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Abstract

:

This study focuses on understanding the association of rare earth elements (REE; lanthanides + yttrium + scandium) with organic matter from the Middle Devonian black shales of the Appalachian Basin. Developing a better understanding of the role of organic matter (OM) and thermal maturity in REE partitioning may help improve current geochemical models of REE enrichment in a wide range of black shales. We studied relationships between whole rock REE content and total organic carbon (TOC) and compared the correlations with a suite of global oil shales that contain TOC as high as 60 wt.%. The sequential leaching of the Appalachian shale samples was conducted to evaluate the REE content associated with carbonates, Fe–Mn oxyhydroxides, sulfides, and organics. Finally, the residue from the leaching experiment was analyzed to assess the mineralogical changes and REE extraction efficiency. Our results show that heavier REE (HREE) have a positive correlation with TOC in our Appalachian core samples. However, data from the global oil shales display an opposite trend. We propose that although TOC controls REE enrichment, thermal maturation likely plays a critical role in HREE partitioning into refractory organic phases, such as pyrobitumen. The REE inventory from a core in the Appalachian Basin shows that (1) the total REE ranges between 180 and 270 ppm and the OM-rich samples tend to contain more REE than the calcareous shales; (2) there is a relatively higher abundance of middle REE (MREE) to HREE than lighter REE (LREE); (3) there is a disproportionate increase in Y and Tb with TOC likely due to the rocks being over-mature; and (4) the REE extraction demonstrates that although the OM has higher HREE concentration, the organic leachates contain more LREE, suggesting it is more challenging to extract HREE from OM than using traditional leaching techniques.
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1. Introduction


To meet the high demands for rare earth elements (REE) needed for energy transition technologies, recent and ongoing research has been focused on identifying and evaluating unconventional sources of REE like coal mine drainage and coal-related products such as refuse, coal-fired power plant ash, overburden, underclays, and, more recently, black shales [1]. The Appalachian Basin, situated in the eastern U.S., has been one of the largest producers of oil and natural gas in the last two decades [2,3]. This basin, which includes Middle Devonian black shales of varying total organic carbon (TOC) content and spatial maturity, is an important exploration target for REE within the volume of waste material like shale cuttings from horizontally drilled oil and natural gas extraction wells. Our study is an attempt at understanding the modes of REE occurrence in the different phases of black and calcareous shales in the Appalachian Basin. While the modes of association with carbonates, sulfides, framework silicates, and clays are well documented [4,5], there is a lack of understanding regarding the role of organic matter (OM) in REE enrichment [5,6]. Furthermore, the linkage between the thermal maturity of shales and their elemental enrichment has also not been addressed adequately. Therefore, to our knowledge, this study is one of the first that attempts to develop an REE inventory in Middle Devonian black shales, with particular focus on developing a holistic geochemical model of REE distribution in the organic fraction, and finally, establishing a relationship between the thermal maturity of shales and REE enrichment.




2. Geochemical Background


2.1. Role of Organic Matter (OM) in REE Partitioning


Black shales preserve critical mineral deposits like transition metals and rare earth elements [7]. They also act as recorders of changes such as shifts in redox conditions, diagenetic processes, and thermal influences on mineral composition. REE are categorized into light (LREE) (La–Nd, Sc), middle (MREE) (Sm–Ho, Y), and heavy (HREE) (Er–Lu) using the scheme proposed by Yang et al., 2017 [5]. Variations in REE concentrations in rocks of different thermal maturities result from processes like element mobilization during catagenesis, the segregation of REE-rich mineral phases, and sediment mixing. Typically, rivers and seawater show an enrichment of MREE relative to HREE, except in cases of acidic waters with a pH below 7 [8,9,10]. Estuaries are a unique zone where a significant number of lanthanides are scavenged by suspended matter or complexed with Fe–Mn oxyhydroxides, which results in a decrease in REE concentration in seawater relative to rivers (10 times higher levels) [11]. In seawater, during the early stages of diagenesis, sedimentary OM, oxyhydroxides, and trace elements like REE, Th, U, and Pb may migrate to sediment porewaters. This can be due to sediment dewatering, clay mineral transformations, and Fe-Mn reduction, leading to the preferential release of incompatible elements [12,13,14]. When oxic degradation in OM occurs, REE are released in the order LREE > MREE > HREE due to increasing complexing efficiency across series with carbonate species [14,15,16,17]. As depth increases, this results in an increase in HREE concentration in seawater closer to the sediment–water interface, similar to those of trace elements that behave as micronutrients, such as vanadium (refer to Discussion Section 6.2). HREE enrichment in carbonate minerals may result from higher stability of HREE complexes with carbonate ions or similarity in ionic radius between heavy lanthanides and Ca2+ [9]. In samples without a positive correlation between Ca and HREE, it may be due to replacement of Ca by HREE [18]. Also, the rate of OM degradation significantly impacts the association of HREE with carbonates, as seen in Haley et al. (2004) [19], that may arise from factors such as episodic OM input, slower carbon burial rates, an increase in thermally labile OM contributions, or some combination of these. The relative changes in HREE and LREE content in sediment pores can vary with depth and geochemical processes at the sediment–water interface [19]. Ratios such as HREE/LREE or MREE/LREE emphasize fractionation processes to remove the effect of individual concentrations. At shallow depths (0–2 cm), while HREE is at higher levels due to stable complexations, LREE is released from particulate organic matter due to remineralization. At greater depths (2–4 cm), the incomplete remineralization of OM may decrease LREE mobility and relatively increase HREE concentration. This phenomenon explains the source of REE in oxic, suboxic, and anoxic seawaters in the absence of Fe-oxides [20]. However, OM has also been proposed to play a role in the absence of carbonate complexation. The REE profiles show a good correlation with redox-sensitive elements, such as Cu, that are known to be strongly associated with OM and organic ligands [21]. This suggests that OM might play a key role in concentrating REEs in mudstones (see Discussion Section 6.2).



Variations in OM sources, OM composition (Figure 1), and lithology can also affect the REE distribution prior to thermal maturation [22,23,24,25,26,27,28,29,30]. During the burial, diagenesis, and formation of authigenic minerals such as apatite, clay transformations can significantly change the source rock REE signatures. For example, apatite has a strong affinity for MREE and therefore acts as a sink for those elements only when the P2O5 content is greater than 0.5% [31]. Other minerals like authigenic clays and Fe–Mn oxyhydroxides can scavenge REE from highly enriched pore water. It is assumed that shale diagenesis occurs in closed systems and the overall rock chemistry remains the same even though the elemental compositions in individual mineralogical phases may differ from the source rock [18,32]. However, in nature, mudrocks or black shales can also act as open systems, leading to a significant loss or gain of old and new material, respectively [12,33,34]. At mildly high temperatures, humic acid production in the pores may increase, affecting the REE mobility and complicating the reconstruction of paleo-depositional environments ([18], and references therein).




