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1. Overview  

The goal of this project was to develop and test a scalable method for efficient extraction of rare earth 
elements and yttrium (REY) from acidic mine drainage (AMD). Work on this project included (1) 
development of a modeling framework that can accurately describe the co-precipitation and adsorption of 
REY with solid phases (mineral and amorphous) that are formed when coal AMD of variable composition 
is neutralized; (2) validation of specific model predictions using benchtop batch precipitation/adsorption 
experiments on simulated AMD; (3) development and initial testing of a field-based flow-through system 
in Al-rich and Mn-rich high-REY AMD in order to better understand the nature of economic 
concentrations of REY and other critical metals at or near the discharge source; and (4) dissemination of 
these findings to AMD stakeholders and the greater scientific community, in part via presentations at 
conferences and publication in peer-reviewed journals, and integration into an innovative geochemical 
modeling tool (PHREEQ-N-AMDTreat), which can provide immediate on-the-ground resources for end 
users by providing cost-benefit analysis and treatment strategies for REY recovery. 

This project was a collaborative effort involving expertise in coal mine drainage, laboratory experiments, 
geochemical analysis, and geochemical modeling from University of Pittsburgh, USGS, and Hedin 
Environmental investigators. Building on our team’s previous work, we carried out a suite of new bench-
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top experiments combined with geochemical equilibrium modeling to better determine treatment 
conditions (e.g., pH, redox, metals and ligand concentrations) under which precipitation of solids can be 
achieved while concentrating REY removal at specific steps. A PHREEQC equilibrium model was 
applied to identify potential interactions during the precipitation of solids, including those containing 
REY, the distribution of aqueous and surface (sorption) species of REY and associated ions, and the 
sorbent composition and mass. Batch titration experiments were used to evaluate the potential for REY 
coprecipitation with manganese and aluminum and to determine REY adsorption parameters on 
precipitated AMD minerals. Model calibration based on the experimental results was used to determine 
optimum conditions for the efficient precipitation of target and non-target solids. These experiments and 
modeling were validated using AMD collected from two remediation sites. This combined and, most 
importantly, iterative experimental and modeling approach evaluating a wide range of variables can aid in 
the design of an up-scalable modular, retrievable REY-capture device that can be implemented in field 
testing of REY capture and recovery.  

The modeling, experiments, and technology demonstration from this project can result in improved 
engineering designs that target REY recovery and provide additional economic incentive for AMD 
treatment of impacted streams. Integration of results into the AMDTreat water-quality modeling tool 
(PHREEQ-N-AMDTreat) provides end-users the ability to up-scale results to field application and aid in 
cost estimates on the scale of individual AMD discharges. In addition, results have been disseminated via 
scientific publications and meeting presentations. This project also involved the training of a Ph.D. 
graduate student in geochemical modeling, bench-top experimental techniques, and AMD remediation.  

The modeling and experiments provide guidance for selective precipitation of major dissolved metal 
components  in Appalachian AMD, with possible application to other types of mine drainage, which can 
help optimize both active and passive treatment systems. This project focused on the most 
environmentally damaging low-pH mine drainage systems that have highest concentrations of REY, 
making treatment of these discharges more feasible. Calculations for scaling up the treatments to the level 
of individual discharges provide mine drainage remediation operators the ability to determine whether 
and when it could be advantageous to incorporate REY recovery into treatment systems. Calculations of 
REY recovery and scale-up cost allow implementation of the recovery system when the economics are 
most advantageous, e.g., after geopolitical disruption of normal supplies. 

Deliverables 

Deliverables include the following: (1) a final report following OSMRE guidelines, available in electronic 
form; (2) a written summary or fact sheet in the appropriate OSMRE format; (3) a PowerPoint 
presentation at a technical event (e.g., the WVMD Task Force) summarizing the work completed at the 
appropriate level; (4) electronic copy of peer-reviewed abstracts and an articles resulting from the 
proposed research; (5) additional technology transfer as outlined in the results from Task 7. 

 

2. Project Results 

The proposed work focused on REY extraction from AMD, with the goal of producing solids from which 
REY can be efficiently and economically recovered. The knowledge gaps addressed include (1) 
partitioning of REY among solution complexes and one or more solid phases in precipitating AMD 
fluids; (2) the precise mechanism by which REY are captured by precipitating phases in AMD; (3) the 
extent to which AMD can be manipulated to maximize REY capture at the highest possible 
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concentrations while maintaining its characteristic enrichment of the most critical REY; (4) the extent to 
which REY can be captured in a solid that allows efficient REY remobilization during processing; (5) the 
ability of equilibrium geochemical models to predict REY behavior in complex AMD-type fluids. 

This project builds on previous research and expertise in the enrichment and sequential extraction of 
critical metals (especially REY) in AMD remediation systems (Cravotta, 2008a; 2008b; Stewart et al., 
2017; Hedin et al., 2019; 2020; 2024) to address the following important questions:  

(1) Can we identify conditions where REY (or specific members of the group, for that matter) are 
primarily attenuated by Al versus Mn oxyhydroxides?  

(2)  Are simple adjustments to pH and ionic composition sufficient to affect these distributions?  

(3) Are the REY incorporated in mineral structures as solid solutions or adsorbed on surfaces?  

(4) Once extracted to the solids, what effort/process may be involved to recover the REY and 
possibly reuse the solids to better concentrate REY? 

Knowledge gaps addressed by this project include: 

 (1) Partitioning of REY among solution complexes and one or more solid phases in precipitating AMD 
fluids; (2) the precise mechanism by which REY are captured by precipitating phases in AMD; (3) the 
extent to which AMD can be manipulated to maximize REY capture at the highest possible 
concentrations while maintaining its characteristic enrichment of the most critical REY; (4) the extent to 
which REY can be captured in a solid that allows efficient REY remobilization during processing; (5) the 
ability of equilibrium geochemical models to predict REY behavior in complex AMD-type fluids. 

Our results have been integrated into an innovative geochemical modeling tool (PHREEQ-N-
AMDTreat+REYs) to guide users in the construction of AMD remediation systems that optimize REY 
recovery. 

The two-year project, which began January 2023, was divided into seven tasks (Table 1). The sections 
that follow delineate the results of each task. 

 

2.1 Task 1: Initial PHREEQc Predictive Models 

To evaluate the relative importance of different variables on the sequestration and recovery of REY from 
AMD, a geochemical equilibrium model using PHREEQC (Parkhurst and Appelo, 2013) with an 
expanded thermodynamic “wateq4fREYsKinetics.dat” database was further developed, validated, 
documented, and released as a project deliverable.  

Specific related milestones achieved for this task: 

a.  The original PHREEQ-N-AMDTreat+REYs equilibrium-adsorption models described in Cravotta 
(2021a) were expanded to include the potential precipitation of various REY-solids including oxalate, 
phosphate, and carbonate compounds as well as selected La-Ce phosphate, carbonate, or hydroxide 
solid solutions that may form during conventional treatment or specialized treatment to recover REY. 
Additionally, three new models that include adsorption of REY by humic acid (HA) were added to the 
suite of tools -- CausticTitrationMix2REYsKineticsHA, CausticTitrationMix2REYsKineticsMolesHA, 
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and TreatTrainMix2REYsHA. Sorbent may include HA, only, or in combination with hydrous metal 
oxides.  

b.  Rare earth element sorption reactions on hydrous manganese oxides (HMO) and hydrous aluminum 
oxides (HAO) were updated in the wateq4fREYsKinetics database (Milestone 1b) following benchtop 
experiments carried out by graduate student Tashane Boothe-Lordon on synthesized HMO and HAO. 
Updated constants for HAO-REY adsorption based on HCl and H2SO4 experiments of Boothe-Lordon, 
which consider sorption over a range of SO4 concentrations (0 to 2900 mg/L) characteristic of AMD 
systems, supersede previous values from Tasker et al. (2025). 

c.  Sorbent surface area and site density properties for existing or freshly precipitated sorbent were added 
as adjustable parameters on the user interface. Two different case-study examples using bench-scale 
datasets for titration of real AMD (Kentucky Hollow) or cubitainer kinetic tests of AMD reaction rates 

Table 1. Task chart for the project showing final completion dates of milestones. It was determined that column experiments 
(Milestones 2b and 3c) were not required to achieve the program objectives. 
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with limestone or steel slag and associated attenuation of dissolved metals, including REYs (Portage 
Railroad) were used as validation.  

The geochemical modeling tools account for the variable pH and redox conditions in untreated AMD or 
treated effluent at points within a passive or active AMD treatment system. At each pH step (titration 
model) or time step (sequential model), REY distributions and compositions of the solids, and 
corresponding interactions between the aqueous species and solid phases, are computed. The updated 
PHREEQ-N-AMDTreat+REYs models (version 1.0.6) were made available to project collaborators and 
released to the public during year 2 by Co-PI C. Cravotta.  

The PHREEQ-N-AMDTreat+REYs models developed in Task 1were used by graduate student Tashane 
Boothe-Lordon to determine parameters (solute concentrations, pH ranges, sulfate levels) for planning of 
the bench-scale adsorption experiments (Task 2). The data from these experiments were fed back to 
further constrain the geochemical models (Task 4) Documentation and instructions for utilization of the 
PHREEQ-N-AMDTreat+REYs models were developed and made available to the public via a workshop 
at the 2024 International Mine Water Association Conference (Task 7) (PHREEQ-N-AMDTreat model to 
evaluate water-quality effects from passive and active treatment of mine drainage - WVTF | IMWA 
2024). The current version 1.0.6 will be provided to another group of workshop participants at the 2025 
IMWA conference, PHREEQ-N-AMDTreat - IMWA 2025 | Portugal & Spain.  

 
2.2 Task 2: Determine experiment parameters.  

Based on the results of the initial equilibrium modeling and an evaluation of Appalachian coal mine 
drainage geochemical data (e.g., Cravotta, 2008a; 2008b; Cravotta and Brady, 2015), the team developed 
and implemented a plan for precipitation and adsorption experiments to determine the extent to which 
specific REY are adsorbed/co-precipitated with different solids. Milestones achieved for this task 
included (1) the determination of appropriate endmember AMD compositions for the production of 
synthetic AMD fluids that provide representative samples of Appalachian coal mine drainage; (2) the 
sequence of treatments to change pH/redox and sequentially precipitate solids and co-precipitate or 
adsorb REY; (3) volumes of starting material and additives, including possible spiking with REY, to 
allow for accurate representation of treatment of coal-mine fluids and precipitates to recover REY; and 
(4) procedures for synthesizing sorbent minerals used as reactive substrates in experiments. 

For HMO: The initial experiments on critical metal capture focused on manganese oxy-hydroxides 
(HMO), which are a potentially major sink for rare earth elements (REE) from AMD (Hedin et al., 2019). 
This work leveraged earlier work by co-investigator Hedin (Hedin et al., 2024) and Ph.D. student Tashane 
Boothe-Lordon (Boothe-Lordon et al., in revision, 2025) by comparing abiotic critical metal uptake in Mn 
minerals to earlier biotic results. Ms. Boothe-Lordon developed a method to abiotically synthesize  
HMOs based on earlier work by Villalobos et al. (2003) and successfully generated gram quantities of 
HMOs that appear to be similar to d-MnO2 and H+ birnessite based on XRD data (Task 2, Milestone 2a, 
b).  

For HAO: The parameters for HAO sorption and co-precipitation experiments were determined. In 
particular, we examined the importance of pH and aqueous concentrations of sulfate (SO4) and aluminum 
on the attenuation of REE by Al hydroxide and hydroxysulfate phases such as gibbsite (Al(OH)3) and  
basaluminite (Al4SO4(OH)10:5H2O). These phases precipitate within a pH range (4.5-6) that is commonly 
attained in AMD treatment systems and are important for removing SO4, Al, and trace metals as AMD is 
neutralized. 

https://imwa2024.info/conference-details/workshops/phreeq-n-amdtreat/
https://imwa2024.info/conference-details/workshops/phreeq-n-amdtreat/
https://imwa2024.info/conference-details/workshops/phreeq-n-amdtreat/
https://imwa2025.info/conference-details/workshops/phreeq-n-amdtreat/
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2.3  Task 3: Precipitation/adsorption experiments 

Experiments were carried out in the labs of PI Stewart and Co-I Capo at the University of Pittsburgh and 
were a primary focus of the graduate students involved in this project. Initial work, informed by the 
geochemical modeling, focused on the batch precipitation/adsorption experiments to determine the 
behavior of REY when mine waters are manipulated to precipitate solids of different compositions or to 
facilitate sorption of REY on specific substrates. Both the solids and fluids were analyzed for major, 
minor and trace elements, including REY. Milestones achieved included a) determination of blanks for 
experimental apparatus using pH-adjusted ultrapure water; b) completion of batch 
precipitation/adsorption experiments on using predicted precipitation parameters, additional leaching 
experiments to evaluate possible recovery of REY without dissolving sorbent, and analysis of related 
fluids and precipitates. Results of this work were presented at scientific meetings.  

