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A B S T R A C T   

Rare earth elements (REE) are critically important in clean energy technologies, but their mining and refining is 
energy intensive and generates significant quantities of environmentally harmful waste. The treatment of acid 
mine drainage (AMD), which is both a global environmental problem and a potential source of these elements, 
preconcentrates REE and critical metals such as manganese and cobalt into oxide/hydroxide waste products 
from which they can potentially be recovered. Analysis of 281 treatment solids from coal AMD remediation 
systems across the northern Appalachian Basin, eastern USA, indicate that the most promising solids (REE 
value > $400 USD/metric ton) are produced in systems that use limestone or sodium hydroxide to treat low pH 
(< 5) AMD with elevated dissolved aluminum and manganese content. In particular, recovering REE from 
passive treatment systems could both subsidize treatment of AMD while reducing the environmental footprint of 
REE extraction.   

1. Introduction 

The demand for metals such as Mn, Co, Ni, Ga, Cd, Ag, Cu, Se, In 
and rare earth elements (REE, defined here as the 15 lanthanide ele
ments plus yttrium; DOE, 2011; Dominish et al., 2019) is expected to 
increase sharply in the coming decades due to their use in renewable 
energy technologies (e.g., wind turbines, electric motors, and batteries). 
However, sources of these elements are limited (Fishman and Graedel, 
2019), and mining and refining these metals can have serious impacts 
on human health and the environment. For example, REE extraction 
from carbonatite and monazite ores produces large quantities of 
radioactive waste, uses significant amounts of energy, and is poorly 
regulated in some regions (Haque et al., 2014; Van Gosen et al., 2017). 
The need for both environmentally friendly and geographically diverse 
REE sources has spurred research into non-traditional feedstocks 
(Binnemans et al., 2013; Hein et al., 2013; Lin et al., 2018; Stuckman 
et al., 2018; Takaya et al., 2018), including polluted mine drainage 
(Ayora et al., 2016; Hedin et al., 2019; Lefticariu et al., 2019; Stewart 
et al., 2017; Vass et al., 2019b). 

Oxidation and dissolution of sulfide minerals (e.g., pyrite, FeS2) 
related to coal and metal mining produces acidity and dissolved metals 
that pollute waterways around the world with acid mine drainage 
(AMD; Younger et al., 2002). In the Appalachian basin in the eastern 
USA, over two centuries of coal mining has produced thousands of 

pollution sources that impair over 5000 km of streams with acidity, 
metals, and sulfate (EPA, 2015). However, Appalachian AMD also 
generates between 500 and 3400 metric tons of REE annually, de
pending on estimates of total AMD discharge and REE concentrations 
(Stewart et al., 2017; Vass et al., 2019a). This represents 7% - 41% of 
annual US consumption of REE in 2018 (Gambogi, 2019a, 2019b). 
Total REE loads for single AMD discharges can be up to 7000 kg/year, 
with many discharges producing greater than 100 kg/year (Cravotta, 
2008a; Cravotta and Brady, 2015; Stewart et al., 2017). 

AMD treatment involves pH and redox adjustments to neutralize 
acidity and accelerate the precipitation and settling of dissolved metals 
(Younger et al., 2002). This generates significant amounts of solid 
waste; more than 18,000 metric tons are produced annually in Penn
sylvania alone (Stream Restoration, 2018). The management and dis
posal of these treatment solids incur significant costs to operators 
(Cravotta et al., 2014). With REE concentrations reported as high as 
2000 mg/kg, these solids could be targeted for REE recovery, and could 
offset the cost of treating AMD (Hedin et al., 2019; Vass et al., 2019b). 

Although there has been substantial work on identifying and char
acterizing REE-enriched AMD treatment solids, most estimates are 
based on relatively small sample sizes (< 25), or are limited to a few 
sites and do not focus on geochemical trends of solids associated with 
AMD chemistry or treatment technology (Acero et al., 2006; Hedin 
et al., 2019; Lozano et al., 2019a, 2020; Lozano et al., 2019b; Moraes 
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et al., 2020; Stewart et al., 2017; Vass et al., 2019a, 2019b). Ad
ditionally, there is limited work on the potential to recover other clean 
energy critical elements (Mn, Co, Ni, Ga, Cd, Ag, Cu, Se) from treatment 
solids. In this study, we report major and trace element concentrations 
for 281 AMD precipitates from 94 sites across the Appalachian Basin, 
with corresponding untreated AMD pH and treatment technology in
formation to determine (1) the relationship between AMD chemistry 
and clean energy critical metal concentrations in treatment solids, (2) 
the impact of treatment technology on REE concentrations and geo
chemical trends, and (3) potential REE market value in AMD treatment 
solids. While we focus on REE in AMD treatment solids, we also report 
on the concentrations and geochemical trends for other clean energy 
critical metals. These results can be used to identify promising feed
stocks from existing treatment systems and inform the design of new 
systems optimized to both remediate polluted water and concentrate 
economic amounts of critical metals in treatment solids. 

