

  soilsystems-07-00059




soilsystems-07-00059







Soil Syst. 2023, 7(2), 59; doi:10.3390/soilsystems7020059




Article



Surface Coal Mine Soils: Evidence for Chronosequence Development



Kyle E. Smart[image: Orcid] and David M. Singer *





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









*



Correspondence: dsinger4@kent.edu







Academic Editor: Girish Choppala



Received: 24 April 2023 / Revised: 2 June 2023 / Accepted: 5 June 2023 / Published: 7 June 2023



Abstract

:

Anthropogenic changes to soil properties and development can dominate soil systems, particularly in coal mining-impacted landscapes of the Appalachian region of the United States. Historical mining operations deposited spoils which are developing into mine soils in chronosequences, allowing for a correlation between emplacement age and rates of change in soil properties. The study site was in the Huff Run Watershed (Mineral City, OH, USA) with a series of eleven spoil piles that were deposited over a 30-year time period. Surface soils were analyzed for bulk density, loss on ignition (LOI) as a proxy for organic matter, particle size, and bulk mineralogical (by X-ray diffraction) and elemental (by X-ray fluorescence) compositions. The following linear trends were observed across the transect from older to younger mine soils: bulk density increased from 1.0 cm−3 to 1.5 g cm−3; LOI decreased from ~20% to 5%; the content of sand-sized particles and quartz decreased from ~50% to 30% and 50% to 25%, respectively, with a corresponding increase in the contribution of clay mineral from ~25% to 60%; and Fe and other trace metals (Cu, Ni, Pb, Sb, Sn, and Te) decreased in concentration, while Al, Mg, and K increased in concentration. These trends are likely the result of: (1) organic matter accumulation as vegetation becomes more abundant over time; (2) transport of clays out of more recently emplaced waste; and (3) oxidative dissolution of primary sulfides releasing Fe and other trace metals followed by re-precipitation of secondary Fe-phases and trace metal sequestration. The findings presented here provide insight into the future behavior of these materials and can potentially be used to assess the inferred age of previously unexamined mine soils across a wider geographic area. These results can also inform decisions related to reclamation activities and ecosystem restoration.
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1. Introduction


Human activities have dramatically altered natural soil properties and development (pedogenesis) through urbanization and mining and it has been recognized that human-induced changes (anthropedogenesis) can dominate soil systems [1]. It is estimated that approximately half of the 13 billion hectares of Earth’s soil have now been converted to human use, dominated by agricultural, urban development, and mining activities [2]. In the Appalachian region of the United States, over two centuries of coal mining have dramatically altered the landscape, and it is estimated that there is a cumulative mining footprint of 5900 km2 [3]. Coal mining can alter landscapes with severe impacts on land resources and the ecological environment via stripping, excavation, transportation and dumping of mine waste (i.e., mine spoil) [4]. The extent of abandoned mine spoil can be difficult to quantify, although in Ohio alone, it has been estimated that there are approximately 36 billion tons of known coal mine spoil spread over 600 km2 [5]. The addition of mine spoil can dramatically alter the physical and chemical properties of soils, and the soils that develop subsequent to mine spoil addition are defined as mine soil, which develop from the mixture of fragmented waste rock and native soils [6,7]. Although traditional perspectives on soil development have emphasized a slow rate of change, anthropedogenesis in mining-impacted areas can alter a range of soil properties on the decadal time-scale [8]. Affected properties include acidification and salinization, organic matter dynamics, translocations of chemical species (solutes and colloids of silicate clay, organic matter, and Fe and Al oxides), redoximorphic features, mineral properties (surface charge properties, aggregation, and porosity), gas and water relations, and even rooting depth and texture [8]. Assessing the magnitude and rate of changes during mine soil development is critical for ecological restoration and land reclamation [9].



Quantifying changes in soil properties over time can be achieved using soil chronosequences, which are a group of related soils that differ primarily as a result of differences in time, where other soil-forming factors are held relatively constant [10,11]. Chronosequences are important geologically because they are valuable tools used in examining a variety of characteristics, both physical and chemical, which describe earth materials along the path from parent rock material to soil [10]. This approach has also been applied to understanding the differences in pedogenesis in anthropogenically impacted soils and natural soils using the comparison of soils formed from pyrite-bearing hardrock and pyrite-bearing coal mine wastes [12,13]. Mine soils typically have distinctly different morphological features compared to contiguous native soils, primarily because mine soils are comparatively very young mixtures of fragmented rock and soil. This can result in significant differences in bulk density, which has been reported to be higher in mine soils compared to native soils as a result of mining equipment use and organic inputs on older sites [14]. The mineralogy and bulk composition of mine soils can also vary significantly compared to contiguous native soils due to the addition of phases only associated with the waste material generated from mining [15,16]. In coal mine waste, these differences are primarily due to the presence of pyrite (FeS2) and other metal sulfides and secondary Fe(III)-bearing phases that form as a result of oxidative dissolution and re-precipitation, such as goethite (FeO(OH)), ferrihydrite (5Fe2O3∙9H2O), schwertmannite (Fe16(OH,SO4)12–13O16∙10–12H2O), and jarosite (KFe3(SO4)2(OH)6) [17]. Metal(loid)s associated with the primary sulfide minerals (e.g., As, Cu, Pb, Zn, etc.) released during weathering are transported down gradient and potentially re-sequestered during formation of secondary Fe phases [18]. These changes in mineralogy and bulk composition can be significant indicators of the evolution of anthropogenic materials to a mature soil [19].



