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Abstract
The conventional rare earth element (REE) industry has historically sought to develop ore deposits where geologic processes
have produced mineralized zones with commercially attractive REE concentrations. These deposits are extremely uncommon,
particularly in the USA. Given the criticality of these materials and the need for sustainable domestic supply, the current research
seeks to leverage other autogenous processes that lead to concentrated REE resources. One such process is the generation of acid
mine drainage (AMD). AMD is very common in many coal mining districts and results from the exposure and oxidation of pyrite
during mining. During the generation and migration of AMD, liberated sulfuric acid mobilizes several metal ions including
REEs. Treatment of AMD is required under U.S.C §1251, the Clean Water Act, and often consists of neutralization, oxidation,
and metal hydroxide precipitation. To investigate the deportment of REEs during this process, a field sampling campaign was
undertaken, whereby the concentration of REEs in AMD and AMD precipitates was measured directly. In the nine sites evaluated
in this study, the REE concentrations of the precipitates varied from 29 to 1286 ppm with an average of 517 ppm among the
sampled sites. The individual elements were enriched compared with the associated bulk Northern Appalachian (NAPP) coal
material by factors ranging from 3 to 15. Furthermore, the distribution of REEs in all precipitate samples favored the heavy REEs
(HREEs) when compared with traditional REE ores. This research represents the first part of multi-part research endeavor to
characterize, classify, and determine the practicality of refining REEs from AMD and its by-products.
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1 Introduction

Rare earth elements (REEs) occur in a wide variety of geolog-
ic formations; however, these occurrences rarely meet the nec-
essary minimum cutoff limits to facilitate profitable extraction
and refining. In cases where the ores do meet cutoff grade
limits, the mineralization often contains significant concentra-
tions of the actinides thorium and uranium. The mining and
processing of these deposits often entail detrimental environ-
mental consequences and higher operating costs owing to
waste disposal and handling [1]. Given the scarcity of

geologic settings that lead to enriched REE deposits, more
than 90% of REE production occurs in one country: China
[2]. This near-monopoly creates a potential impairment for the
USA and other countries where REEs are not readily pro-
duced. For example, during 2010 to 2012 rare earth crisis,
China imposed reduced export quotas during a period of in-
creased demand. This constrained market caused prices for
many REEs to increase more than 100-fold, leading to short-
ages in downstream markets [3]. As the demand peaked dur-
ing this period, almost $6,000,000,000 of investment capital
was raised by junior mining companies to secure additional
REE resources outside of China. Unfortunately, by 2015,
many of these companies entered bankruptcy or lost interest
in REEs due to the lower prices. This event indicates the
overall importance of REE supply on a local and global basis
as well as the need to consider alternative resources [4].

Despite the increased investment, only two REE mines
recently started production outside of China [5]. The Mount
Weld deposit in Australia began production in 2013. The ore
from Mt. Weld is processed in Malaysia by Lynas
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Corporation, whose operating permit has recently come under
controversy concerning the disposal of radioactive waste [6].
The second operation, Mountain Pass located in the USA, has
experienced instability in reaching full-scale production due to
lower REE prices and the high distribution of light REEs
(LREE) in the orebody [7].

Many industrial processes rely on REEs for their products
including catalysts, metallurgy, petroleum refining, catalytic
converters, ceramics, phosphors, magnets, and electronics.
Currently, the USA consumes approximately 12,000 metric
tons of REEs per year [8]. Of that, the Department of
Defense uses less than 5%, or approximately 600 metric tons
[9]. Future demand for individual REEs is difficult to predict
due to the number of elements involved and variety of uses;
however, given the increasing forecasted demand for green
technologies and electronic devices, many researchers believe
that demand for REEs will also increase [10, 11]. Specifically,
supply concerns regarding the heavy REEs (HREE) are of
primary concern because identifying economically feasible
HREE-enriched deposits outside of China has been unsuc-
cessful [12].

Given the disparity between current REE supply and future
REE demand, many stakeholders including researchers, na-
tional governments, and private companies have attempted
to identify alternative and unconventional REE resources.
For example, by-products of phosphoric acid production have
been identified as a potential alternative source of REE pro-
duction [13–16]. Also, there has been an increased interest in
recycling of REEs, further indicating the need for alternative
REE supplies [17]. While the overall production volume of
REEs may alleviate some criticality concerns of the REE sup-
ply, it will not successfully compensate for the projected in-
crease in demand over the next several years [18].

The presence of REEs in coal has long been established by
many researchers [19–22]. More recently, the classification of
REEs as critical minerals by the USA has brought an in-
creased interest in the availability of a domestic REE supply.
Since 2014, the US Department of Energy has analyzed the
economic feasibility of recovering rare earth elements from
coal and coal by-products [23]. Most initial studies focused
on the recovery of REEs from coal tailings (refuse) and coal
fly ash [24].

In June 2015, researchers at West Virginia University
found significant concentrations of REE in precipitates
formed during acid mine drainage (AMD) treatment [25].
These findings formed the basis for a detailed study of REE
occurrence in the northern (NAPP) and central (CAPP)
Appalachian Coal Basin AMD and its by-products.
Consequently, this research was developed to identify the
grade and potential recovery of REEs from AMD and its by-
products.

In the Appalachian Coal Basin, AMD constitutes one of the
most significant and widespread water quality challenges.

