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Abstract: Hydrocarbon-rich shales have been a major natural gas source in the US over the last
decade. These organic-rich shales can also potentially serve as a source of some rare earth elements
(REYs). However, the mode of occurrence and the geochemical processes that led to REY enrichment
in these shales are still poorly understood. In this study, we investigated the whole-rock REY content
and associations of REYs in the different phases of Marcellus and Haynesville Shale samples. A
traditional sequential extraction procedure was adopted to understand the association of REYs in
(i) exchangeable, (ii) acid-soluble, (iii) pyritic, (iv) organic matter, and (v) silicate fractions. Extraction
efficiency was assessed by comparing the mineralogy of the pre- and post-sequential extraction
samples using XRD. Elemental ratios such as La/Lu, La/Sm, Gd/Lu, Y/Ho, and Ce and Eu anoma-
lies were utilized to understand whole-rock-normalized REY distribution patterns. Further, the
distribution pattern in each extracted phase was examined to account for the relative contribution of
phases to REY enrichment. The economic potential of these samples was evaluated by calculating
HREE/LREE ratios, outlook coefficients, and by comparing their REY levels with those of coal fly ash
deposits. Our results indicate that whole-rock REY content in the analyzed shale samples ranged
from 295 to 342 ppm, with Haynesville Shale having a higher concentration than the Marcellus
Shale sample. All samples exhibited an MREE–HREE-enriched pattern, indicating that the REY
content is primarily contributed by carbonate and siliciclastic inputs. However, the average total
REY extraction efficiency was only approximately 20% from the Haynesville samples and 9% from
the Marcellus sample. We postulate that the poor REY yield is due to a high amount of refractory
aluminosilicate/clay fraction in these samples. We demonstrate that traditional sequential extraction
procedures may not be effective for extracting REYs from high organic–high aluminosilicate shale.

Keywords: rare earths; black shale; phase association; sequential extraction

1. Introduction

The global drive for green energy has accelerated the need for enhanced mineral
resource exploration. As the reliability on clean energy increases, certain rare earth elements,
for example, neodymium (Nd), erbium (Er), dysprosium (Dy), yttrium (Y), and terbium
(Tb) are considered “critical” as they are at supply risk [1]. This is because the availability of
rare earth elements, including Yttrium and Scandium (REY) [2], from conventional ores is
decreasing as their demand keeps increasing due to their use in wind energy, solar panels,
electrical vehicles, batteries, permanent magnets, ceramics, catalytic converters, etc. [3].
Additionally, there are only a limited number of sources that have significantly contributed
to the change in the supply of raw materials [4–10]. It is estimated that the demand for
rare earth elements will increase by at least seven times in the next two decades [11].
Traditionally, there are different classification schemes for rare earth elements (REE) in
the literature depending on the objectives of the study. Yttrium and Scandium (Y and Sc)
are often included in REEs and classified as REYs. However, it is essential to note that

Minerals 2022, 12, 1120. https://doi.org/10.3390/min12091120 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min12091120
https://doi.org/10.3390/min12091120
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0001-5240-1701
https://orcid.org/0000-0003-3031-6973
https://doi.org/10.3390/min12091120
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12091120?type=check_update&version=2


Minerals 2022, 12, 1120 2 of 20

although Y and Sc are grouped together as REYs, they are much lighter than the REEs in
the lanthanide series. One of the more popular schemes to understand REY patterns and
geochemistry in a wide range of sedimentary rocks and fluids is as follows: Light (La, Ce,
Pr, and Nd), Middle (Sm, Eu, Gd, Tb, Dy, and Ho), and Heavy (Er, Tm, Yb, and Lu) [12–15].

Historically, most REY reserves have been concentrated in carbonate igneous rocks,
e.g., carbonatite as the enrichment process is a result of alkaline magmatism. Economi-
cally significant REY-rich formations are found in peralkaline igneous systems, magnetite–
hematite bodies, iron–oxide–copper–gold (IOCG) deposits, monazite–xenotime-bearing
placers, and ion-adsorption clay deposits [3,16]. Although REYs have mostly been mined
from carbonatite bodies in the recent past, such as the Mountain Pass in California, local
resources have been depleting too fast to meet the ever-increasing demand. On the other
hand, China has been deemed the leading global producer of rare earths sourced from car-
bonatite bodies as well as ion adsorption clay-rich deposits [17–20]. To meet the exponential
demand for REYs, research is being conducted to assess the possibility of REY recovery
from sedimentary rocks such as coal and shale [21,22]. A few studies have suggested that
REYs can be generated more conveniently from sedimentary rocks, giving them more
economical and industrial appeal [23–25]. Sedimentary rocks are a highly utilized resource
for oil, natural gas, and coal. Exploration of shale oil and gas generates large amounts of
waste products, such as drill cuttings. Non-traditional sources of REYs from coal [22] and
its combustion products [26–28] have contributed as major mined sources. Coal ash with
elevated REY content has potential similar to that of conventional ores, such as carbonatites
and alkaline granites [22,29].

Shale is a dark-colored sedimentary rock with varying proportions of silicates, carbon-
ates, pyrites, oxides, organic matter, and detrital materials [30]. Each mineral phase contains
elements associated with the crystal lattice or adsorbed to surfaces. Several processes can
control REY enrichment in shales, such as (1) the source of detrital sediments; (2) bioaccu-
mulation due to seawater upwelling; (3) input from fluvial/eolian systems; (4) oxidation
reactions; (5) sulfidation during sedimentation; (6) microbial-mediated reactions at or near
the surface; (7) diagenetic reactions or thermal maturation; (8) hydrocarbon migration;
(9) intra-basinal brine migration; and (10) hydrothermal influx [31–42]. If the mineralogy of
the shale is dominated by detrital flux, it generally shows a flat, normalized REY pattern,
where the majority of the REYs present are adsorbed in the clay fraction [43]. However,
this flat pattern can deviate if a particular mineral fraction gets enriched/depleted by any
chemical or sedimentary processes. For instance, seawater upwelling can lead to high
organic matter (e.g., phytoplankton). Since several REYs act as micronutrients for phyto-
plankton, phytoplankton can absorb a high amount of REYs, enriching the organic matter
in REYs [35].In euxinic depositional environments, sulfidation can occur, immobilizing
REYs as sulfides [35,41]. Oxidation reactions, on the other hand, can form Fe–Mn (oxy)
hydroxides, which also act as a sink for most REYs [36]. Diagenetic processes can lead
to carbonate–phosphate precipitation and can enhance REYs in the carbonate–phosphate
inventory [32,33,44]. Some other studies have observed that REY distribution in the clay
fraction in shale may be modified by fluid alterations and associated chemical fractionation,
e.g., by the influx of hydrothermal fluids [45–47]. Overall, these studies suggest that sources
of sediments, depositional environments, diagenetic reactions, and fluid migration control
the REY distribution in different fractions of shale.