2. Materials and methods 

2.1. Data sources 

Treatment solids chemistry and AMD water chemistry used in this 
study include both published and previously unpublished data 
(Table 1). Solids chemistry for 281 samples is compiled from Hedin 
et al., 2019 (n = 11), Stewart et al., 2017 (n = 21) and unpublished 
data from Hedin Environmental (n = 249). For 170 samples, total REE 
concentrations are calculated from Y concentrations based on a robust 
linear regression (see details in section 2.2). Paired AMD water chem
istry is compiled for 225 samples from Beam, 2019 (n = 2), Cravotta 
and Brady, 2015 (n = 2), Cravotta, 2008a (n = 33), Hedin et al., 2019 
(n = 13), Stewart et al., 2017 (n = 12), www.datashed.org (Stream 
Restoration, 2018; an online AMD chemistry data repository; n = 23), 
and unpublished data from Hedin Environmental (n = 140). Treatment 
technology for 251 samples is compiled from Hedin Environmental. 

2.2. Treatment solids chemistry 

Treatment solids analyzed for this study were grab samples from 
either AMD treatment systems or naturally attenuated (untreated) lo
cations and were collected by shovel or bucket. Samples were dried at 
100 °C until weight was constant. If limestone aggregate was collected, 
it was sieved to 2 mm after drying to separate treatment solids 
(< 2 mm) from the aggregate (> 2 mm). AMD pH was measured by 
calibrated pH meters in the field. 

The treatment solid samples collected in this study were analyzed by 
Activation Laboratories Ltd. (accredited by the Canadian Association 
for Laboratory Accreditation) by ICP-MS and/or ICP-OES. When these 
samples were combined with literature data from Hedin et al. (2019) 
and Stewart et al. (2017), thirteen of the samples have all REE con
centrations (Y + lanthanides) measured by ICP-MS (Table 2). For 35 
samples with concentrations for 9 out of 15 REE (Y, La, Ce, Na, Sm, Eu, 

Tb, Yb, Lu) measured by instrumental neutron activation analysis 
(INAA), missing REE concentrations were interpolated as the weighted 
average between the two nearest redox-insensitive REENASC ratios for 
calculation of total REE concentrations (see Table S1 and S2 for equa
tions and justification). For 45 samples, concentrations of between 2 
and 8 of the REE are above detection limits, and 170 samples have only 
Y concentrations measured by ICP-OES or ICP-MS (Table 2). Because 
the relationship between Y and total REE concentrations is robust 
(r2 = 0.88; p  <  0.001; Fig. 1) and Y and lanthanides behave similarly 
(Bau and Dulski, 1996), total REE concentrations were estimated for 
these 215 samples as follows: 

= ×Total REE ppm Y ppm( ) ( ) 4.1063

The regression between Y and total REE concentrations is nearly 
identical for samples with REE only measured by ICP-MS versus using 
the methods described above (Fig. 1). 

Samples were further classified into Al- and Mn-rich (> 10% 
Al + Mn) and Fe-rich (> 10% Fe and  <  10% Al + Mn) to determine if 
major element composition impacts the Y and REE relationship. While 
the slopes of the regressions are slightly different (4.19 for Al- and Mn- 
rich and 3.36 for Fe-rich; Fig. S1), the linear regression using all data 
(Fig. 1) is appropriate to calculate total REE concentrations from Y for 
the entire dataset. 

2.3. Stepwise regression 

Multivariate linear regressions constructed using stepwise linear 
regression to assess co-associations between REE, critical metals, and 
associated mineralogy can inform the search for valuable AMD 

Table 1 
Data sources for this study and number of samples from each source. Datashed 
is an online AMD chemistry data repository (Stream Restoration, 2018).        