2.3.1 Hydrous manganese oxide (HMO) experiments 

Graduate student Tashane Boothe completed batch experiments on adsorption of rare earth elements and 
yttrium (REY) by hydrous manganese oxides (HMO), a common solid in acid mine drainage (AMD) 
systems. These experiments were designed to evaluate the effects of biotically- versus abiotically-
precipitated HMO. Results show the following: (1) Both biotic (fungal) and abiotic HMOs are effective at 
adsorbing REY (Fig. 1), with biotic HMO removing >99% of REY from solution after 31 days compared 
to 50-80% for abiotic HMO; (2) in most cases, light REY are adsorbed more efficiently than heavy REY; 
and (3) fungal biomass alone can effectively adsorb REY. Results from these experiments were presented 
by Boothe-Lordon in July 2023 at the international Goldschmidt Geochemistry Conference in Lyon, 
France (expenses not paid by this grant) and in 2024 at the American Chemical Society Central Regional 
Meeting, in Pittsburgh, Pennsylvania. 

 

 
Figure 1. Results of REY adsorption experiments (1) under abiotic conditions (left plots), (2) with fungally-precipitated HMO, 
and (3) with fungal biomass alone. REY were adsorbed during all experiments, but those with fungi showed the greatest amount 
of adsorption. 
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Tashane Boothe-Lordon characterized the solids from her initial batch experiments on adsorption of rare 
earth elements (REE) by hydrous manganese oxides (HMO). X-ray diffraction (XRD) patterns (Fig. 2) 
shows that the initial HMO produced from the biotic experiments, sampled 6 hours after introducing 
critical metals to the solutions, is amorphous to weakly crystalline, indicating the presence of a poorly 
crystalline phyllomanganate resembling vernadite. After 31 days, the solids from the same experiments 
show much more defined peaks clearly resembling δ-MnO2 (the synthetic analogue of vernadite) with 
symmetrical peaks at 1.4Å and 2.4Å. XRD patterns for the synthesized δ-MnO2 (DM) and H+ birnessite 
(HB) are shown in red for comparison. 

 
Figure 2. XRD patterns of biotic HMO produced by Stagonospora 
sp. at 6 hours (6hSS) and 31 days (31dSS) and P. sporulosum at 6 
hours (6hPS) and 31 days (31dPS) are compared to abiotic HMO, H+ 
birnessite (HB) and δ-MnO2 (DM). Note the sharpening of peaks at 
2.4Å and 1.4Å for the biotic experiments over time, indicating 
increased crystallinity of these solids. 

Experiments in which abiotic REE were added to solutions containing abiotically synthesized HMO (in 
the same growth medium) show that while REE are still adsorbed to a significant degree (Fig. 3a), the 
extent of adsorption is much less that that shown by biotic HMO (Fig. 3b). Data from these experiments 
are still being analyzed; one factor for the lesser extent of adsorption could be instability of HMO in the 
growth medium. Nonetheless, the role of microorganisms must clearly be considered when developing 
strategies for HMO capture of REE. 

During Q4, graduate student Boothe-Lordon presented her preliminary findings at the Geological Society 
of American Annual Meeting in Pittsburgh, PA (Boothe TJ, Capo RC, Stewart BW, Rosenfeld CE, 2023, 
A comparative assessment of critical metal removal by biotic and abiotic hydrous manganese oxides). 
Additional results were presented at the Joint Conference of the West Virginia Mine Drainage Task Force 
Symposium and International Mine Water Association meeting held in April 2024 (Boothe TJ, Capo RC, 
Stewart BW, Hedin BC, Olds TA, Rosenfeld CE, 2024, Lab-based assessment of critical metal 
adsorption by biotic and abiotic hydrous manganese oxides). 

A paper presenting these results is currently under review for the American Chemical Society journal 
ACS Omega.  
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Figure 3. a) Change in total REY concentration in solution in the presence of abiotic δ-MnO2 
and H+ birnessite over the 31-day experiment; b) change in total REY in solutions containing 
fungal biomass with or without HMO. From Boothe-Lordon et al. (in review, 2025). 

2.3.2 Hydrous aluminum oxide (HAO) experiments 

Modeling of the proposed experimental conditions using PHREEQC indicates that the presence of 10 mM 
SO4 results in Al precipitation at a lower pH (4.0-4.5) than in SO4-free experiments owing to relatively 
low solubility of basaluminite compared to gibbsite. However, when the SO4 concentration is increased 3-
fold, less Al is precipitated at the same low pH value, presumably due to the formation of aqueous 
complexes with SO4 which results in a decreased mass of precipitate. Consequently, for the high-SO4 
scenario, less efficient adsorption of REEs is indicated. Both the availability of sorbent and the potential 
formation of REE-SO4-ternary surface complexes explain why REEs are more effectively adsorbed at pH 
4.5 in the low-SO4 solutions compared to the high-SO4 and SO4-free solutions.  

Two sets of batch experiments involving titration of solutions containing (1) dissolved Al, REE, Sc and Y 
and (2) synthesized HAO, REE, Sc and Y were conducted with 0, 10 and 30mM sulfate to inform these 
geochemical models and further elucidate the importance of adsorption and coprecipitation as 
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mechanisms for REE enrichment in Al-rich phases. The solutions were titrated to a pH of 3-7 in half pH 
increments. After reaching the desired pH, the solution was allowed to equilibrate for 24 hours and 
sampled and analyzed.  

Figure 4 shows the results of the first experiment in which Al is precipitated with REE. The graph shows 
the fraction of Al precipitated as pH is increased. In the sulfate-free experiment, the mineral gibbsite is 
formed and hydrobasaluminite is presumed to be formed in the sulfate experiments. The results show that 
gibbsite is more soluble at a higher pH than hydrobasaluminite, and hydrobasaluminite is more soluble at 
pH 4 in the 30mM SO4 experiment compared to the10mM solution. This difference confirms our 
hypothesis that higher sulfate concentrations promote the formation of aqueous AlSO4 complexes, which 
lower the activity of the uncomplexed ion. This study is the first to show the effects of very high SO4 on 
Al precipitation. 

 

We also observe that the fraction of REE adsorbed by the Al solids increases at lower pH in the 
10mMsulfate solution, although it decreases slightly in the 30 mM sulfate solution (Fig 5.).  

The results confirm previous studies that sulfate can increase REE adsorption, but also suggests that at 
higher sulfate concentrations, REE-sulfate complexation and availability of Al sorbent can reduce REE 
attenuation. In addition, over the range in which basaluminite precipitates (pH 3.5-4.5), the heavy rare 
earth elements (HREE, e.g., Lu)  are adsorbed at lower pH than light REE (LREE e.g. La), and adsorption 
of REE does not occur until after Al has begun to precipitate. The transition metal scandium (Sc) 
however, does coprecipitate with the solids. This data suggests that Al solids such as hydrobasaluminite 
could be acidified to separate REE in stages. Acidifying to pH 4.5 can recover all of the adsorbed La, 
90% of Tb, and 80% of Lu before the HAO begins to dissolve.  

Figure 4. Fraction of Al precipitated as a function of pH in 0-, 10- and 30-mM sulfate 
solutions. 
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Results of the second set of experiments in which Al is completely precipitated at pH 5-5.5 before REE 
are added are shown in Figure 6. As in the previous experiment, the REE are adsorbed more readily in the 
10 mM sulfate scenario, and there is less adsorption in the no sulfate scenario.  However, there is a shift 
in the adsorption to higher pH when compared to the previous experiment. This is possibly related to less 
surface area available due to the higher crystallinity of the Al solids precipitated before addition of the 
REE. 

Results of this work were presented by Boothe-Lordon at the 2025 Geological Society of America 
Northeast and North-central Section Meeting, in Erie, Pennsylvania and as a poster at the Pittsburgh 
Geological Society Meeting.  

 

2.4 Task 4: Constrain and validate geochemical models 

Results from the field observations and bench-scale experiments were used to indicate appropriate default 
values for adsorption variables and to constraint adjustments of the model parameters within realistic 
limits. The equilibrium-adsorption model was used to simulate the effects of pH adjustment through 
specific treatment steps as well as the possible effects of redox state (user input includes dissolved oxygen 
and concentrations of Fe in 2+ and 3+ oxidation states) on the potential for precipitation of pure solids, 

Figure 5. Experiment results showing fraction of REE adsorbed as a function of pH for sulfate-free (square),10 mM 
sulfate (circle) and 30 mM sulfate (triangle) solutions. The pH range in which basaluminite precipitates is highlighted in 
purple. 
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combined with adsorption or co-precipitation of REY. The beta model, modified during Task 1, was 
further refined to simulate data obtained from experiments conducted as part of Task 3. The initial model 
was expanded to permit adsorption by both gibbsite and basaluminite as well as potential for co-
precipitation (solid solutions) involving Al, La, Ce hydroxides (Figure 7). Surface area of these phases 
was initially set to a default value of 68 m2/g, and was subsequently decreased to 32 m2/g to simulate 
observations. The calibrated/validated model was then used with the PEST software to compute 
adsorption equilibrium constants and to identify optimum conditions for the attenuation and recovery of 
specific REY. The updated adsorption parameters were then used with the kinetics-adsorption model for 
simulating pH gradients and associated changes in solute concentrations, including oxidation state of Fe 
and Mn, along the flow path through columns in the laboratory and at one or more field AMD treatment 
facilities.   

Milestones included a) adjusting the modeling database to account for observed precipitation sequences 
and REY partitioning; b) refinement of models to accurately simulate laboratory and field observations; c) 
implementation of models to define optimum strategies for REY attenuation and recovery. 

 

2.5 Task 5: Carry out proof-of-concept field test.  

The experiments and refined geochemical models will provide a detailed understanding of mineral 
precipitation reaction sequence and the partitioning of REY as a function of water chemistry changes and 
interactions with the solids. The experimental observations, including changes in aqueous-phase 
composition during precipitation, were used to design a proof-of-concept REY capture system deployed 
in a field setting. The system has been tested at an active, well-characterized AMD site over a period of 
days to weeks and its performance analyzed by monitoring effluent chemistry and desorbed REY at the 
conclusion of the experiment(s). 

Figure 6. Fraction of REE adsorbed by Al solids as a function of pH are shown in orange (past the dashed red line), 
superimposed on the results of the previous experiment. 
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Figure 7. PHREEQ-N-AMDTreat+REYs “CausticTitrationMix2REYsKineticsAmmHA” model, version 1.0.6, showing user-
interface with input data for titration of untreated AMD from Kentucky Hollow with ammonium hydroxide and the kinetic 
simulation results. Thermodynamic data in wateq4fREYsKinetics.dat include constants from Boothe-Lordon et al. (2025). 
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Milestones included a) design an in-flow system that can be deployed on a scale of weeks under field 
conditions; b) test the system at an operating AMD treatment site; c) analyze the results of the field tests 
for follow-on investigations. 

The team developed precipitation chambers to understand hydrous metal oxide precipitation and REY 
adsorption in a field setting. The chambers consisted of a precipitation medium (limestone pellets) 
encased in a membrane and protected with perforated PVC pipe. To control for the effects of microbial 
growth, we developed both abiotic chambers (with pore sizes <2 µm to exclude microbes) and chambers 
that allow microbial infiltration (Fig. 8).  

Prototypes were installed at the Sterrett AMD passive treatment site  (Barkeyville, PA) to test initial metal 
growth and REY adsorption over a period of ~1.5 months. The chambers were emplaced within a 
limestone treatment bed near the AMD inflow (Fig. 9). The full set of experimental reaction chambers 
were emplaced at two locations: Kentucky Hollow (high Al) and Sterrett (high Mn). At each location, 
four replicate sets of chambers were set up, each at a range of three field pH values and each containing 
multiple substrates. 

 

 
Figure 9. Emplacement of experimental reaction chambers by Ph.D. student Tashane Boothe-Lordon and co-I Dr. B. Hedin.  
Left: pH gradient within the Sterrett AMD limestone treatment bed is tested along the flow path. Right: Boothe-Lordon emplaces 
test precipitation chambers near the AMD inflow. 

Figure 8. Schematic emplacement of field REE adsorption chambers along a 
pH gradient. 
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After the initial 1.5 month test period, apparent growth of hydrous Mn oxides was visually observed in 
the test chamber emplaced at pH>5, although the amounts were too low to quantify. The apparent growth 
was greater in the biotic chamber than in the abiotic chamber, indicating that Mn-oxidizing bacteria or 
fungi played a role. Follow-on work will examine growth of both Mn and Al solids as a function of pH 
and time, and quantify the adsorption of REY on the solids to allow optimization of REY recovery. Some 
of this work will be done as part of a separate project supported by NSF. 