AMD occurs when pyrite-bearing mine spoil oxidizes after
mining. It consists of acidity and a varied suite of metals such
as iron, aluminum, and manganese as well as the dominant
anion, sulfate. Mining exposes these sulfide minerals to
weathering, and the increased mineral surface area then leads
to elevated oxidation and leaching, resulting in AMD forma-
tion as follows [26]:

FeS2 þ 7

2
O2 þ H2O ¼ Fe2þ þ 2SO2−

4 þ 2 Hþ ð1Þ

Fe2þ þ 1

4
O2 þ Hþ ¼ Fe3þ þ 1

2
H2O ð2Þ

Fe3þ þ 3H2O ¼ Fe OHð Þ3 þ 3Hþ ð3Þ
FeS2 þ 14 Fe3þ þ 8 H2O ¼ 15 Fe2þ þ 2 SO2−

4

þ 16 Hþ ð4Þ

The detrimental effects of AMD are well-documented and
include adverse impacts on nearby streams [27–30]. Over the
last 50 years, researchers have extensively studied the factors
controlling AMD and developed methods that predict the se-
verity and extent of AMD based on mining practices and
geological properties [28, 31].

Per Section 402 of the CleanWater Act, mine operators are
obliged to treat AMD prior to discharge. This treatment often
incorporates alkaline addition and oxidation to increase the pH
and remove metal ions from solution [26, 30, 32, 33]. This
method of treatment can be incorporated through the use of
different processing systems, both active and passive, to max-
imize treatment efficiency, minimize cost, and ensure environ-
mental compliance [29, 34].

As AMD is treated by alkaline addition, the dissolved met-
al ions precipitate as hydroxides (denoted AMD sludge, AMD
precipitate, or AMDp) while clean water is discharged into the
receiving stream as follows (when using CaCO3 as the neu-
tralizing agent) [35]:

CaCO3 þ H2SO4 ¼ CaSO4 þ H2CO3 ð5Þ
3CaCO3 þ Fe2 SO4ð Þ3 þ 6H2O

¼ 3CaSO4 þ 2Fe OHð Þ3 þ 3H2CO3 ð6Þ
3CaCO3 þ Al2 SO4ð Þ3 þ 6H2O

¼ 3CaSO4 þ 2Al OHð Þ3 þ 3H2CO3 ð7Þ

The chemical and morphological characteristics of AMDp
are unique to each treatment site and are a function of the
composition of the AMD, type of neutralization chemical
used, the amount of aeration, the extent of carbon dioxide
release, and the configuration of the treatment system incor-
porated [26, 36]. Typically, AMDp is composed of an iron-
rich sludge that can contain other metals and vary from gran-
ular to gelatinous in consistency [36]. Moreover, the AMDp
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can contain fine to amorphous flocs that are greatly dependent
on the treatment chemical used [37]. As a result, the AMDp
from each mine site will vary as to the exact makeup of hy-
droxides, carbonates, and composition of metals. Lastly, this
bulky and often moisture-rich sludge is difficult to handle and
dispose of effectively. Alternative applications for this mate-
rial could prove beneficial to the public and private entities
liable for the treatment and disposal of AMD [38].

AMD chemistry represents the integration of reactions that
occur on much smaller scales such as the pore water surround-
ing pyritic versus non-pyritic rock grains and localized oxidiz-
ing versus reducing environments. This integration occurs
over the scale of mines that range in extent from hundreds of
acres to 20 square miles or more as is the case of large, under-
ground mines. AMD precipitate further integrates these vari-
ations in discharge chemistry by aggregating the dissolved
metal loads over periods of months or years. The volume of
mine drainage, either derived from surface or underground
sources, changes seasonally according to the volume of infil-
trating water; but, ionic composition fluctuates within narrow
bounds at a given source. Thus, loads and concentrations vary
inversely between the wet winter months and the dry late-
summer to fall seasons.

While several prior studies have evaluated the partitioning
and concentration of major AMD metals such as iron, alumi-
num, and manganese, few studies to date have evaluated the
quality and quantity of REEs in AMD and AMD treatment
by-products. Moreover, the lack of technical data on REEs in
AMD limits the ability to answer key questions on the
prospectivity (a predictive tool for choosing the location for
further exploration efforts) of a potential REE resource de-
rived from AMD. These questions include but are not limited
to:

& What are the typical REE concentrations in AMD and
what factors influence those concentrations?

& What is the size of the REE resource that can be realized
from AMD in the Appalachian coal basin?

& What is the contained value of REEs in AMD and AMDp,
and is this contained value sufficient to merit further
study?

& What is the conceptual framework for the extraction and
processing of these resources?

& What environmental, social, legal, and other intangible
considerations must be resolved prior to resource
development?

The objective of this manuscript is to evaluate the
prospectivity of AMDp as an alternative source of REEs.
The current technical literature lacks data from systemic stud-
ies that describe the content and quality of REEs in AMD and
AMDp, and, as a result, few researchers have critically ana-
lyzed the value chain that can be derived from this current

waste stream. This manuscript will describe a prospecting
study where nine AMD treatment sites were extensively sam-
pled and analyzed to determine the variation among and with-
in sites as well as the partitioning of REEs among the AMD,
AMDp, and treated water streams. Following this initial char-
acterization, a regional production model was developed and
used to estimate the resource size and potential value of REEs
from AMD. Lastly, the paper investigates the technical, envi-
ronmental, and civil considerations that would accompany
REE extraction from AMD.