The nature of historical surface coal mining practices can potentially result in the formation of an anthropogenically created chronosequence within a more constrained geographic region with geologically related materials. Prior to the passage of the Surface Mining Control and Reclamation Act of 1977 (SMCRA), treatment of mine spoil was not required and there is an extensive legacy of untreated mine spoil in areas where pre-SMCRA mining occurred [20], as noted above. The morphology and spatial distribution of the spoil piles is related to coal mining activities as follows: pre-SMCRA mining operations typically began at the base of a hill where there was an exposure of an economically viable coal seam. This seam was further uncovered by the removal of overburden, and the overburden and residual coal-bearing material was then piled just downhill of the next anticipated mining location. After leaving a relatively stable hill slope, the operations would then move uphill, and the next mass of overburden would then be used as fill material for the most recent excavation. This process, commonly referred to as “shoot and shovel”, would result in a series of spoil piles that were more recently emplaced from lower to higher elevation and is typical of the pre-SMCRA surface contour mines that dominate large portions of the Appalachian region [20,21]. With this time versus elevation spatial arrangement, a chronosequence approach can be applied to this transect of spoil piles, similar to classical chronosequences, where the bottom of the hill represents the oldest materials and the top of the transect represents the youngest materials. Further, the fate of abandoned surface coal mining-related spoil is of particular concern as it is well documented that piles of spoil are often non-point sources of toxic elements that can impact down-gradient ecosystems [12,13].



Deposition of mine spoil from historical surface mining operations therefore presents a unique opportunity to apply a chronosequence approach to mine soils and monitor changes in physical properties and composition over a constrained time period in geologically related material. This project aimed to characterize changes in the physicochemical properties of shallow soils developing on historical coal mine waste to explore how bulk density, organic matter content, particle size distribution, and bulk mineralogical and elemental composition change over time. The findings of this work provide insight as to the future behavior of these materials and can guide studies to assess the inferred age of soils developing on coal mine waste in other regions in order to provide a trajectory for changes in future soil development which can influence decisions on reclamation activities.




2. Materials and Methods


2.1. Field Site and Soil Sampling


The field site is subwatershed 25 (Figure 1) of the Huff Run Watershed (HR-25), which is located in Tuscarawas County near Mineral City, Ohio. This site was chosen because it was previously classified as one of the most highly AMD-impacted watersheds by the Huff Run Watershed Restoration Partnership [22], and therefore serves as an ideal location for studying weathering processes which are impacting the Huff Run Watershed due to the extensive mining that occurred in this region. The watershed spans a 0.44 km2 area and is underlain by Pennsylvanian sandstones and siltstones, which are interlayered with claystone, limestone, and coal [23]. The coal seams present were mined and extracted beginning in the early 1800s, and operations continued here until 1922 when the underground mine was abandoned [24]. Surface mining within the watershed and at HR-25 became dominant in the late 1940s and ceased in the late 1970s [24], and this 30-year timeframe is believed to correspond to the oldest (deposited ~70–80 years ago) and newest spoil piles (deposited ~50 years ago) of the current investigation. This is also consistent with the size and density of the trees at the field site, in comparison to trees dated with growth rings within the same subwatershed [25]. During this period when surface mining dominated the extractive activities at the site, mining practices and equipment remained relatively consistent, and remediation has not occurred where mine soils are developing. Although details regarding the specific location of surface mines were poorly documented, the entire study area is on land known to be impacted by both surface mining and mine waste [5]. The site is situated in the Alleghany Plateau region and remains unglaciated; thus, the surface material prior to mining operations should reflect bedrock composition. Mean annual precipitation is ~106 cm, and mean annual temperature is ~11 °C (average for 2008–2018 in Tuscarawas Country) [26]. Spoil piles are undergoing reforestation with tree species dominated by red maple (~75%), with other species including American elm (Ulmus americana), autumn olive (Elaeagnus umbellata), bitternut hickory (Carya cordiformis), black cherry (Prunus serotina), black oak (Quercus velutina), choke cherry (Prunus virginiana), common dogwood (Cornus sanguinea), and sassafras, and higher vegetation density observed in older spoils [27]. Legacy spoil piles remain undisturbed and un-reclaimed across this site, and previous work has been conducted to characterize spoil piles adjacent to the current study with a focus on colloid transport and toxic metal mobility within these non-point sources of contamination to the watershed. Solid-phase characterization of these piles found an assemblage of common soil minerals including quartz, feldspars, micas, and clays [5,28]. This previous work led to the conception of this research. Past remediation work at this site focused on AMD point-sources (i.e., mine seeps and abandoned underground mine works) included capping a few spoil piles with clay that were immediately adjacent to the point-sources [24]; however, the vast majority of the abandoned spoil materials remain untreated and are the target of the current investigation.



