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Abstract

:

Coal mine spoil is widespread in US coal mining regions, and the potential long-term leaching of toxic metal(loid)s is a significant and underappreciated issue. This study aimed to determine the flux of contaminants from historic mine coal spoil at a field site located in Appalachian Ohio (USA) and link pore water composition and solid-phase composition to the weathering reaction stages within the soils. The overall mineralogical and microbial community composition indicates that despite very different soil formation pathways, soils developing on historic coal mine spoil and an undisturbed soil are currently dominated by similar mineral weathering reactions. Both soils contained pyrite coated with clays and secondary oxide minerals. However, mine spoil soil contained abundant residual coal, with abundant Fe- and Mn- (oxy)hydroxides. These secondary phases likely control and mitigate trace metal (Cu, Ni, and Zn) transport from the soils. While Mn was highly mobile in Mn-enriched soils, Fe and Al mobility may be more controlled by dissolved organic carbon dynamics than mineral abundance. There is also likely an underappreciated risk of Mn transport from coal mine spoil, and that mine spoil soils could become a major source of metals if local biogeochemical conditions change.
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1. Introduction


Coal mine spoil is an obligate waste product of coal extraction and contains a mixture of residual, non-economically viable mined rock or sediment and overburden material. The approximately 150 years of unregulated mining in the United States (US) (i.e., prior to the enactment of the Clean Water Act in 1972 and the Surface Mining Control and Reclamation Act (SMCRA) of 1977) resulted in severe negative impacts on the environment that included both physical hazards (e.g., dangerous mine openings, landslides, high walls, impoundments, highly erodible lands, clogged stream lands, and subsidence) and chemical hazards (e.g., toxic mine waste, and acid mine drainage (AMD)) [1]. In particular, mine waste (e.g., spoil) was often left abandoned after cessation of coal production, resulting in an on-going and critical need to continue reclamation and restoration in these regions [2]. These mine spoil piles can be a source of AMD which is generated through the microbially-mediated oxidative dissolution of pyrite, remnant coal, and other reduced phases [3,4]. Generation of AMD liberates acidic, metal(loid)-rich (e.g., Al, Cu, Fe, Mn, Ni, and Zn) materials that are primarily released during oxidative dissolution of pyrite (FeS2) and other sulfide phases. [5,6,7]. Contaminant leaching from historical coal mine spoil represents a more geographically diffuse problem compared to point sources (e.g., abandoned mine ponds and underground tunnels) and remains difficult and expensive to address. In Ohio alone, it has been estimated that there are approximately 36 billion tons of known coal mine spoil [8]. These materials are widespread in US coal mining regions, and the potential long-term leaching of AMD and toxic metal(loid)s to surface and groundwater is a significant and underappreciated issue.



Recent work has shown that μm-scale pyrite and other metal sulfide grains can be present in soils developing on coal mine spoil even after decades since emplacement [8]. The potential for continued oxidative dissolution and leaching of metal(loid)s from historic coal mine spoil could represent a long-term source of slowly diffusing contaminants into surface and groundwater [9]. However, the actual flux of contaminants through soils developing on coal mine spoil and the relationship between current mineral weathering reactions and solute release has not been fully examined. The potential for continued oxidative dissolution of reduced phases and contaminant production and transport is related to both (bio)geochemical and physical properties of soils developing on mine spoil. For example, fracturing and cracking of remnant coal material during spoil emplacement can increase exposed surface area resulting in enhanced water infiltration and chemical weathering, and this process can continue deeper in spoil piles [10]. The total flux of dissolved solutes is typically dominated by Ca2+, Mg2+, SO42−, and HCO3− but can also include other major and trace ions, and streams in Appalachian coal mining-impacted areas adjacent to soils developing on coal mine spoil can have specific conductance values greater than 1000 μS cm−1 [11,12]. Further, post-mining landscapes can have gentler slopes, increased water storage potential, and altered hydrologic flow paths, which can increase weathering rates and solute release and transport [13]. However, secondary mineral precipitation as a result of primary mineral weathering can produce phases such as Fe(III)- and Mn-(oxy)hydroxides and clay mineral, which can limit the transport of released metal(loid)s [14,15,16,17]. It is therefore critical to evaluate metal(loid) leaching from soils developing on coal mine spoil and link solute transport to mineral weathering reactions in order to determine the potential long-term risk of contaminant transport from these materials.



The objective of the current study was to link pore water composition and solid-phase composition in weathering coal mine spoil at a field site located in Appalachian Ohio (US) to assess the potential for historic spoil piles to release AMD-associated contaminants. It was hypothesized that metal(loid) release from remnant pyrite (and other sulfide phases) in mine spoil could potentially be mitigated by sequestration of secondary weathering products. Untangling this dynamic relationship can bridge hydrobiogeochemical processes from the pore scale to the pedon scale to aid in developing a more unified understanding of contaminant transport in these settings. The project objectives were accomplished by comparing soil pore water composition between soil developing on historic coal mine spoil and soil weathering from undisturbed but similar lithology in Appalachian Ohio. Both soils contain pyrite and remnant coal, although the mine spoil has a much high amount of these potential contaminant sources. Suction lysimeters were installed at four depths at each site to monitor pore water composition, which was linked to solid-phase properties determined in the extracted soil cores. Solid-phase characterization included a full (bio)geochemical and mineralogical suite of techniques to evaluate the potential importance of AMD generation from non-point sources, and the potential for long-term ecosystem impairment.




2. Materials and Methods


2.1. Site Description


The study site is located in the Huff Run Watershed (31.9 km2) and is an unglaciated section of the Appalachian Plateau in northeast Ohio (USA) (Figure 1A). The lithology of the watershed consists primarily of a coal-shale (of the Pennsylvanian Allegheny group) as well as siltstone, sandstone, thinly bedded limestone, and 0.3–1.5 m thick coal seams [18,19]. The region’s biome is defined as Temperate Deciduous Forest [20], and previously reported data on the climate of the watershed, and contaminant transport potential and remediation activities of the Huff Run Watershed can be found in [9,21,22]. With respect to the mining history of the watershed, underground coal mining in the region began as early as 1810, and surface mining became dominant in the late 1940s [23]. Active surface mining is believed to have ceased in the late 1970s as a result of the passage of the SMCRA.