2 Materials and Methods

To assist in assessing the prospectivity of REEs in AMD, nine
Northern Appalachian coal mine sites with AMD outflows
were chosen for detailed sampling that encompassed a variety
of coal seams and mine types. Each of these sites employs
active chemical treatment of the AMD to meet effluent limits.
As a result, both AMD and AMDp were available for sam-
pling. Figure 1 shows the location of these sites within the
NAPP basin on a county level, while Table 1 shows the unique
characteristics of each site.

Several classes of AMDwere represented in the population
of sampling sites. The two primary mine categories included
underground and surface. The surface category included re-
fuse storage areas and impoundments. Next, the mines were
classified as either above or below drainage (a.k.a. flooded).
Flooded mines that are located below drainage typically
contained net-alkaline water in contrast to the net-acidic water
commonly associated with AMD [39, 40]. This difference is
caused by the restriction of pyrite oxidation under anoxic,
flooded conditions and the gradual accumulation of the alka-
line, bicarbonate ion buffer [41]. Under unflooded, oxidizing
conditions, pyrite oxidation is unrestricted and acid generation
may be controlled by either neutralizing minerals in the spoil
or the eventual exhaustion of pyrite [42, 43]. This distinction
is significant as the extent of acid generation is anticipated to
influence REE loading.

Both aqueous AMD and solid AMDp samples were col-
lected over periods of between four and 17months, depending
on the sampling site. Typically, both the influent and effluent
aqueous streams were collected at the AMD treatment plant.
Additionally, three AMDp samples were collected at the site
during each visit.

The sampling interval was chosen based on the inherent
variability, quality, or quantity of the AMDp produced at each
site. For example, site AMD_7 was sampled frequently even
though it had a low REE concentration in the AMDp because
it had a high flux of AMD and was therefore a potentially
high-volume producer of REEs. Likewise, site AMD_3 had
the highest concentration of total rare earth elements (TREEs)
in the population and was therefore intensively sampled.
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The collected aqueous and precipitate samples were then
analyzed using ICP-MS for the REEs by TestAmerica
Laboratories, Inc. and SGS Canada Inc., respectively. Both

laboratories are certified by their respective state/provincial
agencies to undertake both aqueous and solid REE analysis.
Additionally, West Virginia University’s National Research

Fig. 1 County level location of the AMD sites evaluated

Table 1 AMD site topographic
settings and characteristics Site ID State County Influent

pH
Treatment
chemical

Seam Mine
type

Flooded/above
drainage

AMD_
1

WV Preston 2.73 Lime Freeport UG Above drainage

AMD_
2

WV Monongahela 6.91 Lime Pittsburgh UG Flooded

AMD_
3

WV Upshur 3.46 NaOH Kittanning SM Above drainage

AMD_
4

PA Armstrong 3.17 Lime Kittanning SM/UG Above drainage

AMD_
5

WV Monongahela 2.88 Lime Freeport UG Above drainage

AMD_
6

PA Cambria 5.38 Lime Kittanning UG Flooded

AMD_
7

PA Greene 6.58 Lime Pittsburgh UG Flooded

AMD_
8

WV Preston 2.69 Ammonia Freeport UG Above drainage

AMD_
9

WV Preston 2.70 Lime Freeport UG Above drainage

UG, underground mine; SM, surface mine
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Center for Coal and Energy Analytical Laboratory (NRCCE)
used an ICP-OES to analyze the other major ions. AMDp was
digested using a sodium peroxide (Na2O2) fusion and re-
dissolved in hydrochloric acid. This method appears to be
comparable with the United States Environmental Protection
Agency’s total digestion method 3052 for REEs. Method de-
tection limits (MDL) for the aqueous rare earths were typically
in the 0.02 ppb range, while the solid REE analysis had MDL
ranging from 5 to 0.5 ppm.Major metal ions were measured in
aqueous samples with MDL similar to those of the aqueous
REEs.

Aqueous samples were collected in a clean 1000-mL
HDPE sample bottle. Next, this sample was then split into
two separate containers (one preserved and one raw) for fur-
ther analysis. Dilute nitric acid (2%) was added to the pre-
served sample bottle to prevent precipitation or adsorption of
the target analytes during shipping. Afterwards, the raw water
samples were stored at 4 °C, until it was ultimately delivered
to the NRCCE laboratory for major ion analysis. Finally, the
aqueous REE samples were shipped to the TestAmerica labo-
ratory in their preserved state.

Precipitates were collected by hand using a shovel or post-
hole digger at or near the edge of the drying cell. These sam-
ples were placed in new 1-gallon HDPE sample buckets.
Later, the AMDp samples were split into 50-mL representa-
tive aliquots for the ICP analysis in a laboratory setting. These
sub-samples were then placed in 50-mL digestion tubes for
transport to SGS Canada Inc. for analysis.

Representative samples of entire AMDp cells were often
difficult to impossible to safely obtain due to the depth and
semi-liquid consistency of the precipitate. Therefore, many of
the collected samples were located near the edge of drying cell
ponds. Due to this sampling procedure, bias may have been
introduced into some of the results. For example, the AMDp
may stratify within the settling pond with varying qualities
dependent upon depth. Alternatively, where allowed, various
AMDp samples were collected at differing depths across a
drying cell for select sites. Figure 2 shows a typical AMDp
drying cell where representative samples were difficult to ob-
tain. Finally, at sites that pump an AMDp product to aban-
doned underground mine works, the samples were collected
from the clarifier underflow.