Soil sampling (Figure S1) included collecting three replicate samples from each spoil pile, which were homogenized in the laboratory post drying. A core sampling apparatus was constructed at a length of approximately 8.25 cm; the inner diameter is 10.16 cm. The volume of the sample apparatus was determined as 668.85 cubic centimeters; this large sample volume was intended to avoid errors associated with coarse rock fragments. The samples were taken by digging into the side of a pile to remove the surface vegetation and O-horizon. The samples were then bagged and geocached with a Garmin handheld unit. Spoil pile samples were collected moving from lowest to highest elevation maintaining an increase in elevation between piles (Figure 1C,D). Soil color was fairly consistent among the samples (Figure S1E). Field-based observations indicated that the spoil piles had similar drainage properties; standing water has never been observed on or near the piles following large rain events, and all sites sit at least 2 m above the local water table based on soil cores collected within the subwatershed [5].




2.2. Sample Preparation and Analyses


Initial drying was conducted by opening the bags and allowing them to dry to the atmospheric moisture of the lab. The samples were then placed in the oven for final drying using aluminum trays at a temperature of 58 °C. Samples were removed from the oven and weighed every few days to continuous mass (until the mass of moisture loss represented less than 5% of the bulk sample mass), and dried material was then archived. Once the dried subsamples were sieved at 2 mm and milled down to homogeneous silt sized particles using the 8000 M SPEX Sample Prep ball mill and tungsten carbide grinding balls, three subsamples were taken for loss on ignition, bulk mineralogy, and bulk elemental composition. A fourth, un-milled subsample was taken for analysis of particle size distribution. The known in situ volume of the composite sample was used in calculation with the weighed dry mass of material to determine bulk dry density was ascertained [29].



2.2.1. Loss on Ignition


Loss on ignition (LOI) was used as a proxy for organic matter content [30,31], although a small fraction of mass loss may be due to dehydration of clays and poorly crystalline oxide phases. Sample preparation for loss on ignition, following a previously established procedure, used dry, sieved subsamples that were used in loss on ignition procedures. Weighed masses of subsample with a target mass of 2.5 g were placed in ceramic crucibles with lids. These crucibles were placed in an oven and brought to 550 °C using a Thermofisher Thermolyne muffle furnace for one hour, and then allowed to cool before being re-weighed. Given previous work on the soil pore water composition [32] 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 [27]; therefore, loss on ignition at higher temperatures was not performed.




2.2.2. Particle Size Analysis and Methods


Subsamples of material were homogenized and passed through a 2 mm sieve prior to grain size analysis performed using a MalvernTM Mastersizer 2000 laser diffraction particle size analyzer equipped with a Hydro 2000MU manual inlet system. The instrument measured background laser obscuration in clean distilled water for self-calibration prior to each sample. The sample was then mixed with distilled water and ultrasonicated for 1 min. During analyses, laser obscuration for all samples was maintained between 12 and 15% to optimize analyses. The resultant data are binned into one hundred bins ranging across the material diameters up to 1 mm. For contribution of grain sizes between 1 and 2 mm, an additional subsample was taken from the original archived sample and a hand sieve analysis was performed to measure the mass difference between the total mass and the mass of the 1–2 mm fraction, which was typically less than 10%. DistFitTM 1.6.10, a particle size multi-modality fitting software, was used to fit Rosin–Rammler distributions to the curves produced by the samples. Rosin–Rammler distributions have been shown to produce the most accurate results when paired with the MalvernTM laser diffractometer data [33] and were thus used for the selected fit parameters. As discussed below, three modes were found to adequately describe the particle size distributions, where the modes approximately corresponded to the smallest (mode 1), medium (mode 2), and largest (mode 3) sized particles within the overall particle size distribution, and roughly correlate to the clay, silt, and sand size fractions, respectively; particle size distribution is presented in traditional USDA grain sizes sand, silt, and clay fractions. For each mode, DistFitTM calculates: (1) the percent contribution of each mode to the overall particle size distribution; and (2) the mean particle size and standard deviation for each mode.