Treatment solids n AMD liquid n Treatment 
technology 

n  

Hedin et al., 2019 11 Beam, 2019 2 This study 251 
Stewart et al., 

2017 
21 Cravotta and Brady, 

2015 
2   

This study 249 Cravotta, 2008a 33   
Hedin et al., 2019 13   
Stewart et al., 2017 12   
www.datashed.org 23   
This study 140   

Total 281  225  251 

Table 2 
Appalachian AMD treatment solid samples and analyses included in this data
base.     

REE concentrations above 
detection limits 

Number of 
samples 

Analysis  

Total REE 13 Correlate total REE with Y 
(Y + all lanthanides) 
Full INAA analysis 35 Calculate missing REE via 

Table S2 and correlate with Y (Y, La, Ce, Nd, Sm, Eu, Tb, Yb, 
Lu) 

Partial REE 45 Calculate total REE using Y 
(> 1 REE,  < 9 REE) 
Y only 170 Calculate total REE using Y 
All REE below detect 18 Unused 

Fig. 1. Linear regression between Y and total REE concentrations (both ICP-MS 
and INNA + calculations; r2 = 0.88, p  <  0.001). The regression with only 
ICP-MS measured data is y = 4.1022×; r2 = 0.88. Sample analyzed using ICP- 
MS have all 15 REE measured. Samples analyzed using INAA points have 9 REE 
measured (Y, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu) and remaining REE concentrations 
are calculated as detailed in methods. 
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treatment solids. Independent variables chosen for this analysis were 
concentrations of Si, Al, Fe, Mn, Mg, Ca, and LOI (loss on ignition; in
cludes volatile components such as H2O and CO2 from hydrated mi
nerals, carbonate, and/or organic matter). Clean energy-critical ele
ments considered as dependent variables were REE, Co, Ni, Cu, Ga, Cd, 
and Ag. 

Only samples for which the sum of Si, Al, Fe, Mn, Mg, Ca oxides and 
LOI was greater than 90% were used in the regression; this requirement 
excluded three samples out of 281. The stepwise regression function in 
Matlab 2019a was used to generate multivariate linear regressions that 
maximizes explanatory power. The inclusion/exclusion of independent 
variables is determined by calculating p values for the models with and 
without an independent variable. If the weight of the variable is sig
nificantly statistically different from zero (p  <  0.05), it is added to the 
model. 

2.4. Economic evaluation 

In-situ and basket REE prices were calculated based on average 
prices from the 2008 to 2015 USGS Mineral Yearbooks following the 
methodology of Vass et al. (2019a) for 48 treatment solid samples with 
complete REE concentrations, and for 58 REE mineral resources that are 
currently under development (Lifton and Hatch, 2015). In situ prices for 
Co were calculated using the average yearly London Metal Exchange 
price of Co from 2015 to 2019 ($42.98/kg; US Department of the 
Interior, 2020). 

3. Results and discussion 

3.1. Characteristics of AMD treatment solids 

Complete data from the 281 treatment solid samples from 94 AMD 
treatment systems in northern Appalachia are presented in 
Supplementary Table 4. A similar database with 629 treatment solid 
samples from 119 sites across Appalachia was compiled by West 
Virginia University and is freely available through the US Department 
of Energy's National Energy Technology Laboratory Energy Data 
eXchange (National Energy Technology Laboratory, 2018). Although 
this database is extensive, it does not report Mn or volatiles, which can 
be substantial components of treatment solids, and the only trace me
tals reported are REE and Co. Thus, only the 281 samples compiled in 
this study are used in this analysis. 

