 412 

assessing the environmental footprint of the separation process which could be reliant on the PW 413 

properties. For exampole, heat from a high temperature PW source (temperatures can be as high 414 

as 90°C (Chen et al., 2021)) could be used with thermally driven extraction processes. Scaling up 415 

traditional mining extraction processes (that often use a lot of water and energy) may not be the 416 

best option for meeting future mineral demand if the extraction process negates the benefits of the 417 

clean energy technologies they power (Haddad et al., 2023). The economic value of the potential 418 

critical mineral in the PW sources will also be important as it may offset costs of treatment and 419 

reuse options. Guidance on the techno-economic viability of extraction processes and what metals 420 

to prioritize for recovery from wastewater and brine is also important as reported by DuChanois 421 

et al. (2023). Finally, development of a regulatory framework that includes water quality standards 422 

and PW discharge/reuse practices is needed (Hildenbrand et al., 2023; Jiang et al., 2022a).    423 

3.4. Competing uses of produced water 424 

PW is often reused in the energy sector to support HF with minimal treatment required. 425 

However, using PW outside of the energy sector will require more intensive water treatment. This 426 

is complicated by the current difficulties in characterizing organic constituents in PW, as discussed 427 
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above, due to limitations with analytical techniques, problems with high salinity matrices and lack 428 

of reference materials (Oetjen et al., 2017; Tasker et al., 2019).  429 

Currently PW reuse options include enhanced oil recovery (mostly conventional PW) and 430 

reinjection in HF operations (clean brine) with surplus PW being injected into saltwater disposal 431 

wells. Potential uses of PW were assessed by Scanlon et al. and include agricultural irrigation, 432 

municipal use, surface water/groundwater discharge and industrial use (Scanlon et al., 2020b). 433 

Other proposed reuse options include dust suppression, power generation and river flow 434 

augmentation; however, the feasibility of these alternative options need further technical, 435 

economic and environmental considerations (Cooper et al., 2022; Sabie et al., 2022a; Sabie et al., 436 

2022b; Wenzlick and Siefert, 2020; Yang et al., 2022). Although not currently in practice, these 437 

alternative PW disposal options are promising as they propose to mitigate issues associated with 438 

water scarcity, disposal limitations, soil/aquifer contamination issues and linkages to induced 439 

seismicity. These alternate uses of PW will need a regulatory framework to encourage economic 440 

investment and technical development of treatment processes. The addition of critical mineral 441 

recovery may provide added economic and environmental benefits for reusing PW.  442 

4. Conclusions 443 

Global demand for critical minerals needed in clean energy infrastructure is outpacing 444 

production and the U.S. relies on imports for many of these minerals that are essential to national 445 

security and economic prosperity. Obtaining critical minerals from existing domestic sources, 446 

including traditional and unconventional sources, has become increasingly important. Oil and gas 447 

PW has been proposed as a potential new source of domestic critical minerals and could help ease 448 

supply chain issues. However, there is a lack of comprehensive data on the presence and amount 449 

of these critical minerals in the water produced across the U.S oil and gas regions, particularly in 450 
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unconventional oil and gas regions which are expected to dominate PW production volumes in the 451 

future. The most comprehensive resource currently available for PW composition is the USGS 452 

National Produced Waters Geochemical Database which has around 115,000 measurements from 453 

samples collected across the United States. However, measurements of critical mineral content in 454 

this database are limited and many of the wells are no longer active and as such newer and more 455 

comprehensive compositional analysis is recommended.  456 

This study used the available data sources to assess critical mineral resource availability in PW 457 

from the major U.S unconventional oil and gas formations. The analysis indicated greatest 458 

potential for lithium and magnesium to be recovered from PW sources, particularly from the 459 

Permian basin (~80,000,000 metric tonnes of magnesium and ~800,000 metric tonnes of lithium) 460 

and Marcellus shale region (~2,000,000 metric tonnes of magnesium and ~170,000 metric tonnes 461 

of lithium). These assessments should be considered conservative due to the limited availability of 462 

reliable concentration data and the assumptions and uncertainties reported for PW volume data. 463 

However, this study does highlight the potential for more critical mineral recovery options to 464 

emerge with more comprehensive PW characterization data from more recent sources of PW. 465 

Better knowledge of the chemistry of PW will help to drive the development of sustainable 466 

treatment and reuse strategies and will set better standards for characterizing and managing PW. 467 
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Highlights 727 

• Minimal data exist on the presence of critical minerals (CM) in produced water (PW) 728 

• CM concentration in PW for Co, Li, Mg, Mn and Ni are evaluated 729 

• PW volume is combined with concentration data to assess CM recovery potential 730 

• Opportunities and challenges for recovering CM from PW are discussed 731 
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 736 

