

  soilsystems-08-00002




soilsystems-08-00002







Soil Syst. 2024, 8(1), 2; doi:10.3390/soilsystems8010002




Article



Complex Speciation and Distribution of Iron, Sulfur, and Trace Metals in Coal Mine Soils Reflect Grain- and Sub-Grain-Scale Heterogeneity during Pyrite Oxidative Dissolution



Md Abu Raihan Chowdhury and David M. Singer *





Department of Earth Sciences, Kent State University, Kent, OH 44242, USA









*



Correspondence: dsinger4@kent.edu







Citation: Chowdhury, M.A.R.; Singer, D.M. Complex Speciation and Distribution of Iron, Sulfur, and Trace Metals in Coal Mine Soils Reflect Grain- and Sub-Grain-Scale Heterogeneity during Pyrite Oxidative Dissolution. Soil Syst. 2024, 8, 2. https://doi.org/10.3390/soilsystems8010002



Academic Editor: Manfred Sager



Received: 4 October 2023 / Revised: 18 December 2023 / Accepted: 20 December 2023 / Published: 22 December 2023



Abstract

:

Historical coal mining practices have caused various soil and water hazards, particularly through the dumping of mine waste. The primary environmental risk associated with this waste is the leaching of toxic metals from dumps of spoil or refuse into the subsurface soil or into nearby water resources. The extent of metal release is controlled via the oxidative dissolution of pyrite and potential re-sequestration through secondary Fe oxides. The characterization of the dominant Fe-bearing phase and the distribution of trace metals associated with these phases was determined via electron microscopy, synchrotron-based X-ray micro-fluorescence (μ-XRF) element and redox mapping from shallow mine soils from an impacted watershed in Appalachian Ohio. The dominant Fe-bearing phases were: (1) unweathered to partially weathered pyrite; (2) pseudomorphic replacement of pyrite with Fe(III) oxides; (3) fine-grained Fe oxide surface coatings; and (4) discrete Fe(III) oxide grains. Thicker secondary coatings and larger particles were sulfate rich, whereas smaller grains and thinner coatings were sulfate poor. The discrete Fe oxide grains exhibited the highest concentrations of Cr, Mn, Ni, and Cu, and sub-grain-scale concentration trends (Mn > Cr > Ni > Cu) were consistent with bulk soil properties. Predicting future metal transport requires an understanding of metal speciation and distribution from the sub-grain scale to the pedon scale.
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1. Introduction


Historical coal mining practices have caused various soil, water, and air hazards to the environment and humans [1,2,3]. Coal mining drastically and negatively affects surface environments, particularly through the dumping of mine waste (i.e., mine spoil) [4]. It has been estimated that in Ohio alone, there are approximately 36 billion tons of known coal mine spoil spread over 600 km2 [5]. Further, depending on local geology and surface mining practices, approximately a half ton of waste is produced for every ton of mined coal [6]. Further, it has been estimated that there are 32,000 km2 of land in the U.S. that have been impacted by coal mining, and only 685 km2 of those mines (~2%) have been reclaimed [7,8]. One of the primary environmental risks associated with this waste is the leaching of toxic metal(loid)s from dumps of spoil or refuse into the subsurface soil or into nearby water resources [1]. These elements (e.g., Cr, Mn, Cu, and Ni) are typically bound primarily within pyrite (FeS2) and other sulfides that form during coal deposition and later diagenetic processes [9]. As the unreclaimed mine spoil weathers, the oxidative dissolution of pyrite present in the waste and mine soils can leach acidity and toxic elements, resulting in local water quality impairment [10]. Chromium and Ni are toxic and produce mutagenic, carcinogenic, and genotoxic effects; Cu can cause significant toxicological effects, and there is growing concern regarding the impact of Mn on human health and ecosystems [11,12]. It is therefore critical to fully assess the potential for metal transport from these systems.