Soil samples were collected from sub-watershed #25 (HR-25) (Figure 1B). It has been estimated that approximately one-third of the surface area of HR-25 has been impacted by surface mining activities (Figure 1C) (from active mining and/or emplacement of mine spoil), and this fraction of impacted land area is similar through the lower half of the watershed where mining activities occurred. The topography of HR-25 is consistent with contour mining that took place prior to the passage of the SMCRA [24], which resulted in major changes to mining and reclamation methods used in Appalachian coal surface mining. Pre-SMCRA mining, sometimes referred to as the “shoot and shove”, resulted in an exposed high wall directly above a level to gently rolling bench covered with varying depths of blasted/bulldozed rocky spoils, and a steep outslope composed of spoils that had been bulldozed over the edge of the bench over the pre-existing slope [24,25]. In general, no effort was made to control spoil composition, and the final surface on these areas consisted of a roughly graded, heterogeneous, mixture of all overburden strata [26].



The high wall is located at 40°36′20″ N, 81°20′40″ W, at an elevation of 326 m (Figure S1A–C). The mine spoil pile is located at 40°36′17″ N, 81°20′40″ W, at an elevation of 305 m (Figure S1C,D). Soil cores were taken at the peak of each hill to eliminate the mixing of soil from more than one location on the hill. Mine spoil soil samples were collected from the first “shoot and shovel” bench beneath the high wall. The mine spoil location had characteristic coal spoil properties: thin topsoil, presence of large (up to 100 cm in diameter) shale fragments, steeper slopes compared to non-impacted land area within the watershed; and contained heterogeneous, complex soil aggregates that often contained a mixture of clastic sediments and coal-rich material (Figure S1B). Soil cores were collected from both locations in 2015. An estimate for a minimum time since spoil emplacement of the mine spoil site was determined by counting rings in tree cores collected from the largest trees on top of the mine spoil pile [8], which yielded ages of approximately 40 years. This age is consistent with the cessation of surface mining and the end of mine spoil emplacement in the late 1970s, although it is possible that the spoil pile in the current study was emplaced at an earlier time.




2.2. Soil Sampling and Suction Lysimeter Installation


Suction lysimeters (1900 Soil Water samplers, Soil Moisture Corp.) were installed 13 May 2015, following soil extraction (Figure S1). The outer diameter of the lysimeters (4.8 cm) was slightly smaller than the soil auger (5.5 cm). The lysimeters consisted of PVC tubes with a 200 kPa porous ceramic cup (~2 µm pore size), Santoprene stopper, and Neoprene access tube used for evacuation. Sampling depths were chosen based on color changes through the mine spoil pile: 10 cm (organic-rich A horizon), 40 cm (a transition from orange-colored soil to more clay-rich), 80 cm (dark, clay-rich soil with dark-brown to black soil aggregates), and 120 cm (maximum depth of penetration of the auger). Equivalent color changes were not observed with depth in the high wall soil cores, which had a 5–10 cm organic-rich A horizon above a more uniform sandy, orange-brown soil to 120 cm depth. Lysimeters were installed in the high wall soil at the same depths to provide a comparable vertical profile.



Soil samples were collected in 10 cm increments from the soil core into which the longest (120 cm) lysimeter was installed at each site. Following coring, each augured hole was filled with approximately 10 cm of silica slurry to act as a clean contact between the lysimeter and the adjacent soil. The lysimeters were then placed into the silica slurry, with more silica flower added to exceed the height of the ceramic cup, followed by bentonite clay pellets to seal the silica from vertical flow paths and water infiltration from overlying soil. The remaining vertical space between the lysimeter and soil core was then backfilled with sieved soil (ASTM E-11 standard 0.5 inch) to remove pebbles and rocks. The soil was packed firmly around the lysimeters using a meter stick, and another bentonite seal was poured around the lysimeters near the surface to avoid rainwater contamination. Excess soil was used to cover the bentonite, and slightly mounded and tampered down along the top of the lysimeter. Suction was applied on the lysimeter using a 2005G2 vacuum hand pump at a pressure of 60 kPa to create a negative pressure inside the soil water sampler. Samples intended for microbial community analysis were collected from the mine spoil and high wall soils at depths of approximately 0–5, 35–40, 75–80, and 115–120 cm using a flame-sterilized hand auger. These samples were transported to The University of Akron on ice and then stored in a −80 °C before further processing (described in 2.7). A summary of the total number of solid and aqueous samples analyzed is shown in Table S1.




2.3. Solid-Phase Characterization


Soil samples were dried for 24 h at 70 °C, and then sieved using a 2 mm sieve. The particle size distribution of sieved samples was determined using a Malvern Mastersizer 2000 Laser Particle Size Analyzer, using approximately 100 mg of soil suspended in distilled water. The particle size ranges for sand, silt, and clay were defined as 63 μm to 1 mm, 2 μm to 63 μm, and less than 2 μm, respectively. Sieved soil samples were pulverized to silt-sized particles (10–75 μm) with a SPEX-8000M ball mill using tungsten carbide ball bearings. The bulk mineralogy of the powdered samples was determined using a Rigaku DMaxB with a scan range of 3° to 70°, 0.02° per step, 2 s per point. Glass slides were washed with acetone between samples. Background subtraction and peak identification were performed using JADE v 6.5 (Materials Data Inc., Livermore, CA, USA) to determine the dominant mineral phases present in the samples. Using the initial peak identification, a quantitative phase analysis was performed using the Rietveld module included in the X’Pert HighScore Plus software. Phase mixtures were then extracted from the literature as well as the AMCSD and COD databases [28,29,30] and modeled for scale factor, preferred orientation, and peak shape (including March-Dollase factor). This approach has been shown to be accurate for phases approximately > 0.5% by mass [31].



Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) analyses were conducted on soil samples from the depths where the lysimeters were installed. A subset of these soils was air-dried and passed through a 1 mm sieve, then embedded in epoxy (EPO-TEK 301-2FL) and polished using kerosene instead of water in order 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). Grain size, texture, morphology, and composition of soil minerals was determined using a Hitachi Benchtop TM3030 SEM equipped with Quantax70 EDS, operated at 15 keV voltage, spot size of 10 nm and a detector-to-sample working distance typically of 10 mm.



Loss on ignition (LOI), as a proxy for organic matter content, was performed with 1 g of milled sample added to a ceramic cup and heated to 550 °C for four hours in a muffle furnace and then re-weighed. Given the soil pore water pH and XRD results (discussed below), it is unlikely that significant amounts of carbonate were present, and only 2–4% of additional mass loss at 950 °C in similar soils has been reported [9], therefore loss on ignition at higher temperatures was not performed.




2.4. Pore Water Analyses


Soil pore water was sampled weekly between 20 May 2015 and 27 August 2015. A 60 mL syringe connected with a three-way valve to long plastic tubing was inserted into the lysimeter to extract water out from the ceramic cup at the bottom of the lysimeter. Prior to sampling, 5 mL of water was pulled into the syringe and used as a rinse, which was discarded before sampling each lysimeter. The total volume removed varied between lysimeters and sampling dates, with the shallow lysimeter typically collecting less soil pore water over the course of the field season. During field sampling, pH, dissolved oxygen (DO), electrical conductivity (EC), and temperature were measured using a HACH Waterproof Handheld H160, Pro1020 YSI, and HM Digital aquapro water tester, respectfully. Water samples were then filtered using a Target 2 nylon 0.45 µm filter into three separate vials for a given sampling depth for: (A) metals for analysis by inductively coupled plasma optical emission spectroscopy (ICP-OES) using acid-washed HDPE plastic vials and acidified with 1–2 drops of ultrapure concentrated nitric acid (~70%); (B) anions for analysis by ion chromatography (IC) using plastic vials and not acidified; and (C) dissolved organic carbon (DOC) using combusted glass vials (caps were rinsed with Milli-Q, Q-POD Millipore 0.22 µm water) and 1–2 drops of concentrated hydrochloric acid (~35%). Residual water remaining in the lysimeter was removed after sampling prior to putting the lysimeter under negative pressure.



A Perkin-Elmer 8000 ICP-OES was used to analyze pore water samples for the following elements, with their detection limits noted in parentheses, using SPEX CertiPrep trace metal standards: Al (5 µg/L), Fe (0.3 µg/L), Mn (0.7 µg/L), Cu (0.4 µg/L), Ni (0.3 µg/L), and Zn (0.3 µg/L). Anions (chloride and sulfate) were analyzed using a Thermo Scientific Ion Chromatographer (IC), using a 1:20 dilution. Dissolved organic carbon (DOC) was analyzed using a Shimadzu Scientific Total Organic Carbon analyzer. All samples were analyzed undiluted, with the exception of the 0–10 cm high wall samples, which were diluted with 2% nitric acid at a factor of 1:10. For all analytes, the error is reported as the analytical error for individual values and standard deviation for averaged values.




2.5. Sequential Extraction


A sequential extraction procedure was used to determine the distribution of elements in four operationally defined fractions: (1) exchangeable (metals bound to the surfaces of minerals and organic matter); (2) carbonates (metals co-precipitated with carbonate minerals); (3) reducible (metals bound within Fe- and Mn-(oxy)hydroxides); and (4) oxidizable (metals bound within complex organic matter and sulfide minerals). The sequential extraction protocol was used previously by our group [21], and modified after [32,33]. The inclusion of a step targeting carbonates was performed prior to determining that solid-phase carbonates are not present at detectable levels within the soils; in the absence of a significant carbonate fraction, metals removed during this steps could also potentially be bound with occluded pore spaces and represent a slightly more recalcitrant portion of the extractable fraction. For this procedure, one gram of soil was sequentially exposed to the following conditions: (1) 1 M sodium chloride at pH 7 for 1 h with continuous agitation; (2) 1 M sodium acetate buffered to a pH of 5 using acetic acid with continuous agitation for five hours; (3) 0.04 M hydroxylamine hydrochloride and 25% acetic acid at a temperature of 95° (±5 °C) for six hours; (4) 0.02 M nitric acid with 20% hydrogen peroxide, buffered to a pH of 2 and heated to 85 °C (±2 °C) for two hours with occasional agitation, followed by a second allotment of 30% hydrogen peroxide buffered to pH 2 and heated to 85 °C (±2 °C) for three hours with occasional agitation, and a final addition of 3.2 M ammonium acetate in 20% (v/v) nitric acid diluted to 20 mL and agitated for 30 min. After each extraction step, the samples were centrifuged for 20 min at 10,000 rpm and the decanted solution was passed through a 0.45µm filter. All reagents used were of analytical grade and solutions were prepared with distilled-deionized water (DDI-H2O) (18.2 MΩ; Milli-Q Direct-Q 3UV-R). The remaining sediments were then washed using 8 mL of DDI-H2O and centrifuged again before the next extraction was performed. The residual fraction, consisting of metals tightly bound within aluminosilicate minerals, was not analyzed as it is unlikely that this pool of metals interacts with materials derived from AMD inputs. Extraction solutions were analyzed for Al, Fe, and Mn by ICP-OES.