Several authors, including Seredin and Dai [44], Moldoveanu
[45], and Gupta [46], have used different classifications methods
to assist in analyzing potential REE resources. These classifica-
tions can be based on supply-demand relationships (critical REE
versus excessive REE) or simple atomic number (heavy REE vs.
light REE). For this paper, the following classifications will be
observed:

& Heavy REEs (HREE): Sc, Y, Gd, Tb, Dy, Ho, Er, Tm, Yb,
Lu

& Light REEs (LREE): La, Ce, Pr, Nd, Sm, Eu

& Total REEs (TREE): HREE + LREE
& Critical REEs (CREE): Y, Nd, Eu, Tb, Dy

3 Results and Discussion

The data from the field sampling campaign was used to assess
the prospectivity of the REE resource in AMD. Key questions
include the concentration of REEs in AMD and the factors
that influence concentration, the overall size of the potential
resource, the market value, conceptual framework for extrac-
tion and processing, and environmental and civil consider-
ations. Each question is addressed in further detail below.

3.1 Concentration of REEs in AMD and AMDp

Tables 2 and 3 show the analytical results of the sampling
campaign for AMD and AMDp respectively. TREE concen-
tration averaged 258 μg/L for the aqueous AMD influent.
This low REE concentration may seem to preclude AMD as
a viable REE feedstock; however, the high enrichment factor
after treatment of AMD is significant. Of the samples tested,
the average concentration of REEs in AMDp was 517 g/t: a
concentration factor of 2000 times, with individual REE con-
centration factors varying from 1300 to 8400 times. These
data show that the process of AMD migration through coal
strata and the subsequent treatment of AMD produce a net
enrichment, because the average TREE concentration in
AMDp (517 ppm) is considerably higher than that of US coal
(66 ppm) or the crustal abundance (206 ppm) [19, 47]. Also,
REE concentrations in AMD treatment plant effluent was ex-
tremely low, often below detection limits, indicating the REEs
exited the treatment plant as a precipitate.

Fig. 2 Typical AMDp drying pond found in NAPP
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3.1.1 TREE in Pre and Post Water Treatment

Further evaluation of the influent and effluent streams at each
site confirmed that the bulk of the REEs were recovered into
the AMDp. Figure 3 compared these influent and effluent
streams from the nine sites. From these data, it was shown
that the AMD treatment process reduced the REEs in the
effluent by an average of 78%. Likewise, the major polluting
metals (Al, Fe, Mn, Mg) were also reduced by an average of
57%. As a result, an economic method for recovering REEs
from AMDp could further incentivize operators to meet or
even exceed the governing effluent limits.

Results from this characterization of REEs in AMD by-
products indicated that on average, AMDp contained
517 ppm of REEs on a dry weight basis, as seen in Table 3.
In addition, Table 4 shows the 95% upper and lower confi-
dence intervals for repeat samples taken from the same site. In
many cases, samples from a given site showed very little var-
iability with respect to REE concentration and distribution.
This finding is likely due to the large time scales and spatial
scales that govern AMD production and migration. Thus, the

concentration of REEs in AMD represents the integration over
several decades and large volumes of rock.

3.1.2 Factors Controlling REE in AMD and AMDp

Each coal mine has unique geochemical features even among
those that are in relatively close geographic proximity and coal
seam. Furthermore, the elevation of the mine works, whether
above or below drainage, also has a clear effect on the quantity
of REEs in the aqueous AMD discharging from the mine.
Treatment chemistry further influences the REE concentration
in AMDp based on the type of treatment required at the mine.
As shown in Tables 2 and 3, the sites AMD_2, AMD_6, and
AMD_7 have significantly lower TREE concentrations, in
both the AMD and AMDp, than the other mines. These three
mines are all below-drainage flooded mine complexes. The
water chemistry of these flooded AMD mines differs signifi-
cantly from above-drainage mines. Typically, the pH of AMD
discharged from these mines are of higher value (as seen in
Table 2) since the oxidizing conditions that produce AMD are
not present.

Table 2 Average REE concentrations for aqueous AMD influent at nine treatment facilitates in PA and WV

