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Abstract: Coal mine tailings can lead to a range of environmental problems, including toxic metal
contamination, soil erosion, acid mine drainage, and increased salinity. Mine spoils from coal mining
activities accumulated as gob piles are difficult to reclaim due to constraints such as a steep slope,
unsuitable pH, insufficient nutrient supply, metal toxicity, low water-holding capacity, and poor soil
structure. We investigated the efficiency of low-cost amendments on coal gob spoils from Carthage
Coal Field (CCF) in New Mexico in improving the quality of coal gob spoils. Gob spoil was incubated
for 90 days with various rates of organic amendments such as biochar, compost, and a biochar–
compost mix. Gob spoil quality parameters such as the pH, water-holding capacity, and total and
plant-available nitrogen and phosphorus content of the gob spoil were measured over a period of
90 days. Both biochar and compost amendment led to a significant increase (40–60% for biochar
and 70% for compost, p < 0.05) in water-holding capacity of the coal gob spoil. Plant-available
nitrogen content increased from <200 mg N/kg to between 400 and 800 mg N/kg in the amended
gob spoil. The period of incubation was a significant factor in the improvement of plant-available
nitrogen content. Plant-available phosphorus content also increased; compost amendment was more
effective than biochar in increasing plant-available P. This study provides crucial information about
the optimum organic amendments that would help in optimizing a sustainable reclamation method
for CCF.

Keywords: abandoned coal field; gob piles; soil quality; organic amendments; mine soil reclamation;
Carthage coal field

1. Introduction

Coal mining is an important industry that supports the economy. Coal provided
approximately 27% of energy and contributed to 38% of electricity production worldwide
in 2018 [1]. The global coal market is still growing in many parts of the world, particularly
in Asia due to increasing energy needs and industrialization. Coal mining also causes
tremendous landform disruption and habitat destruction. Disruption of the land produces
tons of mining waste material (or spoils), much of which contains high amounts of metals
and sulfide-containing minerals such as pyrite [2]. There are several ways of managing coal
mine gob spoils, but most often they are put into massive “gob piles” resembling hillocks.
Currently, there are 20,000 to 50,000 abandoned mines in the United States, many of them
characterized by these gob piles that are highly erosion-prone, thus serving as a major
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source of environmental pollution and habitat destruction downstream. The nature of spoil
materials varies widely, both in physical composition and chemical characteristics [3,4]. It
also varies with geography, with spoils from the Appalachian region having more acid-
generating capacity than those of the western spoils. This is because most of the western
coalbeds have low sulfur and ash contents and are of similar geologic age, Cretaceous
through early Tertiary.

Regardless of their geological origin or geographic location, gob piles containing mine
spoils are mostly characterized by materials that are texturally unsuitable to hold water or
nutrients. Some older gob piles contain thin “topsoil” layers, which vary from clayey to
sandy depending on the underlying rock type—shale or sandstone. Low levels of organic
matter (OM) have been identified as the most common problem in mine gob spoils, which
leads to poor soil health for plant growth and soil microbial life [5–7]. Mine gob spoils with
low plant diversity are likely to cause a shortage of OM accumulation, which in turn leads
to poor soil texture and structure [6]. Poor water-holding capacity (WHC), sediment erosion
by wind and water, soil surface crusting, and cracking of soils are some of the adverse
effects that result from poor spoil structure [8]. Although annuals and sparse clumps of
grasses may be observed on gob piles, stabilizing vegetation is difficult to establish either
artificially or naturally, and they mostly remain bare [9].

Revegetation is complicated by a series of soil constraints including unsuitable pH,
insufficient nutrient supply, metal toxicity, low water-holding capacity, and poor soil
structure [10–13]. On these slopes, seeds or seedlings are more likely to be washed away
or buried by eroding material. Hence, to make a gob pile suitable for vegetation, the
textural and chemical characteristics of spoils need to be manipulated to a point where
they can sustain plant growth. This process is termed “topsoiling”. Narten et al. (1983) [9]
define topsoiling as the reuse of original spoils as all or part of the new growing medium
in reclamation. For topsoiling to work for the re-establishment of vegetation, (1) the
water- and nutrient-holding capacity needs to be improved through the addition of OM
and (2) the metal toxicity of the spoils needs to be decreased using sorbents that help in
reducing the plant availability of metals. This is especially important because the added
OM could potentially further solubilize metals, resulting in increased toxicity that prevents
the establishment of vegetation. While manipulating the soil is the key to restoration,
purchasing topsoil is cost-prohibitive. Therefore, it is important to develop inexpensive
amendment strategies that could improve soil quality and aid in plant growth.