The extent of toxic element leaching from coal mine waste is controlled using a complex set of hydrogeochemical conditions following the oxidative dissolution of pyrite. At low pH and high concentrations of Fe and trace metals (Mn, Cu, and Ni) released from pyrite, dissolution can occur in the aqueous phase and be transported with pore water downgradient [13]. As the released acidity is consumed through further weathering reactions and pore water pH is buffered, the deposition of secondary Fe(III)-bearing phases is thermodynamically favored [14,15]. These phases can include a wide range of Fe(III)-(oxy)hydroxides and (oxy)hyroxysulfates, referred to hereafter as “Fe-oxides”. The common phases include jarosite (KFe3(SO4)2(OH)6), schwertmannite (Fe8O8(OH)8−2x(SO4)x with 1 ≤ x ≤ 1.75), ferrihydrite (approximately 5Fe2O3·9H2O), goethite (FeOOH), and hematite (Fe2O3), with varying texture and morphology based on the combined effects of pore water composition, rainwater infiltration, and mine soil porosity and permeability [16,17,18]. Further, local micro-zones may also control the formation and transition between phases through the changes in pH, Eh, and pore connectivity [19,20,21].



In this study, we examined the dominant Fe-bearing phases that formed following oxidative pyrite dissolution in soils developing on historic mine spoils to explore the range of weathering outcomes. The formation and transformations of secondary Fe oxides can impact pore water composition by re-sequestering trace metals released from pyrite weathering [22,23,24]; however, the efficacy of secondary uptake is controlled by Fe oxide composition, grain size and texture, and local pore water conditions. It was hypothesized that fine-grained secondary Fe oxides with a high surface would dominate metal re-sequestration. This work also aimed to gauge the potential future release of toxic elements, as predicting future metal transport requires an understanding of metal speciation and distribution from the sub-grain scale to the pedon scale. In the current study, electron microscopy and synchrotron-based X-ray micro-fluorescence (μ-XRF) element and redox mapping were used to determine: (1) the texture, morphology, and composition of the dominant Fe-bearing phase in these soils; and (2) the distribution of trace metals associated with these phases. Trends in metal enrichment in secondary Fe oxides were also compared to trends in bulk metal concentrations in the parent coal shale and the mine soils.




2. Materials and Methods


2.1. Site Description


The study site HR-25, sub-watershed #25 of Huff Run watershed, contains an abandoned underground mine area located near Mineral City, Ohio (Figure 1). This area experienced extensive coal mining operations from 1890 to 1946 [25]. After 1946, the site was abandoned, leaving all mine spoils and underground mine tunnels unreclaimed. The oxidation of pyrite present in the coal and sedimentary formation led to a massive acid mine drainage (AMD) generation, which severely impacted the surface and groundwater condition in HR-25 [25]. To date, remediation projects installed at the site since 1996 have cost USD 590,000, which has curbed the AMD release from the site and significantly improved the surface water. However, despite the success in improving the surface water quality, abandoned mine waste and spoils continue to leach non-point sources (e.g., mine spoils) and have the potential to continually release toxic elements over a time period of approximately decades, resulting in ongoing negative impacts on the local ecosystem. Previous studies have focused on abandoned spoils adjacent to the current study sites [26,27,28,29], and these previous projects provide further information about the history, climate, and remediation activities of the Huff Run Watershed and sub-watershed 25.




2.2. Soil Sample Collection, Thin-Section Preparation, and Grain-Scale Characterization


Shallow soil samples (0–10 cm) were collected in 2016 from two locations within HR-25; these soils have been extensively studied to determine the relationship between bulk mineralogy, geochemistry, and pore water composition [29], the relationship between trace metal transport and the presence of secondary mineral surface coatings [26], and the importance of colloid transport of trace metals [29,30]. Site 1 is located at the bottom of a mine spoil heap adjacent to a tributary (known as the HR-25 tributary); site 2 is located at the bottom of another mine spoil heap further uphill of site 1 (Figure 1). Site 1 has a shallow slope with sparse grass and a few trees, whereas site 2 has a steeper slope and minimal vegetation. Site 1 had a thin (< 2 cm) organic layer, while site 2 did not exhibit an organic layer. These mine soils have been reported to exhibit a loam-type texture [27] with pore water pH values of approximately 5.5 [28].
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Figure 1. (A) Location of the Huff Run Watershed (in red), with Ohio coal counties shown in light gray and known abandoned coal mines in dark gray [31]; (B) a watershed map [32] showing the location of sub-watershed HR-25 (in yellow), stream flow direction, and portions of the watershed impacted by historic surface mines and abandoned mine spoils (pink) and areas that still have active permits (green); (C) Map of sub-watershed HR-25 (the dashed outline), which includes the spatial extent of known surface area affected by coal surface mining (green) and mine spoil emplacement (hatched orange), the Huff Run stream (blue line) and roads (gray lines). The stars represent sampling sites 1 and 2. The coal mining data were obtained from: https://gis.ohiodnr.gov (accessed on 7 December 2014). 
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2.3. Characterization of Fe, S, and Trace Metal Speciation and Distribution