2.2. Role of Thermal Maturity in HREE Partitioning


The process of thermal maturation significantly affects OM structure and can impact REE distribution. When thermal maturation progresses, OM loss may be significantly high [35], particularly for source rocks with high aliphatic carbon content [36]. The extent to which OM may be retained or lost during catagenesis was addressed in one of the pioneer studies conducted to explain the preservation of alkanes (or soluble OM) in highly mature Canadian black shales [37]. It is one of the first studies to have reported higher HREE abundance in mature black shales. The OM is found in three different forms: Insoluble remobilized bitumenite, insoluble in situ bitumenite, and soluble OM. Pyrobitumen is the type of insoluble solid bitumen (Figure 1) that represents the residue from oil, and it is generated at a later stage along with gas during the cracking of oil [38,39]. Soluble OM is expected to be eliminated from the shale at the onset of regional metamorphism [37]. The physical properties of the shale, such as the porosity, permeability, and alignment of the foliated minerals seem to be linked to controlling the amount of soluble OM retained in the formation [37]. Photomicrographs of highly mature black shales demonstrate that the mobility of previously soluble bitumen and OM that is now insoluble pyrobitumen is due to the alignment of maximum permeability along foliated phyllosilicates in the direction perpendicular to that of the increasing diagenesis and metamorphism. Consequently, some alkanes were incorporated into recrystallizing minerals such as phyllosilicates, during the generation of pyrobitumen associated with increased maturation. While OM characterization is beyond the scope of this work, it is plausible that the rocks in our study area have been subjected to similar geological processes due to their high maturation (see Discussion Section 6.1).



In xenotime, Y is known to occur at the interstices of pyrobitumen nodules and may also be present either in the structure or occur as nanoparticles [40]. The HREE in general tend to be more abundant in pyrobitumen than LREE. A detailed micro-particle induced X-ray emission (µPIXE) study of massive pyrobitumen isolates indicate the presence of HREE in the structure or as nanoparticles [40]. Recent advances in research on tetrapyrrolic and porphyrin complexes demonstrate that the heavier lanthanides and Y have strong hydrophilic properties [41]. These compounds are critical in the context of our study as it has been long known that high concentrations of Ni and V in crude oils are because of their ability to form tetrapyrrole complexes [42] that have high thermal stability [43,44], resistance to strong acids [45,46], and inertness to cation exchange reactions [47]. Furthermore, the high tenacity of tetrapyrrolic compounds is enhanced by metalation, bivalency, and small ionic radii, and all three factors are conveniently satisfied by Ni and V [43,45,48,49,50,51]. Conversely, owing to the large ionic radii and high coordination numbers, REE are also well-suited to form sandwich double- and triple-decker complexes with porphyrins, phthalocyanines, and related macrocycles [40,41,52,53,54,55,56]. The most favorable conditions in accumulating sediments for such bonding to occur are a reducing (Eh < 0) and anaerobic environment that supports tetrapyrrole preservation [57,58,59].





3. Geology of Study Area


The Appalachian Basin represents a continuous stratigraphic sequence in the eastern U.S. spanning a large area across several states [60,61,62,63,64,65,66]. The Middle Devonian sequence was deposited in an asymmetric foreland basin (Figure 2) [67] during the Acadian orogeny. During deposition, there were intermittent stages of active volcanism and quiescence, characterized by layers of volcanic materials and trace elemental proxies, such as Th, Rb, Cs, Ta, and LREE [68]. Organic-rich black shales were deposited during periods of reduced sediment influx into the Appalachian Basin due to its distal location. Besides the prevailing tectonic influences, rising sea level is considered the dominant factor controlling Middle Devonian black shale deposition. Three major tectophases occurred in the Devonian. The second tectophase (Eifelian–early Givetian) triggered the deposition of the Marcellus Shale, which marked an abrupt transition from the Onondaga Limestone platform [69]. This lithological transition is attributed to the combined effect of rapid subsidence due to tectonic loading and eustatic sea level rise [61]. Furthermore, various studies using proxies such as concentrations of Mo and U, degree of pyritization, Mo and S isotopes, rare earth patterns in organic-rich and organic-lean sections, and I/Ca ratio in sediments have concluded that these black shales or mudrocks were deposited under fluctuating redox conditions [60,63,70,71,72,73,74,75,76,77,78]. As the orogeny advanced in the craton-ward direction, the organic-rich sediment underwent clastic dilution, and the deposits became successively poorer in carbonates and OM.



The current stratigraphic divisions link the fine-grained Marcellus subgroup of the distal western margin of the basin with the proximal eastern basin such that the Marcellus Shale is defined as a part of a generally shallowing upwards trend of basinal black shale to nearshore sandstone and alluvial deposits [80,81,82]. The Purcell member of the Marcellus Shale comprises bedded and nodular fine-grained limestone [80,81]. The limestone occurs between the upper and lower Marcellus subgroups above the Union Springs member of the Marcellus Shale but is relatively thinner than the black shales. The Union Springs member at the base of the lower Marcellus subgroup above the Onondaga platform is characterized by the black shale of the Shamokin member of the Marcellus Shale [81]. The Union Spring’s basal section exhibits exceptionally high radioactivity and low density, and is composed of quartz, pyrite, TOC, and lower clay content [81]. In contrast, the upper part of the formation reports a less prominent radioactive response and increased bulk density due to relatively lower OM content and a higher content of framework silicates [83].




4. Materials and Methods


The samples given in Table 1 were collected from a cored well in the Appalachian Basin (exact well location and stratigraphic unit names and depth information are proprietary). The general location is represented in Figure 2. These samples are labeled from A1 (bottommost) to D1 (topmost) in decreasing order of depth. A few samples have the same identifier suggesting that those were collected from different depths of a particular formation. For example, the first A2 sample at the bottom of Table 1 is a deeper sample than the overlying A2. To screen the samples and identify an appropriate set for this study, preliminary elemental concentrations were obtained using energy dispersive-X-ray fluorescence (ED-XRF; hand-held Bruker Tracer 5i) from the slab core face at 1.0-inch intervals. TOC and total sulfur values were determined using Leco analyzer from the powders drilled from the back of the cores and from the same depths as the ED-XRF measurements. All data thus obtained in this study correspond to the same depths and intervals. This study comprises ten core samples (plugs and segments) that were stratigraphically above, below, and from the Marcellus Shale (Table 1) and belong to the dry gas window. The samples were homogenized to 75 μm at the Premier Corex Laboratory and sent to West Virginia University (Morgantown, WV, USA) for whole rock analyses and sequential leaching experiments.