2.2.3. X-ray Diffraction and X-ray Fluorescence


Subsamples for X-ray diffraction (XRD) and X-ray fluorescence (XRF) analyses were prepared using the methods described in Wood (2018): dried soil samples were passed through a 2 mm sieve before being milled to remove larger particles. After 8–10 min in the mill, the samples were sufficiently homogeneous and powdered. The XRD powder samples were then loaded and lightly pressed into the sample disk and analyzed using a Rigaku Miniflex 6G Diffractometer. Scans were conducted at 40 KV and 15 Amps from a theta 2 angle range of 3.0 to 90.0°. Rigaku’s PDXL software, with the whole pattern powder fitting (WPPF) method utilizing a Rietveld refinement connected to the International Centre for Diffraction Data (ICDD) database, was used in the determination of mineralogical presence and relative abundance. This was used in tandem with the elemental data to geochemically fingerprint the piles and contrast the composition and properties of the material along the transect.



For XRF analysis, the dry powdered samples weighing 11 g were diluted using 1.2 g of SPEX 3642 cellulose binder. After which, the sample/binder mix was pressed using a SPEX 3614 40 mm evacuable die set and Carver 25-ton press under a load of 20 tons for a duration of two minutes. The resultant discs were then analyzed using a PANalytical Epsilon 3 Series X-ray Fluorescence Spectrometer (Malvern Panalytical, Malvern, United Kingdom).




2.2.4. Statistical Approach


A combination of Microsoft Excel 2019 and R (R Core Team, 2021) equipped with the CRAN statistical package was utilized in the statistical analysis of the full dataset. DistFitTM was used in the curve fitting of particle size distributions and produced goodness-of-fit values [32]. The dataset was imported to R. Missing values were replaced with a value of 1 × 10−9 to avoid mathematical errors due to missing values—for example, when an element was found to be below the detection limit of XRF analysis. This would allow for the missing value to remain an outlier while providing the R functions with a value to prevent an entire variable from being excluded from the correlation matrix. The dataset was then centered and scaled, and a correlation matrix and significance values were computed using the Spearman method.






3. Results


3.1. Soil Density and Loss on Ignition


An overall increase in bulk density occurs in the spoil piles from lower to higher elevation (Figure 2A) (rho = 0.864 p = 0.0006), with some deviation in pile #1 (above the trend) and piles #9 and #10. Bulk dry density values range from 0.96 to 1.50 g cm−3 with an average value of 1.19 ± 0.18 g cm−3. Soil sample integrity could not be retained during the sampling of pile #9 due to low soil moisture, and this data point has been excluded from the trend. However, given that the bulk density value of pile #9 falls very close to the overall trend, it was kept in the statistical analyses discussed below. In contrast to bulk density, loss on ignition values decreased as elevation increased (rho = −0.809 p = 0.003), with values ranging from 5.93 to 21.55 wt.% and an average value of 11.71 ± 4.12% (Figure 2B). Although there were some minor outliers, both bulk density and loss on ignition changed linearly over the transect.




3.2. Particle Size Distribution


Sample particle size distributions were best fit using three Rosin–Rammler distributions (i.e., modes) of grain sizes (Figure S2). The particle size distribution was integrated to compare the contribution of clay, silt, and sand sized particles (Figure 3). The contribution of sand sized grains decreased motion up the transect (rho = −0.445, p = 0.1697) while the contribution of silt sized particles increased (rho = 0.436, p = 0.1797), and the contribution of clay sized particles displayed no overall trend (rho = −0.183, p = 0.5892). Mean particle diameter within each size fraction was also determined (Figure S3). The mean particle size within the clay-sized fraction (mode 1) increased across the transect (rho = 0.845, p = 0.001) and decreased for silt-sized particles (mode 2; rho = −0.291, p = 0.385). The mean particle diameter of sand-sized particles (mode 3) had no obvious trend (rho = −0.055, p = 0.873).




3.3. Bulk Mineralogy


The bulk mineralogical composition of the mine soils was dominated by common soil minerals (Figure 3B and Figures S4–S14, and Table S1). Quartz content ranges from 17.0 to 54.0% by volume with an average of 26.6 ± 10.6% and, in general, decreased motion up the transect. Feldspar content, defined as the sum of albite, anorthite, and microcline, ranged from 9.3 to 24.5% with an average of 15.4 ± 5.1%. Muscovite content ranged from 0.5 to 27.0% with an average value of 6.2 ± 7.6%. Clay content, defined as the sum of chlorite, illite, and kaolinite, ranged from 29.8 to 70.7% with an average value of 51.5 ± 12.6%. In general, feldspars and clays tend to increase with an increase in elevation, while the proportion of quartz and muscovite decreased with an increase in elevation.




3.4. Bulk Elemental Composition


The bulk composition results (Figure 4) are grouped by element clusters based on the results of the soil parameter correlation matrix analyses (Figure 5, and discussed in the next section). Additional elemental concentration profiles are shown in Figure S15. All data are reported in Table S2.