Major constituents in Appalachian AMD treatment solids include Al, 
Fe, Mn, Ca, Mg and Si. This is reflected in the mineralogy of the solids, 
which generally includes Al-, Fe-, Mn-, Ca-, and Mg-hydrated oxides 
and hydroxides, Ca and Mg carbonates and/or hydroxides, gypsum, and 
silica (Cravotta and Trahan, 1999; Kairies et al., 2005; Pu et al., 2010;  
Tan et al., 2010). XRD analysis indicates many of these solids are 
amorphous or poorly-crystalline (Cravotta and Trahan, 1999; Hedin 
et al., 2019; Kairies et al., 2005; Pu et al., 2010). Percentile con
centrations of critical metals are provided in Table 3. Manganese (Mn), 
a major metal pollutant in Appalachian AMD, was as high as 43% in the 
solids with two samples above the average global sedimentary Mn ore 
deposit value of 24% (Cannon et al., 2018). The two highest Co con
centrations (5050 mg/kg and 2940 mg/kg) were comparable to low 
grade Co ores (2000–10,000 mg/kg; Slack et al., 2017). Additionally, 
Co concentrations in six samples were above laboratory reporting limits 
(1000 mg/kg). Among other critical metal resources, Ni (≤ 6800 mg/ 
kg) and Cu (≤ 740 mg/kg) are below traditional laterite 
(8300–18,000 mg/kg; Berger et al., 2011) and porphyry 
(1000–16,000 mg/kg; Singer et al., 2008) sources, respectively. Gal
lium concentrations (≤ 17 mg/kg) are equivalent to or lower than 
continental crust concentrations (17–18 mg/kg; Foley et al., 2017). 
Both Cd (≤ 13 mg/kg) and Ag (≤ 4.4 mg/kg) are already recovered as 
byproducts from refining Zn and Zn/Pb ores, respectively (Goonan, 
2014; Shiel et al., 2010). All In and Se measurements were at or below 

detection limits (0.2 mg/kg and 3 mg/kg, respectively). 
Although untreated AMD has a higher REE content than natural 

waters, treatment solids are enriched by several orders of magnitude 
relative to either (Fig. 2). Total REE concentrations in treatment solids 
range from 4 to ~2300 mg/kg (Table 3). The highest concentrations of 
REE are associated with solids with substantial Al, and Mn content 
(Fig. 3). While the REE concentrations in these enriched samples are 
well below the concentrations in carbonatite and monazite REE ores 
(30,000 mg/kg to 80,000 mg/kg), they are similar to concentrations in 
ion-absorbed clay deposits in Southern China (500 mg/kg to 4000 mg/ 

Table 3 
The range in critical metal concentrations for AMD treatment solids. Percentile 
data were calculated from samples with concentrations above detection limits.           

Percentile REE Mn Coa Ni Cu Ga Cd Ag 

————————mg/kg————————  

100 (maximum) 2344 427,497 5050 6720 731 17 13.1 4.4 
75 255 2168 94 355 57 15 2.0 0.7 
50 115 620 14 32 17 13 1.7 0.5 
25 61 232 5 14 9 6 1.3 0.5 
0 (minimum) 4 100 1 4 1 4 0.5 0.3 
# analyses 261 278 98 82 82 11 74 82 
Minimum detection 

limit (mg/kg) 
1 100 1 1 1 1 0.5 0.5 

# below detection 0 1 5 0 15 0 7 60 

a Six samples have greater than 1000 mg/kg Co.  

Fig. 2. North American Shale Composite normalized REE patterns for the sea
water and groundwater samples with median total REE concentrations (Noack 
et al., 2014), AMD liquid samples with the highest and lowest total REE con
centrations (Cravotta, 2008b; Cravotta and Brady, 2015; Hedin et al., 2019;  
Stewart et al., 2017), and treatment solids with the highest and lowest total REE 
concentrations from this study. Y is not included in this plot. 
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kg; Van Gosen et al., 2017). Ion absorbed clay REE deposits in South 
China are economical to exploit, in part, because of their high pro
portion of high-value heavy REE (Tb, Dy, Y, Ho, Er, Tm, Yb, Lu); they 
contain about 80 wt%, compared to under 2 wt% for carbonatite/ 
monazite ores (Bao and Zhao, 2008; Castor, 2008; Lynas Corporation 
Ltd, 2012). Treatment solids are similarly enriched in heavy REE 
(average 49 wt%; Hedin et al., 2019; Stewart et al., 2017). 