Our study area was Carthage Coal field (CCF), located approximately 12 miles south-
east of Socorro, NM, and 10 miles east of San Antonio, NM (Figure 1A,B). The coalfield
lies on the east flank of the Rio Grande Rift in a series of small fault blocks that contain
the coal-bearing units. Over 2 million short tons of coal were produced from mines within
the CCF from 1882 to 1963 [13]. Mining at CCF was historically carried out by the San
Pedro Coal and Coke, Carthage Coal/Carthage Fuel Company, and the Kinney mines. The
demand for coal declined during The Great Depression, coupled with the introduction of
newer and more affordable means to heat homes. Eventually, the rail operation from CCF
was stopped in 1931 when coal mining was no longer profitable. Currently, CCF is full of
gob piles that cannot support the growth of vegetation (Figure 1C).

The objective for the first part of developing the reclamation technology was to perform
a laboratory incubation study to (1) identify the ideal mix of biosolids/gob spoils and
compost/gob spoils to optimize the water-holding and nutrient-holding capacity of the
spoils, and (2) perform geochemical fractionation using the sequential extraction protocol
to ensure there is no significant increase in plant-availability of metals resulting from
the amendments.
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Figure 1. (A) The location of Carthage Coal Field (CCF) in central New Mexico in the US; (B) the arc 
GIS map showing the location of CCF; (C) coal gob pile deposits at CCF. 

2. Materials and Methods 
2.1. Collection of Gob Spoil and Organic Amendments 

Coal mine gob spoil samples were collected from the surface to a maximum of 6 
inches depth from one coal gob pile (33°52′42.0″ N 106°45′22.5″ W) in CCF, NM. The gob 
spoil samples (called gob spoil soil sample in this study) were thoroughly mixed, air-
dried, ground, and sieved (2 mm). Two organic amendments, biochar and compost, were 
applied at various rates. The biochar was prepared using a traditional, indigenous 
method. In brief, a 1.5 m deep and 1.2 m wide pit was dug in the ground, and burning 
coal was placed at the bottom of the pit. Coppiced stumps were placed in layers on top of 
the burning coal. Once the pit was full, it was covered with clay and soil such that the 
plant material was charred. The charring process continued for 3 h at 600 °C. The 
temperature was monitored by inserting a Type-K Digital Thermometer, (Thermo Fisher 
Scientific, Waltham, MA, USA) probe inside the pit. After the pyrolysis process was 
completed, the biochar produced was shoveled out and allowed to cool. Finally, the 
biochar was ground using a mortar and pestle and the powder was used for this study. 
Commercially available compost (brand Garden Time Mushroom Compost®, Gro-Well 
Brands Inc., Tempe, AZ, USA) purchased from a local hardware store was used. To 
maintain the uniformity of the amendments as well as the reliability of experimental 
results, biochar and compost with a diameter less than 0.5 mm were used and well mixed 
with the gob spoil soil in this study. 
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Figure 1. (A) The location of Carthage Coal Field (CCF) in central New Mexico in the US; (B) the arc
GIS map showing the location of CCF; (C) coal gob pile deposits at CCF.