Group 1 (Figure 4, grey diamonds): Antimony concentrations ranged from 89.50 to 128.10 ppm with an average value of 105.60 ± 10.51 ppm. Tellurium concentrations ranged from 197.20 to 297.50 ppm with an average value of 261.70 ± 25.51 ppm. Tin concentrations ranged from 32.30 to 44.53 ppm with an average value of 39.67 ± 3.20 ppm. All three elements reported here display a trend with higher concentrations at the bottom of the transect in the older piles and lowest at the top of the transect in younger piles.



Group 2 (Figure 4, black circles): Silicon values ranged from 37.03 to 57.74 wt.% with an average value of 48.06 ± 5.68 wt.%. Titanium concentrations ranged from 0.88 to 1.70 wt.% with an average value of 1.47 ± 0.22 wt.%. Zirconium values ranged from 0.05 to 0.18 wt.% with an average value of 0.10 ± 0.03 wt.%. Silicon, Zr, and Ti exhibit minimum values in the middle of transect, although the effect is more muted for Ti.



Group 3 (Figure 4, blue squares): Aluminum ranged from 12.07 to 22.16 wt.% with an average value of 18.16 ± 3.13 wt.%. Magnesium values ranged from 0.61 to 1.44 wt.%. with an average value of 1.06 ± 0.25 wt.%. The concentration of K ranged from 3.84 to 9.40 wt.% with an average value of 7.49 ± 1.50 wt.%. These three element trends all increase toward the top of the transect with younger piles.



Group 4 (Figure 4, green triangles): Nickel concentrations ranged from 15.03 to 101.13 ppm with an average of 51.22 ± 20.24 ppm. Lead values ranged from 18.17 to 81.38 ppm with an average value of 43.69 ± 18.75 ppm. Iron concentrations ranged from 4.13 to 14.37 wt.% with an average of 6.93 ± 2.65 wt.%. Copper was observed to range from 25.02 to 58.04 ppm with an average value of 44.89 ± 9.36 ppm. All four element trends are lowest in the top of the transect with the younger piles and increase motion down the transect as the ages of the piles increase.



Group 5 (Figure 4, purple hexagons): Manganese concentrations ranged from 0.06 to 1.64 wt.% with an average value of 0.44 ± 0.52 wt.%. Zinc concentrations ranged from 65.32 to 177.88 ppm with an average value of 107.70 ± 27.75 ppm. Phosphorus concentrations ranged from 0.13 to 0.30 wt.% with an average value of 0.20 ± 0.06 wt.%. Arsenic concentrations ranged from 16.10 to 156.00 ppm with an average value of 75.29 ± 43.51 ppm. Strontium concentrations ranged from 0.03 (300 ppm) to 0.09 (900 ppm) wt.% with an average value of 0.06 ± 0.02 wt.% or (600 ± 200 ppm). Chromium concentrations ranged from 215.30 to 399.60 ppm with an average value of 303.04 ± 50.67 ppm. Gallium concentrations ranged from 39.00 to 111.40 ppm with an average value of 81.36 ± 17.60 ppm. Barium concentrations ranged from 0.10 (1000 ppm) to 0.18 wt.% (1800 ppm) with an average value of 0.13 ± 0.02 wt.% (1300 ± 200 ppm). These elements show little to no overall trends across the transect, with the exception of Mn, Zn, and P, in which the elements show their highest concentrations near the middle of the transect and much lower concentrations on the bottom and top of the transect.




3.5. Statistical Analyses


Some correlations among soil physical and chemical parameters are obvious in the results discussed above, such as the positive correlations observed between elevation and bulk density (Figure 2A); clay content with typical clay-bearing elements (e.g., Al, K, and Mg) (Figure 3 and Figure 4); and Fe and trace metals (e.g., Cu, Ni, and Pb) (Figure 4). The statistical approach was used to create a correlation matrix diagram (Figure 5) to further elucidate the relationships between the soil parameters. The correlation matrix is ordered by hierarchical clustering, which groups variables that are positively correlated with each other by strength of correlation. This is an exploratory statistical approach that compares data across all variables in the dataset and highlights trends that may not be readily apparent. The following regions indicate clusters of variables which represent the strongest positive correlations (Figure 5, black-outlined triangles with black text font); (1) quartz, Sb, Te, and Sn; (2) Feldspars, Na, silt content, Si, and Ti; (3) Al, clay minerals, pile elevation, bulk density, Mg, and K; (4) Muscovite, clay content, Ni, LOI, Pb, Fe; and Cu (5) Ba, Ga, Rb, V, Sr, Cr, Mn, Zn, P, As, and sand content. The framework created by the correlation matrix diagram and the relationships across these datasets allow us to integrate observed connections between particle size, mineralogy, elemental abundances, and physical properties, which may shed light on processes that are dominant across this transect that are responsible for soil formation in these mine spoils. These processes will be discussed below.