Mineralogical characterization of the samples was conducted at the Premier Corex Laboratory through X-ray diffraction (XRD). The XRD analysis was carried out on the bulk-rock fraction using a Bruker D8 Advance instrument. Initial preparation of bulk-rock samples involved powdering the material in a McCrone mill and side-loading before conducting bulk-rock measurements. Subsequently, clay analysis was performed following the separation of the clay fraction using centrifugation, adhering to the company’s proprietary workflow. The measurement parameters included a step scan in the Bragg–Brentano geometry employing CuKα radiation (40 kV and 30 mA). For both bulk-rock and clay fraction, samples were scanned at a counting time of 1.8 s per 0.02° 2θ, from 3 to 70° 2θ, and 1 s per 0.02° 2θ from 3 to 30° 2θ, for bulk-rock and clay fraction, respectively. Mineral phase interpretation and quantification were achieved using the Reference Intensity Ratio method, calibrated with in-house artificial mixes.



For the Sequential leaching procedure, 10 g of a sample (75 μm) was first washed with 150 mL of deionized (DI) water in a 400 mL borosilicate beaker and rolled for 18 h on an orbital shaker. The fluid was filtered using a 0.45 µm Millipore membrane filter. Following this, reagents were added to sequentially extract the inorganic and organic fractions from the shale. First, 80 mL of 1 M magnesium chloride was used to dissolve the exchangeable fraction. Second, the carbonates and phosphates were targeted using 150 mL of 1 N acetic acid, and constant shaking for 6 h at room temperature. Next, the Fe–Mn oxyhydroxides were dissolved using 150 mL of 0.05 M hydroxylamine hydrochloride in 25% acetic acid for 6 h at pH 2. Following the oxyhydroxides, pyrite was dissolved in 150 mL of 2 M nitric acid by constant shaking for 18 h at room temperature. The final step was designed to target the organically associated particles. First, the sample residue remaining after pyrite dissolution was combusted in a furnace at 650 °C in porcelain crucibles for 3 h to oxidize the organics. This step was performed to ensure the REE would be concentrated as rare earth oxides in the burnt residue that is predominantly a refractory material, i.e., silicates. After combustion, the sample was washed in 150 mL of 0.1 M HCl and shaken for 4 h to separate the REE from the residue. The supernatant fluids formed after every leaching step were collected by vacuum filtering using 0.45 µm membrane filters and subsequently acidified with 1% conc. nitric acid to prevent chemical deterioration of the sample. Additionally, the sample residue after each leaching step was washed in 150 mL of DI water, collected, and acidified for future analyses (if necessary) to account for the elemental loss in between the leaching steps.



About 5 g of each powdered shale sample was used for whole-rock digestion by the sodium peroxide fusion method. Major and trace element concentrations were measured in acidified leachates and whole-rock concentrations using EPA methods 200.7 and a modified 200.8, respectively [84,85]. 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 for the elements are provided in the Supplementary Materials.



Kerogen isolation was performed on pulverized aliquots of the oil shale samples using a sequential acid treatment method [86]. Initially, 18% w/w hydrochloric acid was added to the samples to remove carbonate minerals, followed by 52% w/w hydrofluoric acid to remove aluminosilicates, and then boiling 37% w/w hydrochloric acid was used to remove fluorosilicates produced by the hydrofluoric acid treatment. After removal of residual acid with multiple washes using deionized water, a heavy-liquid separation was performed in a zinc bromide solution to reduce pyrite and other heavy acid-resistant minerals. Additional hot HCl treatments to remove minerals like ralstonite (evaluated by qualitative X-ray diffraction analysis) were employed when required. Finally, a Soxhlet extraction of the organic isolate using a 60:40 (wt%) benzene-methanol azeotrope was employed to remove any residual ZnBr2 and extractable OM. Kerogen samples were then dried in a vacuum oven overnight (60 °C). Major and trace element analyses were performed on whole rock powders and kerogen isolates (after ashing) by SGS Laboratories (Toronto, Canada) using an inductively coupled plasma-optical emission spectroscopy-mass spectroscopy (ICP-OES-MS) method following preparation of samples by sodium peroxide fusion [87].




5. Results


5.1. General Mineralogical Information of the Shale Samples


In our investigation, the mineralogical results in Table 2 and Figure 3 show that samples are typically organic-rich mudrocks and have a moderate to high amount of quartz (19.3–34.0%), feldspar (Plag + Kfsp) (4.7–7.4%), total clay (illite/mica + chlorite) (13.3–60.1%), carbonates (Cal + Dol + Fe-Dol) (1.2–60.7%), pyrite (1.4–6.5%), and TOC (0.41–8.73%). Other minerals were anatase (0.5–1.1%) and barite (trace amount). The TOC increases in the interval between D1 and C2, decreasing sharply at C1, before increasing substantially in the lower horizons until reaching 4.90% at A1, which is a carbonate platform with 53.5% calcite. Other horizons that are carbonate-rich but relatively less in TOC are C2 and C1 (CaCO3 = 19.5% and 35.8% respectively). The TOC-rich zones are concentrated in the lower portion of the core found in three horizons, namely B and A2.



Table 3 provides the major elemental contents as oxides that constitute the major shale-forming minerals. The siliciclastic indicators, namely, SiO2 ranges from 34.26 wt% in A1 to 60.14 wt% in D1, TiO2 from 0.24 wt% to 0.78 wt% in D1, Al2O3 from 4.42 wt% in A1 to 16.35 wt% in D1, Na2O 0.63 wt% in A1 to 1.12 wt% in upper B, and K2O from 0.82 wt% in A1 to 4.15 wt% in the upper D1 sample. Pyrite is represented by Fe2O3 ranging from 1.61 wt% in A1 to 7.52 wt% in lower D1 and total sulfur from 0.83 wt% in C2 to 4.06 wt% in lower B, which is also the sample with highest pyrite content. Carbonates are constituted of CaO, ranging from 0.97 wt% in D1 to 25.19 wt% in A1, and MgO from 0.92 wt% in A2 to 3.04 wt% in C1.




5.2. Rare Earth Elements in the Whole Rock


The individual REE contents in the whole rock are given in Table 4. We further categorized these elements into light (LREE) (La–Nd, Sc), middle (MREE) (Sm–Ho, Y), and heavy (HREE) (Er–Lu) using the scheme proposed by [5]. The Total REE (TREE) content is consistently higher in the black shales than in the calcareous shales. The increasing trend in REE content from the base to the top section coincides with an increase in Al2O3 and TiO2 as well as SiO2 and K2O. However, when grouped into light, middle, and heavy, there are more distinct relationships observed as given in the heat map in Table 5.



The heat map in Table 5 demonstrates the covariation of the major inorganic and organic phases in our samples with LREE (La–Nd) and HREE (Tb–Lu), respectively. The numbers are assigned a white-red color gradient to represent the relative concentration of the sample in SiO2, K2O, TiO2 (indicative of siliciclastic minerals), chlorite, CaO (calcite), S (sulfides), and TOC. The reason for excluding the Sc and Y from the grouping was to evaluate if these elements behaved similar to or different than a particular REE group. The two uppermost samples (D1) have the highest siliciclastic contents which corresponds with the highest LREE contents, followed by B and C3. The least silicate input is found in the carbonaceous shales that are C2, C1, A2, and A1. We found that the siliciclastic indicators for minerals like quartz, feldspar, and total clays show an affinity for LREE. On the other hand, S and TOC show a clear association with elevated Y and HREE from C1 down. This illustrates that although the REE have a preferential mode of enrichment into different inorganic species, the classical grouping needs further modification to better constrain the behavior of individual REE. This classification can be defined by chemical properties such as the nature of electronic orbitals and the specific electron interactions between particular types of REE and the phases in which they are enriched.