Treatment solids also contain a high proportion of green energy 
technology-critical REE (Y, Nd, Dy, Eu, and Tb; DOE, 2011). Total 
concentrations of critical REE range from 7 mg/kg to ~1000 mg/kg and 
make up 27% to 67% of total REE concentrations in the solids (Fig. S2); 
Yttrium and Nd alone make up 26  ±  10% and 16  ±  4% of total REE 
concentrations, respectively. The proportion of green energy-critical 
REE in treatment solids are comparable to other unconventional REE 
feedstocks currently under consideration, such as coal fly ash, deep sea 
muds, and ocean FeeMn nodules (Bau et al., 2014; Stuckman et al., 
2018; Takaya et al., 2018), and approaches that of ion-absorbed REE 
clays (76%) in China (Bao and Zhao, 2008). Additionally, concentra
tions of U and Th in carbonatite and monazite REE ores can be up to 
400 mg/kg (Castor, 2008) and present an environmental challenge due 
to their radioactivity when processing these ores. AMD precipitates are 
significantly lower in U (5.8  ±  5.9 mg/kg; max. 26 mg/kg) and Th 
(4.3  ±  7.2 mg/kg; max. 51 mg/kg; Fig. S3). 

These data suggest that while treatment solids can be enriched in 
Mn and Co, there are very few samples in this database with con
centrations comparable to ores. However, REE concentrations are 
comparable to currently exploited ores and could be prioritized for 
recovery from AMD treatment solids. 

3.2. Geochemical relationships 

The multivariate linear regressions are shown in Table 4 and have 
strong prediction power (r2  >  0.60) for REE, Co, Ni, Ga, and Ag. For 
REE, the multivariate linear regression indicates that treatment solids 
with high concentrations of Al, Mn, and Mg (positive weights) are likely 
to have high concentrations of REE, while those with high Si and LOI 
concentrations are likely to have low concentrations of REE (negative 
weights). Likewise, higher Mn and Al concentrations are also associated 
with higher concentrations of Co. However, for Co, Mn is an order of 
magnitude more important than Al and dominates the multivariate 
regression. 

Previous work on REE in AMD treatment solids shows that REE are 

associated with Al rich solids (Ayora et al., 2016; Lozano et al., 2019a;  
Lozano et al., 2019b; Moraes et al., 2020). However, Table 4 shows that 
solids with high concentrations of Mn and Mg can also have high 
concentrations of REE. Furthermore, Fig. 3 shows that REE enriched 
solids are typically geochemically complex, containing Al, Mn, Fe, and 
Mg minerals. This is significant because the presence of a diverse mi
neralogical assemblage suggests complex REE attenuation mechanisms 
(e.g., sorption on Fe, Al, and Mn oxides and hydroxides) are possible 
and that both Al- and Mn-rich solids are important to consider when 
targeting treatment solids for REE recovery. 

Cobalt is strongly co-associated with Mn in AMD treatment solids in 
this study, as is common in ocean and freshwater systems (Lienemann 
et al., 1997). Although Co and Al are positively correlated, some sam
ples with high Al concentrations have low Co concentrations (Fig. S4). 
Additionally, the six samples with greater than 1000 mg/kg Co all 
contain at least 91,000 mg/kg Mn. 

Although organic matter has strong REE chelating abilities 
(Tanizaki et al., 1992), LOI is negatively weighted in the REE linear 
regression and is not well correlated with total REE concentrations 
(r2 = 0.12). Similarly, while dissolved Si concentrations are highest in 
low pH AMD (Cravotta, 2008a), Si and total REE concentrations are 
poorly correlated (r2 = 0.01). This suggests that Si and LOI dilute, 
rather than concentrate, REE in treatment solids. 

Fig. 3. Average AMD treatment solids content and total REE concentrations from 94 treatment systems or naturally attenuated sites across northern Appalachia.  

Table 4 
Results of the stepwise linear regression where major element concentrations 
(%) are used as independent variables to calculate critical metal concentrations 
(mg/kg).          

Variables REE Co Ni Cu Ga Cd Ag 

———Weights———  

y intercept 234 0.9 1.6 8.9 17.2 1.84 0.51 
Si (%) −12c −9.3 −21.4 −2.3 0.2 −0.05 0.00 
Al (%) 65c 18.6b 25.4a 12.0c −0.4b 0.01 0.02 
Fe (%) −3 −3.8 −3.4 −0.9 −0.2 −0.01 0.00 
Mn (%) 40c 180.4c 179.2c 2.4 0.1 0.28c 0.16c 

Mg (%) 43c −50.4a −33.3 −6.7 −1.4b −0.37b −0.01 
Ca (%) 2 7.8 11.2 1.7 0.0 0.04 −0.01a 