 

2.6 Task 6. Estimation of scale-up costs.  

Scaling up to a full AMD treatment system with integrated REY capture requires estimation of 
parameters such as the size/volume of precipitation basins, mixing times required, amounts of additive 
needed, and the extent to which a passive system can be used in line with the REY extraction.  

Cost estimates and value added from REY recovery will be based on the amount recovered, cost of the 
scaled-up system for REY capture, and the cost for AMD treatment in the absence of REY capture. 

Milestones included a) estimated parameters for REY capture from a medium-discharge AMD site; b) 
estimated cost/return of the REY capture treatment system, in comparison to AMD neutralization and 
metal removal in the absence of REY recovery. 

Calculations for scaling up to field-level REE recovery (Task 5) are pending additional data from reaction 
chambers. 

 

2.7. Task 7: Technology Transfer 

Results of this task included (a) manuscript submission; (b) presentation of results at numerous technical 
events and (c) national and international research conferences; (d) public availability of modeling 
parameters; and (e) a final report and written summary fact sheet to OSMRE. 

Manuscripts and presentation abstracts are attached in Appendix A. 

a. Manuscript submission  

Boothe-Lordon, T.J., Capo, R.C., Stewart, B.W., Olds, T. A., Rosenfeld C., 2025, Critical metal removal 
from simulated acid mine drainage using biotic and abiotic hydrous manganese oxides. Revision under 
review, ACS Omega.  

b. Presentation at technical events (*student partially supported by this project) 

Boothe* T.J., Rosenfeld C., Stewart B.W., Hedin, B., Capo R.C.(2024) Lab-based assessment of critical 
metal adsorption by biotic and abiotic hydrous manganese oxides. International Mine Water Assoc. 
Congress, Morgantown, WV. In: Kleinmann, B., Skousen, J., Wolkersdorfer, Ch.: West Virginia Mine 
Drainage Task Force Symposium & 15th International Mine Water Association Congress, Morgantown, 
WV, USA, p. 57-58. https://imwa.info/docs/imwa_2024/IMWA2024_Boothe_57.pdf 

Cravotta, C.A. III, Tasker, T.L., Hedin, B.C. (2024) Laboratory and field observations inform 
geochemical models of treatment strategies to recover rare-earth elements from acid mine drainage. 
International Mine Water Assoc. Congress, Morgantown, WV. In: Kleinmann, B., Skousen, J., 

https://imwa.info/docs/imwa_2024/IMWA2024_Boothe_57.pdf
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Wolkersdorfer, Ch.: West Virginia Mine Drainage Task Force Symposium & 15th International Mine 
Water Association Congress, Morgantown, WV, USA, p. 98–104. 
https://www.imwa.info/docs/imwa_2024/IMWA2024_CravottaIII_98.pdf. 

Stewart, B.W. (2024) Invited virtual presentation: “Rare earth elements in coal mine drainage: Sources 
and potential sinks.” OSMRE Appalachian Region Technology Transfer (ARTT) Critical and Rare Earth 
Minerals (CREM) Focus Group. 

Cravotta, C.A. III. (2025) Invited virtual presentation: “Water-Quality Modeling Tools to Evaluate 
Potential for Recovery of Critical Minerals from Acid Mine Drainage.” OSMRE Appalachian Region 
Technology Transfer (ARTT) Critical and Rare Earth Minerals (CREM) Focus Group. 

Cravotta, C.A. III (2025) Water-quality modeling tools to evaluate potential for recovery of critical 
minerals from acid mine drainage. Abandoned Mine Pools as Beneficial Resource Conference, June 4-5, 
2025, Lewisburg, PA. https://www.shamokincreek.org/conference2025 

c. Presentation of results at regional/national/international meetings 

Boothe T.J., Rosenfeld C., Stewart B.W., Capo R.C. (2023) Experimental investigation of critical metal 
removal by biotic manganese oxides. International Goldschmidt Geochemistry Conference, Lyon, 
France, Abstract #17181. 

Boothe, T.J.*, Capo, R.C., Stewart, B.W. and Rosenfeld, C. (2023) A comparative assessment of critical 
metal removal by biotic and abiotic hydrous manganese oxides. Geological Society of America Abstracts 
with Programs, v. 55, no. 6, 29-7. https://gsa.confex.com/gsa/2023AM/webprogram/Paper395500.html 

Cravotta, C.A. III, Tasker, T.L., and Hedin, B.C. (2023) Empirical observations and geochemical 
modeling to evaluate treatment strategies for recovery of rare-earth elements from acid mine drainage: 
Geological Society of America Abstracts with Programs, v. 55, no. 6, 213-1. 
https://gsa.confex.com/gsa/2023AM/meetingapp.cgi/Paper/392405 

Boothe, T.J.*, Stewart, B.W., Capo, R.C., and Rosenfeld, C. (2023) Critical element (REE, Co, Ni) 
sorption by biotic and abiotic hydrous manganese oxides relevant to AMD treatment systems. American 
Geophysical Union Annual Meeting, San Francisco, CA, virtual presentation. 

Boothe*, T.J., Capo, R.C., Stewart, B.W., Olds, T. A., Rosenfeld C. (2024) Benchtop assessment of 
critical metal uptake by hydrous manganese oxides under biotic and abiotic conditions. American 
Chemical Society Central Regional Meeting, Pittsburgh, Pennsylvania, Abstract #4166163. 

Boothe-Lordon*, T.J., Cravotta C.A., Stewart, B.W., Capo, R.C., Hedin B. C (2025) Effects of sulfate on 
rare earth element adsorption and coprecipitation by Al hydroxide and hydroxysulfate phases: Batch 
experiments and equilibrium models. Geological Society of America Northeast and North-central Section 
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d. Public Access to Data 

All data collected over the course of the proposed work are accessible to the public in one or more forms, 
including (1) through the USGS website or GitHub (i.e., geochemical modeling software release); (2) 
though peer-reviewed papers, as tables or supplementary information available at the publishers’ 
websites; and/or (3) through electronic data and media submitted to OSMRE as deliverables. 
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The PHREEQ-N-AMDTreat tool, developed by Co-I Cravotta (Cravotta, 2020; 2021a) was released for 
public use and will continue to be supported by the USGS. Using information from this study, the REY 
equilibrium adsorption modeling tool has been refined and validated, and released by USGS as part of the 
PHREEQ-N-AMDTreat+REYs software (Cravotta, 2021b) for public use. 

The PHREEQC and Visual Studio (interface) coding parameters are freely available via the USGS 
website. The expanded and refined equilibrium adsorption model developed for the project is publicly 
available and has been incorporated in the publicly available USGS software release product PHREEQ-
N-AMDTreat, as a modification to a USGS software release product (PHREEQ-N-AMDTreat+REYs). 
This includes a new user interface that permits input of humic acid and selection of solid solutions and 
that will aid the end user in developing more cost-efficient reclamation technologies and provide guidance 
for efforts to optimize critical REY recovery from AMD. 

Data from these studies were also used to develop a strategy for REY extraction at the scale of an 
individual AMD discharge and have been integrated into the modeling software PHREEQ-N-
AMDTreat+REYs (developed by co-investigator Cravotta). This enables the end-user to calculate the cost 
of different treatment strategies that include REY recovery. 

 

Significance of the Project Results to the OSMRE Applied Science Program 

Regardless of shifts in the mining of coal, ongoing AMD discharges will continue to produce massive 
amounts of solids which will require treatment for the foreseeable future to prevent fouling of waterways. 
Recovery of rare earth elements from AMD discharges can provide a funding stream for continuing 
treatment of AMD while supplying a domestic source for critical metal resources. The results of this 
study can aid in implementation of improved REY recovery systems within AMD remediation systems. 
By tailoring these systems to preferentially precipitate a REY-rich phase during a specific treatment step, 
discharges could be treated to meet effluent criteria in combination with recovery of economically 
valuable REY. Additional revenue from generation of valuable mineral resources provides incentives for 
AMD treatment for coal operators, community groups and government entities, while addressing national 
needs. 

Because mine drainage outflows vary widely in their chemistry, it is critical to have accurate modeling, 
that accounts for a range of variables, including discharge chemistry, sorbent properties and processes 
occurring within remediation systems to allow for the most cost-effective implementation of a resource 
recovery system, with a minimum of trial-and-error field studies. 

The results of this study improve our scientific understanding of important reactions that take place as 
coal mine drainage interacts with the surface environment and responds to both active and passive 
treatment methods and addressed key knowledge gaps in our understanding of REY partitioning in solid 
AMD precipitates and other minerals formed in aqueous environments. Importantly, it provides new 
parameters for REY affinity and adsorption vs. co-precipitation in solids of different compositions, for 
which there were few definitive data, including associated pH conditions for optimum REY attenuation. 

The combined modeling and lab validation  experiments carried out in this study provide important 
information for active and passive AMD treatment strategies based on metal precipitation and pH-
neutralizing reactions. Moreover, data generated from this project can aid in incentivizing treatment of 
AMD.  
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Results of this project were presented at three regional technical meetings, two national research 
conferences and two international conferences (Appendix A). 

It also directly contributed to the FOA objective of providing “opportunities for vocational and graduate 
students to participate in research projects related to coal mining and reclamation issues to build [a] 
qualified workforce” through funded training and support of a graduate student, leading to a portion of a 
Ph.D. dissertation on this topic. 

Attachments: 

Appendix A: PDFs of published abstracts and journal article in review 

Appendix B: Written summary fact sheet to OSMRE 
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CRITICAL METAL ADSORPTION BY BIOTIC AND ABIOTIC HYDROUS 
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GRAPHICAL ABSTRACT 

ABSTRACT: Acid mine drainage (AMD) remediation facilities can produce treatment by-products 

with near ore grade concentrations of rare earth elements (REE), cobalt, and manganese. High 

concentrations of these critical metals in treatment solids are often associated with hydrous 

manganese oxides (HMO) through adsorption and/or coprecipitation.  Chemical and microbial 

oxidation processes can influence HMO formation, mineralogy, and sorption efficiency. Here, 

we investigate the adsorption of rare earth elements and yttrium (REY), cobalt, and nickel over 

Manuscript Submitted to ACS Omega, 2025
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31 days by (1) HMO (δ-MnO2 and c-disordered H+ birnessite) produced by chemical oxidation 

and (2) HMO produced by Mn-oxidizing fungi, P. sporulosa and Stagonospora sp.  Both biotic 

and abiotic HMO were initially poorly crystalline, but abiotic HMO was transformed to more 

crystalline phases. After 31 days, ~70% of REY were adsorbed by abiotic HMO, whereas over 99% 

of REY were adsorbed by biotic HMO and/or fungal biomass within 7 days. Biotic HMO also 

adsorbed ~30% Ni and ~75% Co; however, Co and Ni adsorption by abiotic HMO was negligible. 

Abiotic HMO may be susceptible to mineral transformation and dissolution, reducing adsorption 

capacity. This study shows that biotic HMOs are very efficient at adsorbing certain critical 

metals and that fungal biomass can also play an important role in this process, especially for 

REY.  

Keywords: REE, cobalt, nickel, fungi, acid mine drainage 

 

Synopsis: Multi-element abiotic and biotic adsorption experiments indicate that hydrous 

manganese oxides and associated fungal biomass formed in microbially mediated oxidation 

systems can enhance the recovery of critical metals, such as cobalt and rare earth elements. 

 

1.0 INTRODUCTION  

Hydrous manganese oxides (HMO) are common in soils, sediments, and aquatic environments, 

occurring as crusts, coatings, concretions, and nodules.1-3 Naturally occurring HMO minerals are 

typically formed by microbial (e.g., fungal and bacterial) oxidation of Mn(II) to Mn(III) and 

Mn(IV) via complex catalytic reactions.4-7 These minerals are generally disordered, poorly 

crystalline,8, 9 and highly reactive due to charge imbalances or vacancies in the crystal 

structures.2 HMO are environmentally important as they control the aqueous concentration, 
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transport, and bioavailability of multiple metals, contaminants, and organic compounds through 

oxidation and adsorption.2, 10-14 Studies show that these minerals, when synthesized in the lab 

using known Mn-oxidizing bacteria (e.g., Leptothrix discophora, Bacillus sp., and Pseudomonas 

putida) or fungi (e.g., Acremonium sp., Pyrenochaeta sp., and Plectosphaerella cucumerina), 

also have a high capacity to adsorb and coprecipitate metals such as Co, Ni, Pb, Se, and Zn.15-18 

However, chemically synthesized, abiotic analogues of natural HMO minerals can exhibit slower 

reaction kinetics and reduced efficiency in trace metal uptake when compared to biotic HMO. 