Site (txt) AMD_1 AMD_2 AMD_3 AMD_4 AMD_5 AMD_6 AMD_7 AMD_8 AMD_9 Mean % TREE

Mine type (txt) UG UG SM UG UG UG UG UG UG – –

Horizon (txt) AD BD AD AD AD BD BD AD AD – –

Seam(s) (txt) UFP PITT KITT KITT UFP KITT PITT UFP UFP – –

AMD samples (#) 4 12 17 4 17 4 13 6 4 9 –

Sc (ug/L) 2.63 0.83 6.11 38.70 46.50 3.16 3.82 8.05 11.38 13.46 5.2%

Y (ug/L) 18.38 2.15 41.51 355.03 72.84 16.70 13.27 42.42 66.78 69.90 27.1%

La (ug/L) 10.48 0.42 11.55 34.65 12.75 2.53 0.32 10.08 20.08 11.43 4.4%

Ce (ug/L) 31.23 1.41 35.69 137.60 48.81 7.73 1.49 37.33 72.88 41.57 16.1%

Pr (ug/L) 4.83 0.22 4.34 27.18 7.86 1.07 0.35 6.08 11.40 7.04 2.7%

Nd (ug/L) 23.00 1.14 20.06 172.15 40.39 5.70 2.55 31.10 56.35 39.16 15.2%

Sm (ug/L) 6.35 0.27 5.34 72.05 12.27 1.73 0.92 9.25 16.98 13.90 5.4%

Eu (ug/L) 1.40 0.06 1.40 19.78 3.22 2.83 0.29 2.27 4.15 3.93 1.5%

Gd (ug/L) 6.98 0.43 7.72 103.08 17.80 3.13 1.83 11.60 20.90 19.27 7.5%

Tb (ug/L) 0.96 0.05 1.31 15.80 3.35 0.51 0.28 1.80 3.25 3.03 1.2%

Dy (ug/L) 5.05 0.36 7.95 82.30 20.82 3.15 1.78 10.32 17.40 16.57 6.4%

Ho (ug/L) 0.86 0.05 1.51 14.40 4.04 0.61 0.42 1.82 3.08 2.98 1.2%

Er (ug/L) 2.18 0.20 4.26 34.95 11.79 1.60 1.21 4.95 8.15 7.70 3.0%

Tm (ug/L) 0.28 0.01 0.53 4.33 1.49 2.64 0.15 0.62 1.03 1.23 0.5%

Yb (ug/L) 1.58 0.13 3.12 23.53 9.14 1.05 0.81 3.88 6.50 5.52 2.1%

Lu (ug/L) 0.23 0.01 0.45 3.43 1.30 2.62 0.13 0.55 0.88 1.06 0.4%

pH (pH) 2.73 6.91 3.46 3.17 2.88 5.38 6.71 3.92 2.70 4.20 –

TREE (ug/L) 116 8 153 1139 314 57 30 182 321 258 100.0%

HREE (ug/L) 39 4 74 676 189 35 24 86 139 141 54.6%

LREE (ug/L) 77 4 78 463 125 22 6 96 182 117 45.4%

CREE (ug/L) 49 4 72 645 141 29 18 88 148 133 51.4%

SM, surface mine; UG, underground mine; AD, above drainage; BD, below drainage; UFP, Upper Freeport; KITT, Kittanning; PITT, Pittsburgh
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The current data generally shows that increased pH in raw
AMD corresponds to a lower TREE concentration. The quan-
tity of free hydrogen ions available for leaching is a major
factor in liberating REEs from the surrounding strata. A cor-
relation of influent water pH and TREE concentration in
AMD was derived from the dataset. Figure 4 shows this rela-
tionship. Of interest is the lack of data between the pH values
4 and 5 labeled as an “un-buffered zone,” where Fe and Al
buffering in AMD results in areas of pH stability in the regions
above and below the pH range of 4 to 5, respectively. This
bimodal behavior is likely due to the carbonate buffering in
the upper pH range and pyrite oxidation at the lower pH range
as described by Cravotta et al. [48]. Indeed, this bimodal dis-
tribution is a result of the differences in geochemistry between
the flooded underground and above-drainage mines. This dif-
ferentiation may indicate that different processing paths will
be required for the different influent geochemistry profiles.

When compared with the average crustal abundance and
the average content of REEs in coal, the AMDp contained a

significantly higher abundance of REEs as shown in Fig. 5.
Except for Sc, all the REEs in AMDp were found in higher
concentrations than in those of either the crustal abundance or
native coal material. On average, the REEs in AMDpwere 3.5
times more concentrated than the crustal abundance and more
than 10 times more concentrated than typical REEs found in
coal [19, 47]. More important is the interaction between AMD
and the mineralogy of the coal seam. AMD typically seeps
through not just the coal seam but the surrounding strata as
well. As indicated by Zhang et al. [49], the REEs typically are
associated with the gangue materials within the coal seam and
not the coal itself.

3.2 Basin Production Estimate

The results from the sampling campaign are analogous to an
initial prospecting survey and may be used to approximate the
overall regional production at a high level. Unfortunately,
comprehensive AMD flowrate datasets are practically

Table 3 Average REE concentrations for AMDp at nine treatment facilitates in PA and WV