A subset of these soils was air-dried and passed through a 1-mm sieve following field sampling, embedded in epoxy (EPO-TEK 301-2FL) and polished using kerosene instead of water to prevent redox changes from occurring during thin-section preparation. The samples were cut to ~30 μm thick and mounted onto high-purity quartz glass slides (Spectrum Petrographics, Inc., Vancouver, WA, USA). The grain size, texture, morphology, and composition of soil minerals were determined using a Hitachi Benchtop TM3030 scanning electron microscope (SEM) equipped with energy-dispersive spectroscopy (EDS; Quantax70), operated at 15 keV voltage, with a spot size of 10 nm, and a detector-to-sample working distance typically of 10 mm. Micro-XRF analyses were performed at beamline 13-ID-E at the Advanced Photon Source [33]. The synchrotron beam size for μ-XRF was 2 μm × 2 μm, focused using a Pt-coated Kirkpatrick–Baez (K–B) focusing optical system (XRadia, Zeiss Microscopy, Pleasanton, CA, USA). A four-element Si vortex detector (SSD, Hitachi, Tokyo, Japan) was used for X-ray fluorescence data collection. Monochromatic X-rays were selected using a water-cooled Si(111) (ϕ = 90) double-crystal monochromator. Multiple maps were collected near the S–K edge (E0 = 2474 eV) (for S) and the Fe–K edge (E0 = 7112 eV) (for Fe) and at 13 keV for other elements (Si, P, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, and Zn). Data were collected at a 2 μm pixel size and 50 ms dwell time per point, and fluorescent maps were analyzed using the Larch v.0.9.55 software package [34]. The measured intensity of the incident energy of the X-ray beam (I0) was used to normalize the fluorescent counts of each energy map across each line, and the change in I0 was less than 1%. Sulfur oxidation state speciation maps were constructed based on maps that were collected across the S–K edge (2471 eV, 2473 eV, 2478 eV, 2482 eV, and 2490 eV) to produce maps of the distribution of the operationally defined oxidation states, reduced (“Sred”, which ranges from S(-II) to S(0)) and oxidized (“Sox”, which ranges from S(0) to S(VI)); Fe oxidation state speciation maps were constructed based on maps that were collected across the Fe–K edge (7123 eV, 7127 eV, and 7136 eV) to produce maps of Fe(II) and Fe(III) [5,24,35]. Based on the experimental setup, the distributions of Cr, Mn, Cu, and Ni were determined with maximum I0-normalized values of each element in the maps collected at 7136 eV of 7 × 10−4, 3.7 × 10−3, 9 × 10−4, and 2 × 10−4, respectively. Using these values as proxies for concentration results in relative concentration values (Mn > Cr > Ni > Cu) that are consistent with trace element compositions determined via the bulk XRF of soils collected from the same site [25], justifying the use of intensity counts as a proxy for concentration at the grain scale. Box-and-whisker plots were therefore created by separating regions of each map based on the dominant type of Fe-bearing phase, described below, to determine their relative trace metal content as a function of Fe speciation. For each type of Fe-bearing phase, four separate regions from each map of a representative grain or aggregate of grains were used to extract I0-normalized counts, which were then compiled for the box-and-whisker plots. The Fe-bearing phases of concern (pyrite and Fe oxides) were in either extremely low abundance or not detectable in the other lithologies that comprise the mine spoil. The other Fe-bearing phases (e.g., clays and organic matter) were in low abundance and were not the focus of this study.