2.6. Microbial Community Analysis


DNA was extracted from approximately 0.5 g soil samples using MoBio (Carlsbad, CA, USA) Power Biofilm DNA isolation kit, and quantified using a Nano-drop ND-1000 spectrophotometer (Thermo Scientific). Illumina MiSeq sequencing was performed at Molecular Research LP (Shallowater, TX, USA) to obtain partial 16S rRNA gene sequences. The 515F and 806R primers were used to amplify DNA through a 28 cycle PCR with HotStarTaq Plus Master Mix Kit (Qiagen USA, Valencia, CA, USA) with melting at 94° (3 min), 28 cycles of 94° (30 s), 53° (40 s), and 72° (1 min), followed by an elongation step at 72° (5 min). The resulting samples were pooled and an Illumina DNA library was prepared from calibrated Ampure XP bead-purified samples. DNA was sequenced by Illumina MiSeq (San Diego, CA, USA) following the manufacturer’s instructions. Sequences were joined and barcodes were depleted. Short (<150 bp) sequences and sequences with unreliable base calls were removed from the library, and these sequences were then denoised and chimeras were removed. QIIME scripts [34] were then used in the MacQIIME environment (http://www.wernerlab.org/software/macqiime) to further process the sequence libraries. De novo operational taxonomic unit (OTUs) picking was performed based on 97% sequence similarity, and OTUs were assigned to taxonomic groups using the RDP classifier 2.2 with the SILVA database [35,36,37,38]. OTUs were aligned to the SILVA database using the PyNAST algorithm [39], and a phylogenetic tree was constructed. Selected OTUs were further compared to sequences in the National Center for Biotechnology Information (NCBI) database, using the Basic Local Alignment Search Tool (BLASTn) [40].





3. Results


3.1. Bulk Composition and Analysis of Particle Size, Textures, and Morphology


The high wall spoil soil core did not exhibit an observable change in particle size distribution with depth (Figure 2). The average percent abundance and standard deviation values of clay, silt, and sand were 4.4 ± 0.5%, 47.7 ± 4.9%, and 47.9 ± 5.3%, respectively (i.e., consistent with a sandy loam). The mine spoil soil core showed a slight increase in the contribution of sand-sized particles with depth and a slightly higher clay content, although the overall particle size distribution was similar to the high wall. Within the mine spoil, the average amounts of clay, silt, and sand were 6.3 ± 0.9%, 41.8 ± 3.5%, and 51.9 ± 3.9%, respectively (i.e., a sandy loam).



The bulk mineralogical composition of the high wall soil core was nearly constant with depth (Figure 2, Table S2, and Figure S2). The average composition and standard deviation values of the high wall soils were 37.0 ± 3.3% quartz, 6.4 ± 1.3% felspars (the sum of anorthite, albite, and orthoclase), 14.3 ± 1.0% kaolinite, 39.2 ± 2.4% muscovite, and 3.2 ± 0.6% chlorite. The mineralogical composition of the mine spoil soil core did not exhibit any substantial changes with depth but had a more variable composition compared to the high wall soil core. The average composition of the mine spoil soils was 36.6 ± 6.5% quartz, 4.8 ± 2.0% felspars, 19.3 ± 1.9% kaolinite, 36.1 ± 4.3% muscovite, and 3.3 ± 1.9% chlorite. The overall mineralogical composition was also consistent with the particle size analysis based on the sum of minerals that are typically present as clay-sized particles (kaolinite, muscovite, and kaolinite). The sum of these minerals in the high wall and mine spoil was 56.7% and 58.7%, respectively.



The percent LOI of the high wall soil core exhibited little change with depth (5.5 ± 0.7%) (Figure 2). In contrast, the LOI for the mine spoil soils exhibited an increase below 50 cm depth from approximately 6% LOI above and 10% LOI below. This was consistent with the presence of dark black to brown soil aggregates observed in the soil cores (Figure S1) and is likely residual coal material left over from surface mining.



Particle size, composition, texture, and morphology were also determined using SEM-EDS (Figure 3 and Figure 4, and Figure S3). A slight increase in the abundance of clay-size particles was observed by low magnification SEM imaging (Figure S3), consistent with the particle size and bulk XRD analyses. Scanning electron microscopy analyses revealed that soils from all depths within both the high wall and mine spoil soils contained grains with composition and morphology consistent with pyrite (Figure 3 and Figure 4). These Fe-S-rich grains were observed as framboid-like aggregates or particle morphologies similar to what has been observed in the primary coal shale from this locality [22]. Lower-magnification SEM images (Figure S3) suggest that pyrite particles (i.e., the brighter grains in the BSE image) are more abundant in the mine spoil soils, although particles with broadly similar morphologies and textures could be found in both the mine spoil and high wall soils. Further, in both the high wall and mine spoil soils, the pyrite grains were typically observed to be surrounded by secondary mineral coatings that were dominated either by Fe-O-bearing and/or Si-Al-O-bearing phases (Figure 3 and Figure 4). The composition and texture of these phases are consistent with secondary Fe(III)-(oxy)hydroxides and clay minerals, and similar observations from this field site have been previously reported [8].




3.2. Lysimeter Pore Water Composition


Soil pore water pH, DO, EC, and temperature did not show any significant trends with depth in either the high wall or mine spoil soil cores (Figure 5). The average pH values over the field season were slightly higher in the high wall soils (ranging from 5.93 to 6.45) compared to the mine spoil soils (pH ranging from 5.39 to 6.29) (Figure 5A). There was no significant change in soil pore water pH over time in any of the lysimeter depths from either the high wall or mine spoil soils (Figure S4). The amount of DO was also slightly higher in the high wall soils (ranging from 2.94 to 8.79 mg/L) compared to the mine spoil soils (ranging from 2.00 to 6.80 mg/L). The amount of DO in both the high wall and mine spoil soils decreased in all depths over the course of the field season (Figure S4). The decrease in DO is likely related to the increase in pore water temperature during the field season (Figure S4). However, the average temperature of the high wall and mine spoil soils were the same at each depth and over time (Figure 5D and Figure S4). Therefore, the differences in DO between the two sites is likely related to differences in local (bio)geochemical conditions, discussed below. The values for EC were the same for the high wall and mine spoil soils at the shallow and deepest lysimeters. However, the EC values were lower by approximately 300–400 μS/cm in the intermediate depths (Figure 5C). Over the course of the field season, EC in the high wall initially increased rapidly to 2000 μS/cm within a month of sampling, followed by a decrease through the rest of the field season before remaining constant at approximately 500 μS/cm (Figure S4). The EC of the mine spoil pore water also increased initially although not as high was the high wall, with a maximum of approximately 1500 μS/cm, followed by a decrease to 500 μS/cm (Figure S4).