Figure 4 shows the Post-Archean Australian Shale (PAAS)-normalized [88] rare earth distribution in the whole rock with a moderately MREE to HREE-enriched pattern. Using the REE classification from [5], the MREE category includes six lanthanides (Sm, Eu, Gd, Tb, Dy, and Ho). However, in this study, it is evident that a transition in REE abundance starts at Tb. Hence, for a better understanding of the behavior of the heavy lanthanides, we hereby group the HREE from Tb to Lu. The Ce and Eu anomalies [9,89] were calculated as follows:


Ce/Ce* = 2CeSN/(LaSN + PrSN)



(1)






Eu/Eu* = 2EuSN/(SmSN + GdSN)



(2)







The anomalies in our samples occur as expected in black shales formed in deep ocean anoxic to suboxic basins (see Supplementary Materials, Table S1). There is significantly higher levels of Y relative to PAAS in the four deepest samples, i.e., one A1, two A2, and one B. The rest of the samples show a depletion in Y relative to PAAS, indicating that the source of Y higher up in the lithologic sections was either absent or these rocks may have undergone post-depositional changes to remove Y. We also observed a similar Tb enrichment, but, in this case, it is present in all samples relative to PAAS. It is likely that the modes of Y and Tb enrichment are similar, but during diagenesis, these elements can respond differently to fluid conditions.




5.3. Rare Earth Elements in the Organic Leachate


The ICP-determined concentration of individual rare earth elements extracted from organic leachate fraction and the total REE are given in Table 6. The total concentration extracted varies from only 0.62 to 6 ppm, indicating that a significant amount remained in the silicate residue. The LREE had higher levels in the leachates, followed by the MREE and the HREE. However, the multi-element graphical representation (Discussion 6.3 helps us develop key insights into the plausible mechanisms for such observations. Furthermore, the whole rock REE content also provides an understanding of the key factors that control REE enrichment in black shale.





6. Discussion


6.1. HREE Enrichment in Black Shale


The mineralogical changes down the stratigraphic column (Figure 3) clearly demonstrate that two lithological end members are present based on the silicate and carbonate contents in the chosen sequence with varying proportions of other minerals and TOC. The clay content is dominated by illite, which is as high as 60% in the upper D1 sample and gradually decreases as the units become increasingly calcareous. We see a similar trend with chlorite, although it disappears completely at the B–A2 transition. As for the carbonates (calcite, dolomite, and Fe-dolomite), they are present in low concentrations in the higher units and increase towards A1. We observe a sharp increase in calcite and dolomite in the C1 and C2 samples, indicating a change in the siliciclastic and clay input into the marine waters. Pyrite content varies concomitantly with OM from C1 to the base of the sequence. This implies that higher OM productivity combined with anoxia primarily controls the mineralogical composition of the deeper shales.



Since the chemical fractionation of REE occurs in a predictable fashion that corresponds to their increasing atomic number, it is assumed that individual REE will behave similarly when partitioning into the various shale-forming minerals. This concept will help us substantiate the relationships we observe between HREE and TOC from the Middle Devonian rocks and kerogen isolates of global oil shales. Kerogen isolates, which are a concentrated form of organic carbon, can be useful to develop a mechanistic understanding of HREE partitioning in pure kerogen. Although the comparison is between two different kinds of samples, we argue that in both cases the focus lies on HREE association with organic matter components in black shales. Furthermore, Figure 5a,b also draw our attention to whether the thermal maturity of the shale has an influence on partitioning, as we see opposite HREE trends with increasing TOC contents. Therefore, it is reasonable to consider comparing the HREE data of the highly mature Middle Devonian samples with the relatively more immature kerogen samples of global oil shale. We note that there is a moderately positive trend in HREE with an increase in TOC in Figure 5a. This observation is in agreement with a few previous studies that propose that the HREE enrichment in the whole rock is contributed by organics [21]. On the contrary, the HREE content in kerogen isolates extracted from global oil shales (see Table 7) show an inverse relationship with TOC (Figure 5b). This opposite trend suggests that other factors besides TOC might be controlling the HREE partitioning; for example, it is possible that hydrocarbon-generating aliphatic organic moieties are not a repository for HREE. To corroborate the data, we assessed the relationship between TOC and certain redox-sensitive elements, such as V, Ni, Cu, Mo, and U in our Appalachian Basin samples.




6.2. REE Distributions in Immature Oil Shales and Kerogen Isolates


The oil shale samples examined as part of this work represent a range of sedimentary rock formations from various basins around the world. All samples are thermally immature, based on maceral reflectance (vitrinite or solid bitumen), programmed pyrolysis parameters, and kerogen elemental ratios. The samples include examples from the Mahogany oil-shale zone of the Eocene Green River Formation (GR; Piceance Basin, CO, USA); Cretaceous Timahdit oil shale (TM; Morocco); Cretaceous Ghareb Formation (GI and GJ) shales from two locations (Israel and Jordan; sometimes referred to as the Muwaqqar Formation in Jordan); Jurassic Kimmeridgian Blackstone (KB; England); Permian Irati Formation marinite (IF; Brazil); Permian Glen Davis torbanite (GD; Australia); Permian shale of the Phosphoria Formation (PR; MT, USA); Carboniferous Pumpherston torbanite (PO; Scotland); Mississippian–Devonian New Albany shale (NA; IN, USA); Ordovician Narva-E mine kukersite (EK; Estonia); and the Cambrian Alum Shale Formation (AS; Sweden).



These elements demonstrate a distinct mineralogical dependence as the rock TOC content increases downward from C1 (Figure 6). Between B and A1, the sharp increase in the trace metal concentration coincides with an increase in TOC from 3–9.5 wt.%. V, Ni, Cu, Mo, and U vary from about 80–280 ppm, 0–150 ppm, 0–130 ppm, 20–100 ppm, and 0–15 ppm in the upper sections, respectively, and to about 280–640 ppm, 150–370 ppm, 130–280 ppm, 60–150 ppm, and 30–60 ppm in the lower sections, respectively. This increase in elemental concentrations relates directly to the associated reduction in dissolved oxygen concentrations with depth [19,21,32,42,90]. As the REE demonstrate a similar response to a change in redox with depth (Figure 6), we therefore use the HREE data reliably to understand its relationship with TOC. A study on Utica Shale magnafacies in Quebec, Ontario, and New York shows that REE in the organic fraction represents up to almost 20% of the whole rock content [18]. Abanda and Hannigan (2006) [18] reported that the elemental association with OM was much higher than with the sulfide or carbonate fraction. The trend of HREE distribution in our samples also supports that organics can play a key role in controlling the whole rock REE content, in addition to the silicate fraction. To verify the trend, it is necessary to find visible HREE enrichment patterns, which is evident in Figure 4.