Site (txt) AMD_1 AMD_2 AMD_3 AMD_4 AMD_5 AMD_6 AMD_7 AMD_8 AMD_9 Mean % TREE

Mine type (txt) UG UG UG UG SM UG UG UG UG – –

Horizon (txt) AD AD AD AD AD AD BD BD BD – –

Seam(s) (txt) KITT UFP UFP UFP KITT UFP KITT PITT PITT – –

AMDp samples (#) 14 12 52 12 52 12 13 40 36 27 –

Sc (g/t) 13.25 14.54 54.87 14.54 15.56 13.71 9.85 3.88 1.32 15.72 3.0%

Y (g/t) 198.21 141.42 98.33 129.01 396.74 96.37 52.40 8.31 6.67 125.27 24.2%

La (g/t) 44.94 94.03 20.39 126.75 110.31 149.96 8.85 2.98 3.11 62.37 12.1%

Ce (g/t) 138.14 127.42 72.07 130.31 296.27 169.00 24.60 8.13 7.22 108.13 20.9%

Pr (g/t) 21.72 20.05 11.43 19.89 37.21 23.28 3.71 1.16 0.90 15.48 3.0%

Nd (g/t) 114.07 96.42 55.58 95.92 163.92 111.92 17.38 5.48 4.36 73.89 14.3%

Sm (g/t) 37.48 29.29 16.74 28.38 41.36 30.18 4.73 1.93 0.82 21.21 4.1%

Eu (g/t) 9.40 7.35 4.28 7.08 10.84 7.21 1.25 0.64 0.30 5.37 1.0%

Gd (g/t) 49.36 35.69 24.17 34.98 61.18 35.33 8.52 2.25 1.18 28.07 5.4%

Tb (g/t) 6.92 5.80 4.43 5.62 10.22 5.53 1.43 0.55 0.30 4.53 0.9%

Dy (g/t) 37.10 31.15 26.11 32.47 61.72 31.13 8.05 1.94 0.78 25.61 5.0%

Ho (g/t) 6.86 5.96 5.18 6.25 12.64 6.04 1.84 0.46 0.20 5.05 1.0%

Er (g/t) 17.38 15.48 14.01 16.45 34.18 16.05 4.72 1.07 0.46 13.31 2.6%

Tm (g/t) 2.12 2.16 1.95 2.21 4.48 2.06 0.68 0.47 0.40 1.83 0.4%

Yb (g/t) 11.72 12.12 11.15 12.54 25.38 11.61 3.19 0.70 0.37 9.87 1.9%

Lu (g/t) 1.76 1.80 1.68 1.86 3.70 1.72 0.57 0.35 0.30 1.53 0.3%

U (g/t) 7.41 6.83 5.38 8.19 5.22 4.83 0.58 0.75 0.94 4.46 0.9%

Th (g/t) 4.91 14.37 9.64 7.39 3.96 8.98 0.38 0.82 0.64 5.67 1.1%

TREE (g/t) 710 641 422 664 1286 711 152 40 29 517 100.0%

HREE (g/t) 345 266 242 256 626 220 91 20 12 231 44.6%

LREE (g/t) 366 375 180 408 660 492 61 20 17 286 55.4%

CREE (g/t) 366 282 189 270 643 252 81 17 12 235 45.4%

TREE Enrichment (−) 624 1995 1344 3647 8412 6111 2675 1360 3712 2007 –

SM, surface mine; UG, underground mine; AD, above drainage; BD, below drainage; UFP, Upper Freeport; KITT, Kittanning; PITT, Pittsburgh
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nonexistent due to the complexity of flow interactions, large
seasonal variations, and the temporal nature of the effluent
constituents. As a result, multiple AMD outfall datasets were
compiled to estimate the regional AMD flow rate estimate by
the authors. These data are composed of projects completed
by the West Virginia Water Research Institute, Pennsylvania
Abandoned Mine Land Department, West Virginia
Department of Environmental Protection, and various studies
from others [50–52].

In all, this regional estimate encompasses over 1100 unique
AMD outlets, predominately in the NAPP region and indicat-
ed that the regional AMD flow rate is approximately
94,700 L/s. Consequently, this estimate may be considered
conservative in relation to the actual flow rate. Previously,
Stewart et al. provided a regional flow estimate of
417,448 L/s [53]. By comparison, the methods used by
Stewart could lead to overestimation of the true quantity of
AMD due to the incorrect assumption that all coal mining
leads to the generation of AMD and neglecting the spatial
reduction of multi-seam extraction, which is common in
Central Appalachia (CAPP). Given these complexities, an ac-
curate and precise determination of AMD flowrate for the
Appalachian basin would require a more extensive study well
beyond the scope of this research. Nevertheless, for the

purpose of the current study, both Stewart’s methodology
and the authors’ methodology were used to estimate the high
and low AMD flow rate values, respectively. In addition, the
REE content of this AMD was assumed to be the average for
the NAPP values shown in Table 5. Given these inputs, the
estimated REE production from AMD was determined to be
between 771 to 3400 t of REEs per year. The high variance in
the two estimated production rates indicates that further ex-
ploration of the resource is required to identify an economi-
cally feasible process to extract REEs from AMD.

3.3 Valuation

To estimate the contained value of REEs in AMD, an average
price deck for the REEs was compiled for the lanthanide series
plus yttrium from 2008 through 2015 using the USGSMineral
Yearbooks [54–61]. These 8 years contain the global REE
peak prices observed during 2011 as well as the preceding
and post market minimums. A similar process for economic
valuation has been used in similar coal-based REE deposits
[62, 63]. Scandium was not included in this analysis, as the
unit high price tends to grossly distort the final values.
Additionally, the current global production of scandium is
very small, and a large influx of Sc to the market could dras-
tically change the supply and demand relationship [64].

Table 4 AMDp 95% upper and lower confidence intervals for mean TREE values

Site (txt) AMD_1 AMD_2 AMD_3 AMD_4 AMD_5 AMD_6 AMD_7 AMD_8 AMD_9

Mean TREE (g/t) 711 29 1286 710 422 152 40 664 641

95% UCL (g/t) 507 24 1202 585 406 131 17 504 575

95% LCL (g/t) 916 33 1369 836 439 173 64 825 707

UCL, upper confidence level; LCL, lower confidence level

Fig. 3 Difference in the influent and effluent TREE values for nineNAPP
AMD sites

Fig. 4 Relationship between pH and aqueous TREE concentrations
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The referenced prices were provided on an oxide basis and
were averaged across the 8-year span for the present data.
Next, the oxide prices were converted to metal equivalents
using standard metal to oxide ratios. Table 6 shows the price
deck used for this preliminary valuation.