Traditionally, REY patterns have been used to constrain the provenance and deposi-
tional environment of sedimentary rocks [23,48]. Such interpretations were based on the
concept that the elemental behavior of REYs, which is dependent on chemical fractionation
during the geochemical evolution of the rock, and a complementary distribution pattern
is reflected in the fluid phases (e.g., [49–52]). For example, the redox-sensitive behavior
of Ce and Eu makes these elements effective markers for studying redox processes. Ce3+

changes to Ce4+ and precipitates as CeO2 as anoxic groundwater gets oxidized when dis-
charged to the earth’s surface [53,54]. On the other hand, Eu is present as Eu2+ in strongly



Minerals 2022, 12, 1120 3 of 20

reducing hydrothermal fluids and associated sediments at mid-oceanic spreading centers,
characterized by strong positive Eu anomalies relative to average shale Eu content [36,55].

The primary purpose of this study was to evaluate REY content and phase associations
in two black shale basins, namely, Marcellus and Haynesville, with TOC ranging from 2.8
to 9 wt.%. Little is known about the REY-generating potential and their phase associations
in these shales. This paper discusses obtained data on REY content in the whole-rock
and mineral phases extracted via sequential leaching. The study also evaluates the REY
extraction efficiency, highlights the limitations of current sequential extraction techniques,
and suggests ways to improve them.

2. Materials and Methods

Sample selection: Three shale samples were selected for this study: one from the
Marcellus basin (MIP-3H) and two from the Haynesville basin (1Ha and 5Hb). Sample
selection was designed to compare the REY concentrations and extraction efficiencies
in shales with different TOC contents and deposited in different environments during
different geological time periods. The Marcellus Shale was deposited during the Middle
Devonian and is located in the eastern and northeastern region of North America, covering
Pennsylvania, Ohio, New York, West Virginia, and smaller parts of Kentucky, Tennessee,
Maryland, and New Jersey. Marcellus Shale deposition was controlled by the Acadian
Orogeny [56]. Black- and gray-colored shales accumulated in relatively deeper marine
waters due to terrigenous input from mountain-building and subsequent erosion [57,58].
The Haynesville Shale was formed in the Jurassic period in southern parts of North America,
namely southwest Arkansas, northwest Louisiana, and east Texas, and was deposited in a
restricted basin located on a southward-sloping continental shelf under relatively shallow
waters [59]. The mineralogical and organic matter of Haynesville Shale reflects a mixed
accumulation of carbonate-dominant sediments generated within the basin that had a
supply of clastic sediments. The restricted nature of the basin resulted in frequent anoxic
conditions. The TOC content varies with the interplay of local carbonate input, changes in
bottom-water anoxia, and dilution by clastic inputs [60,61].

Total organic carbon analysis: The total organic carbon contents of samples MIP-3H
(sample from Marcellus basin), 1Ha, and 5Hb (samples from Haynesville basin) were
calculated by measuring parameters S1, S2, and S4 using a source rock analyzer (SRA) in
the IsoBioGem Lab. The procedure is outlined in Agrawal and Sharma, 2018b [62]. Briefly,
80 mg of powdered sample (75 microns) was isothermally heated at 300 ◦C for 3 min,
liberating free hydrocarbons, which were detected in the FID as S1 (reported in milligrams).
Following that step, the temperature was increased steadily from 300 to 600 ◦C. During this
period, kerogen-bound hydrocarbons were liberated and detected as S2 (as milligrams per
gram of rock). Residual organic carbon was measured as S4. WFT Source Rock Standard
533 (P/N 810-141) was used as a standard and run after every five samples. The standard
deviations of S1, S2, S3, and TOC were 0.02, 0.5, 0.02 mg/g, and 0.09 wt.%, respectively.
TOC was calculated as 0.1 × (0.082× (S1 + S2) + S4) (in wt.%). The samples were then
subjected to a sequential leaching experiment following a modified protocol outlined by
Tessier et al., 1979 [63] and Riley et al., 2012 [64], and whole-rock analysis via the sodium
peroxide fusion method (USGS Method 18, 2019).

Sequential leaching procedure: A total of 11 g of sample was crushed and homoge-
nized to 75 microns. The sample was added to 220 mL borosilicate beakers, and then a
series of leaching steps were conducted to sequentially extract the major mineral fractions
and organic matter associated with shale. At the beginning and between each leaching step,
samples were washed with DI water for 18 h. After each leaching step, the supernatant
liquid was filtered with 0.45 um Millipore filters. The exchangeable phase was extracted
with 88 mL of 1 M sodium acetate (Equation (1)), followed by continuous agitation on a
shaker for 18 h at room temperature.

CH3COONa−(aq) + M+(s) = CH3COOM−(aq) + Na (s) (1)



Minerals 2022, 12, 1120 4 of 20

The residue was then treated with 165 mL of 6 M hydrochloric acid and allowed to
roll for 18 h at room temperature to target the carbonates and oxides (Equation (2)).

CaCO3 (s) + 2 HCl (aq) = CaCl2 (aq) + CO2 (g) + H2O (aq) (2)

The next step was targeted to dissolve the pyritic (Equation (3)) and phosphatic phases
using 165 mL of 2 M nitric acid for 18 h at room temperature.