It is important to consider other factors in addition to the role of OM that could influence the LREE-HREE enrichment pattern in the whole rocks. We see a variation in the mildly negative Ce anomalies and that can likely be attributed to differences in the extent of biologically mediated activities at particular depths (Figure 4). We hypothesize that local disturbances in the pore waters may have affected the redox conditions and influenced the oxidation of Ce and the growth of microbial communities. More negative anomalies in the deeper stratigraphic horizon would suggest persistent anoxia during the deposition of A1 [20] that prevented the formation of discrete CeO2 grains. However, it is difficult to resolve if the same biological mediation was responsible for simultaneous Mn-oxide formation or if the degrees of oxidation are controlled by a common process [20]. It is also important to note that although we have a reasonable understanding of the modes of REE partitioning during sediment–fluid interactions in marine settings, most of these studies have been conducted on immature shales. Therefore, the published geochemical models do not consider the effects of thermal alteration on REE distribution in black shales and this is why it is challenging to adequately interpret the REE patterns of the highly mature samples in our study.



The cross plot of the Y concentration against the TOC content in our samples shows that there is a non-linear positive trend in Y with an increase in TOC (Figure 7). This observation aligns with a study by Fuchs et al. (2016) [40] that focused on metal and REE occurrences in pyrobitumen. They reported significantly higher amounts of Y in pyrobitumen (mean concentration of 600 ppm) relative to the mineral matrix of black shales. It is known that Y is an abundant mineral in xenotime and in the interstices of pyrobitumen nodules, and it may also be present either in the structure or occur as nanoparticles. The higher Y content may invariably be a function of pyrobitumen formation during thermal maturation. This suggests that HREE in general tend to be more concentrated in pyrobitumen than the LREE, regardless of the variations in lithology.



Based on the whole rock pattern and moderately strong positive correlation between Y and TOC, we argue that pyrobitumen is potentially the primary host of the heavier lanthanides. Several studies have reported that an increase in shale porosity with increasing thermal maturity is associated strongly with changes in the porosity within OM [91,92,93,94,95,96,97]. The lanthanides can hence be incorporated either in OM-hosted pores or in the pyrobitumen structure. A study by Chen and Xiao (2014) [98] evaluated the evolutionary characteristics of OM-hosted nanoporosity in artificially matured shales. It was found that vitrinite reflectance has a strong control on the meso-, micro- and nanopore development within the thermally evolving OM. Therefore, careful evaluation is warranted to determine the nature of association of HREE with pyrobitumen, as that has implications for the development of extraction techniques.



Devonian black shales in the Appalachian Basin have been extensively studied with respect to the thermal maturity, mineral assemblages, and nature of OM. In highly mature and overmature rocks (>3% VRo), similar to our Appalachian samples studied here, the dominating OM identified is pyrobitumen [99,100,101]. Photomicrographs and the 3D modeling of the Marcellus Formation from our Appalachian samples used in this study confirm the presence of thermally altered organics in the form of highly aromatic pyrobitumen (cannot be published for proprietary reasons). Furthermore, the presence of sub-greenschist metamorphic facies and prehnite-pumpellyite assemblage allude to post-mature Devonian shales in highly mature parts of the basin. This corroborates that the highly mature shales contain higher OM porosity compared with those at lower maturities in the wet-gas window. These highly mature regions of the Marcellus basin contain an organic network that may also preserve conditions favorable for the existence of tetrapyrrolic and porphyrin complexes of HREE, including Y. This supports our hypothesis that overmature OM is the primary repository of heavy lanthanides. Therefore, the HREE-enriched pattern in the whole rock (Figure 4) and the positive correlation between TOC and HREE (Figure 5a) demonstrate the role of OM in the incorporation of REE distribution.




6.3. REE Partitioning during Chemical Leaching of OM


To ensure that all the REE were effectively leached from the organic fraction, the sample was combusted at 650 °C for 3.5 h to concentrate them as rare earth oxides prior to rinsing with diluted acid. Subsequently, a Leco TOC analysis was performed to verify if all the OM had been removed at the combustion step, which showed that OM was efficiently removed during the experiment (see Figure S1 in Supplementary Materials). The PAAS-normalized REE pattern indicates that the REE are significantly depleted in the organic leachate fraction. OM was completely removed except for two A samples (Figure 8). Hence, the REE volume in the organic leachate is a true representation of the total REE likely associated with the pyrobitumen solubilized with an acid in the whole rock.



This is, however, contradictory to our expectation that the organic leachates from our extractions show higher relative concentrations of lighter REEs instead of the heavier ones that are known to be present in higher concentrations in OM in the whole rock (Figure 5a and Figure 6). This observation suggests that while OM has an affinity for HREE, it is also more challenging to decouple them using traditional leaching techniques. We hypothesize that nanoscopic specks of apatite, and potentially, xenotime, embedded in OM-hosted pores could be responsible for generating positive Y anomalies in the whole rock but negative anomalies in the organic leachates. The REE abundance also drastically decreased from Tb, indicating that Dy and Ho, which are conventionally grouped into MREE, are observed to behave similar to the HREE. We also saw similar distribution patterns in the whole rock, indicating that there is some similarity in the MREE and HREE distribution patterns (Figure 4). We propose that this warrants a reevaluation of REE classifications based on the objectives of the study. For the purpose of understanding the cause of poor recoveries from our samples, grouping Tb, Y, Dy, Ho, Er, Tm, Yb, and Lu as HREE was determined to be a reasonable way to evaluate HREE behavior in mature black shales. Furthermore, Tb and Y could not be extracted from the high-TOC samples, suggesting these two elements behave similarly as the other HREE, and therefore the PAAS-normalized Y and Tb ratios could be reliable indicators of the behavior of HREE in overmatured rocks. A similar anomalous behavior of Y and Tb has been reported previously [6]. The soluble OM, which was extracted via the traditional leaching procedure, mobilized the lighter rare earth elements, because LREE are known to be incompatible elements. It is important to reiterate that the samples are overmatured and that the likelihood of residual soluble OM is expected to be very low. Since our OM removal was successful, as seen from the Leco TOC analysis of the residue, we propose a few mechanisms that corroborate our data. First, some fraction of the TOC is composed of labile hydrocarbons that were not expelled at the time of thermal maturation and had retained the LREE volume that was generated during leaching. We also assume that the soluble OM may have been trapped by association with refractory silicates during remineralization [37] and that is plausibly the primary source of the remnant LREE in organic leachates. The second mechanism explains the presence of low LREE by accounting for significant loss during processes such as kerogen cracking, the migration of oil, and oil cracking. These three processes are progressive stages of thermal maturation [102]. Therefore, a highly mature shale is expected to be significantly depleted in LREE. Thirdly, to account for the HREE enrichment, we attribute it to the formation of thermally resistant stable organic compounds (discussed in detail previously), which made LREE less likely to be preserved in OM. Therefore, the whole rock and leachate REE patterns agree with our hypothesis that although OM has a higher affinity for HREE, thermal maturity plays a more critical role in determining the modes of REE occurrence.