From these prices, two different economic indicators were
evaluated for the mean AMDp REE concentration (minus Sc).
First, the basket price was determined by weighting the ele-
mental price by the elemental distribution within the AMDp.
This indicator was representative of a what 1 kg of final REE
metal product would command on the open market, assuming
a representative distribution of REEs were produced from the
mean AMDp values. This could also be viewed as the gross
average selling price for the AMDp product before fixed and
variable mining costs are deducted. Additional assumptions in
the generation of this metric assume that all elements have
demand in the market and all were equally recoverable in
the refining process. Overall, the basket price would be a poor
indicator when choosing between two projects; however, it
does provide a good comparison of an ore’s potential value
when identical elemental prices were used between projects.

The second indicator evaluated was the in situ price. This
value represents the unitized value of 1 t of the resource in the
ground. In relation to AMDp, this metric would correspond to

1 t of AMDp, on a dry weight basis, located in a storage pond.
This price was also exclusive of mining, processing, and mill-
ing costs; therefore, it was not an indicator of economic via-
bility. Furthermore, this price assumed all elements were fully
recovered and salable. Nevertheless, this benchmark may be
used to compare the gross unitized value of reserves and re-
sources between multiple projects. When the in situ price of
$89.08/kg TREE was applied to the REE production models

Fig. 5 Comparison of mean
AMDp REE concentrations to
that of crustal and US coal
abundance values [19, 47]

Table 6 Price deck used for economic evaluation consisting of average
pricing from USGS Mineral Yearbooks (2008–2015)

Mean Elemental Basket In situ
Element Concentration % TREE Value Price Price
(txt) (g/t) (%) ($/kg) ($/kg) ($/ton)

Sc* 15.72 – $5628.83 – –

Y 125.27 25.0% $85.53 $21.36 $10.72

La 62.37 12.4% $32.73 $4.07 $2.04

Ce 108.13 21.6% $35.23 $7.60 $3.81

Pr 15.48 3.1% $123.96 $3.83 $1.92

Nd 73.89 14.7% $109.10 $16.07 $8.06

Sm 21.21 4.2% $158.86 $6.72 $3.37

Eu 5.37 1.1% $1817.44 $19.47 $9.77

Gd 28.07 5.6% $183.49 $10.27 $5.15

Tb 4.53 0.9% $1438.75 $13.00 $6.52

Dy 25.61 5.1% $681.84 $34.81 $17.46

Ho 5.05 1.0% $859.11 $8.65 $4.34

Er 13.31 2.7% $195.83 $5.20 $2.61

Tm 1.83 0.4% $2093.80 $7.66 $3.84

Yb 9.87 2.0% $455.48 $8.96 $4.49

Lu 1.53 0.3% $3269.27 $9.95 $4.99

TREE 502 100.0% – $177.62 $89.08

HREE 215 44.6% – $119.87 $60.12

LREE 286 55.4% – $57.76 $28.97

CREE 235 45.4% – $104.73 $52.52

*Sc Excluded from evaluation due to the inherent volatility

Table 5 Low and high regional flow rate estimates

Regional AMD flow estimate Units Low1 High2

PA (L/s) 51,401 –

WV (L/s) 24,095 –

OH (L/s) 18,900 –

MD (L/s) 317 –

Total (L/s) 94,712 417,448

TREE concentration (mg/L) (mg/L) 0.258 0.258

TREE load (t/year) 771 3400

1 Regional flow estimates based on proprietary AMD studies
2 Regional flow estimate by Stewart et.al. [53]
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in Table 5 at the mean aqueous inflow concentration, a value
of approximately $69M/year to $303M/year was observed.

To compare the viability of AMDp as a reasonable REE
feedstock, the two aforementioned price indexes were applied
to 58 different REE resources. The assays for these projects
were compiled from NI 43–101, JORC, or SAMREC state-
ments [65]. As a means of comparison, the in situ price for
each resource was plotted against that resource’s basket price,
as shown in Fig. 6.

The AMDp ranks reasonably well among the other resources,
indicating that it has a moderate potential as a feasible resource.
While AMDp does have a lower in situ price than many other
reserves, it also has several unique qualities that are more ame-
nable to processing than traditional hard-rock ores. For example,
AMDp does not rely on traditional extraction, comminution, or
physical separation as part of the processing flowsheet. AMDp
processing to recover REEs would likely occur on brownfield
sites that are already permitted for waste disposal. Furthermore,
AMDp possesses a significant basket price when compared to
other resources.

While this research shows that the production potential of
REEs through AMD is below that of the current US demand,
AMD is still significant as a steady and reliable domestic source.
AMD typically loses acidity over time; however, new mining
works are constantly being added that could create the oxidizing
environment necessary for future AMD production.
Additionally, the generation of REEs through AMD flows is
stable over long periods of time; as a result, this resource could
be used to supplement other US-based REE sources.

Lastly, AMDp is viewed by the industry as an impediment
and the treatment, storage, and removal are conducted in a
manner that minimizes cost. As a result, many of the AMDp
resources are currently pumped underground or disposed of in
impoundments. These practices do not allow for the recovery of
REEs from the AMD treatment waste streams. Furthermore,
there are many potential positive environmental impacts that
could be achieved with the beneficiation of AMDp.