Metal concentrations in both the high wall and mine spoil pore water were slightly higher in the shallow lysimeters and tended to decrease with depth (Figure 6). There were also differences in metal concentrations between the two sites. Within the shallow soil, Al and Fe were >10× higher in the high wall pore water (45 and 5 μM, respectively) than in the mine spoil pore water (1 and 0.5 μM, respectively). Within the intermediate and deepest lysimeters, Al and Fe concentrations were similar (<10 and <1.5 μM, respectively). The Cu concentration profile was similar to Fe and Al; much higher in the shallow high wall soil pore water than in the shallow mine spoil. In contrast, Mn was higher in the mine spoil pore water at all depths compared to the high wall. The profiles for Zn and Ni also indicate slightly higher pore water concentrations in the mine spoil compared to the high wall. Changes in metal pore water concentration over time were metal and site dependent (Figure S5); Al, Fe, and Cu increased over the field season in the shallow high wall lysimeters but remained nearly constant in the other depths, and remained nearly constant in all depths in the mine spoil pore water. In contrast, Ni and Mn pore water concentrations decreased over time in both sites and in all depths. The concentration of Zn did not exhibit any significant trend over time at either site.



The concentration of DOC was much higher in the shallow high wall lysimeter (7 mM) compared to the shallow mine spoil lysimeter (1 mM) (Figure 7A). However, DOC was higher in the intermediate and deep lysimeters in the mine spoil lysimeters (2 mM) compared to the high wall lysimeters (0.7 mM). DOC increased slightly over the field season in the shallow high wall lysimeter (Figure S6) but remained nearly constant within all other depths at both sites. The concentrations of both chloride and sulfate did not exhibit any notable differences between the two sites or with depth (Figure 5B,C), although both chloride and sulfate decreased at both sites over time (Figure S6).




3.3. Extractable Al, Fe, and Mn


Total extractable Al, Fe, and Mn and contributions from individual fractions are shown in Figure 8; individual extractions are shown in Figure S7. Extractable Mn showed the largest contrast between the high wall and mine spoil soils (Figure 8, bottom). Extractable Mn in the high wall soil was on average 1 mmol kg−1 and did not change with depth. Manganese in the reducible fraction was the dominant fraction, followed by exchangeable and carbonate fractions (Figure S7); Mn in the oxidizable fraction was below detection limit. In contrast, the average amount of total extractable Mn in the mine spoil soil ranged from 10 to 60 mmol kg−1. Similar to Fe, Mn was also enriched in the mine spoil soils between 60 and 100 cm depth. Similar to Mn in the high wall, Mn in the reducible fraction was the dominant fraction, followed by the exchangeable and carbonate fractions (Figure S7); Mn in the oxidizable fraction was below detection limit. The average amount of exchangeable Mn was higher in the mine spoil (0.5 mmol kg−1) compared to the high wall (near or below the detection limit) and showed a slight enrichment near the surface (approximately 1.5 mmol kg−1).



Total extractable Al in the high wall soil core (Figure 8, top left) exhibited an overall decreasing trend with depth, from 200 to 100 mmol kg−1. Extractable Al in the high wall was dominated by Al in the reducible (approximately 75%) and oxidizable (approximately 25%) fractions, with minor amounts of Al in the carbonate fraction (<1%) and exchangeable Al (<1%) (Figure S7). The amount of Al in the carbonate extractable fraction remained nearly constant with depth. Exchangeable Al in the mine spoil was 2 mmol kg−1 on average, with a spike to 9 mmol kg−1 at 90 cm depth. Total extractable Al was higher in the mine spoil soil core compared to the high wall (Figure 8, top right), and ranged from 200 to 300 mmol kg−1, with a maximum at 80 cm depth. Extractable Al in the mine spoil was also dominated by reducible Al (approximately 80%) and oxidizable Al (approximately 20%), with minor amounts of carbonate Al (<1%) and exchangeable Al (<1%) (Figure S7). In the mine spoil soil core, the amount of carbonate and exchangeable Al remained relatively constant with depth.



Total extractable Fe in the high wall soil core decreased slightly with depth (Figure 8, middle left), from 800 to 500 mmol kg−1 and was dominated by the reducible fraction (approximately 99%). Extractable Fe from the oxidizable and carbonate fractions averaged approximately 1% and 0.1%, respectively (Figure S7), and did not change with depth. Exchangeable Fe was below detection limits. Extractable Fe from the mine spoil core ranged from 800 to 1900 mmol kg−1, with a significant enrichment between 60 and 100 cm depth (Figure 8, middle right). Similar to the high wall soils, extractable Fe in the mine spoil soil was dominated by reducible Fe (approximately 99%). Extractable Fe in the mine spoil from the oxidizable and carbonate fractions was also on average approximately 1% and 0.1%, respectively (Figure S7), and did not change significantly with depth, and no exchangeable Fe was detected.




3.4. Microbial Community Analysis


Microbial communities in mining-disturbed soils develop similarities with adjacent undisturbed soil post-mining [41,42,43], so we compared microbial communities at discrete depths in both the high wall and mine spoil. The most abundant phyla (Acidobacteria, Alphaproteobacteria, and Actinobacteria) varied little with depth and location (Figure S8). Similarly, the most abundant taxa within these phyla varied little with depth and location (Figure S8), and these phylotypes were attributable to lineages that are frequently encountered in soils (e.g., [44,45,46,47]). These observations indicate that the microbial communities of mine spoil have developed some characteristics of those in the undisturbed high wall soil since the time that reclamation began. The most pronounced differences in microbial community composition between the high wall and mine spoil were observed in the Deltaproteobacteria and Chlroflexi (Figure 9). In the high wall, Deltaproteobacteria comprised approximately 4% of the microbial community, regardless of depth, and were mostly attributable to the families Syntrophobacteraceae and order Myxococcales (Figure 9). In contrast, Deltaproteobacteria-attributable phylotypes increased in relative abundance with depth (Figure 9) Phylotypes attributable to Myxococcales and Geobacter were abundant in libraries from shallow parts of the mine spoil and decreased with depth, while phylotypes attributable to Snytrophobacteriaceae increased in relatively abundance in the deeper portions of the mine spoil (Figure 9). The Syntrophobacteriaceae includes syntrophic and sulfate-reducing genera [48]. Myxococcales are aerobic and frequently encountered in soil [49]. The Geobacter are a group of strictly anaerobic or oxygen sensitive Fe(III) and Mn(III/IV) reducing bacteria [50]. In this case, it is likely that O2 limited activities of Myxococcales, while inducing Fe(II) oxidation and Fe(III) (hydr)oxide availability [i.e., rinds that developed on pyrite grains (Figure 3 and Figure 4)] that could be reduced by Geobacter in anoxic microzones (e.g., [51,52]). Isolation from O2 in deeper soils likely enhanced the activities of anaerobic, and potentially sulfate reducing Syntrophobacteriaceae.