3. Results


Based on the SEM–EDS and μ-XRF analyses, four categories of the dominant Fe-bearing phases were described based on their composition, morphology, and Fe and S redox state distributions: (1) unweathered to partially weathered pyrite; (2) pseudomorphic replacement of pyrite with Fe(III)-bearing phases, which were typically hollow; (3) fine-grained Fe(III) oxide surface coatings often co-localized in aggregates with clays, covering primary silicate grains; and (4) discrete Fe(III) oxide grains. Other Fe-bearing phases, such as clays and organic matter, were observed as minor constituents and were not the focus of this work. The distribution of Fe and S redox states and the association of trace metals with each of the four types of Fe-bearing phases are discussed below. The four types of Fe phases were observed in samples from sites 1 and 2, and the text below does not differentiate the results between the two sites; representative SEM–EDS and μ-XRF analyses from both sites are highlighted in the figures.



3.1. Unweathered to Partially Weathered Pyrite


The SEM–EDS analyses of the soil samples showed the presence of grains with their morphologies and compositions consistent with unweathered to partially weathered pyrite in the soils forming on mine spoils (Figure 2). These Fe–S-rich phases were commonly present in relatively larger aggregates of Fe–O-rich grains (likely secondary Fe oxides) and/or clay minerals (Figure 2). The pyritic Fe–S-rich grains themselves were typically 2–10 μm (Figure 2A,C), and pyritic grains greater than ~10 μm were less commonly observed. The Fe–O-rich aggregates were usually larger in size (~200 μm, Figure 2A) compared to the clay-rich aggregates (35–40 μm at their widest dimension, Figure 2C). The relatively smaller framboids of pyrite were present in a loosely packed aggregate and showed physical signs of oxidative weathering, resulting in an uneven framboidal/euhedral morphology (Figure 2B). Pyritic grains that were smaller and/or embedded in thinner aggregates exhibited depleted Fe and S concentrations, based on the EDS analyses, compared to larger, unweathered pyritic grains in thicker aggregates. The larger grains also tended to exhibit euhedral shapes with sharp contact boundaries (Figure 2C).



The presence of unweathered and partially weathered pyritic grains was confirmed by the μ-XRF analyses, which indicated the presence of Fe(II)-Sred-dominated grains that were approximately 5 μm in diameter (Figure 3). The presence of partially weathered pyrite grains was not observed in the μ-XRF analyses, likely because the spatial distribution of the chemical features associated with these grains is lower than the spatial resolution of the μ-XRF analyses. However, grains characteristic of weathering products that were Fe(III) rich and S poor were typically aggregated around the pyritic grains and were approximately 10–20 μm in diameter (Figure 3, left column). A number of pyritic grains lacked surface coatings at the resolution of the μ-XRF analyses (Figure 3, right column) and were not present in the aggregates with Fe oxides or clays; however, it is possible that these grains were liberated from soil aggregates during sample collection and preparation. The concentrations of Cr, Mn, Ni, and Cu, based on I0-normalized μ-XRF counts, associated with pyritic grains were typically low (Figure 3) and were the lowest of the four types of Fe-bearing phases in the soils based (Figure 4). However, the concentrations of these metals in all four types of Fe-bearing phases, including pyrite, were higher compared to the total sample concentration (Figure 4).




3.2. Partial to Complete Pseudomorphic Replacement of Pyrite


Thin, hexagonal to semi-circular Fe–O-rich rinds were observed in cross-sections around cavities that are consistent with the formation of partial to complete pseudomorphic replacement of primary framboidal pyrite with Fe oxides. The Fe–O-rich layer varies from less than 1 μm (Figure 5A) to approximately 20 μm (Figure 5B). The pre-existing pyrite grains varied from approximately 1 μm (Figure 5A) to 100 μm (Figure 5B). Unweathered pyrite framboids were often observed within aggregates with fully weathered and pseudomorphically replaced pyrite framboids (replaced with Fe oxide, Figure 5B). In several cases, Fe–S-rich cores were observed covered in S-depleted rims (Figure 5B).