FeS2 (s) + 8 HNO3 (aq)→ Fe2+ (aq) + SO4
2− (aq) + S0 (s) + 8 NO2 (g) + 4 H2O (aq) (3)

Following the pyrites, the organically associated elements were extracted using 33 mL
of 0.02 M nitric acid and 55 mL of 30% hydrogen peroxide (adjusted to pH 2). The mixture
was heated to 85 ◦C with occasional agitation. Then, another 33 mL of hydrogen peroxide
(pH 2) was added and agitated for 3 h (Equation (4)).

CH2O (s) + O2 (aq) = CO2(g) + H2O (aq) (4)

After cooling, 55 mL of 3.2 M ammonium acetate in 20% (v/v) nitric acid was added.
The sample was diluted to 225 mL and agitated continuously for 30 min, and then the
mixture sat for 48 h to allow the reaction to complete (after agitation and 24 h, effervescence
was observed in all the samples; hence, the reaction time was extended to 48 h). After
collecting the supernatant, the samples were transferred to conical 500 mL polypropylene
flasks. Finally, the silicate minerals were extracted by adding 27.5 mL of concentrated
hydrofluoric acid, i.e., HF (Equation (5)), and 2.75 mL of concentrated hydrochloric acid at
50 ◦C in a heated bath for 2 h and then diluting it to 165 mL with DI water.

SiO2 (s) + 6HF(aq) = H2SiF6 (aq)+ 2H2O (aq) (5)

Extra care was taken while handling HF. The mixture was allowed to sit on the hotplate
overnight. Finally, 30 mL of the supernatant was transferred to a 100 mL Teflon beaker. The
aliquot was neutralized with boric acid and was filtered using 60 mL Luer-Lok syringes
to which 0.45 um PVDF filters were attached (25 mm diameter) to collect the aliquots in
precleaned 50 mL polypropylene centrifuge tubes, which were sent for analyses. After
collecting 50 mL of aliquots at the end of each leaching step, the samples were diluted with
1% (of the total sample volume) concentrated nitric acid with Eppendorf micropipettes to
prevent chemical deterioration.

Acid digestion of samples: About 5 gm of each powdered shale sample was used
for the digestion of whole rock by the sodium peroxide fusion method. The procedure
was carried out at NRCCE, West Virginia University. This was followed by measuring
whole-rock concentrations of REYs.

Elemental analyses: For analyzing the 50 mL of acidified leachates and whole-rock
concentrations, EPA methods 200.7 [65] and a modified 200.8 [66] were employed to
measure major and trace element concentrations, respectively. These steps were taken to
ensure analytical accuracy and reproducibility following QA/QC protocol. The instrument
was run daily with four points and a blank along with a positive and a negative check. The
positive check was to ensure recoveries were proper. The negative check (or the continuing
blank) was performed to ensure that the blank was below the method detection limit
(MDL). Check standards were run after every 10 injections to ensure that the analytical
uncertainty was within +/−10% for the Calibration Verification standard, and Calibration
Blank standards were run every 10 samples. Each batch of 20 samples had a batch Blank
and Laboratory Control Spike in addition to one sample run in duplicate. The MDLs
(method detection limits) for the elements were as follows (in ug/L): Sc: 0.037, Y: 0.004,
La: 0.003, Ce: 0.008, Pr: 0.003, Nd: 0.008, Sm: 0.004, Eu: 0.003, Gd: 0.003, Tb: 0.002, Dy:
0.004, Ho: 0.002, Er: 0.004, Tm: 0.002, Yb: 0.002, and Lu: 0.002. REY concentrations were
measured in ICP-MS Nex ION 2000, Perkin Elmer 2018. Major elements such as Al were
measured in ICP-OES 720 Agilent 2014, with an MDL of 0.059 mg/L.
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XRD analysis: Unreacted and residual samples of 1Ha and MIP-3H were comminuted
to 37 microns to identify mineralogical phases remaining after the sequential extraction
procedure. This was done using a Siemens D500 diffractometer at the Pittsburgh Mineral
and Environmental Technology (PMET) Lab. The crystalline phases were identified using
SEM with energy-dispersive X-ray analysis to detect major and minor elements. Subse-
quent identification of crystalline phases was carried out using search–match software and
quantified using Rietveld whole-pattern refinement. The samples were logged, identified,
prepared, and analyzed according to PMET’s Standard Operating Procedures.

3. Results

Bulk rock: In this study, experiments were performed on three samples: two from
Haynesville (1Ha and 5Hb) and one from Marcellus (MIP-3H). The samples were selected
such that their REY contents and extraction efficiencies could be assessed over a wide range
of total organic carbon (TOC). The bulk concentration of each element and the total REY
are given in Table 1; 1Ha-R (replicate) had the highest total REY content, i.e., 342.67 ppm,
followed by 311.4 ppm in 5Hb and about 295 ppm in MIP-3H (Figure 1). To help us
understand the patterns in the whole rock, the individual mineral fractions, and the
geochemical processes of REY enrichment, we classified the elements into three groups:
Light REE (LREE—La, Ce, Pr, and Nd); Middle REE (MREE—Sm, Eu, Sc, Gd, Y, Tb, Dy,
and Ho); and Heavy REE (HREE—Er, Tm, Yb, and Lu), which is the scheme used by Yang
et al., 2017 [41], but we also included Sc and Y in the discussion. Therefore, we use REY to
refer to lanthanides plus Y and Sc, and REE when referring only to lanthanides.

Table 1. The concentration of each rare earth element (including Sc and Y) in whole-rock in ppm.