These differences may stem from variations in chemical and physical properties, such as fewer 

structural vacancies, altered Mn(III)/Mn(IV) molar ratios, and the absence of organic matter 

(e.g., biomass or extracellular polymeric substances), which results from differing oxidation 

mechanisms.19-22  

The ‘metal scavenging’ properties of biotic and abiotic HMO have been exploited in 

many environmental applications including agriculture, drinking water purification, toxic metal 

remediation, and the recovery of radionuclides.23, 24 The potential use of HMO in recovering 

energy-critical metals during acid mine drainage (AMD) treatment has also gained attention due 

to the high global demand for these metals, the scarcity of ores, and the existing monopoly of 

supply by few countries.25-29  

Manganese, as Mn(II), can be a major dissolved species in acid mine drainage (AMD) 

derived from coal mines. In western Pennsylvania, USA, for example, the average dissolved Mn 

concentration in AMD (2.35 mg/L) exceeds the Pennsylvania Department of Environmental 

Protection instream limit of 1.0 mg/L30, and can be as high as 74 mg/L.31 Precipitated ochres on 

the beds of AMD-affected streams in this region can have Mn concentrations over 200 mg/kg,31 

occurring as multiple Mn-oxide and hydroxide mineral phases, including birnessite, pyrolusite, 
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and todorokite.3, 10, 32 The Mn content of AMD treatment precipitates typically averages 600 

mg/kg and can exceed 400,000 mg/kg in some passive treatment systems.28, 33 HMO minerals are 

thought to play a key role in trace metal attenuation (including energy-critical metals such as 

REY, Ni, and Co) in AMD treatment systems.28, 32-34 Concentrations of 500-2000 mg/kg REY 

and greater than 5000 mg/kg Co in some AMD precipitates in Pennsylvania33 for example, have 

been attributed to the presence of biotic HMO, particularly in passive treatment systems.28, 34  

However, not all AMD treatment systems produce precipitates with high critical metal 

concentrations.28, 33 In order for AMD treatment solids to become a viable feedstock for critical 

metals, it is important to not only effectively remove critical metals from solution, but to 

understand how the biogeochemical conditions in the treatment systems promote their 

concentration in certain mineral phases. Remaining knowledge gaps include (1) the relative 

importance of abiotic and biotic HMO in critical metal removal in AMD systems; (2) critical 

metal attenuation by HMO from multi-element solutions over extended periods (>24 hours), 

reflecting the complex biogeochemical conditions typical of AMD systems; and (3) comparison 

of REY and trace metal attenuation by HMO. In most cases, studies on REY behavior tend to 

focus on synthetic HMO minerals or isolate Ce as the REY of interest. 

In this study, we examine the attenuation of ten critical metals35 (La, Nd, Ce, Gd, Pr, Dy, 

Yb, Y, Co, and Ni) from solution by HMO produced by two fungal species, Paraphaeosphaeria 

sporulosa (previously Paraconiothyrium sporulosum) and Stagonospora sp. We also evaluate 

the importance of fungal biomass in the sorption of these metals. These fungi are known to be 

present in AMD treatment systems in western Pennsylvania36 and produce forms of HMO such 

as vernadite (δ-MnO2) or birnessite37 that are highly disordered and have a high adsorption 

capacity. We also conducted parallel experiments using lab-synthesized δ-MnO2 and c-
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disordered H+ birnessite (hereafter termed H+ birnessite), to examine the interaction of these 

abiotic minerals with critical metals. The efficiency of critical metal sorption was assessed by 

conducting time series analyses of the measured dissolved metal concentrations during the 

experiment. Critical metal recovery is therefore equivalent to its uptake or removal from solution 

by the HMO substrate. The mineralogy and structure of abiotic and biotic HMO minerals at 

different time points during the experiments were characterized using scanning electron 

microscopy (SEM) and X-ray diffraction (XRD) to identify possible mineral transformation and 

corresponding changes in metal uptake rates. This study expands on previous studies that 

investigated AMD treatment precipitates using micro-characterization techniques (e.g. by XPS 

and micro-XRF).28, 34 Our findings will also inform future field experiments at AMD treatment 

sites and will also involve the use of these analytical techniques. Our experiments elucidate the 

role of biotic and abiotic HMO in adsorbing and concentrating various metals in AMD systems, 

as well as the role of the fungi in this process, with implications for the viability of AMD 

treatment precipitates as sustainable sources of critical metals.  

 

2.0 MATERIALS AND METHODS 

 

Biotic HMO Experimental Design. Biotic HMO was produced using two common 

environmental fungal species, Paraphaeosphaeria sporulosa and Stagonospora sp., originally 

isolated from a sewage-contaminated pond and an acid mine drainage (AMD) treatment facility, 

respectively, and maintained in culture at the Carnegie Museum of Natural History in Pittsburgh, 

Pennsylvania.37 These fungi are known to be less sensitive to heavy metals and high metal 

concentrations typical of AMD and are able to tolerate >10 mM of Mn(II).36 The fungi were 
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inoculated in triplicate in Erlenmeyer flasks containing 150 ml sterile AY growth media prepared 

using the method described by Rosenfeld et al.37 The growth media was buffered at pH 7 using 

HEPES buffer (0.02 M) and amended with approximately 800 µM MnCl2 to allow the synthesis 

of HMO by the fungi. Parallel biosorption experiments were also conducted in which both fungal 

species were inoculated in growth media without the addition of MnCl2 (Table S1). All flasks 

were stored throughout the experiment at room temperature in the dark to limit photochemical 

reactions. Following inoculation, the fungi were allowed to grow for 14 days, after which the 

flasks were spiked with critical metal solution containing Co, Ni, Y, La, Ce, Pr, Nd, Gd, Dy, and 

Yb, dissolved in 10% nitric acid. The concentration of each of the metals in the flasks (Table S7) 

is 70 times higher than the concentration typical of Appalachian AMD.26 Immediately following 

the addition of the critical metal solution, the flasks were swirled to mix the solution.  

In addition to the fungal HMO and biosorption experiments, two abiotic control 

experiments (Table S1) were also prepared in triplicate to assess critical metal removal in the 

absence of fungal biomass or biotic HMO. One abiotic control experiment contained growth 

media and dissolved MnCl2 only, while the second abiotic control experiment contained growth 

media only without fungi or MnCl2. For each biotic experiment, eight additional flasks were also 

prepared to allow collection of solid HMO-critical metal precipitates and/or biomass samples at 

specific timepoints throughout the experiment. 

Critical metals and HMO-biomass sampling. Critical metal removal by biotic HMO and fungal 

biomass was determined by measuring the aqueous metal concentrations at each time point. 

Aliquots (2 ml) were collected from each flask at 8 time points after the addition of the critical 

metals: 0.05 h, 6 h, 1 d, 4 d, 7 d, 10 d, 18 d, and 31 d. The lag time between the addition of the 

solution of critical metals and the retrieval of the first sample (0.05 h) was approximately 2-3 
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minutes. The samples were filtered using a 0.22 µm mixed cellulose ester (MCE) filter and 

stored at -20°C. HMO precipitates and biomass were harvested from the additional flasks at the 

same time points using a vacuum filter with 0.22 µm MCE filters. A sterile plastic spatula was 

used to dislodge any solids that adhered to the surface of the flask. The filter paper with the solid 

paste was placed in a small petri dish, sealed with parafilm, and stored at -20°C to prevent 

desiccation and further oxidation reactions.  

Abiotic HMO Experimental Design: The structure and crystallinity of synthetic HMO can vary 

widely due to structural imperfections, method of synthesis, pH, and aging. 3, 38, 39 Under 

microbially-mediated conditions in natural and AMD systems, the precipitated hydrous Mn 

oxide tends to be finer grained, and the structure tends to be less crystalline and more 

disordered.15, 40, 41 These structural characteristics, as well as environmental conditions, can result 

in anomalies in the XRD patterns such as missing peaks, split peaks, and/or broad peaks. The 

HMO minerals H+ birnessite and δ-MnO2 are known to be produced naturally by P. sporulosa 

and Stagonospora sp.37  To best approximate the actual HMO substrate produced by these fungi 

in an AMD treatment system, we used the method of Hinkle et al.39 to synthesize H+ birnessite 

and δ-MnO2. 

The experimental conditions of the biotic experiments described above were replicated 

by suspending approximately 9.2 mg of H+ birnessite and δ-MnO2 in 150 mL of sterile AY 

growth media, buffered at pH 7. The solutions were equilibrated for one hour before adding 

critical metal solution. Each experiment assessing dissolved metal concentrations was conducted 

in triplicate and proceeded for 31 days at room temperature in a dark environment with nine 

additional flasks from which solid-phase abiotic HMO-critical metal precipitates were harvested. 

Sampling of the critical metal-growth media solution and abiotic HMO solids was conducted in a 
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similar manner to the biotic experiments at nine time points after the addition of the critical 

metals: 0.05 h, 3 h, 6 h, 1 d, 4 d, 7 d, 10 d, 18 d, and 31 d. Samples were also stored in a similar 

manner to the biotic experiments.  

Analytical techniques. Filtered solution samples (2 mL) collected from all flasks were acid-

digested using 300 µL of concentrated trace-grade nitric acid in trace metal-free centrifuge tubes. 

Samples were allowed to react with the concentrated HNO3 for 2 hours at 60°C before diluting 

with distilled-deionized water (dd-H2O) to 10 mL (final HNO3 concentration of 3%). Samples 

were analyzed using a Thermo iCAP Q inductively coupled plasma mass spectrometer (ICP-MS) 

at the Northwestern University Quantitative Bio-element Imaging Center (QBIC). Blank samples 

containing 3% nitric acid and dd-H2O only were also analyzed for quality control. The method of 

correcting the adsorption data is detailed in the Supplementary Information. 

Powder X-ray diffraction (PXRD) and scanning electron microscopy (SEM) analyses 

were conducted at the Carnegie Museum of Natural History, Pittsburgh. PXRD data for air-dried 

biotic and abiotic HMO samples were obtained using a Bruker Apex II Single-Crystal X-ray 

Diffractometer (SCXRD) equipped with air-cooled MoKα (λ = 0.71075 Å)/50 kV, 40 mA) IμS 

2.0 microfocus source and Photon III CPAD detector. Identifications were made using the PDF 

5+ International Centre for Diffraction Data (ICDD) database, paired with Materials Data (MDI) 

Jade Pro software. A pseudo Gandolfi-like motion was used to randomize diffraction from each 

sample, which had an average volume of ~2x10-3 mm3. The observed d-values and intensities 

were derived by full-profile fitting using JADE Pro. SEM imaging was done on a Tescan Vega II 

XMU variable pressure instrument with Oxford Instruments INCA Energy 250XT Energy 

Dispersive X-ray Analysis system. Air-dried biotic samples were gold coated using a Denton 

Vacuum Desk V Sample Preparation system.  
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3.0 RESULTS AND DISCUSSION 

Abiotic and Biotic HMO Products. The abiotically synthesized HMOs, δ-MnO2 and H+ 

birnessite, have layered, angular structures (Fig. S1) and likely have cation vacancies and/or high 

Mn(III) content.18, 38 PXRD patterns of δ-MnO2 and H+ birnessite prior to the experiments show 

broad symmetrical peaks at 29.3° 2θ and 17° 2θ corresponding to the (310)/(020) and 

(200)/(110) planes. There is also a broadening and apparent splitting of the peaks at ~7.6° 2θ 

(Fig. 1a). For H+ birnessite, the characteristic 002 reflection expected at 11.3° 2θ,2, 42 is absent. 

Additionally, for δ-MnO2, the basal peak at 5.5° 2θ forms a shoulder, but this is absent in the H+ 

birnessite pattern. These shifts and irregularities in the basal reflections (00l) of the abiotic 

HMOs relative to other reported XRD (e.g. Drits et al.43) have also been reported in previous 

studies,40 underscoring the high levels of disorder in the sheet stacking arrangement and 

variations in interlayer compositions typical of phyllomanganates.  