The pseudomorphic replacement features observed via the SEM–EDS analyses were not detected via the μ-XRF analyses and were likely below the detection limit of the μ-XRF spatial resolution. However, pyritic cores (dominated by Fe(II) and Sred) with oxidized rims (dominated by Fe(III) with little S) were observed (Figure 6). The trace metal loading of the pseudomorphically replaced pyrite was typically low and dominated by Mn (Figure 5 and Figure 6) and were higher in thicker replacement features (from ~10 to 15 μm) compared to thinner ones (< 1 μm) (Figure 3). In general, the concentrations of Cr, Mn, Ni, and Cu were higher in the replacement features compared to unweathered pyrite but lower than in Fe oxide surface coatings or discrete Fe oxide grains (Figure 4).




3.3. Fe Oxide Secondary Mineral Surface Coatings


Fine-grained aggregates of Fe oxides were observed as secondary mineral surface coatings (MSCs) on larger Si–O-rich grains that were likely quartz (Figure 7). The composition of the Fe MSCs were both Fe–O-rich (Figure 7A) and Fe–O–S-rich (Figure 7B), the latter of which was likely composed of Fe(III)-(oxy)hydroxides-sulfates. The MSCs typically contained aggregates of Fe-rich grains with Si–Al–O-rich grains, likely clay minerals. The MSCs were heterogeneous with respect to their thickness and coverage of the underlying grain and ranged in thickness from less than 5μm (Figure 7A) to thicker, more physically complex aggregates that were up to 15–20 μm in thickness (Figure 7B). The thinner MSCs also tended be dominantly Fe–O-rich, whereas the thicker ones were Fe–O–S-rich.



The μ-XRF analyses yielded similar results to the SEM–EDS analyses; thinner coatings were dominated by Fe(III) and were S poor, and thicker coatings were dominated by Fe(III) and Sox (Figure 8). The trace metal content in the Fe(III)–O-dominated surface coatings was the next highest of the four Fe-bearing phases in soils from sites 1 and 2 for Cr (Figure 4A,B), Mn (Figure 4C,D), and Ni (Figure 4E,F). The concentration of Cu was only higher compared to the other two Fe-bearing phases in the soil from site 2 (Figure 4H). At the grain scale, metal content was correlated with coating thickness, where thicker coatings (10–25 μm) contained higher concentrations of Cr, Mn, Ni, and Cu, whereas thinner coatings (less than 2 μm) exhibited a more limited trace metal content (Figure 8).




3.4. Discrete Secondary Fe-Bearing Phases


Discrete Fe-bearing grains, ranging in size from 10 μm to 20 μm to over 200 μm, were observed that were typically irregularly shaped with compositions dominated by Fe-O-S and were likely Fe(III)-(oxy)hydroxides-sulfates. Some of these discrete grains contained Si-rich inclusions (Figure 9A) and were likely clay grains incorporated during precipitation, whereas other discrete grains appeared to be relatively homogeneous single crystals (Figure 9B,C). The inclusion-bearing grains tended to have slightly lower S concentrations compared to the inclusion-free grains. Some of the larger discrete Fe grains were covered in fine-grained Si–O–Al–K-rich phases that are likely clay minerals and were up to 20 μm in thickness (Figure 9C).



The μ-XRF analyses were deemed to be consistent with the SEM–EDS analyses; smaller Fe-rich discrete grains (less than 5 μm) were Fe(III) rich and S poor, whereas larger grains were rich in both Fe(III) and Sox (Figure 10). The larger grains were observed in the aggregates with Si-rich grains, although no Si-rich surface coatings were observed. However, the coatings observed via SEM–EDS were likely below the spatial detection limit of the μ-XRF analyses. Among the four Fe-bearing phases, the discrete Fe oxide grains exhibited significantly higher concentrations of Cr, Mn, Ni, and Cu compared to the other Fe-bearing phases in soils from both sites 1 and 2 (Figure 4), consistent with the SEM–EDS analyses. At the grain scale, trace metal content was correlated with the composition of the larger Fe-bearing grains, where Cu was associated with Fe(III)–O-rich phases (Figure 10), whereas Ni was associated with Fe(III)–O–Sox-rich grains (Figure 6), and Mn and Cr were observed in pool types of large Fe(III) phases (Figure 10).