Sample La Ce Pr Nd Sm Eu Sc Gd Y Tb Dy Ho Er Tm Yb Lu Total

1Ha 54.72 97.02 12.07 49.06 9.52 1.77 21.05 9.58 57.46 1.32 8.13 1.62 4.95 0.68 4.48 0.67 334.07
1Ha-R 56.68 99.53 12.61 49.61 9.42 1.75 22.25 9.79 58.71 1.33 8.29 1.63 5.11 0.72 4.54 0.70 342.68
5Hb 51.68 90.36 11.05 44.94 8.80 1.74 21.78 8.70 52.74 1.19 7.30 1.46 4.55 0.62 3.91 0.59 311.41

MIP-3H 38.68 72.35 10.41 46.27 10.06 2.26 21.25 11.24 56.66 1.58 9.51 1.94 5.74 0.81 5.13 0.76 294.64
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Figure 1. Total REY and amount extracted from the whole rock.

The TOC contents of 1Ha, 5Hb, and MIP-3H were 2.8, 3.4, and 9 wt.%, respectively.
By convention, sample REY contents are normalized to a standard to facilitate compari-
son between local samples and global shale averages. There are two popular shales that
represent global average REE contents, namely the Post Archean Australian Shale (PAAS)
(Pourmand et al., 2012; Taylor and McLennan, 1985) and the North American Shale Com-
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posite (NASC) (Gromet et al., 1984; Haskin et al., 1966). In this study, the sample REYs are
normalized to NASC because they are better understood compared against an American
shale. In addition, other parameters such as La/Lu, La/Sm, Gd/Lu, Ce/Ce*, Eu/Eu*,
Y/Ho, and HREE/LREE that help understand the provenance, geochemical processes,
and ore potential of the samples are also normalized to the corresponding NASC values
(Figure 2). We notice the samples are about one to two times more enriched than the average
shale composition. However, there is a distinct difference between the REY patterns of
the Haynesville samples and the Marcellus samples. The Haynesville samples exhibit a
relatively flat REY pattern, as indicated by similar values of La/Lu and Gd/Lu. On the
other hand, the MIP-3H sample shows a moderately heavy REE-enriched distribution.
Furthermore, Eu content is much less in the Haynesville region, which results in a distinctly
different pattern than MIP-3H. Additionally, there is an apparent positive La anomaly in
the Haynesville samples, whereas La is more depleted than the other light REEs in the
MIP-3H Marcellus counterpart. Overall, we see a more uniform distribution of REYs in
Haynesville Shale, and MREE enrichment in the Marcellus, followed by higher HREE than
LREE. The five critical REYs [2], Nd, Eu, Y, Tb, and Dy, are at least 1.25 and 1.5 times more
enriched in the Haynesville and Marcellus samples, respectively (Figure 3).
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Figure 2. Whole-rock total REY distribution normalized to NASC and other indicators: La/Lu,
La/Sm, Gd/Lu, Ce/Ce*, Eu/Eu*, Y/Ho, and HREE/LREE.

XRD: The mineralogical composition of the whole rock is given in Table 2. The MIP-3H
sample is dominantly composed of quartz (46%), mixed clays (22%), calcite (16%), pyrite
(11%), and some dolomite (5%). The 1Ha Haynesville sample has a few more mineral
phases in addition to the above, except for mixed clays and dolomite. It is approximately
28.8% quartz and 39% plagioclase and mica minerals. Calcite (12%), gypsum (0.4%), and
pyrite (1.5%) are also present. XRD analyses showed that both samples are dominantly
composed of silicates. Post-reaction XRD of residual samples showed signs of precipitation
of neo-fluoride silicates due to reaction with HF. Additionally, kalicinite (KHCO3) was
detected only in MIP-3H Marcellus Shale, which has a high TOC of 9%.
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Figure 3. NASC-normalized whole-rock critical REY pattern.

Table 2. Mineralogy of unreacted 1Ha sample determined by X-ray Diffraction analysis and MIP-3H
from Pilewski et al., 2019 [67].

Mineral Species (wt.%) 1Ha MIP-3H

Quartz 28.8 46
Plagioclase 8.7 -

Mica 30.8 -
Mixed clays - 22
Clinochlore 6.0 -

Kaolinite 8.1 -
Calcite 12.0 16

Dolomite - 5
Gypsum 3.7 -

Rutile 0.4 -
Pyrite 1.5 11

Extracted fractions: The total REYs extracted from sequential extraction were about
75 ppm, 65 ppm, and 35 ppm in 1Ha, 5Hb, and MIP-3H, respectively (Figure 1). Based on
whole-rock content, however, TREY content was significantly higher than the extracted
REY concentrations. The concentrations of individual elements in each extract are given
in Table 3. Nd, Er, Y, Tb, and Dy in the extracts are less than 0.8 times enriched compared
to the average shale composite. However, this enrichment is only based on the ~20% of
the total that was successfully leached. Figure 1 shows the extent of extraction from each
sample: 1Ha, with the highest REY content, generated only 22%, followed by 21% from
5Hb and only 12% from MIP-3H. Compared to the REY contents, the extraction efficiency
was the poorest for Marcellus shale. It is important to note that, although the extraction
efficiency is low, we assume the REY distribution in the extracted fractions is representative
of the mineral fractions in the whole rock. This assumption is based on numerous studies
that have reported the association of a significant REY fraction with silicates, especially clay
minerals, that are typically difficult to dissolve. Figure 4 shows the % of LREE (La–Nd),
MREE (Sm, Eu, Sc, Gd, Y, Tb, Dy, and Ho), and HREE (Er, Tm, Yb, and Lu) extracted
from each sample. The extraction of HREEs was relatively better for all samples, although
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the HREE content was the lowest of all. Figure 5 shows the distribution of REYs in each
leachate fraction. More than 93% of the extracted REYs in the whole rock are concentrated
in the acid-soluble phase from the Haynesville samples and about 79% from the Marcellus
sample (Figure 5). The REYs contributed by the exchangeable phase are negligible. Figure 6
shows the percent contribution of REYs extracted from each phase, indicating that about 9
to 22% of the entire REYs were extracted from the acid-soluble phase. MIP-3H has only a
2% contribution from the pyrite, organic, and silicate phases.

Table 3. Concentrations of each REY in each leachate in ppm.