After 31 days, both abiotic HMOs underwent phase transformation. δ-MnO2 appears to 

have been transformed into a multi-phase solid that is not readily identifiable. H+ birnessite was 

also transformed to ramsdellite as shown by the major peak positions at 24.8° 2θ, 19° 2θ, 16.7° 

2θ, and 10.15° 2θ (Fig.1a). Ramsdellite is a tunnel structure Mn-oxide formed by linking 

adjacent single chains to form double chains44 and is composed of Mn(IV).45 Aging, as well as 

the interaction with other cations, can transform layered HMO to more crystalline tunnel 

varieties.13, 37, 46 Given the increase in Mn(II) in solution (Fig. S6), we hypothesize that a partial 

reduction of Mn(IV) in H+ birnessite by Ce, Co and/or interaction with the HEPES buffer 

resulted in the formation of Mn(III) which subsequently underwent disproportionation to 

produce Mn(IV) and aqueous Mn(II).  
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The biotic HMOs produced by Stagonospora sp. and P. sporulosa in these experiments 

are poorly crystalline; however, unlike the abiotic HMO, they remained relatively stable over the 

duration of the experiment. Both fungi produced an amorphous solid or a poorly crystalline 

phyllomanganate resembling vernadite (or its synthetic analogue, δ-MnO2) with very weak peaks 

at 29.3 2θ and 17° 2θ (Fig. 1b).  Aging and cation interaction did not result in significant mineral 

transformations. After 31 days, the biotic HMO products showed stronger peaks at 29.3 2θ and 

17° 2θ corresponding to the in layer (310)/(020) and (200)/(110) planes, respectively. δ-MnO2 is 

produced by both bacteria and fungi in the presence of Mn(II).13, 37, 46, 47 Crystals of this mineral 

phase occur as exceptionally thin sheets, typically less than 100 nm in length. These sheets 

exhibit strong disorder, manifested as random stacking sequences of Mn–O sheets and variably 

populated interlayer cation and H2O content, resulting in weak, broad, or absent (001) and (002) 

reflections.2 For all samples studied here, the (001) basal peak at 5.4° 2θ is largely absent, 

confirming the presence of small crystals and high levels of disorder. The broad peak at 7.8° 2θ 

is possibly due to the presence of chitin in the fungal cell wall.37, 46 These XRD patterns suggest 

that the fungal δ-MnO2 remained stable and highly reactive throughout the experiment and may 

explain the high sorption capacity of the biotic HMO.  
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Figure 1a. X-ray diffraction (XRD) pattern of abiotic HMO δ-MnO2 and H+ birnessite before critical metal addition 

and 31 days after critical metal addition (δ-MnO2 31d and H+ birnessite 31d) metals. Figure 1b. XRD patterns of 

biotic HMO produced by P. sporulosa retrieved after at 6 hours (PS 6h) and 31 days (PS 31d) and Stagonospora sp. 

retrieved at 6 hours (SS 6h) and 31 days (SS 31d).  
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While outside the scope of this project, other structural characteristics such as surface 

area measurements of the biotic and abiotic HMOs could offer additional points of comparison. 

Although the surface area of HMO minerals can be variable depending on the synthesis 

method,23 biotic HMOs tend to have a larger surface area than abiotic HMO.15, 48 However, 

surface area is not expected to be a limiting factor for critical metal adsorption in these 

experiments, given the concentration of Mn used in our experiments (~800uM), and reported 

surface area and site density of biotic and abiotic HMO.49 Nevertheless, the behavior of the 

biotic and abiotic HMO minerals during these experiments could be constrained in future work 

by using controls such as abiotic oxides aged in media without critical metal additions, abiotic 

HMO amended with Mn(II), or abiotic HMO incubated with biomass. Similarly, the use of 

alternative growth media with lower organic carbon content could help eliminate potential 

interactions between organic molecules and dissolved metals. 

The HMO precipitates that formed through fungal oxidation were associated with the 

fungal biomass, either directly on the hyphae or in the interstitial (extracellular) areas (Fig. 2). 

HMO precipitated by P. sporulosa encrusts the entire length of the hyphae (Fig. 2a-b) and is 

similar to the morphology of HMO produced by the fungus P. cucumerina.50 Unlike P. 

sporulosa, HMO produced by Stagonospora sp. occurs as larger, spherical structures 

(approximately 30 μm) adjacent to the fungal hyphae. The HMO produced by both fungi consists 

of an aggregation of randomly oriented plate-like structures with erose edges, similar to those 

described in previous studies.48, 50-52 This gives the biotic HMO a sponge-like or crumpled 

appearance very dissimilar to the blocky, angular grains of the abiotic HMOs (Fig. S1). 
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Figure 2 a-b. Scanning electron microscopy (SEM) images of Stagonospora sp. biomass retrieved at 31 days 

showing the occurrence and associations of HMO minerals. Figure c-d. SEM images of P. sporulosa retrieved at 31 

days showing the occurrence and associations of HMO minerals.  

 

Previous studies have shown that Stagonospora sp. and P. sporulosa produce HMO with 

Mn(III) and Mn(IV) content varying from 80% - 97%. 37, 50, 53, 54 Fungi oxidize Mn(II) via 

hyphae-associated superoxide production,55 by the production of cell-wall associated enzymes 

such as multicopper oxidase,51 and by cell-free secretomes (biomolecules) mediated by 

extracellular proteins.56 While it is unclear whether these processes occur concurrently, the 

precipitation of hyphal-associated HMO (as in the case of P. sporulosa) suggests that superoxide 

production and cell wall enzymes may be the dominant mechanisms for Mn(II) oxidation. 

Oxidation of Mn(II) by extracellular proteins could explain the location of HMO in interstitial 

area of the biomass as seen with Stagonospora sp. This difference in the morphology and 
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location of the biotic HMO has been cited as evidence that the mechanism for fungal Mn 

oxidation can vary among species.57  

Stagonospora sp. and P. sporulosa showed a marked difference in the amount of 

dissolved Mn oxidized to form HMO. Over the 14-day growth period, Stagonospora sp. oxidized 

approximately 30% more dissolved Mn than P. sporulosa (Fig. S2). This variation in Mn 

oxidation capacity may be attributed to differences in growth rates, metabolic processes, or 

oxidation mechanisms involving reactive oxygen species, proteins, and enzymes.51, 55, 56 The 

effects of growth rate on Mn oxidation could be assessed by normalizing HMO production to 

biomass produced. However, because the biotic HMO are strongly bound by, and enmeshed in, 

the fungal biomass, we were not able to directly measure the fungal biomass.  

Throughout the experiments, dissolved Mn content fluctuated as a response to 

interactions of HMO with metals (Fig. S2). Following the addition of critical metals, dissolved 

Mn concentrations increased from almost undetectable (2.5 µM) to 60 µM in the Stagonospora 

sp. experiment over 31 days. Conversely, in the P. sporulosa experiment, dissolved Mn 

concentrations declined after the addition of critical metals, from 270 to 180 µM representing an 

additional 11% decrease in dissolved Mn over 31 days. These changes in aqueous Mn(II) 

concentrations reflect the complex redox reactions occurring between previously formed HMO 

and the critical metals, particularly Co(II) and Ce(III). Co(II) and Ce(III) are readily oxidized by 

Mn(IV), 15, 16, 25, 46, 58 producing Mn(II) through the disproportionation of Mn(III) ions.41, 42 

Continuous, slow decline in Mn(II) concentrations in the P. sporulosa experiment suggests that 

the presence of the critical metals may have slowed but not completely inhibited Mn(II) 

adsorption and/or oxidation. 
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Adsorption of transition metals Co and Ni by HMO. The abiotic HMOs used in our 

experiments were relatively inefficient at sorbing Co and Ni. Initially, there was a steady decline 

in Co and Ni concentrations in both the δ-MnO2 and H+ birnessite experiments, with maximum 

adsorption of these metals occurring on day 4 (29% and 19% Co adsorbed, respectively, and 

24% and 18% Ni adsorbed, respectively (Fig. 3a, b)). Subsequently, Co and Ni concentrations in 

both experiments increased due to desorption. Overall, the adsorption of Co and Ni in these 

experiments was minimal over 31 days, with δ-MnO2 adsorbing 4.5% of the metals, while H+ 

birnessite removed approximately 11% of the metals.  

The low adsorption of Co and Ni by the abiotic HMO may be due to the transformation 

of δ-MnO2 and H+ birnessite into secondary or tunnel crystalline HMO phases. Tunnel structure 

HMO minerals, such as ramsdellite, are highly crystalline and  have been reported to exhibit very 

low Co and Ni absorption in multi-metallic solutions.16, 41 In contrast, synthetic  H+ birnessite 

and δ-MnO2, which possess a layered or sheet-like structure, readily adsorb Co and Ni in mono-

metallic solutions.15, 17, 59 In multi-metal solution, however, these synthetic layer type HMO 

adsorbs significantly less metals.17, 59, 60 This highlights not only the importance of the type of 

HMO phases but also the influence of competing metal ions on adsorption efficiency.  

Biotic HMO produced by Stagonospora sp. and P. sporulosa are very efficient at 

adsorbing Co (Fig. 3c). Dissolved Co concentrations declined rapidly and steadily in the 

Stagonospora sp. experiment, resulting in greater than 80% of Co adsorbed over 31 days. In the 

P. sporulosa- HMO experiment, Co concentrations decreased less rapidly in the first 6 hours. 

Desorption and subsequent fluctuation in Co concentrations in the first day of the experiment 

resulted in 12% less Co adsorbed than Stagonospora sp.- HMO.  
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Figure 3. Change in dissolved Co and Ni concentrations in the presence of: a-b. Abiotic HMO, δ-MnO2 and H+ 

birnessite; c-d. Biotic HMO produced by Stagonospora sp. and P. sporulosa and/or Stagonospora sp. and P. 

sporulosa biomass. Each point presents the average value for three replicate experiments. The top and bottom of the 

error bar represent the maximum and minimum values respectively.  

 

HMO is known to readily adsorb Co due to strong redox reactions with Co(II).17, 41, 61 Up 

to 80-90% of Co adsorbed on HMO can be present as Co(III) or Co(IV).10, 15, 46 The poorly 

crystalline, vacancy-rich biotic HMO products of Stagonospora sp. and P. sporulosa are likely 

responsible for the rapid adsorption of Co observed in these experiments, as Co(III) is typically 

incorporated into layer vacancies in the HMO structure 17, 41, 52 or at corner- and edge-sharing 

sites.41, 46 Importantly, studies also show that Co will fill edge sites preferentially before 
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diffusing to layer vacancies.61 This has implications for other trace metals such as Ni that are 

also adsorbed at the edge sites or incorporated into HMO structure.  

Over 31 days, HMO produced by Stagonospora sp. adsorbed 12% more Ni than HMO-P. 

sporulosa (Fig. 3d). However, for both biotic HMO experiments, the amount of Ni adsorbed 

after 31 days was not significantly different from values recorded within the first day of the 

experiment. This is because Ni concentrations fluctuated widely, particularly between day 1 and 

day 10, reflecting considerable amounts of desorption. Less Ni was adsorbed by biotic HMO 

(3.15 μmole) compared to Co (5.55 µmole), even though the concentration of Ni was 1.5 times 

greater than Co in the spiking solution. This is consistent with previous studies that also show 

preferential adsorption of Co over Ni. 16, 41, 49 While Ni may be incorporated into layer 

vacancies,18, 62 most studies report that Ni is located near layer vacancies to form corner-sharing 

Ni(II) species in the HMO structure or at edge sites.18, 41, 59, 63 However, as discussed previously, 

Co will fill edge sites preferentially before diffusing to layer vacancies61 and Ni does not 

compete with Co for these edge sites. 41 Thus, the presence of Co can result in three times lower 

adsorption of Ni onto HMO.16  

Because the biotic HMO is associated with the fungal biomass, there is potential that the 

biomass contributes to the adsorption of Co and Ni. However, this study did not identify 

significant biosorption of Co or Ni in the biomass-only experiments (Fig. 3c-d). P. sporulosa 

biomass removed approximately 20 % of Co and Ni whereas Stagonospora sp. biomass removed 

less than 10% of these metals. This indicates that biomass alone does not contribute significantly 

to adsorption in these experiments and underscores the importance of biotic HMO in controlling 

metal adsorption, particularly Co. The lower uptake of Co and Ni by the biomass, compared to 

the biotic HMO, may be attributed to differences in surface area and the quantity and types of 
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sorption sites. Previous studies show mixed results on Co and Ni biosorption, with some 

reporting minimal adsorption by fungal biomass 41, 46, 48 and others reporting significant Co and 

Ni biosorption by fungal 64-66 and bacterial biomass.67, 68 This suggests that the sorption capacity 

can vary significantly among microbial species, experimental conditions, and possibly the 

availability of binding sites in multi-metallic or mono-metallic solutions.  

Adsorption of REY by HMO. In all experiments, the REYs exhibited higher adsorption 

rates compared to Co and Ni in the same experiment. The abiotic HMOs adsorbed approximately 

70 -73% of the REYs by day 4 of the experiment. Like Co and Ni, desorption of adsorbed REY 

was observed on day 4 (Fig. 4a), likely due to the phase changes in the abiotic HMO. However, 

in this case, REY desorption was minimal, with 68–71% of the REY remaining adsorbed after 31 

days.  