4. Discussion


4.1. Factors That Control Pyrite Weathering, Potential Fe Transport, and Re-Precipitation


The formation of secondary Fe oxides observed in the mine soils is controlled by factors from a combination of processes: (1) the oxidative dissolution of primary pyrite or other metal sulfide grains; (2) whether or not Fe is transported away from the pyrite surface before secondary precipitation; and (3) local hydrogeochemical conditions that may favor a specific secondary Fe oxide and grain texture. With respect to pyrite weathering, although other metal sulfides have been observed in the coal shale deposits within this watershed, pyrite is the dominant metal-bearing sulfide [36]. Broadly, sulfide mineral composition, morphology, particle size, reactive surface area, and texture control the oxidative dissolution-driven transformations and are typically dominated by the weathering of large (mm scale) crystals on surfaces within cracks in the grains [37]. It has been shown that for the oxidative dissolution of pyrite, a surface charge transfer to absorbed O2 has been demonstrated to be the rate-limiting step in the overall reaction [38]. Further, the oxygen in the sulfate reaction product has been shown to originate from water as a direct consequence of electrochemical mechanisms [39]. The combined effect of these processes provides support for the lack of complete pyrite weathering in shallow soils that are O2-rich environments when the diffusion of H2O may be limited, including relatively thin (<5 μm) surface coatings over pyrite (Figure 2A,B). Further, larger pyrite grains can remain unoxidized due the presence of thicker (10–20 μm) coatings that would limit both O2 and H2O diffusion (Figure 2C). The slower weathering of these grains within the coal shale matrix can persist decades after the bulk of the pyrite has been lost [40,41]. The pseudomorphic replacement of pyrite with Fe oxides has been shown to be the result of the limited diffusion of O2 and subsequent transport of byproducts [42] and/or under a more buffered system (circumneutral to slightly alkaline) [43], even where aqueous Fe(III) concentrations are very low [44].



When pyrite oxidative dissolution coupled with Fe transport away from the pyrite surface does occur, the formation of secondary Fe oxides is controlled by local hydrogeochemical conditions, including pH and other pore water composition variables and flow parameters that range from the pore scale to the pedon scale [19]. With respect to pore water composition, higher sulfate concentrations (up to 3 g L−1) and lower pH (2.5 to 4) values can result in the precipitation of schwertmannite and jarosite [45,46,47], and the formation of these phases can be strongly microbially mediated [48]. Following the precipitation of these metastable Fe(III)-bearing sulfates, jarosite and schwertmannite may either dissolve or transform into more ordered phases at higher pH values, particularly as pore water sulfate decreases over time as pyrite oxidation progresses. Sulfate-poor phases, such as ferrihydrite forming between pH 2 and pH 5, can form from direct Fe(III) precipitation and/or reprocessing of Fe(III) sulfates and typically go through further transformations into goethite at higher pH values (~5) and hematite at higher pH values (~7) [17]. The presence of both sulfate-rich and sulfate-poor Fe oxides in the current work (Figure 7 and Figure 9) highlight the heterogeneous nature of the mine soils and complex precipitation pathways that could potentially be simultaneously present at the sub-mm scale.



With respect to the formation of secondary Fe oxide coatings versus discrete particles, it is possible that the discrete particles formed from the re-precipitation of the Fe downgradient from where it was originally released whereas coatings formed on or in closer proximity to the original pyrite grain [49]. This process may be coupled with transport through tight pore spaces that may favor Fe precipitation and aggregation in clay-rich regions [50,51]. More rapid precipitation due to the mixing of pore water with different compositions [52], rather than slower changes in an isolated pore water system, may also favor the precipitation of smaller grains either as discrete grains and/or within coatings. Further, the acid generated via the oxidation of pyrite can drive changes in its physical properties (e.g., porosity, permeability, and grain size distribution), which can affect solute transport [53], resulting in a continually changing landscape for Fe transport and re-precipitation. In the current work, both thicker secondary coatings (Figure 7) and larger particles (Figure 9) were sulfate rich, whereas smaller grains and thinner coatings were sulfate poor. It is possible that the sulfate-rich Fe oxides reflect an early post-pyrite weathering stage (when pore water sulfate concentrations are higher), and the sulfate-poor Fe oxides reflect later reworking of the Fe oxides.