6.4. Geochemical Model for REE Incorporation in Mature Organic-Rich Shale


The current understanding of REE partitioning during the thermal maturation of black shales is limited. There can be several modes of occurrence depending not only on the source but also on the post-burial diagenetic processes and the presence of authigenic minerals or lack thereof. Since we do not find the occurrence of minerals that have an affinity for rare earth elements, we focused our geochemical model to role of OM and siliciclastics, excluding carbonates and sulfides.



The hypothetical model can be divided into depositional and post-depositional processes and can be described as follows:



Depositional stage: During a high influx of organic material from various sources into the marine waters, dissolved REE in seawater [20,103,104] is scavenged by carboxyl groups of humic acids during the early stages of OM deposition. As the depth in the water column increases, there is a relative increase in HREE over LREE due to the increasing stability of complexes with an increase in the atomic number of the lanthanides. Therefore, depositing OM preferentially takes up more HREE. With compaction, there is a release of REE into pore waters due to the reductive dissolution of Fe–Mn oxyhydroxides [105,106,107,108] that may further increase the possibility of the REE to be incorporated into OM.



Post-depositional stage: After compaction is complete, and when thermal maturation reaches a point that initiates a release of aggressive pore fluids from OM and the dewatering of smectite to forms illitic clays, there is a further preferential partitioning of HREE into the solid OM. Other processes that can mobilize HREE are through the formation of stable tetrapyrrolic and porphyrin complexes which are tenacious at high temperatures and resistant to cation exchange reactions. When oil is released due to maturation, these compounds migrate into nano- and micropores from the origin along the temperature gradient. As maturation progresses from the oil to wet gas and then dry gas, there is significant modification of OM-hosted shale porosity. While fluids remain in the evolving shale system, certain organic networks develop which may host a fraction of the rare earths, preferentially retaining the heavy REE, simultaneously depleting the host rock in LREE. At further stages of maturation, there is cracking of oil, leading to the generation of gas and pyrobitumen. With the expulsion of oil, a volume of LREE may be lost and the stable tetrapyrroles are preserved in thermally recalcitrant pyrobitumen, which may later become partially graphitized at higher temperatures. This sequence of events can ultimately give rise to a HREE-enriched pattern that we observe in all the high TOC-rich samples. On the other hand, the negative correlation between HREE and TOC in the relatively immature oil shales may be attributed to the lack of significant thermal maturation resulting in the preferential retention of HREEs in organic residues not occurring.





7. Conclusions


We conclude that organic matter in highly matured black shales plays a significant role in partitioning and remobilizing heavy rare earths. The opposite trends between global oil shales and over-matured Middle Devonian shales with respect to the relationship between TOC and HREE help develop the idea that thermal maturation process is an important factor to consider when studying geochemical behavior of REE association. It is therefore likely that although TOC has a control on REE enrichment relative to PAAS, thermal maturity is the most important factor that governs HREE partitioning into refractory materials, such as pyrobitumen.



	
We established an REE inventory from the D1 through A1. The total REE ranges from 180 to 270 ppm and the OM-rich samples tend to contain more REE than the calcareous shales.



	
The samples show a relatively higher abundance of middle and heavy REEs than light REEs.



	
There is a disproportionate increase in Y and Tb with TOC, suggesting these elements are more strongly bound to OM and thus can be used in tracer studies.



	
The organic leachates from our experiments contained more LREE than HREE despite the HREE concentration being higher in OM. This observation suggests that while OM has an affinity for HREE, it also is more challenging to decouple them using traditional leaching techniques. The high Y and Tb content in the whole rock reflects that the HREE are incorporated under high thermal conditions and these elements can be used as reliable proxies for determining nature of refractory OM in highly mature black shales.






The REE in pore waters and their marine sediment counterparts can exhibit a wide range of REE concentrations controlled by different redox conditions, diagenetic environments, and thermal maturation. Therefore, this study shows the need to further explore shales from other basins and the effects of other maturation processes on the geochemical behavior of REE. Our preliminary findings contribute to the development of a better understanding of the role of maturation history, the scavenging capacity of pyrobitumen, and the potential role of clays in the remobilization of REE from the silicates. Finally, building an REE inventory in other major shale plays could help tap into unconventional REE resources to meet the global demands of these relevant elements.
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Figure 1. Constituents of shale organic matter. 
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Figure 2. Paleogeographic map during the Middle Devonian (385 Ma) Acadian orogeny. Black oval indicates the general location of the study area; black arrows indicate paleo-wind direction. Modified from Blakey, 2005 [79]. 






Figure 2. Paleogeographic map during the Middle Devonian (385 Ma) Acadian orogeny. Black oval indicates the general location of the study area; black arrows indicate paleo-wind direction. Modified from Blakey, 2005 [79].



[image: Energies 17 02107 g002]







[image: Energies 17 02107 g003] 





Figure 3. XRD-determined mineralogical proportions of the lithologic units of our study. The dominant groups comprising the whole shale are the siliciclastic, carbonates, mica clays, and pyrite and TOC. 
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Figure 4. PAAS-normalized REE abundance in the 10 Middle Devonian shales. 
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Figure 5. (a) HREE in overmature Middle Devonian shales. (b) HREE in kerogen isolate of immature global oil shales. 
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Figure 6. A comparative illustration to track the covariance of redox sensitive parameters, namely, sulfur, TOC. 
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Figure 7. Increasing Y with TOC in whole rock. 
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Figure 8. PAAS-normalized REE abundances in the organic leachate fraction. 
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Table 1. General description of the core samples.
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	Sample Identifier
	Lithofacies
	Sample Type





	D1
	Clay-rich
	1.5-inch plug, center depth (Upper)



	D1
	Clay-rich
	1.5-inch plug, center depth (Lower)



	C3
	Clay-rich
	1.5-inch plug and laterally adjacent core segment



	C2
	Carbonate-rich
	1.5-inch plug, center depth



	C1
	Carbonate-rich
	1.5-inch plug, center depth



	B
	Organic-rich
	1.5-inch plug, center depth (Upper)



	B
	Organic-rich
	1.5-inch plug, center depth (Lower)



	A2
	Organic-rich
	1.5-inch plug, center depth (Upper)



	A2
	Organic-rich
	core segment (Lower)



	A1
	Carbonate-rich
	core segment










 





Table 2. XRD-determined mineralogical content and Leco-TOC of core samples.
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ID

	
Qtz

	
Plag

	
Kfsp

	
Ill/Mic

	
Chl

	
Cal

	
Dol

	
Fe-Dol

	
Pyr

	
Bar

	
Anat

	
TOC




	