Sample La Ce Pr Nd Sm Eu Sc Gd Y Tb Dy Ho Er Tm Yb Lu Total

1Ha
Exch BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.02

Acid-sol 7.32 14.33 2.50 13.72 4.80 0.86 3.52 4.45 14.86 0.55 2.88 0.47 1.14 0.12 0.65 0.09 72.27
Pyr 0.12 0.20 0.04 0.21 0.06 0.01 0.09 0.06 0.30 0.01 0.05 0.01 0.03 BDL 0.02 BDL 1.21
Org 0.03 0.07 0.01 0.11 0.03 0.01 0.15 0.03 0.13 BDL 0.03 0.01 0.02 BDL 0.01 BDL 0.63
Sil 0.02 0.07 0.01 0.04 0.01 BDL 0.66 0.01 0.05 BDL 0.01 BDL 0.01 BDL 0.01 BDL 0.91

Total 7.49 14.67 2.56 14.08 4.91 0.88 4.43 4.55 15.35 0.56 2.97 0.49 1.20 0.13 0.68 0.09 75.04

1Ha-R
Exch BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.01

Acid-sol 7.27 14.27 2.50 13.59 4.72 0.85 3.46 4.47 14.87 0.55 2.86 0.47 1.15 0.12 0.63 0.09 71.87
Pyr 0.11 0.19 0.04 0.20 0.06 0.01 0.10 0.06 0.30 0.01 0.05 0.01 0.03 0.00 0.02 BDL 1.18
Org 0.01 BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.01
Sil 0.02 0.07 0.01 0.04 0.01 0.00 0.67 0.01 0.05 0.00 0.01 0.00 0.01 0.00 0.01 BDL 0.91

Total 7.41 14.54 2.54 13.83 4.79 0.86 4.23 4.53 15.22 0.56 2.91 0.49 1.18 0.12 0.65 0.09 73.98

5Hb
Exch BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.01

Acid-sol 6.83 12.32 2.23 13.03 4.44 0.92 2.44 4.24 9.07 0.55 3.00 0.50 1.27 0.14 0.78 0.11 61.88
Pyr 0.09 0.15 0.03 0.16 0.05 0.01 0.08 0.05 0.27 0.01 0.04 0.01 0.03 BDL 0.02 BDL 0.99
Org 0.05 0.10 0.02 0.16 0.05 0.01 0.22 0.05 0.21 0.01 0.05 0.01 0.03 BDL 0.02 BDL 0.97
Sil 0.05 0.12 0.01 0.06 0.01 BDL 0.61 0.01 0.04 BDL 0.01 BDL 0.01 BDL BDL BDL 0.92

Total 7.02 12.69 2.30 13.40 4.54 0.94 3.35 4.34 9.58 0.57 3.10 0.52 1.34 0.14 0.82 0.11 64.77

MIP-3H
Exch BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 0.02

Acid-sol 1.25 3.77 1.08 7.42 3.58 0.74 0.70 3.34 2.03 0.37 1.78 0.28 0.68 0.07 0.43 0.06 27.59
Pyr 0.04 0.13 0.03 0.28 0.26 0.07 0.14 0.28 0.70 0.05 0.35 0.06 0.18 0.02 0.14 0.02 2.76
Org 0.04 0.10 0.02 0.18 0.26 0.08 0.17 0.28 0.69 0.05 0.35 0.06 0.17 0.02 0.14 0.01 2.63
Sil 0.11 0.29 0.04 0.17 0.07 0.02 0.53 0.08 0.36 0.01 0.11 0.02 0.08 0.01 0.09 0.01 2.03

Total 1.45 4.28 1.18 8.05 4.16 0.92 1.55 3.99 3.78 0.49 2.59 0.43 1.11 0.14 0.80 0.10 35.02

Note: BDL, Below Detection Limit; Exch, Exchangeable; Acid-sol, Acid-soluble; Pyr, Pyrite; Org, Organic;
Sil, Silicate.
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Figure 6. Percentage of REY extracted from each phase. The REY content in the residual matter was
not determined.

4. Discussion
4.1. REY Distribution Patterns

REY signatures in the whole rock: 1Ha-R (replicate) had the highest total REY con-
tent of all, i.e., 342.67 mg/kg, followed by 334.07 ppm in 1Ha, 311.4 mg/kg in 5Hb, and
294.64 ppm in MIP-3H (Figure 1). The NASC-normalized REY distribution in the Marcellus
and Haynesville shale samples was used to understand the extent of REY enrichment
in the samples and to account for any significant anomalies. This enrichment pattern is
confirmed by the La/Lu, La/Sm, and Gd/Lu ratios—La, Sm, and Gd being the indica-
tors for LREE, MREE, and HREE, respectively (Figure 2). La/Lu and La/Sm ratios are
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less than 1, suggesting that LREEs are depleted relative to both MREEs and HREEs. The
Gd/Lu ratio is about 1.5, indicating higher MREE content than HREE. These values, on
the other hand, are significantly different for samples 1Ha and 5Hb. Apart from Gd/Lu,
the La/Lu and La/Sm values of about 1.25 and 1.1, respectively, indicate that the LREEs in
the Haynesville Shale are slightly more enriched than the HREEs and the MREEs. These
elemental ratios, therefore, indicate that the relative predominance of different rare earths
in the samples are controlled by differences in mineralogical composition and/or geo-
chemical processes driving preferential partitioning between the host fluid and the mineral
phases, such as silicates, carbonates, phosphates, and Fe–Mn oxyhydroxides. Geochemical
processes are better understood when the patterns are studied for individually extracted
phases from rock. A study on Devonian and Jurassic black shale revealed possible REY
associations with (i) authigenic phases of carbonate and phosphate phases or (ii) refractory
organic matter and siliciclastic minerals [40]. Ancient black shale may have undergone a
diagenetic transformation that resulted in the formation of authigenic minerals such as
authigenic carbonate, fluorapatite, or bioapatite. REEs are found to be highly enriched in
these authigenic phases. Moreover, these minerals usually exhibit middle-to-heavy REE
enrichment, as seen in our samples as well. A study by Yang et al., 2017 [40] showed
that prominently MREE-enriched REYs on the whole point towards the presence of de-
trital apatite and calcium fluorapatite (CFA). Our data point towards dominant MREE
enrichment in all three samples, but there is also a combined presence of HREEs. XRD
data reveal that CFA and apatite were not detected in whole-rock. However, the overall
MREE–HREE pattern suggests that the influence of siliciclastic and carbonate phases may
be more significant in our study.