4.2. Fate of Trace Metals


The re-sequestration of trace metals following their release from pyrite weathering results in the enrichment of these metals in secondary Fe oxides [54,55,56]. The relative enrichment of trace metals here (Mn > Cr > Ni > Cu) was also consistent with trace element concentrations in mine soils at the same site [25], indicating that grain- and sub-grain-scale reactions can control trace metal distribution at the pedon scale and is consistent with previous work [57,58,59]. In the current work, the discrete particles were observed to enrich these metals to a greater degree than the other secondary phases (Figure 4). Conversely, previous work has shown that trace metals are preferentially associated with smaller grains with higher surface areas [60,61]. Further, metal uptake was also dependent on Fe oxide composition and size, with Cu associated with sulfate-poor grains, Ni with sulfate-rich grains, and Mn and Cr associated with larger grains (Figure 10). With respect to composition, a range of observations have been reported; for example, Fe(III) sulfates such as schwertmannite have been shown to have a limited divalent metal uptake ability during precipitation, but their subsequent transformation into goethite can result in metal uptake and retention [62]. In contrast, Cu has been shown to be preferentially sequestered by goethite and jarosite, while Ni and Zn accumulate in poorly crystalline schwertmannite [63]. With respect to particle size, we could not resolve as to whether Mn is present as separate Mn-bearing phases (e.g., Mn oxides) or present as Mn-bearing Fe oxides, although both have been previously identified in similar mine spoils [64]. It has also been shown that Cr uptake by Mn-bearing Fe oxides can exceed that of non-doped Fe oxides [65], which may explain the preferential accumulation of Cr by the larger, discrete Mn-bearing Fe oxides observed here (Figure 10). The summation of these results and comparison to previous work highlight the heterogeneous nature of mine soils and the complex relationship between hydrogeochemical factors that can drive mineral precipitation and metal uptake.



Comparisons of the concentrations of trace metals in the parent coal shale and the mine soils can also provide insights into the long-term dynamics that control metal transport versus retention. The concentrations of Cr, Mn, Ni, and Cu in the parent coal shale material are 2183 ppm, 768 ppm, 1500 ppm, and 90 ppm, respectively [35], and the concentrations in the bulk mine soils, and reflected in the grain- and sub-grain-scale analyses presented here, are 400 ppm, 2 wt.%, 75 ppm, and 50 ppm, respectively [25]. These results indicate that in the decades since waste emplacement, Mn has become enriched in the mine soils, whereas Cr, Ni, and Cu are slowly being leached. Similar results were observed in mine wastes, in which trace metals slowly continued to leach out after three decades since emplacement [66]. This is in contrast with previous work that has shown that Ni and Zn can accumulate in coal mine soils while Cu is leached [67]. These results highlight the need to integrate mine soil mineralogy and hydrogeochemistry to properly assess the long-term risk of metal leaching.