4. Discussion


This study aimed to characterize trends in soil properties observed over a transect to which a chronosequence approach was applied. The major trends observed in the above results are summarized in a conceptual model (Figure 6), and the discussion below provides context for changes in soil properties during weathering reactions and soil formation.



4.1. The Relationship between Soil Physical Characteristics and Spoil Pile Relative Age


The decrease in bulk density with an increase in time since emplacement (Figure 2) was one of the strongest and most statistically significant trends observed in the current work, and is consistent with previous work on pedogenetic trends of natural [10,33,34,35] and anthropogenically impacted [36,37,38,39] soils. Bulk density is primarily a function of organic matter content, soil texture (i.e., particle size distribution), and porosity and is generally higher when mine soils have low organic content, high clay content, and are compacted [40,41]. With respect to organic matter content (using the loss on ignition values as proxy for organic content), our observations were consistent with the correlation between lower bulk density and higher organic content in mine soils that had been developing the longest and had higher vegetation densities. The increasing organic matter content and resulting decrease in bulk density over decadal time scales during soil development is typically dominated by biological activity [37,38,42,43]. Plants and microorganisms contribute organic matter in the forms of humic substances that encourages aggregate formation following decomposition and sorption processes, thus increasing soil organic matter content and creating void spaces that can occur in a matter of several years [42]. Trees are thought to dominate organic matter inputs to soils in all fractions, and microbes have been suggested to be responsible for a portion of the inputs to inter-aggregate and labile organic matter [44]. Additionally, tree root networks can senesce, or die off and decompose, leaving behind voids ranging from yearly to decadal time scales [43,45]. With respect to organic matter content, the most recently emplaced spoil piles at the top of the transect had low LOI values (<10%) (Figure 2) which approximately correspond to 5% total organic carbon (TOC) [46] and are consistent with previous bulk density values of approximately 1.5 g cm−3 [47] (similar to our observation) and consistent with values observed in mine soils developing in forestry-reclaimed sites [15]. The low TOC values at the top of the transect are also consistent with a lack of time for soil weathering and organic matter input into the soils developing on the most recently emplaced mine spoil. The LOI values at the bottom of the transect correspond to approximately 10% TOC and are consistent with the TOC content of decades old abandoned mine spoil [48], which can have TOC values as low as a few percent in un-reclaimed spoil [49]. This indicates that despite a low density of trees at the current site, total biological activity is sufficient to increase organic matter to a range consistent with biologically productive soils. However, the corresponding decrease in bulk density to approximately 1 g cm−3 cannot be explained by the addition of organic matter alone and is likely dependent on changes in porosity as well, which were not measured here and warrant further investigation.



Bulk density is also correlated with soil texture, where particle size distributions are typically dependent on physical weathering dynamics, particularly in siliciclastic sedimentary rocks such as sandstones, siltstones, and shales. Particle size distributions of very young soils closely resemble their parent materials as the disintegration of rock fragments continually introduce sediment grains [36,37]. However, the resistance to weathering and mineralogy of the parent material is crucial in the fate of soil particle size distributions. For example, soils developing from sandstones experience minimal shifts in particle size distribution, whereas soils developing from siltstones and shales results in a net increase in the silt size fraction followed by an accumulation of clay size particles [20]. These changes are the results of a combination of physical processes including vacillating humidity, freeze/thaw cycles, slaking, abrasion, and fracturing [36,37]. These processes can be modified in anthropogenically impacted soils, particularly those developing from mine spoil as surface bulk densities of mine soils are typically higher compared to undisturbed soils because of compaction during emplacement and high coarse-fragment content [40]. Our observations of the particle size distribution and bulk mineralogy are consistent with these trends; soils developing on more recently emplace mine spoil have a higher fraction of silt- and clay-sized particles (Figure 3A) and a higher proportion of clay minerals (Figure 3B), which are more easily compacted during emplacement in contrast to quartz sand-rich materials. As the soils continue to develop, transport of very fine particles likely occurs during rainfall events and seasonal freeze/thaw and wet/dry cycles [14,50], leading to a decrease in silt and clay in top soils and a decrease in bulk density as the proportion of sand and quartz increases. Recent work at this site has also documented colloidal clay transport in the pore waters of soils developing on mine spoil over similar time scales [27], highlighting the mobility of the fine particles in this setting.



Overall, the significant changes in soil properties observed in this study are supported by previous work, where a decrease in bulk density is related to an increase in organic matter content and particle coarsening as fine particles are transported away, highlighting the rapid pace of changes in mine soils. Changes in bulk density during the weathering of a parent material are traditionally thought to take place on long time scales, where the formation of mature soils can take up to thousands to tens of thousands of years [51]. In contrast, anthropogenically impacted soils may be subject to an accelerated pedogenetic pathway, with soils forming within decades to a century after emplacement of the anthropogenic source material [19]. This is due to the (bio)geochemical instability of the anthropogenic parent material and potentially supplemented by microbially mediated influences, as the deposition of crushed spoil on the surface of the Earth typically allows for rapid hydration and redox reactions in comparison to natural regolith wherein these interactions are happening at depth and proceed more slowly [12,19,52,53]. Anthropogenic materials that have been excavated and piled at the surface experience drastically shifted environmental conditions which are favorable for more rapid weathering, and evidence for these pedogenetic mechanisms is further examined through changes in the chemical characteristics of these soils.