	
%

	
%

	
%

	
%

	
%

	
%

	
%

	
%

	
%

	
%

	
%

	
%






	
D1

	
27.9

	
5.6

	
0.5

	
52.4

	
7.7

	
0.6

	
0.6

	
0.0

	
2.5

	
0.0

	
1.1

	
1.90




	
D1

	
30.6

	
6.0

	
0.4

	
45.7

	
5.6

	
1.4

	
0.3

	
1.1

	
5.9

	
0.0

	
1.1

	
3.37




	
C3

	
29.0

	
6.8

	
0.3

	
40.1

	
3.1

	
13.6

	
1.4

	
4.5

	
1.8

	
0.0

	
1.1

	
4.18




	
C2

	
19.3

	
5.4

	
0.4

	
38.2

	
0.9

	
30.5

	
3.7

	
1.6

	
1.4

	
0.0

	
0.7

	
3.27




	
C1

	
24.6

	
6.0

	
0.3

	
37.7

	
1.0

	
26.7

	
8.8

	
11.0

	
2.5

	
0.0

	
0.8

	
0.41




	
B

	
27.2

	
7.4

	
0.0

	
42.1

	
1.6

	
11.0

	
4.2

	
1.7

	
4.5

	
0.0

	
0.6

	
5.63




	
B

	
30.3

	
6.7

	
0.0

	
34.8

	
0.0

	
12.3

	
1.3

	
0.6

	
6.5

	
0.0

	
0.7

	
8.69




	
A2

	
26.8

	
6.5

	
0.0

	
22.5

	
0.0

	
30.0

	
1.4

	
0.3

	
4.7

	
0.0

	
0.7

	
8.73




	
A2

	
34.0

	
6.7

	
0.0

	
16.9

	
0.0

	
29.4

	
5.8

	
0.3

	
5.5

	
0.0

	
0.7

	
6.75




	
A1

	
21.1

	
4.7

	
0.0

	
13.3

	
0.0

	
53.5

	
6.2

	
1.0

	
2.0

	
0.0

	
0.5

	
4.90








Qtz: Quartz; Plag: Plagioclase feldspar; Kfsp: K-Feldspar; IllMic: IlliteMica; Chl: Chlorite; Dol: Dolomite; Pyr: Pyrite; Bar: Barite; Anat: Anatase; %: weight percent.













 





Table 3. Major elemental content of the whole rock.
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	Sample ID
	SiO2

%
	TiO2

%
	Al2O3

%
	Fe2O3

%
	MnO

%
	MgO

%
	CaO

%
	Na2O

%
	K2O

%
	P2O5

%
	Leco S

%
	BaO

%





	D1
	59.02
	0.78
	16.35
	6.37
	0.03
	1.70
	0.97
	1.05
	4.15
	0.08
	1.59
	0.25



	D1
	60.14
	0.69
	14.24
	7.52
	0.03
	1.45
	1.24
	1.07
	3.70
	0.09
	3.90
	0.37



	C3
	53.10
	0.54
	11.91
	3.64
	0.03
	1.87
	6.99
	1.10
	3.09
	0.05
	1.10
	0.24



	C2
	40.76
	0.57
	11.22
	2.63
	0.03
	1.60
	16.77
	0.89
	2.91
	0.04
	0.83
	0.26



	C1
	46.35
	0.63
	11.21
	5.74
	0.07
	3.04
	10.63
	1.00
	2.65
	0.13
	1.87
	0.36



	B
	55.14
	0.63
	13.08
	5.24
	0.03
	1.43
	4.81
	1.12
	3.43
	0.09
	2.55
	0.36



	B
	52.42
	0.49
	10.37
	5.57
	0.02
	1.06
	6.67
	1.08
	2.65
	0.10
	4.06
	0.29



	A2
	41.48
	0.32
	6.92
	3.80
	0.02
	0.92
	16.64
	1.01
	1.90
	0.09
	2.84
	0.16



	A2
	45.75
	0.28
	5.45
	5.45
	0.02
	1.89
	15.42
	0.78
	1.21
	0.10
	3.91
	0.12



	A1
	34.26
	0.24
	4.42
	1.61
	0.01
	2.07
	25.19
	0.63
	0.82
	0.11
	1.05
	0.14










 





Table 4. Individual and total REE content in the whole rock and PAAS.
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	ID
	Sc

ppm
	Y

ppm
	La

ppm
	Ce

ppm
	Pr

ppm
	Nd

ppm
	Sm

ppm
	Eu

ppm
	Gd

ppm
	Tb

ppm
	Dy

ppm
	Ho

ppm
	Er

ppm
	Tm

ppm
	Yb

ppm
	Lu

ppm
	TREE

ppm





	D1
	16.7
	25.0
	44.5
	90.2
	10.6
	40.9
	7.5
	1.63
	7.5
	1.1
	6.8
	1.40
	3.9
	0.6
	3.7
	0.6
	262.5



	D1
	13.2
	24.9
	45.3
	89.6
	11.3
	44.9
	9.4
	2.07
	9.2
	1.4
	7.5
	1.55
	4.4
	0.7
	4.3
	0.6
	270.3



	C3
	13.4
	18.7
	37.0
	72.1
	9.2
	35.6
	6.7
	1.39
	6.5
	0.9
	5.1
	1.08
	3.2
	0.4
	2.9
	0.6
	214.7



	C2
	11.9
	18.9
	38.6
	73.3
	9.3
	35.1
	5.9
	1.28
	6.1
	0.8
	5.1
	0.99
	2.9
	0.4
	2.9
	0.4
	213.8



	C1
	10.5
	15.2
	33.0
	65.5
	7.8
	29.7
	5.8
	1.40
	6.1
	0.9
	5.2
	1.02
	2.8
	0.4
	2.7
	0.4
	188.5



	B
	13.6
	24.4
	40.4
	78.8
	9.8
	38.6
	7.7
	1.97
	8.1
	1.2
	7.2
	1.47
	4.2
	0.6
	3.8
	0.4
	242.2



	B
	13.5
	29.8
	39.2
	73.7
	9.8
	39.5
	8.6
	2.03
	9.4
	1.4
	8.2
	1.68
	4.7
	0.7
	4.3
	0.6
	247.1



	A2
	11.4
	56.5
	39.1
	58.9
	9.2
	39.1
	8.9
	2.24
	11.2
	1.7
	10.0
	2.20
	6.2
	0.9
	5.6
	0.6
	264.1



	A2
	11.9
	34.7
	28.9
	46.7
	7.9
	32.5
	6.7
	1.54
	7.6
	1.1
	6.8
	1.35
	4.0
	0.6
	3.8
	0.9
	196.7



	A1
	7.7
	26.6
	23.9
	33.0
	5.3
	21.3
	4.7
	1.07
	6.0
	0.9
	5.2
	1.08
	2.9
	0.4
	2.6
	0.5
	143.2



	PAAS
	15.9
	27.3
	44.6
	88.3
	10.2
	37.3
	6.9
	1.2
	6.0
	0.9
	5.3
	1.1
	3.1
	0.5
	3.0
	0.4
	252.0










 