Several hypotheses have been proposed for HREE-enriched signals. At the sediment-
water interface, HREE-enriched signals could predominantly result from preferential par-
ticulate scavenging of LREEs by organics. Further, several studies suggest stronger com-
plexation bonds are formed between HREEs and carbonates, which could lead to HREE
enrichment in shale [12,68–72]. Another model to explain HREE-enrichment in whole-rock
is the interaction of deeper methanogenic sediments with HREE-enriched porewater [73]
at higher alkalinity, resulting in more stable dissolved complexes between HREE and the
carbonate ligands [74–76]. However, in shales that are not diagenetically altered, REYs are
generally concentrated in refractory organic matter and siliciclastic fractions.

The REY enrichment in our samples could be explained by REY association with phos-
phorites [24,77], clay minerals [78], organic matter [21] or hydrothermal mineralization [22].
The high REY content in our samples could plausibly be related to syngenetic reactions in
an anoxic environment or post-depositional influences [21,79].

XRD analyses indicate that the major mineral phases in our samples are silicate miner-
als. The residual matter after leaching shows a high % of undissolved silicates. Therefore,
we hypothesize that the unextracted REY is associated with refractory silicates. Within
silicates, clays are one of the primary hosts of REYs, and several other trace elements [78,80]
reported a strong statistical correlation of Al and Si with REYs. Al and Si are also mostly
found in the crystal lattice of silicates, especially clays (such as kaolinite, smectite, and
illite). Clays can host REYs in the interlayer spaces and/or at the edges and surfaces
due to their unique properties such as high permanent surface negative charge and high
surface-to-volume ratios [78,81]. REYs can be incorporated into clay during mineraliza-
tion/weathering and can therefore be attributed to provenance. REYs can also become
preferentially partitioned into clays during riverine transport or be adsorbed to surfaces
from seawater. Further, the association of trace elements with Al and Si is only governed by
a limited number of processes, as they are not sensitive to redox changes (Xu et al., 2018).

Additionally, bulk Al content was measured to calculate REY/Al in samples 1Ha, 5Hb,
and MIP-3H. Al was used as a proxy for detrital material in 28 core samples collected from
MIP-3H, and the detrital-dominated REY signature was indicated by a TREY/Al value
of 0.0025 ± 0.006. In our samples, TREY/Al (whole rock) ranges from 0.0044 to 0.0052,
which is at least 1.7 times more than the average of the 28 detrital-dominated Marcellus
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samples [44]. Additionally, we note HREE enrichment in all the samples relative to LREEs.
These results suggest that samples have detrital sources that were more enriched in REE
as compared to the Marcellus samples from Phan et al., 2019 [44], suggesting more REE
were adsorbed to clays. HREE enrichment could also potentially indicate an influx of other
sources, such as organics or inorganic fractions that preferentially retain HREEs. TREY/Al
values indicate a moderate-to-high influx of detrital matter during the deposition in the
Marcellus and Haynesville basins. Based on the LREE and trace-element profiles, it has been
interpreted that the organic-rich zone in the Marcellus basin was formed in a magmatically
quiescent period [82]. Studies have also shown evidence of alternating suboxic and anoxic
redox conditions controlled by finer-scale tectophases during the active-mountain-building
phase of the Acadian orogeny during Marcellus deposition [62,83–87]. These events might
have led to minor fluctuations in detrital input and influenced REY variations. However,
more spatiotemporal data are needed from different parts of the Marcellus Basin to better
understand these relations. There may be similar modes of occurrence in the Haynesville
basin, but little is known about the subtle variations in geochemical parameters. Our data
suggest that the provenance and geochemical processes in the Haynesville Shale basin are
different from the Marcellus Shale basin, resulting in differences in mineralogy, TOC, and
REY concentrations. However, more high-resolution data and research are warranted to
better understand spatiotemporal variations

REY signatures in the extracted phases: We see a predominantly middle-REE-enriched
pattern in the extracted phases from the leaching experiment (Figure 7). To delineate the
MREE enrichment pattern, we sought to observe the REY distribution in each of the ex-
tracted phases. The exchangeable phases, in which the REY concentrations were less
than 0.001 ug/L, are not considered in this discussion. We see an MREE enrichment
pattern in the acid-soluble, pyritic, and organic extracts, but HREE enrichment in the
silicate leachate. However, Tb, Y, and Sc concentrations were much lower than the con-
centrations of the rest of the lanthanides, indicating that extraction of these three elements
was extremely poor (Figure 8). The presence of Fe–oxyhydroxides can result in MREE
enrichment in these phases [73,88–90]. However, this is unlikely, as these shales were de-
posited in anoxic to euxinic environments, and the competing influence of REE associated
with carbonates, phosphates, or organic matter is more likely than with oxy–hydroxide
coatings [67,83,91–97]. The other likely source of MREE enrichment could be authigenic
minerals such as bioapatite and phosphate nodules [14,34,68,98]. Alternatively, the MREEs
could be concentrated in the organic matter [92].
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The pronounced MREE enrichment in the acid-soluble phases indicates there may be
a combined influence of carbonate complexation and precipitation of bioapatite or other
authigenic phosphates (Figure 8a) [12,14,15,34]. The acid-soluble step of the experiment
was designed to target the carbonates and oxides, and the pyrite-dissolution step targeted
pyritic and phosphatic minerals. Since both these steps involved strong acids, REY data in
both these phases may indicate phosphate mineral dissolution [44]. One study reported that
MREE enrichment in carbonates and the organic-matter fraction of Marcellus Shale could
potentially be due to the interaction between diagenetic pore fluid and organics during
diagenesis that later crystallized to form carbonate cement [95]. We observe consistent
MREE enrichment in the carbonates and pyrites (phosphates included) suggesting that our
samples have also undergone strong diagenetic alteration.