In contrast, all REYs were rapidly adsorbed in the biotic systems (Fig. 4b). HMO-P. 

sporulosa was more efficient than HMO-Stagonospora sp., with greater than 90% of total REY 

adsorbed within 6 hours. HMO-Stagonospora sp. adsorbed 90% of total REY within 7 days. 

Overall, the REYs are more readily adsorbed than Co and Ni, with over 99- 99.9% adsorption 

over 31 days. Interestingly, HMO-Stagonospora sp., which was the most efficient at adsorbing 

Co and Ni, adsorbed less REY than HMO-P. sporulosa.  

The high adsorption efficiency of REYs observed in these experiments (>99 %) is typical 

of AMD treatment systems which generally have efficiencies exceeding 90%.34 This highlights 

the importance of HMO phases in treatment solids for REY adsorption. However, given the high 

REY adsorption observed in the biomass-only experiments (discussed below), it is likely that 

REY adsorption by the biotic HMO in these experiments includes a contribution from the 

biomass. 
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Substantial amounts of REYs were removed through biosorption, in contrast to our 

observation for Ni and Co. REY concentrations decreased rapidly in the presence of P. sporulosa 

and Stagonospora sp. biomass at rate similar to or greater than those observed in the biotic HMO 

experiments (Fig. 4b), demonstrating that fungal biomass can serve as an effective sorbent for 

REYs.  

  

Figure 4. Change in dissolved Co, Ni and total rare earth element (TREE) concentrations in the presence of 

(a) abiotic HMO and (b) biotic HMO and/or fungal biomass after the addition of critical metals. Each point presents 

the average value for three replicate experiments. The top and bottom of the error bar represent the maximum and 

minimum values respectively. 
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The process of biosorption does not typically result in oxidation of adsorbed metals. For 

example, redox-sensitive metals such as Ce and Co associated with bacterial and fungal cells 

remain in their +3 and +2 states, respectively, suggesting that biosorption inhibits oxidation. 15, 25, 

64, 69 Instead of oxidation, biosorption occurs through ion exchange, complexation, or 

electrostatic interactions between metal ions and functional groups on the cell wall.70, 71 These 

functional groups originate from chitin, and other polysaccharides and glycoproteins such as 

glucans and mannans in the fungal cell wall.70, 72 The specific functional groups involved in 

biosorption for an individual species are difficult to ascertain, especially for fungi;72 however, 

certain groups are known to play a key role. For instance, carboxyl and phosphate functional 

groups are known to facilitate Eu(II) adsorption by bacteria73 and sulfhydryl sites have been 

shown to be the dominant adsorption sites for some divalent ions at environmentally significant 

concentrations.74  

The biotic HMO, biomass-only, and abiotic HMO systems display preferential adsorption 

of light rare earth elements (LREE) compared to the middle rare earth elements (MREE) or 

heavy rare earth elements (HREE) (Fig. 5). This difference is more pronounced in the 

Stagonospora sp.- HMO and Stagonospora sp. biomass experiments after 31 days (Fig. 6), with 

roughly one order of magnitude more LREE adsorbed than HREE. Preferential adsorption of 

LREE by HMO has previously been observed experimentally,58 in natural AMD precipitates,34 

and in groundwater systems.75 The fungal species involved in the experiment also appears to 

influence the REE patterns. The experiments involving Stagonospora sp. display very similar 

concave LREE pattern, whereas the P. sporulosa experiments display a relatively flat LREE 

pattern. 
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Figure 5.  Ratio of REY in solution at each sample point to the initial concentration in the flask.  Yttrium is plotted 

in the position of Ho (not analyzed) due to its nearly identical ionic (3+) radius. Biotic HMO with biomass, and 

fungal biomass only removed greater than 99% after 6 hours and greater than 99.9% after 7 days. Each point 

presents the average value for three replicate experiments.  

 

Despite the preferential adsorption of the LREE, we note an apparent lack of Ce 

anomalies in all experiments (Fig. 6). Cerium is readily oxidized by HMO, which could lead to 

preferential Ce incorporation in the HMO mineral. This process reduces the concentration of Ce 

in the solution relative to its neighboring REYs, creating a negative Ce anomaly (low normalized 

Ce concentration relative to other REYs). 25, 58 Weak or absent Ce anomalies for all experimental 

conditions may imply that significant Ce(III) oxidation did not occur. However, it is possible that 

the anomaly was erased by the rapid uptake of all the LREE at pH 7.76 Cerium anomalies may be 

more likely in acidic solutions because at these conditions, other trivalent REY ions are inhibited 
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from being adsorbed onto HMO.69, 77 Experiments have also shown that REYs are preferentially 

complexed by organic compounds before being adsorbed to HMO, which can also prevent Ce 

anomalies from developing. 76, 78 

 

Figure 6.  Comparison of the REY patterns after 31 days. Ratio of REY in solution at each sample point to the 

initial concentration in the flask.  
 

 

4.0 ENVIRONMENTAL IMPLICATIONS 

HMO in AMD treatment solids is disproportionately enriched with REY relative to other 

common metal oxides, such as hydrous Fe and Al oxides.33, 34 Manganese in AMD can be 

difficult to treat and is best removed at pH >9 using strong oxidants.30, 79 However, in passive 

AMD treatment systems that rely on natural chemical and microbial processes, microbes, 

including the fungi explored in this study, mediate the precipitation of HMO at around pH 7.36, 80 
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Our experiments demonstrate that at this pH, the biotic HMO rapidly adsorbs 70-99.9% of Co 

and REY but only 30% of Ni. Both biotic and abiotic HMO are poorly crystalline; however, 

biotic HMOs exhibited greater stability and resistance to structural changes over time when 

compared to abiotic analogues formed through chemical oxidation. The stability of the biotic 

HMO may be related to ongoing Mn redox cycling facilitated by the fungi, which helps to 

maintain the highly reactive nature of biotic HMO over time. In contrast, the abiotic HMOs 

undergo phase changes accompanied by desorption over time, resulting in considerably less 

critical metal adsorption.   

Microbes in AMD treatment systems (including fungi and bacteria) may be associated 

with mineral surfaces or other suspended organic solids.81 Microbial biomass associated with 

HMO minerals may provide an additional surface on which adsorption can occur since studies 

show that biomass does not compete with or prevent adsorption of trace metals by HMO.82, 83 

Our study shows that fungi have varying biosorption capacities or affinities for different metals. 

This alludes to potential competition or preference by these metals for functional groups on the 

cell wall of the fungi. Fungal biomass, in this study, rapidly adsorbed 90-99.9% of REY, 

indicating a strong affinity for these elements. Because fungal biomass appears to preferentially 

accumulate REY over Co and Ni, there is potential for exploiting biosorption as a mechanism for 

selective REY recovery. However, the long-term fate of critical metals adsorbed to biomass 

remains unclear. Some studies have shown desorption of REY 25, 84 and the dissociation of REY-

organic ligands bonds over time,78 potentially allowing these metals to become adsorbed and/or 

oxidized by hydrous metal oxides. REY adsorbed to biomass on surfaces may eventually become 

incorporated within HMO structure and other oxides after death of the fungi and decomposition 

of the biomass. In contrast, critical metals adsorbed to microbes that are suspended in the water 
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column may not become concentrated in the treatment precipitates posing challenges to 

recovery.    

Our results show that biotic HMO is more effective than abiotic HMO for adsorbing all 

critical metals assessed in the study. This suggests that biotic HMOs in passive treatment 

systems are promising targets for critical metal recovery. Optimizing microbial HMO 

precipitation in these systems can allow efficient remediation of Mn while promoting the 

adsorption and concentration of critical metals such as Co and REYs. These findings are 

particularly relevant to AMD discharges with high Mn content that are adjusted to circumneutral 

pH using passive treatment technology. At this pH, Mn is the dominant major metal, and the 

precipitation of HMO minerals is expected to be mediated by microbes, especially fungi.36 

Elevated Mn concentrations have been documented in coal-26, 31, 33 and ore-related AMD 

discharges worldwide.85, 86 Under these conditions, similar trends in critical metal behavior are 

expected.  

The demand for technology and energy-critical metals is estimated to increase 

exponentially within the next 10 to 15 years. 35, 87, 88 There is therefore an immediate need to 

stabilize the global supply chain of these metals to reduce the risks of economic disruptions. 35 

The elevated concentrations of REY, Co, and Mn in some AMD treatment precipitates may 

make them an attractive unconventional source of these critical metals that can potentially be 

exploited while alleviating the environmental degradation associated with traditional mining.33 

The potential economic and environmental benefits associated with using AMD treatment 

precipitates as critical metals feedstocks could incentivize the development of new and efficient 

remediation systems.  
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Abstract  
 
Ore grade concentrations of energy critical metals have been identified in the precipitate by-products from 
some acid mine drainage (AMD) treatment systems that utilize microbially-mediated oxidation (passive) 
technology. These metals are often disproportionately associated with manganese oxides and hydroxides 
(collectively referred to as MnOx) through adsorption and/or coprecipitation.1 

To understand the conditions that facilitate critical metal enrichment in passive AMD treatment 
systems, we investigated the attenuation of ten critical metals (Co, Ni, La, Ce, Nd, Pr, Gd, Dy, Yb, and Y) 
in solutions with and without MnOx produced by two fungal species, Paraphaeosphaeria sporulosa 
(previously Paraconiothyrium sporulosum) and Stagonospora sp. These species are known to produce 
forms of MnOx such as δ-MnO2 or acid birnessite that are highly disordered and have a high adsorption 
capacity.2 In our experiment, critical metals were allowed to interact with the biotic MnOx and fungal 
biomass for 31 days with periodic sampling to assess critical metal removal by the minerals and/or biomass. 
Control experiments were also conducted to assess the behavior of critical metals with no MnOx or biomass 
present, and with fungal biomass only. 

Our results indicate that the fungi differ in their capacity to oxidize manganese. Stagonospora sp. 
oxidized 99% of Mn in solution after 14 days, whereas P. sporulosa oxidized 60% of Mn over the same 
period. The critical metal removal capacity also varied between the two fungal species. Cobalt in solution 
decreased by 90% and 80% in the presence of MnOx produced by Stagonospora sp. and P. sporulosa, 
respectively. For both fungi, Co removal from solution was 30% greater than Ni removal after 31 days. 
Near total rare earth element (REE) and Y removal was achieved (95% - 99%) within 18 days, both in the 
presence of biotic MnOx and with fungal biomass only. Normalized REE patterns show a preferential 
removal of light REE over 31 days with little to no apparent Ce anomaly.  

 
[1] Hedin B. C. et al. (2019). Int. Jour. Coal Geol. 208, 54-64. 
[2] Rosenfeld C. E. et al. (2020). Env. Sci. Technol. 54, 3570-3580. 
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Microbial (biotic) oxidation of Mn can produce a wide variety of hydrous manganese oxides (HMOs) with high cation adsorption
capacity. In passive acid mine drainage (AMD) treatment systems, biotic HMO may dominate over abiotic HMO, resulting in treatment
precipitates with high concentrations of energy-critical metals such as rare earth elements (REE), Co, and Ni [1]. To understand the
relative importance of abiotic and biotic processes in passive treatment systems, we conducted benchtop experiments to investigate
the uptake of ten critical metals (Co, Ni, La, Ce, Nd, Pr, Gd, Dy, Yb, and Y) by (1) HMOs produced by two fungal species
(Paraphaeosphaeria sporulosa and Stagonospora sp.) and (2) abiotic HMO, vernadite (δ-MnO2), synthesized using a method
described by Hinkle et al. [2]. Experiments involving the abiotic HMO are currently underway to assess critical metal uptake and to
allow comparative analyses of biotic and abiotic uptake rates and efficiency.

Preliminary results of the biotic experiments show that in the presence of dissolved Mn, both fungi produced a highly disordered HMO
similar to vernadite which becomes more ordered and crystalline with time. However, Stagonospora sp. was more efficient at removing
dissolved Mn from solution compared to P. sporulosa. Critical metal uptake by biotic HMO (HMO + fungal biomass) and fungal
biomass only was assessed via periodic sampling over 31 days to track changes in dissolved metal concentrations. Our results
indicate that Co in solution decreased by 90% and 80% in the presence of HMO produced by Stagonospora sp. and P. sporulosa,
respectively. In contrast, only 50-60% of Ni was removed after 31 days. The presence of fungal biomass only did not result in
significant removal of Co and Ni. Near total removal (95-99%) of REE and Y was achieved within 18 days, both in the presence of
biotic HMO and fungal biomass only. Normalized REE patterns show a preferential removal of light REE over 31 days with no
apparent Ce anomaly.