Table 5. Heat map illustrating the relationship between the major shale phases and the REE groups.
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ID

	
SiO2

	
TiO2

	
Al2O3

	
K2O

	
CaO

	
Chlorite

	
LREE (La–Nd)

	
Leco S

	
Leco Bulk TOC

	
HREE (Tb–Lu)




	

	
%

	
%

	
%

	
%

	
%

	
%

	
ppm

	
%

	
%

	
ppm






	
D1

	
59.02

	
0.78

	
16.35

	
4.15

	
0.97

	
7.7

	
186.11

	
1.59

	
1.9

	
18.04




	
D1

	
60.14

	
0.69

	
14.24

	
3.70

	
1.24

	
5.6

	
191.09

	
3.90

	
3.37

	
20.35




	
C3

	
53.10

	
0.54

	
11.91

	
3.09

	
6.99

	
3.1

	
153.95

	
1.10

	
4.18

	
14.09




	
C2

	
40.76

	
0.57

	
11.22

	
2.91

	
16.77

	
0.9

	
156.25

	
0.83

	
3.27

	
13.48




	
C1

	
46.35

	
0.63

	
11.21

	
2.65

	
10.63

	
1.0

	
136.03

	
1.87

	
0.413

	
13.37




	
B

	
55.14

	
0.63

	
13.08

	
3.43

	
4.81

	
1.6

	
167.55

	
2.55

	
5.63

	
18.95




	
B

	
52.42

	
0.49

	
10.37

	
2.65

	
6.67

	
0.0

	
162.13

	
4.06

	
8.69

	
21.61




	
A2

	
41.48

	
0.32

	
6.92

	
1.90

	
16.64

	
0.0

	
146.24

	
2.84

	
8.73

	
27.66




	
A2

	
45.75

	
0.28

	
5.45

	
1.21

	
15.42

	
0.0

	
116.03

	
3.91

	
6.75

	
18.21




	
A1

	
34.26

	
0.24

	
4.42

	
0.82

	
25.19

	
0.0

	
83.50

	
1.05

	
4.9

	
13.34








Min. values indicated in white. Max. values indicated in red.













 





Table 6. Individual REE and Total REE concentrations in the organic leachate fraction.
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ID

	
Sc

	
Y

	
La

	
Ce

	
Pr

	
Nd

	
Sm

	
Eu

	
Gd

	
Tb

	
Dy

	
Ho

	
Er

	
Tm

	
Yb

	
Lu

	
TREY




	

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L






	
D1

	
0.396

	
0.162

	
1.036

	
2.160

	
0.327

	
1.432

	
0.188

	
0.028

	
0.112

	
0.013

	
0.065

	
0.013

	
0.038

	
0.005

	
0.026

	
0.004

	
6.004




	
D1

	
0.303

	
0.221

	
0.556

	
1.344

	
0.219

	
1.053

	
0.137

	
0.022

	
0.087

	
0.013

	
0.065

	
0.013

	
0.039

	
0.005

	
0.028

	
0.005

	
4.110




	
C3

	
0.177

	
0.083

	
0.431

	
1.051

	
0.178

	
0.698

	
0.069

	
0.013

	
0.055

	
0.007

	
0.036

	
0.007

	
0.019

	
0.002

	
0.014

	
0.002

	
2.842




	
C2

	
0.071

	
0.076

	
0.404

	
1.133

	
0.178

	
0.610

	
0.056

	
0.011

	
0.047

	
0.006

	
0.040

	
0.008

	
0.022

	
0.003

	
0.014

	
0.002

	
2.682




	
C1

	
0.127

	
0.148

	
0.285

	
0.777

	
0.125

	
0.482

	
0.068

	
0.016

	
0.072

	
0.010

	
0.061

	
0.012

	
0.032

	
0.004

	
0.021

	
0.002

	
2.241




	
B

	
0.206

	
0.247

	
0.361

	
0.963

	
0.167

	
0.664

	
0.078

	
0.019

	
0.081

	
0.014

	
0.078

	
0.015

	
0.044

	
0.005

	
0.035

	
0.005

	
2.980




	
B

	
0.129

	
0.161

	
0.534

	
1.294

	
0.208

	
0.729

	
0.080

	
0.016

	
0.080

	
0.000

	
0.058

	
0.010

	
0.031

	
0.004

	
0.024

	
0.003

	
3.359




	
A2

	
0.049

	
0.087

	
0.403

	
0.706

	
0.084

	
0.249

	
0.037

	
0.010

	
0.041

	
0.000

	
0.030

	
0.006

	
0.015

	
0.002

	
0.012

	
0.001

	
1.735




	
A2

	
0.061

	
0.074

	
0.279

	
0.409

	
0.050

	
0.157

	
0.027

	
0.008

	
0.030

	
0.000

	
0.024

	
0.005

	
0.015

	
0.002

	
0.014

	
0.002

	
1.158




	
A1

	
0.018

	
0.055

	
0.154

	
0.169

	
0.025

	
0.103

	
0.025

	
0.007

	
0.029

	
0.000

	
0.020

	
0.003

	
0.009

	
0.001

	
0.005

	
0.000

	
0.623











 





Table 7. HREE content in global oil shales kerogen isolates (BRL = below reporting limit).
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Sample ID

	
Mineralogy

	
Y

	
La

	
Ce

	
Pr

	
Nd

	
Sm

	
Eu

	
Gd

	
Tb

	
Dy

	
Ho

	
Er

	
Tm

	
Yb

	
Lu

	
TREE

	
HREE




	

	

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm






	
GR

	
Carbonate–quartz/feldspar

	
7.5

	
8.9

	
14.4

	
1.56

	
4.6

	
0.7

	
0.13

	
0.6

	
0.16

	
1.03

	
0.24

	
0.79

	
0.15

	
1

	
0.18

	
34.46

	
2.12




	
TM

	
ML clays–carbonate

	
10.5

	
3

	
5.8

	
0.61

	
1.9

	
0.5

	
0.13

	
0.9

	
0.19

	
1.56

	
0.34

	
1.21

	
0.21

	
1.5

	
0.27

	
18.08

	
3.19




	
GI

	
Carbonate

	
1.4

	
0.8

	
1.7

	
0.19

	
0.6

	
0.1

	
BRL

	
0.1

	
BRL

	
0.21

	
BRL

	
0.15

	
BRL

	
0.2

	
BRL

	
4.05

	
0.35




	
GJ

	
Carbonate–clay

	
2

	
1

	
1.9

	
0.2

	
0.6

	
0.1

	
BRL

	
0.1

	
BRL

	
0.26

	
0.07

	
0.2

	
BRL

	
0.3