LOI (%) −7b 4.6 2.5 3.0 −0.1 0.01 −0.01 
Regression r2 0.70 0.76 0.63 0.33 0.77 0.32 0.99 

a p  <  0.05. 
b p  <  0.01. 
c p  <  0.001  
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3.3. Optimizing REE recovery in treatment solids 

Trace metal content and statistical analyses indicate that AMD 
treatment solids with high Al and Mn concentrations should be targeted 
for recovery of REE and Co. Additionally, multiple samples collected 
from single treatment sites indicate that there is low intra-site varia
bility in REE concentrations compared to variability between sites, 
which suggests that potential REE resource recovery for individual sites 
could be adequately determined by analyzing a few samples (Fig. S5). 
Although REE may be uniquely partitioned between solid phases (e.g., 
preferentially adsorbed onto specific metal oxides), bulk geochemical 
relationships can inform the identification of treatment solids amenable 
for REE recovery. 

3.3.1. Iron-rich precipitates 
While iron oxide can be a strong sorbent of REE and Co (Dzombak 

and Morel, 1990; Verplanck et al., 2004), Fe in AMD treatment solids is 
negatively correlated with REE (r2 = 0.31, p  <  0.01) and Co 
(r2 = 0.17, p  <  0.01), and iron-rich treatment solids typically contain 
low total REE and Co concentrations (Fig. 3, Fig. S4). The reasons for 
this relate to pH-based treatment of coal mine discharges. Minewaters 
that are both anoxic (dissolved oxygen < 1 mg/L) and circumneutral 
(pH ~7) are a common occurrence in Appalachia (Cravotta, 2008a). 
Under these conditions, Fe(II) is soluble while Al, REE, and Co are 
minimally soluble and/or are not leached from associated strata. 
Treatment of this type of mine drainage oxidizes and precipitates Fe, 
resulting in Fe-rich solids with low REE and Co concentrations. Treat
ment of low pH, high Fe minewaters solely by microbial Fe(II) oxida
tion also results in solids with high Fe and low REE and Co con
centrations (Hedin et al., 2019). 

3.3.2. Al- and Mn-rich precipitates 
Rare earth element, Co, Al, and Mn concentrations are highest in 

low pH discharges because these elements are leached from rock units 
by acidic minewater (Cravotta, 2008a; Wallrich et al., 2020). By neu
tralizing acidity and raising pH, dissolved metals can be precipitated. At 
pH 6–9, Al is minimally soluble and precipitates (Cravotta, 2008b); 
dissolved REE are also removed from solution by adsorption on Fe, Al 
and/or Mn oxide/hydroxides surfaces and/or co-precipitation with 
these metals (Ayora et al., 2016; Hedin et al., 2019; Lozano et al., 
2019b; Verplanck et al., 2004). Likewise, dissolved Co is removed from 
solution by adsorption on Fe/Mn oxide/hydroxide surfaces followed by 
substitution into Mn oxide structures (Burns, 1976; Lienemann et al., 
1997). Manganese can be removed at pH greater than 9 by stoichio
metric solubility controls (Cravotta, 2008b) or at pH 6–7 by hetero
geneous precipitation on biogenic Mn coatings on limestone (Santelli 
et al., 2011; Tan et al., 2010). 

3.3.3. Treatment technology 
To determine which AMD treatment systems should be prioritized 

for REE recovery, current treatment technology must also be con
sidered. Because of the pH dependency of REE concentrations in AMD, 
solids from systems treating AMD with pH greater than 5 typically 
contain total REE less than 500 mg/kg, and solids from AMD with pH 
less than 5 can have REE concentrations from less than 500 mg/kg to 
greater than 2000 mg/kg (Fig. 4). The impact of chemistry and treat
ment technology described below for REE likely also explain the 
variability and geochemical relationships for other clean energy critical 
metals and can inform their recovery from treatment solids. 

The wide range in total REE concentrations in treatment solids 
produced from pH less than 5 AMD is explained by the variety of acid 
neutralization technologies used in treatment. Typical active treatment 
technologies (in which chemicals are mixed with AMD in reaction 
tanks) utilized to neutralize acidity are sodium hydroxide (NaOH) or 
lime (either Ca(OH)2 or CaO). In passive treatment systems limestone 
(consisting of calcite, CaCO3) is usually used to neutralize acidity. 