[1] Hedin, BC et al., 2019, Int. J. Coal Geol. 208, 54-64. [2] Hinkle, MA et al., 2016, Geochim. Cosmochim. Acta 192, 220-234.
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Abstract
The lanthanide rare-earth elements, yttrium, and scandium (REYs) generally occur
at elevated concentrations in acid mine drainage (AMD) with low pH and elevated
concentrations of Fe, Al, and SO . This study explains why concentrations of REYs
and associated trace metals in AMD generally decrease as pH increases,
particularly at pH > 5, and employs geochemical models to demonstrate the
importance of key variables. Laboratory and field studies demonstrate that REYs are
attenuated with metal-rich solids precipitated during neutralization of AMD, and that
attenuation is enhanced by SO . Geochemical modeling indicates that observations
can be explained by adsorption of REYs to hydrous ferric oxide (HFO), hydrous
aluminum oxide (HAO), and/or hydrous manganese oxide (HMO). New, empirically
derived adsorption reactions and associated equilibrium constants for binding of
REYs cations (M ) by HFO, HAO, and HMO plus sulfate complexes (MSO ) by
HFO and HAO account for effects of SO . The PHREEQ-N-AMDTreat+REYs water-
quality modeling tools (https://doi.org/10.5066/P9M5QVK0), which incorporate these
and other speciation reactions, accurately simulate the precipitation of Fe, Al, and
Mn solids during sequential AMD treatment steps, plus the precipitation and
adsorption of REYs. Each model has a user interface to facilitate the input of water-
quality data and adjustment to geochemical or treatment system variables. On-
screen graphs display predicted changes in REYs and associated solute
concentrations as functions of pH or retention time; details are summarized in output
tables. A goal of such modeling is to identify strategies that could produce a
concentrated REYs extract from AMD or mine waste leachate. For example,
modeling supports the hypothesis that Fe can be removed at pH < 4 using
conventional sequential oxidation and neutralization treatment processes without
removing REYs and that further increasing pH can promote the adsorption of REYs
by HFO, HAO, or HMO that forms thereafter. Alternatively, chemicals such as
phosphate or oxalate may be added to precipitate REYs compounds following steps
to decrease non-target metal concentrations. The PHREEQ-N-AMDTreat+REYs
models will be incorporated as new tools in the AMDTreat 6.0 cost-analysis model by
the Office of Surface Mining Reclamation and Enforcement.
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Abstract  (1970/max 2000 characters, excluding spaces) 
  
Mine drainage remediation systems can sequester >90% of dissolved rare earth elements (REE) and other 
critical metals in solids precipitated during treatment [1]. Reactive minerals such as hydrous manganese 
oxides (HMO) are known to control the solubility, transport, and bioavailability of metals and organic 
compounds in soil, sediments, and water through oxidation and sorption [2], and high concentrations of 
energy-critical metals (e.g. REE, Co, and Ni) in passive acid mine drainage (AMD) treatment system solids 
have been linked to biogenic HMO phases [1]. To understand the relative importance of biotic and abiotic 
HMOs in AMD treatment systems, we are conducting benchtop experiments to assess the uptake of ten 
critical metals (Co, Ni, La, Ce, Nd, Pr, Gd, Dy, Yb, and Y)  by (1) biogenic HMO produced by two fungal 
species present in AMD treatment systems (Paraphaeosphaeria sporulosa and Stagonospora sp and (2) 
abiotic vernadite (δ-MnO2) and H+ birnessite, synthesized using a method described by Hinkle et al. [3].  

 
Preliminary results indicate that the fungi differ in their capacity to oxidize manganese and over a 14-day 
period, Stagonospora sp. was more efficient at removing dissolved Mn from solution compared to P. 
sporulosa. XRD analysis indicates that in the presence of dissolved Mn, both produced a disordered, poorly 
crystalline HMO similar to vernadite; crystallinity increased with time. Critical metal uptake by biotic HMO 
(HMO+ fungal biomass) and fungal biomass only was assessed via periodic sampling. After 31 days, fungal 
biomass alone did not result in significant removal of Co or Ni. However, Co in solution decreased by 80% 
(P. sporulosa) to 90% (Stagonospora sp) in the presence of biogenic HMO and 50-60% of Ni was removed 
during that time. Normalized REE patterns show a preferential removal of light REE over 31 days with no 
apparent Ce anomaly, with near total removal (95-99%) of REE and Y achieved within 18 days, both in the 
presence of biotic HMO and by fungal biomass only.  

 
[1] Hedin, BC et al., 2019, Int. J. Coal Geol. 208, 54-64. [2] Kay, JT et al., 2001,. Env. Sci. & Tech. 35 
(24), 4719-4725. [3] Hinkle, MA et al., 2016, Geochim. Cosmochim. Acta 192, 220-234.  
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Extended Abstract
!e global demand for technology and energy critical minerals is expected to increase
in the coming years (Alonso et al. 2012). Developing new and sustainable sources of
these metals will stabilize supply and alleviate the potential pollution produced by
traditional mining. Acid mine drainage (AMD) treatment precipitates are a potential
source of critical metals, including Ni, Mn, Co, and rare earth elements (REE) (Cravotta,
2008; Ayora, et al., 2016; Stewart et al., 2017; Vass, et al., 2019). Hydrous manganese
oxides (HMO), common constituents of AMD treatment precipitates, are known to be
very e"cient at sorbing and concentrating trace metals (Tan et al., 2010; Hedin et al.,
2019; 2023). However, more work is needed to understand how the biogeochemical
conditions within AMD treatment systems in#uence HMO formation and their ability
to adsorb and concentrate critical metals.

In this study we performed bench-top experiments to investigate the sorption of 
critical metals (La, Nd, Ce, Gd, Pr, Dy, Yb, Y, Co, and Ni) by biotically- and abiotically-
precipitated HMO. !e biotic HMO was produced through the oxidation of MnCl2 by 
two species of Mn-oxidizing fungi, P. sporulosa and Stagonospora sp., and the abiotic 
HMO ($-MnO2 and H+ birnessite) were synthesized through chemical oxidation of 
aqueous MnCl2. !e e"ciency of critical metal uptake by these HMO was assessed by 
conducting time series analyses of dissolved metal concentrations over 31 days and by 
characterizing the HMO minerals. 

Scanning electron microscopy shows that HMO produced by Stagonospora sp. and 
P. sporulosa are closely associated with fungal biomass and hyphae. X-ray di%raction
shows that both biotic and abiotic HMO were initially poorly crystalline, but abiotic
HMO transformed to more crystalline HMO phases over the 31 days of the experiment.
Biotic HMO and/or fungal biomass facilitate rapid adsorption of REE. A&er 6 hours,
greater than 99% of both LREE and HREE were removed from solution (Fig. 1). !e
LREE were preferentially adsorbed, and the Ce anomaly was weak or absent. Biotic
HMO also adsorbed 80-90% of dissolved Co and 50–60% of dissolved Ni from solution
over 31 days. Energy-dispersive X-ray spectroscopy con'rms that critical metals
become associated with both HMO and fungal biomass. Abiotic HMO adsorbed REE at
a slower rate, with maximum adsorption occurring a&er 4 days. A&er 31 days, 75–80%
and 50–70% of LREE and HREE, respectively, were adsorbed. However, abiotic HMO
only adsorbed 5–10% of Co and Ni over the same timeframe.

!is study shows that biotic HMO are very e"cient at adsorbing critical metals.
Fungal biomass also plays an important role in this process. Abiotic HMO may be 
susceptible to mineral transformation and dissolution under certain conditions, and 
this can potentially reduce their capacity to adsorb some critical metals. AMD treatment 
systems that produce HMO through microbial oxidation (passive systems) are therefore 
likely viable targets for critical metal recovery.
Keywords: HMO, critical metals, REE, cobalt, nickel, fungi, acid mine drainage
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Extended Abstract
Discharges from coal mines that have low pH, hereina!er identi"ed as acid mine 
drainage (AMD), commonly have elevated dissolved concentrations of sulfate (SO4), 
transition metals (Fe > Mn > Zn > Ni > Co > Cu > Cr > Cd), other metals (Al > Pb > 
Ga > Tl > In), and the lanthanide rare-earth elements, yttrium, and scandium (REYs: 
Y > Ce > Sc > Nd > La > Gd > Dy > Sm > Pr > Er > Yb > Eu > Ho > Tb > Tm > Lu) 
(Cravotta, 2008a). #e REYs and many of these associated metals are among more 
than 50 “critical minerals” that are in great demand for clean energy and other modern 
technologies and for which global supply chains are vulnerable to disruption (Schulz 
et al. 2017; Nassar et al. 2020). #e REYs occur as trace cations having predominant 3+ 
oxidation state (Me3+) in AMD and associated waters, with tendency to form aqueous 
and surface complexes (Verplanck et al. 2004; Pourret and Davranche, 2013; Liu et al. 
2017; Lozano et al. 2019). Dissolved REYs concentrations in AMD generally decrease 
as the pH increases, especially at pH > 5, accumulating with Fe, Al, and Mn that 
precipitate as hydrous metal oxides (HMeO) (Verplanck et al. 2004; Cravotta, 2008a; 
Vass et al. 2019a, 2019b; Hedin et al. 2020, 2024) (Fig. 1). In contrast, the concentration 
of dissolved SO4, the predominant anion in AMD, tends to remain elevated and largely 
uncomplexed across a wide range of pH, despite limited precipitation with Fe and Al 
hydroxysulfate compounds (e.g. jarosite, schwertmannite, basaluminite) (Cravotta, 
2008a, 2008b; Nordstrom, 2020) and/or adsorption by hydrous Fe, Al, and/or Mn 
oxides (Dzombak and Morel, 1990; Yao and Millero, 1996; Karamalidis and Dzombak, 
2010; Lozano et al. 2019).

Figure 1 Rare-earth elements (REYs) are elevated in AMD from coal mines in Pennsylvania 
(adapted from Cravotta, 2008a; Hedin et al. 2020). Dissolved REYs concentrations decrease with 
increased pH, exhibiting a break in slope at pH ≈5. "e REYs accumulate with Fe, Mn, and Al in 
AMD treatment solids
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An economically sustainable approach for recovery of REYs and other associated 
critical minerals from AMD could o$set treatment costs, depending on environmental 
and economic factors for extraction and transport (Fritz et al. 2021). Various AMD 
treatment strategies may be e$ective for concentrating REYs with AMD treatment 
solids through adsorption and/or precipitation with hydroxide, phosphate, or oxalate 
compounds (Ayora et al. 2016; Zhang and Honaker, 2018; Josso et al. 2018; Edahbi et 
al. 2018; Royer-Lavallée et al. 2020; Wang et al. 2021; Leon et al. 2021; Mwewa et al. 
2022; Hermassi et al. 2022). Nevertheless, impurities such as Fe, Al, Mn, Ca, and Mg, 
which are major components in typical AMD treatment solids (Hedin et al. 2020, 2024; 
Wang et al. 2021), tend to dilute the concentrations of more valuable trace components, 
increasing costs for transportation and processing. If REYs could be concentrated a!er 
"rst removing Fe and Al, without addition or precipitation of Mg and Ca, subsequent 
REYs-bearing %uids or solid(s) may have greater value for REYs recovery. 

#is study employs version 1.0.3 of the PHREEQ-N-AMDTreat+REYs water-quality 
modeling tools (Cravotta, 2022), which were expanded from the original PHREEQ-N-
AMDTreat tools (Cravotta, 2021) to simulate changes in the concentrations of REYs, Fe, 
Al, Mn, SO4, and other solutes plus the formation of solids containing REYs. #e models 
simulate the evolution of AMD in response to treatment, considering the composition 
and availability of HMeO sorbent and the potential for REYs compounds and other 
solids to precipitate. #e models utilize the wateq4fREYsKinetics.dat database, which 
was expanded from wateq4f.dat (Ball and Nordstrom, 1991) provided with PHREEQC 
(Parkhurst and Appelo, 2013) to include thermodynamics data on REYs aqueous and 
surface species plus relevant REYs solid phases (hydroxide, carbonate, phosphate, and 
oxalate compounds). Surface species for REYs plus other cations and anions were added 
for hydrous ferric oxide (HFO: Dzombak and Morel, 1990), hydrous aluminum oxide 
(HAO: Karamalidis and Dzombak, 2010; Lozano et al. 2019), and hydrous manganese 
oxide (HMO: Tonkin et al. 2004; Pourret and Davranche, 2013), which constitute the 
total HMeO sorbent mass. 