Similar to the Deltaproteobacteria, Chloroflexi in the high wall comprised approximately 2.5% of the microbial community (Figure 9), with phylotypes attributable to the Ktedonobacteriaceae, Ellin 6529, and Thermogemmatisporaceae being the most abundant (Figure 9). The Chloroflexi lineages Ellin6259 and TK17 are not well characterized, but are detected in soils and sediments [53,54,55]. Organisms in the Ktedobacteraceae lineage are also aerobic and found in soil [56,57]. Microorganisms in the Thermogemmatisporacea are generally thermophilic organotrophic aerobes [58], but are also relatively closely related to the mesophilic Ktedonobacteriaceae [59], so the relatively high abundances of Thermogemmatisporaceae and Ktedonobacteraceae in shallower tailings could be a reflection of the relatively high availability of O2 in these soils. Indeed, few Ktedonobacteria have been cultured, and related phylotypes have been detected at high relative abundances in Fe(III)-rich AMD soils [60].





4. Discussion


4.1. Indicators of Mineral Weathering Reaction Progress


The overall similarity of the high wall and mine spoil soils with respect to the particle size distribution (Figure 2A), bulk mineral composition (Figure 2B), and microbial community composition (Figure S8) indicates that despite very different soil formation pathways, the soils in the two locations are currently dominated by similar mineral weathering reactions. Although the parent material of the mine spoil was lithologically similar to the high wall, it is possible that additional overburden material was mixed in. Therefore, the mine spoil soil does not necessarily represent a direct pedogenic trajectory from soils on the high wall with respect to soil formation and evolution. However, the overall mineral composition and texture of soil developing on the mine spoil are currently similar to undisturbed soils developing on related material on the high wall. The similarity in clay content is surprising given that coal processing and waste material production typically results in clay production and initial accumulation [61,62]. The primary control on particle size distribution during weathering of coal mine spoil is related to formation and transport of clay-sized particles. Fresh coal shale waste can have a similar particle size distribution compared to overburden of different lithologies, although clay content can increase with depth within the mine spoil pile [63]. Aging of coal mine spoil has been shown to result in a decrease in coarser particles and an increase in sub-0.1 mm particles [64], which has been attributing to a higher susceptibility to slaking in coal shales compared to other lithologies [63]. In contrast, some highly weathered coal mine spoils show little clay content following release and transport [65]. Within the mine spoil soils, there was a slight increase in sand-sized particles at the expense of silt-sized particles, which could represent the transport of smaller particles out of the mine spoil.



The bulk mineralogy of the parent shale, which is the dominant source of the mine spoil waste, was dominated by quartz (45%), kaolinite (16%), muscovite (21%), and pyrite (18%) [22]. The presence of feldspars and chlorite in both the mine spoil (4.8% and 3.3% on average, respectively) and high wall (6.4% and 3.2%, on average, respectively) soils (Figure 2B and Table S1) indicates that some additional lithologies beyond the coal shale are the source of soil minerals at both sites. As noted in Section 2.1, the lithology of the watershed is dominated by the Lower Kittanning coal member of the Pennsylvanian Allegheny group; however, other lithologies including siltstones and sandstones surround the coal and are in close physical proximity [18,19] which are the likely source of the feldspar and chlorite. Further, chlorite has been found to be depleted in soils over time following shale weathering [66], especially in shallow soils [67]. Although feldspars were not present in the parent coal shale, their presence can be a primary driver of soil weathering within both the high wall and mine spoil soils and can influence water infiltration; water infiltration and transformation of feldspars results in clay and secondary metal-(oxy)hydroxides which decrease porosity [68]. This decrease in porosity can be offset by oxidation of organic matter and/or pyrite resulting in increased porosity and water penetration [68].



In contrast to the primary coal shale, pyrite was only detected by SEM-EDS analyses and was below the detection limit of the XRD analyses. Further, the remaining pyrite in both sites was dominated by grains with core-rim textures with secondary mineral coatings (Figure 3 and Figure 4). Surface coatings of just a few micrometers in thickness can effectively prevent further oxidative dissolution of pyrite [69]. This pyrite protection could be further enhanced by Fe(III) reducing bacterial activities, where biogenic Fe(II) serves as a redox buffer [70]. It is therefore likely that the bulk of the pyrite in the soils has been removed via oxidative dissolution, and the remaining pyrite has effectively been passivated. The presence of Fe(III)-(oxy)hydroxide rims present on pyrite in aged dump materials has been shown to prevent further oxidation [71].



The primary difference in the bulk solid composition between the mine spoil and high wall soils was the amount of residual coal in soils developing on the mine spoil as evidenced by the higher LOI values (Figure 2C) and presence of coal in mine spoil aggregates (Figure S1). However, despite the higher organic carbon content in the mine spoil soils, pore water DO and pH values were only slightly lower or within the standard deviation of the high wall soil pore water. This also suggests that despite the presence of a large source of oxidizable material in the mine spoil soils, the oxidative weathering of the material is low relative to oxygen availability, potentially due to passivation. Here, higher organic carbon (OC) may have supported activities of anaerobic Deltaproteobacteria (and perhaps Chloroflexi), which could use Fe(III) or Mn(III/IV) as electron acceptors (whether directly or indirectly) in anoxic microzones [51,52,72], or it could support microbial respiration [73]. Then, biogenic Fe(II) could be oxidized by the available O2, which, at a macro scale was high throughout the soils (Figure 5B). This OC-supported microscale redox cycling of Fe could serve to limit oxidation of pyrite grains [70].