Systems using lime to neutralize acidity typically produce treatment 
solids with lower total REE concentrations (283  ±  258 mg/kg; one 
standard deviation) than systems using limestone or sodium hydroxide 
(1211  ±  522 mg/kg and 1578  ±  258 mg/kg, respectively; Fig. S6). 
Higher average Ca concentrations in lime solids (19% ± 9%) compared 
to those from limestone and sodium hydroxide systems (3–6%) suggest 
that the lower REE concentrations are due to dilution by calcite and 
unreacted lime. Calcite commonly precipitates after the addition of lime 
because of high pCO2 in minewaters (Cravotta, 2008a). However, 
modern hydrated lime treatment systems with CO2 degassing tech
nology and pH-controlled lime dosing can produce solids with low Ca 
content (5% Ca; Beam, 2019) which could then potentially increase 
relative REE content. 

Treatment solids produced from pH less than 5 AMD using sodium 
hydroxide to neutralize acidity produce solids with high REE. However, 
Mg concentrations are also high (15% ± 4%) compared to the Mg 
content of solids from limestone and lime systems (< 1–3%). High Mg 
concentrations are a result of raising pH above 9 to precipitate Mn as 
MnO2 and/or MnOOH. Magnesium, also minimally soluble in this pH 
range, will precipitate as Mg(OH)2 together with Mn and REE, as ob
served in the REE multivariate regression (Table 4). 

Treatment solids produced from pH less than 5 AMD using lime
stone to neutralize acidity typically produce solids with high REE 
concentrations and low Ca and Mg concentrations (< 6%). The bi
carbonate buffering range of limestone dissolution minimizes the so
lubility of Al and Fe, promotes heterogeneous Mn removal, and mini
mizes Ca and Mg precipitation. A common maintenance task for passive 
treatment systems is the use of pumps and excavators to wash treatment 
solids from limestone beds. This produces segregated solids primarily 
composed of Al, Mn, Fe, and Si. For these reasons, limestone-based 
systems produce the treatment solids with both high REE concentra
tions and low non-target metal concentrations (e.g., Ca, Mg). 

Limestone treatment systems also produce solids with the highest 
concentrations of Co. All nine samples with Co concentrations greater 
than 1000 mg/kg are from limestone systems. Hedin et al., 2019 
showed that Mn rich coatings that form on limestone aggregate can 
contain high concentrations of Co (> 5000 mg/kg). 

3.4. REE and Co resources in appalachian AMD 

In situ and basket REE prices can be used to evaluate and compare 
potential REE sources (Silva et al., 2018) and can be applied to AMD 
treatment solids (Vass et al., 2019a). In situ price refers to the REE 
value in one metric ton of raw material (dry weight); basket price is the 
REE value in 1 kg of pure REE product, assuming 100% REE can be 
extracted from the raw material. Because each REE is valued differ
ently, in situ prices depend on REE distribution and concentration and 

Fig. 4. Paired untreated AMD pH and total REE concentrations in the treatment 
solids for 185 samples from 44 treatment systems using NaOH, lime, limestone, 
and settling ponds. 
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basket prices depend only on REE distribution. 
In-situ prices (in $USD) of Appalachian AMD treatment solids range 

from $3/metric ton to $405/metric ton; basket prices range from $131/ 
kg to $292/kg (Fig. 5). In-situ and basket prices of REE ores range from 
$18/metric to $6023/metric ton and from $39/kg to $213/kg, re
spectively (Lifton and Hatch, 2015). 

Although in-situ and basket prices for treatment solids and REE ores 
are highly variable, there is significant overlap. REE concentrations in 
treatment solids range from 4 mg/kg to 2460 mg/kg whereas REE 
concentrations in ores range from 256 mg/kg to 120,000 mg/kg (12%). 
However, REE in treatment solids are in a metal hydroxide/oxide ma
trix that is potentially easier to process than traditional sources which 
are mostly hosted in silicate or carbonatite igneous rocks (Van Gosen 
et al., 2017). Additionally, AMD treatment solids contain low con
centrations of U and Th, radioactive elements of concern in many REE 
ores. 

In addition, basket REE prices for treatment solids are two to three 
times greater than those for REE ores. This is because AMD treatment 
solids contain a higher proportion of heavy REE (HREE) which are more 
valuable than light REE (LREE; La, Ce, Pr, Nd, Sm, Eu, Gd). The average 
HREE/LREE ratios for treatment solids and REE ores are 0.74 ( ± 0.43) 
and 0.19 ( ± 0.47), respectively. The small range in treatment solid 
basket prices for the treatment solids is due to their relatively homo
geneous source (Pennsylvanian age sedimentary rocks in the 
Appalachian basin), compared to global REE ores. 