3.4 Conceptual Framework for Extraction
and Processing

Currently, REEs are processed from a large variety of feed-
stocks that utilize a multitude of mineral processing and hy-
drometallurgical technologies [66]. By emulating these prov-
en mining and hydrometallurgical processes in the REE in-
dustry, a high-level conceptual framework can be applied to
AMDp. Figure 7 shows this theoretical flowsheet that could
be used in the production of REEs from AMDp.

Initially, the AMDp would need to be extracted from the
current in situ location. This material handling process could
involve several mining practices from loading and hauling to
pumping to transporting the feedstock to a processing facility.
Once at the facility, several costly steps that are used in hard-
rock ore processing could be bypassed due to the amorphous
consistency of the precipitate. For example, extensive sizing
processes like crushing and grinding as well as physical con-
centration such as flotation would not be necessary to classify
and concentrate the feed material.

Next, the hydrometallurgical process used in the REE in-
dustry typically requires the REEs to be in an aqueous form.
Likewise, the AMDp would need to be converted from the
current oxide form into a soluble feedstock. Multiple leaching
routes are available to accomplish this solubilization.

Separation of the REEs from other gangue metals in the
AMDp could be accomplished using a variety of techniques.
Currently, ion exchange, solvent extraction, or selective pre-
cipitation are used to recover REEs in an oxide form. Once
separated, the REE oxides could be packaged and transported

Fig. 7 Conceptual framework for extraction and recovery of REEs from
AMDp

Fig. 6 Comparison of the basket and in situ price index for NAPPAMDp
and 58 other REE resources. Ore-based project data after Lifton [65]
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to a toll refiner with advanced capabilities to turn the oxides
into metal. Typically, these processes utilize a type of smelting
or electrolysis to isolate REE metals. Finally, these metals
would constitute a finished product that can be sold on the
open market.

3.5 Environmental and Civil Considerations

AMD treatment within the coal industry currently focuses
on simply meeting effluent limits. In meeting these limits,
the AMD treatment process does not maximize the re-
moval of metals and REEs. This compliance-based prac-
tice thus creates opportunities to increase treatment of the
influent to further remove metals before the effluent is
discharged into the environment. Should REEs become a
revenue stream for AMD plant operators, the overall pro-
cess could incentivize private or governmental organiza-
tions to purchase and treat additional AMD streams that
are currently polluting waterways.

Incidentally, the REE revenue could even change mining
practices within the Appalachian region. Currently, AMD-
producing material is separated using specific material han-
dling plans that result in this material being stored in non-
oxidizing conditions or acid-producing overburden is mitigat-
ed with alkaline amendments. Alternatively, lined, spoil con-
tainment areas could be created in the form of heap-leaching

structures. These leach beds would intentionally channel
AMD to treatment plants where processing would subse-
quently follow. As a result, the pyritic AMD-producing spoil
would not have an opportunity to adversely affect external
waterways.

For most hard-rock REE deposits, uranium and thori-
um are common contaminants that require specialized
handling and disposal during the treatment process.
Notably, AMDp has very low concentrations of these el-
ements relative to similar grade REE deposits. This de-
creased occurrence of the actinides is common among
coal and coal byproduct REEs feedstocks; however,
AMDp is also significantly lower in these actinides than
NAPP coal sources, as shown in Fig. 8 [67].

Thermodynamic considerations (e.g., pH–EH diagrams)
show that uranium and thorium typically do not mobilize in
solution at pH values greater than 1 [68]. Since typical AMD
does not reach these low pH values, AMDp samples often
contain very low concentrations. The AMDp samples in this
study exhibited an average uranium and thorium concentra-
tion of 4.46 and 5.67 g/t, respectively. Conversely, monazite (a
typical REE-bearing mineral) ores routinely contain 4 to 12%
thorium along with uranium [69]. REE deposits with high
concentrations of these actinides need to be evaluated with
particular attention to these elements as demonstrated by the
2002 closure of the Mountain Pass mine [5].

Fig. 8 Comparison of U and Th between NAPP coal and AMDp
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4 Conclusions

In all, nine AMD sites were evaluated for REE content in both
raw water and AMDp. This research has verified that REEs
concentrate in the by-products of AMD treatment. These con-
centrated REEs in AMDpmay also possess the qualities need-
ed to justify their use as a viable feedstock resulting in a US-
based REE supply. Additionally, a conceptual framework was
presented to show different unit operations that could be im-
plemented for the beneficiation of REEs from AMD. Finally,
by utilizing these precipitates to refine the REEs, certain en-
vironmental incentives may mitigate additional AMD
pollution.

The following key findings were developed during this
research:

– Data from 81 samples showed that the REE concentration
in AMD inflows was a strong function of pH.

– For AMD influent samples with a pH < 4, the average
TREE concentration was 371 μg/L.

– For AMD influent samples with a pH > 4, the average
TREE concentration was 88 μg/L.

– Typically, the data showed that net-alkaline flooded un-
derground mines had significantly lower TREE flux than
net-acidic aboveground and surface mines.

– Traditional AMD treatment captured approximately 78%
of the TREEs, leaving a precipitate with an average con-
centration of 517 g/t.

– A regional flow rate estimate showed that the total
amount of REEs produced from AMD can vary between
771 and 3400 t per annum.

– The AMDp data indicated that the precipitate contains
concentrations of thorium and uranium that are less than
6 g/t.
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