(a) 737 

 738 

(b) 739 

Figure 1. Cobalt content in PW from major oil and gas formations and coalbed methane basins 740 

including: (a) Time series of potential cobalt in PW; (b) Projected potential total cobalt in PW. 741 
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 742 

(a) 743 

 744 

(b) 745 

Figure 2. Lithium content in PW from major oil and gas formations and coalbed methane basins 746 

including: (a) Time series of potential lithium in PW; (b) Projected potential total lithium in PW. 747 
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 748 

(a) 749 

 750 

(b) 751 

Figure 3. Magnesium content in PW from major oil and gas formations and coalbed methane 752 

basins including: (a) Time series of potential magnesium in PW; (b) Projected potential total 753 

magnesium in PW. 754 
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(a) 756 

 757 

(b) 758 
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Figure 4. Manganese content in PW from major oil and gas formations and coalbed methane 759 

basins including: (a) Time series of potential manganese in PW; (b) Projected potential total 760 

manganese in PW. 761 

 762 

 763 

(a) 764 

 765 

(b) 766 

Figure 5. Nickel content in PW from major oil and gas formations and coalbed methane basins 767 

including: (a) Time series of potential nickel in PW; (b) Projected potential total nickel in PW. 768 

769 
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Table 1. Produced water (PW) volume data for unconventional oil and gas reservoirs and 770 

coalbed methane (CBM) reservoirs including PW volume (2017), projected remaining PW 771 

volume and remaining years of PW production. Data are from Scanlon et al. (2020). (Scanlon et 772 

al., 2020b) 773 

UOG Formation Bakken Eagle Ford Permian Marcellus Niobrara Haynesville Oklahoma 

AOI 1 

Type Tight oil Tight oil Tight oil Shale gas Tight oil Shale gas Tight oil 

PW volume 2017 

(109 L) 

55 35 260 5.3 6.7 2.2 200 

Projected remaining PW 

(109 L) 

2,500 1,100 49,000 2,200 - - - 

Remaining years 

PW (years) 

64 26 47-80 73 - - - 

CBM Formation Powder River San Juan Black Warrior Raton Uinta 

Type CBM CBM CBM CBM CBM 

PW volume 2017 

(109 L) 

26 5.7 4.9 7.8 1.7 

1 Oklahoma Area of Interest (AOI defined in terms of high seismicity by Scanlon et al. (2020b)) did not report PW 774 

volumes so are approximated by statewide salt water disposal (SWD) volumes 775 

  776 
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Table 2. Total dissolved solids (TDS) and average critical mineral concentration for PW samples 777 

from formations assessed in this study. Data are assessed from the USGS PW database (Blondes, 778 

2018) and results include average (avg.) concentration and standard deviation (s.d.) with up to two 779 

significant figures for TDS and mineral concentration along with the number of samples in 780 

parentheses. Additional statistical data for each mineral can be found in the Appendix. 781 

Formation 

Average TDS & 

std. dev., mg/L 

(# samples) 

Average (avg.) mineral concentration (mg/L), standard deviation 

(s.d.), mg/L and (# samples) 

Co Li Mg Mn Ni 

Bakken 

230,000 avg. 

80,000 s.d. 

(448) 

0.02 avg. 

0.01 s.d. 

(11) 

24 avg. 

27 s.d. 

(35) 

1,000 avg. 

740 s.d. 

(447) 

0.01 avg. 

0.01 s.d. 

(11) 

0.28 avg. 

0.08 s.d. 

(11) 

Eagle Ford 

96,000 avg. 

26,000 s.d. 

(60) 

- - 

680 avg. 

440 s.d. 

(60) 

- - 

Permian 

100,000 avg. 

80,000 s.d. 

(8,493) 

- 

16 avg. 

38 s.d. 

(384) 

1,700 avg. 

2,400 s.d. 

(8,388) 

4.7 avg. 

14 s.d. 

(74) 

- 

Marcellus 

120,000 avg. 

80,000 s.d. 

(295) 

1.5 avg. 

3.0 s.d. 

(88) 

76 avg. 

76 s.d. 

(232) 

940 avg. 

750 s.d. 

(293) 

5.0 avg. 

5.0 s.d. 

(243) 

0.73 avg. 

2.5 s.d. 

(126) 

Niobrara 

36,000 avg. 

27,000 s.d. 

(140) 

- 

1.0 avg. 

0.0 s.d. 

(2) 

77 avg. 

130 s.d. 

(136) 

- - 

Haynesville 

200,000 avg. 

90,000 s.d. 

(17) 

- - 

9,000 avg. 

9,900 s.d. 

(15) 

- - 
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Oklahoma AOI 

160,000 avg. 