4.2. Controls on Mineral Distribution and Bulk Composition


The bulk composition of the surface soils across the transect (Figure 4) highlights the following trends in elemental distribution moving up the transect to younger spoil piles: (1) decreasing concentrations, which includes Fe, Ni, Cu, and Pb (Figure 5, group 4) and Sb, Te, and Sn (Figure 5, group 1); increasing concentrations, which includes Al, Mg, and K (Figure 5, group 3); and elements that do not exhibit a clear trend across the transect, which includes Si, Ti, and Zr (Figure 5, group 2) and Sr, Cr, Ga, Ba, P, Mn, Zn, and As (Figure 5, group 5).



With respect to Fe, the overall soil concentration is similar to the Fe content of the parent coal shale, which dominates the lithology of the mine waste [54] with the soils on the most recently emplaced spoil piles slightly depleted in Fe and the soils on the oldest spoil piles slightly enriched relative to the parent shale. This trend is likely controlled by the oxidative dissolution of pyrite and other sulfides followed by the re-precipitation of secondary Fe-(oxy)hydroxides and Fe-hydroxysulfates [55,56,57,58], which has been observed in mine soils in the same subwatershed [59,60]. The release of Fe during oxidative dissolution can result in the immediate re-precipitation or transport down gradient and precipitation further from the source sulfide and is controlled by local hydro(geo)chemical conditions and flow parameters ranging from the pore scale to the landscape scale [55,61,62]. Although secondary Fe phases were not detected by bulk XRD in the current study, these phases have been observed in mine soils at the same field site [27,31]. Further, the formation of secondary mineral coatings can result in the persistence of small (sub-millimeter) pyrite grains [5]. The Fe trend observed here showed depletion in younger soils and enrichment in older soils relative to the parent shale; therefore, it likely reflects the loss of Fe in more recently emplaced materials through oxidative dissolution which is transported downgradient and accumulates as secondary phases in soils that have been developing for more time. The trend in group 1 and group 3 trace metals is likely related to the fate of Fe as well; pyrite is the primary source of these metals in the parent material [54], and these metals can be re-sequestered during secondary Fe phase formation [63,64,65]. However, in contrast to Fe, the concentrations of Ni and Cu are depleted across the transect relative to the parent shale. Although the concentrations of the other elements in groups 1 and 3 were not reported in the parent shale, previous work has shown that their transport in similar materials is often similar to Ni and Cu [66,67,68]. The depletion in Ni and Cu is likely the result of the transport of these metals, either as aqueous phases and/or associated with mobile colloids [60], where only a fraction of the released metals are re-sequestered. In addition to secondary Fe phases, organic matter can also sequester these metals, and we note that the metals in groups 1 and 2 also correlate to the LOI values. Although recent work has shown the importance of secondary Fe phases in the sequestration of these metals, further work is warranted to investigate the relationship between organic matter accumulation and trace metal transport in these materials.



In contrast to Fe and other trace metals, Al, K, and Mg were observed to decrease in soils with the increasing age of the spoil piles, correlating with the clay content in the soil (Figure 5, group 3). Previous work has demonstrated that the concentrations of Al, K, and Mg increase with increasing clay content and decreasing quartz content [69], and the transport of clays described above with respect to changes in particle size distribution and bulk density is also likely controlling the distribution and concentration of Al, K, and Mg. The results observed here are also consistent with previous work [27] that demonstrated that colloids of clay were transported in pore waters of this same watershed, resulting in correlated trends in clays and Al, K, and Mg. With respect to elements that do exhibit a dominantly linear increase or decrease across the transect, the distributions of Mn, Zn, and As (Figure 5, group 5) were observed to have maximum values in concentration in the middle of the transect, with other elements in group 5 exhibiting a more muted response. The distribution of Mn is likely impacted by the following factors: (1) release of soluble Mn(II) through the oxidative dissolution of primary sulfides followed by the transport and re-precipitation of Mn-oxide similar to Fe [18,70,71,72]; KSU-URC-2019(2) release of Mn(II) and sequestration by clay minerals [73] followed by the potential transport of clay minerals described above; and (3) accumulation and cycling of Mn in soluble-phases and organic matter due to plant-soil interactions [26]. Although previous work has shown that Zn typically behaves in a similar way to Fe and the other trace metals in similar settings [72,73], Zn exhibited the same concentration profile as Mn. The combination of these processes may result in the maximum in Mn and Zn content in the middle of transect, with other elements within the group associated with Mn-oxides and clay minerals [74].