On the other hand, MREE enrichment in the organic matter could be due to a different
process (Figure 8c). The light and the middle REEs are likely mobilized during anoxic dia-
genesis [40]. A comparison of REE patterns in ancient organic with that in freshly deposited
organic matter shows MREE enrichment in the new organic matter [92]. The MREE- and
HREE-enriched pattern in the organic phases in our study supports the hypothesis that
microbial respiration of sedimentary organic matter might have released light REE over
MREE into the pore water (e.g., [99]). However, it is unclear why HREEs may be mobilized
under anoxic conditions. We postulate that enrichment may indicate the dominance of
relatively newer organic matter in ancient black shales. It could also suggest localized
differences in organic matter inputs in the depositional basin.

As for the silicate extract, we observe prominent HREE enrichment in MIP-3H and
a relatively flat distribution for the Haynesville samples (except for Tb) (Figure 8d). The
observation for MIP-3H is expected, as we observe the dominance of MREEs in carbonates,
phosphates, pyrites, and organics. Additionally, our whole-rock REE pattern indicates a
modern seawater signature indicated by negative Ce anomalies, slightly chondritic Y/Ho
ratios varying from 29–36, LREE depletion, and HREE enrichment [44]. The siliciclastic
fraction should ideally balance the whole-rock REE content, which is also MREE-to-HREE
enriched. Heavy REE dominance in the silicates could be due to hydrogenous inputs [12,15].
However, for the Haynesville shale, the whole REY pattern is much flatter and is repre-
sentative of the average shale distribution. This difference indicates that the Haynesville
and Marcellus Shale basins were subjected to different seawater inputs with different REE
signatures. La enrichment and negative Eu anomalies in Haynesville whole-rock support
our argument that the sources of REY enrichment are different for the two basins, although
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both exhibit modern seawater signatures. Our study demonstrates that the extraction and
subsequent distribution of REYs are strongly dependent on geochemical processes and
the past depositional environment. This observation warrants further research to better
understand the origin of REY patterns in two separate depositional basins.

4.2. Extraction Efficiency of REYs

The goal of our leaching study was to extract the exchangeable carbonates, oxides,
phosphates, mono-sulfides, pyrite, organic matter, and silicate minerals to understand
REY distribution in different phases. We followed the procedure outlined by Riley et al.,
2012 [64] and extended the theory conceptualized by Tessier et al., 1979, which targets
the above-mentioned phases. However, only 12–22% of the total REYs were extracted
using this method (Figure 1). We anticipated the silicates should have undergone complete
dissolution, as we extended the HF and HCl reaction times with the silicates from 2 h (as
outlined in Riley et al., 2012 [64] to over 24 h. However, the increased reaction duration
did not significantly affect the REY concentration in this leaching step. This is one of
the drawbacks of performing sequential leaching based on operationally defined mineral
phases that may not accurately represent the actual phases in the sample [40]. It would have
been beneficial to determine the mineralogical composition and pXRF analysis of specific
elements that tend to exhibit a higher degree of association with REYs, such as P, Al, Mo,
Zn, Ni, U, Fe, and S, before designing the leaching procedure [21]. Additionally, we argue
that traditional leaching methods may not be a robust strategy for building geochemical
models of REY associations in marine shale mineral constituents.

Few studies have focused particularly on REY extraction from ancient black shales [40,44].
They used different leaching methods, considering that the target fractions in each study
were different. Yang et al., 2017 [40] used a modified sedimentary extraction (SEDEX)
procedure [100] to measure phosphorus levels in different mineral fractions, namely re-
ducible, authigenic, detrital, and organic fractions, as outlined in Anderson and Delaney
2000 [101]. Although the extraction efficiency of REEs was significantly high (almost 80%
in many samples), there was still an “unrecoverable” fraction remaining at the end of
the procedure [40]. This residue is postulated to be refractory siliciclastic material. Phan
et al., 2019 [44] performed sequential leaching using three separate procedures that were
designed to target the following: Procedure I targeted the inorganic phases (water-soluble,
exchangeable, and completely dissolved carbonates and phosphates); Procedure II (water-
soluble, exchangeable, and partially dissolved carbonates and phosphates); and Procedure
III (long-chained, unbranched aliphatics, and short-chained, highly branched aliphatics).
The residues constituted organic matter, sulfides, and siliciclastics at the end of Procedures I
and II, with II containing the undissolved carbonates. We calculated the extraction efficiency
of the inorganic leaching procedures outlined by Phan et. al., and the REYs extracted from
the bulk rock averaged around 20%–25%, with a few exceptions. The Marcellus samples,
which had an average carbonate content of 15 wt.%, yielded 39 to 54% of the total REEs in
the whole rock. On the other hand, Tully Limestone samples that contained more than 70%
carbonate by weight yielded almost 65 to 84% of the total REEs. Interestingly, one of the
carbonaceous shale samples that contained 7.4% TOC and 15.6% carbonates yielded only
36% of the total REEs [44]. The Marcellus sample used in our study contained 16% calcite
and 9% TOC, so it can be classified as carbonaceous shale. Our REY results indicate that
12%–15% carbonate content is likely not the only factor controlling REY yield. Organics
can also play a key role in impacting the REY yield. Incomplete removal of organic carbon
in the organic-leaching step can also hinder REY yield. We see evidence of precipitation of
kalicinite in the post-reaction Marcellus sample, suggesting recrystallization of bicarbonate
minerals due to incomplete removal of organic carbon in the organic-leaching step [102].
Kalicinite is precipitated when CO2 is released and gets protonated to form a bicarbonate
molecule and further bonds with potassium ions in solution. The reason we did not observe
kalicinite in the Haynesville sample could be due to the complete removal of organics
because of the relatively lower TOC content. We hypothesize that REY extraction efficiency
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could potentially be higher in samples with high carbonate content (>10%) but with TOC
less than 8% using the current leaching protocol. A previous study also observed lower
REE levels in high-TOC samples [103]. Therefore, we postulate that, along with mineralogy,
both the TOC and carbonate contents should be taken into consideration for improving
REE yield.