77,000 s.d. 

(8,295) 

- 

15 avg. 

86 s.d. 

(416) 

1,800 avg. 

1,000 s.d. 

(8,267) 

35 avg. 

89 s.d. 

(22) 

- 

Powder River 

19,000 avg. 

34,000 s.d. 

(5,592) 

- 

6.9 avg. 

24 s.d. 

(510) 

99 avg. 

300 s.d. 

(5,302) 

14 avg. 

45 s.d. 

(13) 

- 

San Juan 

19,000 avg. 

28,000 s.d. 

(2,121) 

- 

5.2 avg. 

3.9 s.d. 

(7) 

130 avg. 

390 s.d. 

(1,954) 

0.44 avg. 

0.58 s.d. 

(85) 

- 

Black Warrior 

29,000 avg. 

36,000 s.d. 

(186) 

- 

1.0 avg. 

1.6 s.d. 

(14) 

320 avg. 

590 s.d. 

(184) 

0.15 avg. 

0.18 s.d. 

(70) 

0.07 avg. 

0.17 s.d. 

(8) 

Raton 

4,700 avg. 

9,800 s.d. 

(55) 

- 

0.20 avg. 

0.20 s.d. 

(9) 

34 avg. 

39 s.d. 

(55) 

0.06 avg. 

0.04 s.d. 

(17) 

0.01 avg. 

0.01 s.d. 

(3) 

Uinta 

20,000 avg. 

25,000 s.d. 

(797) 

- 

4.4 avg. 

7.0 s.d. 

(181) 

73 avg. 

240 s.d. 

(747) 

1.8 avg. 

4.8 s.d. 

(29) 

- 

 782 

  783 
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Table 3. Rare earth element (REE) and critical mineral content in produced water samples from 784 

Quillinan et al. (2018). Total REE (non-Sc & Y) concentration was calculated for PW samples for 785 

15 REEs when present (Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Pm, Sm, Tb, Tm, & Yb).  786 

Formation Total REE 

(non-Sc & Y), ng/L 

(no. of samples) 

Average Mineral Concentration & standard deviation (s.d.), mg/L 

(number of samples) 

Co Li Mn Ni Mg 

Bakken 2,000 avg. 

2,000 s.d. 

(15) 

- 63 avg. 

13 s.d. 

(13) 

23 avg. 

5 s.d. 

(13) 

- 1,300 avg. 

90 s.d. 

(18) 

Permian 420 avg. 

500 s.d. 

(7) 

- 29 avg. 

10 s.d. 

(10) 

1.7 avg. 

0.9 s.d. 

(9) 

- 420 avg. 

300 s.d. 

(12) 

Marcellus 1,100 avg. 

900 s.d. 

(2) 

- 43 avg. 

60 s.d. 

(2) 

14 avg. 

18 s.d. 

(2) 

- 2,000 avg. 

1300 s.d. 

(2) 

Niobrara 58 avg. 

7 s.d. 

(2) 

- 7.5 avg. 

5.7 s.d. 

(2) 

0.80 avg. 

0.70 s.d. 

(2) 

- 88 avg. 

68 s.d. 

(2) 

Powder River 36 avg. 

24 s.d. 

(10) 

- 7.9 avg. 

4.9 s.d. 

(10) 

0.77 avg. 

0.68 s.d. 

(10) 

- 87 avg. 

58 s.d. 

(10) 

 787 

  788 
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Table 4. Critical mineral (CM) content from combined produced water sources assessed in this 789 

study, U.S. critical mineral 2022 apparent consumption data and U.S. net import reliance of critical 790 

minerals in 2022 (consumption and import data from (2023)). 791 

Critical Mineral 

(CM) 

Total (avg.) CM in PW 

from all formations in 

this study (2017), 

metric tonnes 

U.S. CM apparent 

consumption (2022), 

metric tonnes 

Annual (2017 prediction) 

CM from PW relative to 

2022 CM demand 

2022 U.S. net 

import reliance 

of CM as 

percent of 

consumption 

Co 

9 avg. 

16 s.d. 

7,800 0.12% 76% 

Li 

9,000 avg. 

30,000 s.d. 

3,0001 300% >25% 

Mg2 

900,000 avg. 

900,000 s.d. 

50,0003 1,810% >50% 

Mn 

9,000 avg. 

20,000 s.d. 

890,000 1% 100% 

Ni 

20 avg. 

20 s.d. 

220,0004 0.01% 56% 

REE5 

1 avg. 

2 s.d. 

9,300 0.01% >95% 

1Estimated consumption, 2Refinery production, 3Reported consumption, 4Nickel in primary metal and secondary scrap, 792 

5Consumptoin data includes lanthanides 793 

 794 

 795 