Parallel trends are observed in the distributions of extractable Fe and Mn (Figure 8 and Figure S7); nearly all of the solid-phase Fe and Mn not bound in residual silicates is associated with the reducible fraction dominated by metal (oxy)hydroxides. Further, the highest concentrations of extractable Fe and Mn were present in the organic-rich region of the mine spoil soils. The primary source of Fe and Mn is from pyrite and other sulfide minerals in the coal shale, and (oxy)hydroxides form via oxidative dissolution of those phases [4,74]. Oxidizable Fe accounted for less than three percent of the total extractable Fe and oxidizable Mn was not detected (Figure S7). The primary source of Fe and Mn in coal shales is typically sulfide phases [22,75], and the small amount of Fe in the oxidizable fraction, which tracks with the LOI values in the mine spoil soil, is likely primarily associated with the residual pyrite identified (Figure S5). More recently, deposited spoil pile at the same site had greater proportion of Fe in the oxidizable fraction, consistent with less weathering [9].



These results indicate that the sulfide phases have been nearly completely oxidized, with Fe and Mn accumulating as secondary (oxy)hydroxides. In contrast to Fe and Mn, up to 20% of the extractable Al was associated with the oxidizable fraction and the rest primarily in the reducible fraction. Although a small amount of Al could be sourced from sulfide phases in the coal shale, the majority likely comes from aluminosilicate phases [76]. The release of Al from these phases would result in the formation of secondary Al (oxy)hydroxides and clay minerals. However, Al can be stabilized by soil organic matter [77,78]. Although continued oxidative dissolution of these phases is expected, the formation of complex, heterogenous aggregates may limit the release of Al. Ultimately, the overall similarly in bulk properties and trace solid-phase composition between the mine spoil and high wall soils indicates that the bulk of weathering in the mine spoil dominated by oxidative dissolution (i.e., pyrite and coal) has either occurred and/or been passivated, and that mineral weathering and pore water composition is largely controlled by a similar set of minerals between the two sites.




4.2. Relationship between Soil Pore Water and Solid-Phase Composition


Aqueous Al, Fe, and Cu in the shallow high wall soil were consistently higher than other depths from that location and compared to the mine spoil (Figure 6). The shallow high wall also exhibited consistently high DOC concentrations (Figure 5) despite low LOI values (Figure 5), suggesting that this organic carbon may be more labile because it is plant derived. Within deeper portions of the soil profiles, DOC was higher in the high-LOI mine spoil soils, consistent with organic matter derived from remnant coal material which is more recalcitrant [79]. It is likely that the more carbon-rich topsoil at the high wall location contains more plant-derived organic carbon, which can mobilize Al and Fe from the shallow high wall soils despite the slightly higher pH compared to the mine spoil soil [80]. Although high DOC can result in leaching of Cu and Zn [81], only elevated Cu was detected in the shallow high wall soil pore water. It is possible that lower soil pore water pH values might be required to promote DOC-leaching of Zn [82]. Some metals (Mn and Ni) exhibited a similar gradual decrease over the sampling period before reaching a constant value, and it is unclear if these trends reflect changes in metal flux due to disturbances during lysimeter installation and/or broader (bio)geochemical processes within the soils.



The lower electrical conductivity (EC) values in the organic-rich portions of the mine spoil soil, compared to the high wall soil, could be the result of accelerated weathering within those soil regions. Although weathering of coal mine spoil can result in higher peak EC values during weathering compared to overburden material, long-term leachate has been observed to be lower and can be less than 500 μS/cm, a proposed regulatory limit [83]. In contrast, higher EC values in coal mine spoil compared to pore water in overburden has also been observed after decades since emplacement [63], and the observation of low EC soil pore water in organic-rich soils developing on mine spoil may not be related. It is also possible that variations and short-term trends in EC values could be due soil property changes during lysimeter installation. Using native soils to back-fill the lysimeter is intended to minimize disturbances to the soil profile and soil water and solute flow [84]. However, following lysimeter installation, decreasing pore water EC over time has been observed and has been linked to differences in the source of sampled soil water, from macropores or micropore [85]. Although the initial decrease in soil pore water EC (Figure S4) could be related to this effect, the EC values reached a nearly constant value over time by the end of the field season of approximately 350 μS/cm. Freshly crushed, unweathered soil has been shown to have rapidly decreasing EC in pore water until reaching a near constant value of approximately 500 μS/cm [86]. These changes in pore water EC have been attributed to two stages of mineral weathering, where the first is dominated by oxidative dissolution of sulfide minerals and organic matter following by longer term weathering of aluminosilicates [65], providing further support that the bulk of the pyrite and remnant coal material in the mine spoil soils has either been weathered and/or passivated with respect to additional weathering. This is also supported by the trends in pH and sulfate in the two sites which were nearly the same, despite significant amounts of remnant coal in the mine spoil. Low pH and high concentrations of aqueous sulfate would be characteristic of mineral weathering dominated by pyrite oxidative dissolution, indicating that these conditions no longer dominate pore water composition in the mine spoil. Further, gypsum or other sulfate-bearing mineral phases were not identified, which suggests that there is a high degree of water input and flux through the soils [10]. Ultimately, the relationship between hydrologic and biogeochemical factors that may control EC and carbon retention/release in these soil pore waters warrants further investigation.



Similar to the DOC-rich shallow high wall soils, it would be expected that decomposition of organic carbon from coal would release organic molecules and higher DOC, and that this DOC could chelate with metals and result in metal leaching [68]. However, higher aqueous concentrations of Fe, Al, and Cu are not observed at depth within the mine spoil soils. It is possible that secondary metal (oxy)hydroxides, which were abundant at depth in the mine spoil soil based on extractable Fe and Mn, may limit the transport of leached metals. The role of secondary Fe(III)-bearing phases in adsorbing released trace metal(loid)s is well established, and can profoundly influence the transport of these elements [14,15,16,17,87]. Further, secondary Fe- and Mn-bearing phases have been shown to sequester metal(loids) such as As and Se released from primary sulfides at this field site [8], and sequestration by these phases may outcompete leaching by DOC.