Developing a better understanding of the formation and geochemical behavior of
refractory residual matter is crucial to determine the origins of REY signatures in the whole
rock. There is also a need to develop new extraction techniques that can help target REYs
in organic-rich and silicate-dominant black shales. Possible techniques include changing
the rock-to-extractant ratio and/or adjusting the reaction temperatures and duration of
contact between rock and fluid. A preliminary attempt at modeling a suitable reaction time
to recover 90% of the elements from the carbonate fraction shows that the ideal duration
can be as high as 600 h, holding all other parameters constant (unpublished model). It
was found that the rate of acid leaching increased after the first 80 h and plateaued around
450 h. Additionally, in order to target specific phases, more-efficient chemical reagents may
help improve the yield. For example, using strong oxidizers can degrade organic matter,
including kerogen, which is an insoluble organic compound in shale [104,105]. Silicates are
generally difficult to dissolve, but reagents such as sodium carbonate and sodium hydroxide
have been used to dissolve coal fly ash with >90% efficiency [106,107]. Other techniques
could include the peroxide-based fusion to convert the silicate-rich residual matter.

4.3. Evaluating Shale Samples as a Potential REY Source

The problem with assessing shale as a potential REY source is that the standards of
economic assessments are based on industrial cut-offs for ore deposits or average REY
contents in coal byproducts. Seredin and Dai 2012 proposed a method for evaluating the
economic recovery of REY from coal and coal byproducts. For REY from combustion
wastes (Russian Far East Coals) to be considered for beneficial recovery, 0.1% REY in ash
was the cut-off grade before pre-crisis times. For coal benches greater than 5 m thickness
having rare earth oxides >= 1000 ppm, the cut-off grade could be lowered to 800–900 ppm
REO, which is about 721 ppm REY. The total REY in the shale samples in our study ranged
from 294.64 ppm in MIP-3H to 342.68 ppm in 1Ha-R and 311.41 ppm in 5Hb samples.
We see higher TREYs in Haynesville shale than in Marcellus shale. To explore newer,
unconventional REY sources such as shale waste, we need to develop revised economic
cut-offs. In a Sichuan shale basin, researchers were able to recover up to 189 ug/L of
Europium from produced waters [108]. Our results show that with enhanced recovery
protocols, shales such as Haynesville and Marcellus can recover as much as 200 ug/L of
REYs, assuming the mineralogy and TOC content of the samples are within the ranges that
allow optimal yield.

One indicator for estimating the REY resource potential of shale could be the HREE-
to-LREE ratio. Heavy REEs are relatively rarer than LREE, and therefore, a high HREE-to-
LREE ratio indicates higher REE recovery potential from the deposit. In our samples, we
see a lower HREE+Y/LREE for whole-rock ranging from 0.06–0.09 and an even lower ratio
in the extracted portion, ranging from 0.05–0.14. A notable fact is that in both cases, the
MIP-3H sample had the lowest TREY content but the highest ratios in both the whole-rock
and extracted portions. A similar observation was made for coal samples [21].

Another approach to determine the REY potential of these samples could be assess-
ment with respect to the contribution of critical REEs [109]. This parameter is called
the “outlook coefficient” (Coutl) and is calculated as Coutl = (Nd + Eu + Tb + Dy + Er +
Y/SumREY)/(Ce + Ho + TM + Yb + Lu/Sum REY). This equation was proposed to deter-
mine the REY potential of coal (ash basis). However, to apply this assessment to shale, we
would need to consider the sample on a whole-rock basis [21]. Higher Coutl values would
indicate a more-promising REY deposit of shale. In this study, the outlook coefficient in
whole-rock ranged from 1.16 in Haynesville shale to 1.51 in the Marcellus sample, which is
low to intermediate. Although the outlook coefficient could be an indicator of REY sources,
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we need to consider that the availability of these elements is a function of demand and
supply changes in the economy. Therefore, there is a need to modify the definition of a high
outlook coefficient in response to changes in market trends. Further, most REY recovery
studies are based on coal and post-combustion coal products. Therefore, more research is
warranted to develop robust models for predicting shale REY potential.

5. Conclusions

This study reports the feasibility of REY recovery from black shale, particularly from
the Marcellus and the Haynesville basins in the US. The main findings of this study are
as follows:

- Whole-rock REY content ranges from 295 to 342 ppm, and the highest recovery was
from the acid-soluble shale fraction comprising carbonates, oxides, and phosphates.

- The whole rock exhibits an MREE-to-HREE-enriched pattern owing to the mineralogi-
cal controls and geochemical processes such as preferential incorporation of MREE in
the carbonates and HREE in the clay and refractory fractions.

- The REY contributed by the exchangeable phase is negligible. About 9 to 22% of the
entire REY was extracted from the acid-soluble phase. The MIP-3H Marcellus sample
reported only a 2% contribution from the pyrite, organic, and silicate phases.

- The overall REY extraction efficiency was relatively poor because a major portion of
the REYs were concentrated in mixed clays and refractory phases that were difficult
to dissolve. The poor recovery could also be attributed to the concentration of REYs
in refractory insoluble fractions, including silicates, or due to incomplete reactions.
Other materials, such as pyrobitumen and kerogen, might also hold a significant
amount of critical metals. However, the presence of these insoluble materials cannot
be constrained by the leaching protocol used in this study.

This research potentially opens new avenues in understanding the fundamental mech-
anisms of REY enrichment in black shale. The study also highlights the need for developing
new techniques to improve the extraction of REYs from shales of different mineralogies,
maturities, and depositional environments. The development of scientific and engineer-
ing approaches to enhance REY recovery from oil and gas shale basins can help develop
black shales as potential REY resources, contributing to improving the US economy while
reducing its dependence on imports.
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