To investigate potential e$ects of sorbent composition, pH, and SO4, a series of 
titration experiments was recently conducted in the laboratory during summer 2022. 
Each experiment used a solution with starting pH less than 2 that contained 50 µg/L 
of each of the 16 REYs plus 1 mmol/L of sorbent metal (Fe, Al, or Mn). To evaluate if 
REYs attenuation resulted by co-precipitation with Fe, Al, or Mn versus adsorption by 
HFO, HAO, or HMO, replicate experiments were conducted in parallel using the same 
REYs concentrations with initially aqueous (Fe3+, Al3+, or Mn3+) or solid (HFO, HAO, 
or HMO) forms. A hydrochloric acid (HCl) solution matrix was used for the "rst set 
of experiments, whereas a sulfuric acid (H2SO4) solution was used for the other sets 
of experiments. For all experiments, the pH was increased to pH values ranging from 
about 3 to 10 by titration with sodium hydroxide (NaOH). #e dissolved concentrations 
of REYs and major metals were measured a!er 24 hours reaction time, centrifuging, 
and "ltration (0.45-&m). 

To model the empirical titration results, new adsorption reactions and equilibrium 
constants were estimated using PEST version 17.5 (Doherty, 2015) in combination with 
PHREEQC (Parkhurst and Appelo, 2013). Instead of using estimates from linear free 
energy relations (LFER) for divalent cations, we (1) adapted the adsorption expression 
for Cr3+, the only trivalent cation reported by Dzombak and Morel (1990) (eq. 5), and 
also (2) determined new equilibrium constants for reactions where the uncomplexed 
cation is bound by adsorbed SO4 (eq. 7) (Table 1).

Speciation models using PHREEQC with the new adsorption expressions (eqs. 5 and 
7) accurately describe the observed adsorption of REYs to HFO (Fig. 2, bottom graphs). 
In contrast, modeled adsorption using equilibrium constants estimated by LFER (eq. 4) 
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Aqueous speciation reactions (Me+n is divalent (n=2) or trivalent (n=3) cation):

Me+n + H2O = MeOH(n-1) + H+ LogKOH MeOH1 (eq. 1)

Me+n + SO4
-2 = Me(SO4)(n -2) LogKS MeSO4 (eq. 2)

Surface speciation reactions (SURF is HFO, HAO, or HMO):

SURF_OH + SO4
-2 = SURF_OHSO4

-2 + H+ Log K1 SURF_OHSO4
-2 (eq. 3)

SURF_OH + Me+n = SURF_OMe(n-1) + H+     (LFER) Log K2 SURF_OMe(n-1) (eq. 4)

SURF_OH + Me+n + H2O = SURF_OMeOH(n-2) + 2H+ Log K3 SURF_OHMe(n-2) (eq. 5)

SURF_OH + Me(SO4)(n-2) = SURF_OMe(SO4)(n-3) + H+ Log K4 SURF_OMe(SO4) (n-3) (eq. 6)

SURF_OHSO4
-2 + Me+n = SURF_OMe(SO4)(n-3) + H+ Log K5 SURF_OMe(SO4) (n-3) (eq. 7)

Note that equation 4 is widely applied for divalent cations and to estimate adsorption equilibrium constants 
given the "rst hydrolysis constant (eq. 1) and linear free energy relation (LFER) expressions. Also, note that 
equation 7 is derived by subtracting equation 3 from the sum of equations 2 and 6 (Log K5 = Log K4 + Log KS 
– Log K1) 

Table 1 Aqueous and surface speciation reactions considered in PHREEQ-N-AMDTreat+REYs models

Figure 2 Model calibration to empirical data. Graphs on the le# show lutetium attenuation by HFO 
slurry in sulfuric acid matrix. "e top graph shows poor $t of the initial model based on LFER 
estimated log K values (eq. 3); the lower graph shows results using the “best-$t” adsorption log K 
values derived using PEST and new equilibrium expressions for trivalent cations that consider e%ects 
of pH and SO4 (eqs. 5, 6, 7). On the right, model curves are shown for all 16 REYs. "e upper graph 
shows initial results using LFER estimates. "e lower graph shows results using the new optimized log 
K values. "e empirical data and model results indicate e%ective pH of adsorption shi#ed by 2 pH 
units from approximately 6.5 (LFER) to 4.5 (optimized)
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greatly underestimated the observed attenuation of REYs at pH <6, especially in the 
presence of SO4 (Fig. 2, top graphs). #e new model results are consistent with prior 
reports for AMD systems where ternary complexes with SO4 resulted in enhanced 
adsorption of various divalent cations (Me2+: Cd, Cu, Co, Pb, Ni, Zn) by HFO (Swedlund 
and Webster, 2001; Swedlund et al. 2003) and trivalent REYs (Me3+) by HAO (Lozano 
et al. 2019). #erefore, version 1.0.3 of PHREEQ-N-AMDTreat+REYs (Cravotta, 2022) 
includes the new equilibrium reactions for adsorption of Me2+ and Me3+ by HFO, HAO, 
and HMO plus interactions of those cations as with adsorbed SO4 (HFO_SO4

-2 and 
HFO_SO4

-2).
Potential treatment strategies that could feasibly produce a concentrated REYs 

extract from AMD are evaluated using PHREEQ-N-AMDTreat+REYs models. For a 
passive treatment case, Hedin et al. (2024) reported REYs accumulated in limestone 
beds can be accurately simulated using the “CausticTitrationMix2.exe” tool, which 
indicated attenuation of REYs mainly with HAO and HMO. For an active treatment 
case, a coal-refuse facility with highly acidic leachate having elevated concentrations of 
Fe, Al, Mn, and REYs currently utilizes lime neutralization, which causes precipitation 
of Fe, Al, and REYs into complex Fe-Al-Ca rich sludge mixture. #e current treatment 
and two alternative strategies that could concentrate REYs were simulated with the 
“TreatTrainMix2REYs.exe” tool (Fig. 3). #e lime treatment to pH (8.7 removes REYs 
with the sludge mixture. In contrast, alternative strategies using H2O2 to oxidize FeII 
demonstrate potential for removal of most Fe and Al without substantial removal of 
REYs. In one case, NaOH is added to initial pH 3 followed by aeration to precipitate 
Fe and Al oxyhydroxides at pH <4.5. Subsequent aeration and further increasing pH 
with limestone promotes adsorption of REYs by HAO and HMO that form therea!er. 
In another case, NaOH and NaH2PO4 are added to precipitate REY-PO4 a!er H2O2 
addition (e.g. Hermassi et al. 2022). In both cases, REYs-enriched solids produced by 
the alternative treatments contain a small fraction of the initial Fe and Al and most of 
the REYs. Bench-scale testing of the simulated, sequential treatment steps to concentrate 
REYs into solids may be considered, guided by modeling, to verify results and evaluate 
extraction methods to re-mobilize the REYs from the various solid components (e.g. 
Rushworth et al. 2023; Boothe et al. 2024).
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By combining the PHREEQ-N-AMDTreat+REYs water-quality modeling tools with 
the AMDTreat 6.0 cost-analysis model (O)ce of Surface Mining Reclamation and 
Enforcement, 2022), a user may (1) identify and evaluate strategies for AMD treatment 
that result in e$ective REYs recovery and (2) estimate costs for installation and operation 
of relevant treatment steps. 
Keywords: Resource recovery, rare-earth elements, adsorption, aqueous speciation, 
PHREEQC, AMDTreat
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In western Pennsylvania, acid mine 
drainage (AMD) remediation 
facilities can produce precipitate 
byproducts with near ore grade 
concentrations of REE, Co, and Mn. 
High concentrations of critical metals 
in AMD precipitates have been 
linked to the presence of hydrous 
manganese oxides (HMO), primarily 
due to their strong affinity for metals 
through adsorption and/or 
coprecipitation. In this study, we 
investigated the adsorption of 10 
critical metals (La, Nd, Ce, Gd, Pr, Dy, Yb, Y, Co, and Ni) from solution by HMO produced by Mn-
oxidizing fungi, P. sporulosa and Stagonospora sp. and HMO (δ-MnO2 and H+ birnessite) produced 
by chemical oxidation. Both biotic and abiotic HMO were initially poorly crystalline, but abiotic 
HMO transformed to more crystalline HMO phases by the end of the experiments. Over 99% of 
REYs were adsorbed by biotic HMO and/or fungal biomass within 7 days compared to a maximum 
of 50% of REYs adsorbed by the abiotic HMO. While the adsorption of Co and Ni by abiotic HMO 
was negligible, biotic HMO adsorbed ~30% Ni and ~75% Co. Microbial biomass did not contribute 
significantly to adsorption of Co and Ni. This study shows that biotic HMO, which typically form in 
passive AMD treatment systems, are very efficient at adsorbing critical metals, particularly Co and 
REE. Fungal biomass may have potential in selectively recovering REY in AMD treatment systems. 
Abiotic HMO, which are produced in active treatment systems, may be susceptible to mineral 
transformation and this could reduce their capacity to adsorb some critical metals.  
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An understanding of the mechanism(s) of trace metal interactions with acid mine drainage (AMD) solids is needed to develop effective
strategies to recover valuable constituents from this unconventional source. In this study, we are investigating the importance of pH
and aqueous concentrations of sulfate (SO4) and aluminum (Al) on the attenuation of rare earth elements (REE) by Al hydroxide and
hydroxysulfate phases such as gibbsite (Al(OH)3) and basaluminite (Al4SO4(OH)10.5H2O). These phases precipitate within a pH range
(4.5-6) that is commonly attained in AMD treatment systems and are important for removing Fe, Al, and trace metals as AMD is
neutralized.

We are conducting experiments involving Al precipitation and REE coprecipitation or adsorption from solutions with varying SO4
concentrations at pH levels relevant to AMD treatment systems. Preliminary modeling of the proposed experimental conditions using
PHREEQC indicates that the presence of 10 mM SO4 results in Al precipitation at a lower pH (4.0-4.5) than in SO4-free experiments
owing to relatively low solubility of basaluminite compared to Al(OH)3. However, when the SO4 concentration is increased 3-fold, less
Al is precipitated at the same low pH value, presumably due to the formation of aqueous complexes with SO4 which results in a
decreased mass of precipitate. For the high-SO4 scenario, less efficient adsorption of REEs is indicated. Both the availability of
sorbent and the potential formation of REE-SO4-ternary surface complexes explain why REEs are more effectively adsorbed at pH 4.5
in the low-SO4 solutions compared to the high-SO4 and SO4-free solutions. Data from ongoing batch experiments will inform these
geochemical models and further elucidate the importance of adsorption and coprecipitation as mechanisms for REE enrichment in Al-
rich phases. In addition to simulating empirical data, the modeling will be used to extend results to field conditions and potential
scenarios for recovery of REE from AMD treatment systems.
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Appendix B 
OSMRE Applied Science Program Fact Sheet 

Project Title: Optimizing rare earth element capture during treatment of acid mine drainage: Validation 
of geochemical modeling through bench-scale experiments and proof-of-concept field studies 
 
Principal Investigator: Dr. Brian W. Stewart, University of Pittsburgh 
Co-Principal Investigators: 

• Dr. Rosemary C. Capo, University of Pittsburgh 
• Dr. Charles A. Cravotta III, USGS (retired), Cravotta Geochemical Consulting 
• Benjamin C. Hedin, Hedin Environmental 

 
Project Goals 

• Develop scalable methods for extracting rare earth elements and yttrium (REY) from acid mine 
drainage (AMD) 

• Use benchtop experiments and geochemical modeling to optimize REY capture 
• Deploy and test a field-based REY-capture system 
• Integrate findings into the PHREEQ-N-AMDTreat+REYs geochemical modeling tool 

 
Key Findings 
• Modeling & Experiments: 

Þ Developed predictive geochemical models validated with bench-scale experiments using 
synthetic and real AMD samples. 

Þ Found optimal pH and sulfate conditions for REY adsorption on hydrous manganese (HMO) 
and aluminum oxides (HAO). 

Þ Biotic HMO captured >99% of REY, outperforming abiotic HMO. 
• Field Testing: 

Þ Installed REY capture chambers at two AMD sites along pH gradients. 
Þ Short-term tests indicated growth of HMO on substrate 

• Modeling Tool Release: 
Þ The PHREEQ-N-AMDTreat+REYs modeling suite, incorporating field and lab data, is 

publicly available via USGS. 
 

Deliverables 
• Final report and summary fact sheet 
• Peer-reviewed manuscripts and abstracts 
• Technical presentations at national and international conferences 
• Public release of PHREEQ-N-AMDTreat+REYs modeling tool 

 
Impacts 

• Supports economic and sustainable recovery of REY from AMD 
• Offers cost-benefit guidance to AMD treatment operators 
• Contributes to national critical mineral supply 
• Trains graduate researchers in AMD remediation and geochemical modeling 