In addition to the high abundance of reducible Mn in the mine spoil soils compared to the high wall, there was also slightly higher aqueous Mn (Figure 6) and exchangeable Mn (Figure S7) in the mine spoil soils compared to the high wall soil. This was not observed for Fe and Al, despite similar trends in the higher amounts of reducible Fe and Al in the mine spoil soils. The highest concentrations of aqueous Mn and exchangeable Mn were highest in the shallow portion of the mine spoil soil. The enrichment of Mn in the shallow surface could be due to biocycling which is driven by the accumulation of litter-derived organic matter in shallow soils [88,89]. Aqueous Mn concentrations and the abundance of solid-phase Mn consistent with Mn oxides was also high below the deep organic-rich layer, from which we infer that aqueous Mn at depth was leached from Mn-bearing pyrite in the organic-rich layer [9]. Higher amounts of exchangeable Mn soils developing on shale can also be the result of a high abundances of clay minerals which can leach Mn [90]; however, there was no evidence for significant differences in clay mineralogy between the mine spoil and high wall soils. Ultimately, in contrast to Fe and Al, a greater amount of labile Mn is present in soils developing on coal mine spoil.





5. Conclusions and Implications


We have shown that biogeochemical processes control the potential for long-term contaminant leaching from soils developing on historic coal mine spoil. Soils developing on historic coal mine spoil can contain organic-rich zones where pyrite is weathering to form secondary Fe- and Mn-(oxy)hydroxides, and that the formation of these phases likely mitigates trace metal transport out of these soils. Broadly, soils in abandoned mine lands contain complex zones of metal mobilization and sequestration. In soils developing on nearby undisturbed but similar lithologies, high concentrations of labile, plant-derived DOC can complex and mobilize Fe and Al. Solid-phase characterization indicated that the bulk of pyrite oxidative dissolution has likely already occurred and mineral weathering is now dominated by aluminosilicates. Remnant pyrite is coated with secondary phases which likely limits complete oxidative dissolution. However, significant fluxes of pyrite-derived solutes persist. In particular, these spoil materials are a potentially larger source of Mn to nearby streams. The peak concentrations of dissolved Mn (0.33 mg/L), Al (0.3 mg/L), and SO42− (480 mg/L) are all above the US EPA secondary maximum contaminant levels (0.05, 0.2, and 250 mg/L, respectively), and there is an underappreciated risk particularly of Mn transport from coal mine spoil. Further, a shift to reducing conditions could liberate contaminants (e.g., Fe and Mn) that are currently bound to oxyhydroxides that also passivate remnant reduced phases. Future work should examine changes over distance (i.e., up a transect) as a proxy for changes in age and determine changes over time to better estimate the potential for long-term metal transport.
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Figure 1. (A) Location of the Huff Run Watershed (in red), with Ohio coal counties shown in tan and known abandoned coal mines in gray [1]; (B) Watershed map [27] showing location of sub-watershed HR-25 (in yellow), stream flow direction, and acid loads in portions of the watershed (C) spatial extent of known surface area within HR-25 (the dashed outline) affected by coal surface mining (green) and mine spoil emplacement (hatched orange). Location, watershed, and sub-watershed maps modified after [8,22]. The stars mark the locations of the high wall and mine spoil sites. Coal mining data from: https://gis.ohiodnr.gov. 
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Figure 2. Comparison of high wall (left) and mine spoil (right) particle size analysis (A) and mineralogical composition (B); the bottom panel (C) shows loss on ignition (LOI) (error bars that represent one standard deviations for data points collected in triplicate). 
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Figure 3. Representative SEM images collected in the backscattered mode and EDS element maps from the high wall soil samples from 0–10, 30–40, 70–80, and 110–120 cm (in descending order). 
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Figure 4. Representative SEM images collected in the backscattered mode and EDS element maps from the mine spoil soil samples from 0–10, 30–40, 70–80, and 110–120 cm (in descending order). 
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Figure 5. Average values for field measurements of (A) pH, (B) dissolved oxygen (DO), (C) electrical conductivity (EC), and (D) temperature collected from lysimeters installed in high wall soils (blue circles, left) and mine spoil soils (red squares, center) over the sampling season for lysimeters installed at 10, 40, 80, and 120 cm. Errors represent one standard deviation of the averaged values over the sampling period. 
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Figure 6. Average concentrations for Al (A), Fe (B), Mn (C), Cu (D), Zn (E), and Ni (F) collected from lysimeters installed in high wall soils (blue circles, left) and mine spoil soils (red squares, center) over the sampling season for lysimeters installed at 10, 40, 80, and 120 cm. Errors represent one standard deviation of the averaged values over the sampling period. 
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Figure 7. Average concentrations for (A) dissolved organic carbon (DOC), (B) chloride, and (C) sulfate collected from lysimeters installed in high wall soils (blue circles, left) and mine spoil soils (red squares, center) over the sampling season for lysimeters installed at 10, 40, 80, and 120 cm. Errors represent one standard deviation of the averaged values over the sampling period. 
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Figure 8. Total extractable Al (top), Fe (middle), and Mn (bottom) showing contributions of exchangeable (yellow), carbonate (orange), reducible (red), and oxidizable (blue) components from the high wall (left) and mine spoil (right) soil cores. Individual extractions, including the analytical error, are shown in Figure S7. 






Figure 8. Total extractable Al (top), Fe (middle), and Mn (bottom) showing contributions of exchangeable (yellow), carbonate (orange), reducible (red), and oxidizable (blue) components from the high wall (left) and mine spoil (right) soil cores. Individual extractions, including the analytical error, are shown in Figure S7.



[image: Soilsystems 05 00003 g008]







[image: Soilsystems 05 00003 g009 550] 





Figure 9. Relative abundances of Deltaproteobacteria (cool colors) and Chloroflexi (warm columns) at varying depths in high wall and mine tailings. The key on the bottom of the panel indicates the highest-resolution taxonomic assignments of the most abundant phylotypes within the Deltaproteobacteria and Chloroflexi. 
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