5. Conclusions


Analyses of near-surface mine spoils indicated the presence of pyrite as well as secondary Fe oxides that range in their grain size, texture, and morphology. The presence of a range of metal-bearing Fe(II) and Fe(III) phases highlights the chemically and physically complex heterogeneity in coal mine soils. Further, the presence of pyrite also indicates that the oxidative exhaustion of pyrite has yet to occur, despite nearly seven decades since the emplacement of the waste material, which is likely a direct result of the grain-scale complexity observed in the soils. Our results also underscore the potential importance of vegetation in driving weathering; for example, a previous study on forested sulfide mine waste showed little sulfide remaining after 40 years since emplacement [68], whereas a relatively unvegetated mine spoil site retained primary sulfides after more than 100 years since emplacement [69]. Increased organic matter content and plant activity can also lead to the long-term stabilization of metals within mine soils [70]. We have shown here that re-sequestration was dependent on grain size and morphology, and that the large, discrete Fe oxides were the most enriched in trace metals that originated from the pyrite. However, trace metals in the smaller particles and finer-grained secondary mineral coatings likely represent a more labile pool of trace metals that could be re-mobilized if local (bio)geochemical conditions were to shift. For example, during prolonged periods of saturation and reducing conditions, the fine-grained materials would be more likely to experience reductive dissolution [71,72]. Trends in metal enrichment (Mn) and depletion (Cr, Ni, and Cu) highlight the need for understanding metal speciation and distribution across scales in order to predict future metal transport.
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Figure 2. Representative SEM backscattered electron images and EDS elemental maps of grains consistent with the composition and morphology of framboidal pyrite, showing evidence of dissolution pits and weathering features for sites 1 (A,B) and 2 (C). The black box in (A) indicates the field of view in (B); the black box in (B) indicates the EDS map regions. The black box in (C) indicates the EDS map region of a grain with its morphology and composition consistent with a euhedral grain of pyrite that is protected from dissolution from a complex matrix of grains dominated by grains consistent with phyllosilicate composition and textures. 
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Figure 3. Representative μ-XRF images for unweathered pyrite (regions in white-dashed lines) and weathered products (regions in a solid white line and highlighted by the white arrow), including redox maps (for Fe and S) and elemental maps (for Si, Cr, Mn, Ni, and Cu) for the samples from site 1 (left column) and site 2 (right column). The Fe and S maps are shown as two-component images (Fe(II) and Fe(III); Sred and Sox) plus Si for orientation relative to the other maps. The color key is shown at the bottom right. 
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Figure 4. Box-and-whisker plots showing I0-normalized m-XRF counts as a proxy for the concentrations of Cr (A,B), Mn (C,D), Ni (E,F), and Cu (G,H) in the samples from sites 1 (left) and 2 (right) as a function of the type of Fe-bearing host phases: pyrite (blue), pseudomorphic replacement of pyrite with Fe oxides (green), Fe oxide surface coatings (yellow), and larger discrete grains of Fe oxides (orange). The range of total metal counts for the m-XRF maps is shown in red. Median values are shown as black-dashed lines, and the black circles represent the 5th and 95th percentile of outliers. 
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Figure 5. Representative SEM backscattered electron images and EDS elemental maps of Fe oxide pseudomorphically replacing framboidal pyrite with one possible unweathered pyrite remaining (in the top panel, lower left corner) and around the particle rims in the lower panel for site 1 (A) and site 2 (B). 
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Figure 6. Representative μ-XRF images for pyrite replaced with Fe oxides (regions in white-dashed lines); structures observed in the SEM–EDS analyses were not able to be observed at the resolution of the μ-XRF analyses; however, pyritic cores with oxidized rims were observed. The images include redox maps (for Fe and S) and elemental maps (for Si, Cr, Mn, Ni, and Cu) for the samples from site 1 (left column) and site 2 (right column). The Fe and S maps are shown as two-component images (Fe(II) and Fe(III); Sred and Sox) plus Si for orientation relative to the other maps. The color key is shown at the bottom right. 
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Figure 7. Representative SEM backscattered electron images and EDS elemental maps of S-bearing Fe oxide surface coatings on quartz (top panel (A), site 1), and a mix of Fe oxide and clay minerals on quartz (bottom panel (B), site 2). The black box in (B) indicates where EDS element maps were collected. 
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Figure 8. Representative μ-XRF images for Fe oxide surface coatings (regions in white-dashed lines), including redox maps (for Fe and S) and elemental maps (for Si, Cr, Mn, Ni, and Cu) for the samples from site 1 (left column) and site 2 (right column). The Fe and S maps are shown as two-component images (Fe(II) and Fe(III); Sred and Sox) plus Si for orientation relative to the other maps. The color key is shown at the bottom right. 
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Figure 9. Representative SEM backscattered electron images and EDS elemental maps of a grain consistent with an Fe sulfate grain in an aggregate with clay particles ((A), site 1), and discrete particles of Fe sulfate ((B,C), site 2). The black box in (C) indicates where EDS element maps were collected. 
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Figure 10. Representative μ-XRF images for discrete Fe oxide particles ranging from larger grains (solid white arrows) to smaller grains (white-dashed arrows), including redox maps (for Fe and S) and element maps (for Si, Cr, Mn, Ni, and Cu) for the samples from site 1 (left column) and site 2 (right column). The Fe and S maps are shown as two-component images (Fe(II) and Fe(III); Sred and Sox) plus Si for orientation relative to the other maps. The color key is shown at the bottom right. 
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