The final group of elements, including Si, Ti, and Zr (Figure 5, group 2), exhibit minimum concentrations in the middle of the transect (Figure 4). It is possible that these trends are controlled by the combination of accumulation of more refractory, less mobile phases including quartz (SiO2), rutile (TiO2) and other Ti-oxides, and zircons (ZrSiO4) [75,76]. Alternatively, this trend may reflect potential heterogeneous amounts of the minerals in the overburden for which the concentration of these elements would be more sensitive in contrast to Fe and other metals. In addition to coal shales, the spoil materials also contained mixed quantities of overburden materials, dominated by clastic lithologies, and mineral compositions dominated by quartz, feldspars, and micas [21,77]. Heterogeneities in spoil composition may also explain deviations from overall trends in other metals, particularly the spike in Fe concentration in pile #2. Ultimately, the bulk composition of mine soils resulted in clear trends across the transect and changes over time are likely dominated by Fe cycling, clay transport, and minor variations in the presence of other overburden lithologies.





5. Conclusions


The chronosequence approach to mine soils formation was effective in examining the characteristics which have undergone change on a decadal time scale. Soils developing on coal mine waste (i.e., mine soils) deposited over time show clear trends in soil properties as functions of age since emplacement, with older mine soils having higher organic matter, Fe, trace metal, and quartz/sand content, and lower bulk densities and clay content. Future work will aim to expand the results in this paper by documenting changes in these variables with depth in the mine soils across similar temporal transects to broaden the chronosequence approach. However, given the heterogeneity in the spoil piles and the lack of defined horizons [5,31], the properties of surface material may be a useful proxy for the overall soil profile over the time series, although this requires further examination.



The majority of the observed variables changed linearly over the transect and this is likely the result of: (1) organic matter accumulation as vegetation becomes more abundant over time; (2) the transport of clays out of more recently emplaced waste; and (3) the oxidative dissolution of primary sulfides. The findings presented here provide insight as to the future behavior of these materials and can guide further work in assessing the inferred age of previously unexamined mine soils across a wider geographic area. Further, these results can also inform decisions related to reclamation activities and ecosystem restoration. The restoration of mine soils has been shown to be a soil-driven process, and the value of examining mine soil chronosequences in order to evaluate the effects of ecosystem restoration practices on soil processes has been recognized [4]. The properties evaluated in the current study (i.e., bulk density, organic matter content, particle size, and bulk mineralogical and elemental compositions) are dominant variables in accounted for during different phases of reclamation, which typically include geomorphic reshaping, soil reconstruction, hydrological stability, vegetation restoration, and landscape rebuilding [4]. Further, coal mine waste is evaluated for the potential to continually release toxic elements, and our results indicate that over a time period of approximately decades to at most a century, these mine soils continue to slowly leach toxic elements. These elements are likely associated with secondary Fe and Mn oxides and organic matter and could therefore be remobilized following a change in hydrology or the ecosystem functions that can destabilize these phases.
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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 (ODNR, 2014); (B) watershed map (ODNR, 2000) showing location of subwatershed HR-25 (in yellow); (C) sample location map produced in Google Earth where yellow pins indicate spoil pile sample locations, with the location of the HR-25 tributary and Huff Run outlined in blue; and (D) sample location elevation (in meters) as a function sampling location. 
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Figure 2. (A) Bulk density values (g cm−3) for each of the dried spoil pile samples (pile number nine (open symbol) was not included in the statistical analysis, as the proper sampling technique was not possible). (B) Loss on ignition values for the spoil piles, given as percent of mass lost through combustion at 550 °C. Error bars represent the sample standard deviation of two replicate samples. Rho and p-values are shown for the regressions (dashed lines). 
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Figure 3. (A) Particle size distribution of spoil samples, where sand is defined as 2 mm to 63 µm, silt as 63 µm to 2 µm, and clay as less than 2 µm. (B) Bulk mineralogical composition of the spoil pile soils; feldspars is the sum of albite, anorthite, and microcline. 
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Figure 4. Bulk elemental composition data presented in groupings based on correlations identified in Figure 5. Concentration values over the spoil pile transect are presented in weight percent (wt.%) or parts per million (ppm) as identified on y-axis. Dashed lines represent average shale parent material concentrations as published in previous study [5]; if no dashed line is present, then this element was not reported. 
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Figure 5. Correlation matrix showing positive (blue) and negative (red) correlations among soil parameters, where dark shading represents a strong positive (x > 0.5, dark blue) or negative correlation (x < −0.5, dark red), and light shading (light blue and light red) represents weak correlations (0.5 > x > −0.5). White squares fall below a significance level of 0.05. Positive correlation clusters are numbered in black. 
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Figure 6. Conceptual model showing the major trends in properties observed in the mine soil with respect to elevation, age of mine spoil, and changes in vegetation over time. 
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