Estimated Co in situ prices range from $0.04/metric ton to $217/ 
metric ton. However, most solids (n = 73; 84%) would be valued at 
under $10/metric ton and only two are over $100/metric ton. 
Treatment solids with more economic concentrations of Co 
(> 2000 mg/kg) are associated with solids with high Mn concentra
tions (> 30%). While in situ prices are only one variable in determining 
the viability of resource extraction and market prices are volatile, the 
value of clean energy critical metals in AMD solids is driven by REE. 

3.5. Treatment costs and sustainability 

While currently operating AMD systems offer a potentially in
expensive source of REE-enriched solids, the cost and sustainability of 
AMD treatment are critical factors for future AMD treatment systems 
engineered for REE recovery. In Appalachia, the cost of using limestone 

as a neutralization agent is less than 20% of the cost of hydrated lime 
and sodium hydroxide (Cravotta et al., 2014). Limestone is also inert, 
compared to caustic sodium hydroxide, and has a lower CO2 footprint 
compared to lime which requires the energy-intensive process of 
limestone calcination (Bosoaga et al., 2009). In addition, in order to 
produce low-Ca solids, the construction of modern lime treatment 
systems typically cost $10 to $15 million USD with hundreds of thou
sands of dollars per year in operation and maintenance (Beam, 2019). 

An additional sustainability concern is the amount and nature of 
chemicals used in the processing of treatment solids. In many REE 
processing chains, the use of mineral acids (e.g., HCl) to solubilize REE 
accounts for about 40% of the greenhouse gas emissions in the REE 
processing chain (Haque et al., 2014). Treatment solids from lime and 
sodium hydroxide systems can contain high concentrations of Ca and 
Mg hydroxides/carbonates which would need to be dissolved before 
REE are solubilized at low pH. Treatment solids physically removed 
from limestone aggregate would require less acid to solubilize REE than 
other methods. 

Although cheaper, the use of limestone to treat large flows of se
verely contaminated AMD requires more land than lime or sodium 
hydroxide technologies and additional considerations to maintain 
porosity and reactivity compared to lime or sodium hydroxide (Skousen 
et al., 2017). Despite these challenges, the effective treatment of severe 
AMD with limestone-based technologies has been demonstrated in both 
large and small scale systems (Caraballo et al., 2009; Hedin et al., 2010) 
that can serve as models to leverage the high REE concentrating effi
ciency, low cost, and sustainability of limestone to provide the best 
technology for recovering REE from AMD. 

4. Conclusions 

Although Mn and Co are substantially enriched in some treatment 
solids, REE (including Y) appear to be the most promising clean energy 
critical metals to recover from waste AMD treatment solids. Recovering 
REE from these solids offers a more sustainable source of REE compared 
to many traditional and non-traditional sources by (1) eliminating 
mining impacts, (2) generating lower U and Th content, and (3) re
duced use of chemicals needed for processing. Total REE concentrations 
in solids currently produced from AMD treatment systems across 
Appalachia can contain over 2000 mg/kg dry weight and the variability 
in REE in AMD treatment solids can be predicted by AMD pH and the 
neutralization technology used in the remediation system. The highest 
total REE concentrations are associated with solids containing high Al 
and Mn concentrations. Geochemical relationships indicate that REE 
recovery will be maximized in systems that treat low pH (< 5) and high 
Al and/or Mn- containing AMD, using methods such as limestone 
treatment that can minimize nontarget solids precipitation. 

For future systems designed to treat AMD and concentrate REE into 
solids, the use of limestone as an acid neutralization agent should be 
considered because it is significantly less costly than lime or sodium 
hydroxide, has a lower environmental footprint, and produces solids 
with high REE concentrations. The value of REE in treatment solids, up 
to $405 USD/metric ton of dry material, could offset the treatment costs 
of AMD that pollutes many surface waters worldwide. The framework 
developed here can help in the identification of promising REE and 
critical metal sources, evaluation of the economics of REE capture, and 
in engineering treatment systems to maximize REE recovery in solids, 
thus transforming an economic and environmental liability into a va
luable resource. 
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