2. Materials and Methods
2.1. Collection of Gob Spoil and Organic Amendments

Coal mine gob spoil samples were collected from the surface to a maximum of 6 inches
depth from one coal gob pile (33◦52′42.0′′ N 106◦45′22.5′′ W) in CCF, NM. The gob spoil
samples (called gob spoil soil sample in this study) were thoroughly mixed, air-dried,
ground, and sieved (2 mm). Two organic amendments, biochar and compost, were applied
at various rates. The biochar was prepared using a traditional, indigenous method. In brief,
a 1.5 m deep and 1.2 m wide pit was dug in the ground, and burning coal was placed at
the bottom of the pit. Coppiced stumps were placed in layers on top of the burning coal.
Once the pit was full, it was covered with clay and soil such that the plant material was
charred. The charring process continued for 3 h at 600 ◦C. The temperature was monitored
by inserting a Type-K Digital Thermometer, (Thermo Fisher Scientific, Waltham, MA, USA)
probe inside the pit. After the pyrolysis process was completed, the biochar produced was
shoveled out and allowed to cool. Finally, the biochar was ground using a mortar and
pestle and the powder was used for this study. Commercially available compost (brand
Garden Time Mushroom Compost®, Gro-Well Brands Inc., Tempe, AZ, USA) purchased
from a local hardware store was used. To maintain the uniformity of the amendments as
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well as the reliability of experimental results, biochar and compost with a diameter less
than 0.5 mm were used and well mixed with the gob spoil soil in this study.

2.2. Physicochemical Characterization of the Gob Spoil and Amendments

Gob spoil soil and the organic amendments (biochar and compost) were analyzed
for their properties. Sample pH and electrical conductivity (EC) were measured follow-
ing standard protocols using a Orion Star A215 (Thermo Fisher Scientific, Waltham, MA,
USA), Advanced pH/conductivity benchtop meter [14]. Water-holding capacities were
quantified by the modified Bernard method [15] as described in Govindasamy (2018) [16].
Organic matter content was measured by a loss-on-ignition method [17]. Total C and total
N were quantified by a CHNS elemental analyzer (Elementar Americas Inc., Ronkonkoma,
NY, USA). The soil texture (i.e., silt, sand, and clay contents) was analyzed using the
pipette method [18]. Plant-available N was determined by the sum of ammonium, nitrite,
and nitrate that are available for plant uptake [19,20]. Plant-available P was analyzed
by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES, Agilent Tech-
nologies, model 5100; Agilent Technologies Inc., Santa Clara, CA, USA) after Mehlich III
extraction [21].

The total concentrations of metals (Ag, Al, As, Ba, Cd, Cr, Cu, Fe, Hg, Mn, Pb,
and Se) and P in samples were measured using ICP-OES after acid digestion following
USEPA Method 3050B [22]. For ICP-OES analysis, yttrium was applied as the internal
standard and quality control check standards were also used to guarantee the accuracy of
sample analysis.

2.3. Incubation Study

Three sets of treatments were performed during the gob spoil soil incubation study.
For the first set of treatments, gob spoil soil was thoroughly mixed with compost at three
rates (5%, 7.5%, and 10%, w/w). For the second set of treatments, gob spoil soil was
thoroughly mixed with biochar at three rates (5%, 7.5%, and 10%, w/w). For the third set of
treatments, compost and biochar were first mixed at a 1:1 ratio (mixed amendment), and
then gob spoil soil samples were amended with the mix at 5%, 7.5%, and 10% application
rates (w/w). For all treatments, 150 g of gob spoil soil with amendments was prepared
and 50 g was sampled on day 0. The other 100 g gob spoil soil was incubated in sealed
polythene bags for 90 days. As a control, one batch of gob spoil soil was incubated without
any amendment. All gob spoil soils were maintained at 70% of water-holding capacity at
room temperature [23]. Periodic samplings (~15 g each) were carried out on days 7, 30, 60,
and 90. All experiments were performed in triplicate. The incubation length of 90 days
was determined based on the characterization results of the samples. Once the samples
equilibrated, and insignificant changes were identified, the incubation study was stopped.

2.4. Chemical Analysis of Incubated Samples

Amended and unamended control gob spoil soils were analyzed periodically for
pH, EC, OM content, water-holding capacity, and plant-available N and P, as described
in Section 2.2. To obtain the geochemical forms of each metal in the samples, gob spoil
soil samples were sequentially extracted following the scheme established by [24]. Six
geochemical fractions (i.e., water-soluble F-1, exchangeable F-2, carbonate bound F-3, oxides
bound F-4, organically bound F-5, and residual silicate bound F-6) were obtained. After
each step, the supernatant was analyzed for metals (Ag, Al, As, Ba, Cd, Cr, Cu, Fe, Hg, Mn,
Pb, and Se) using ICP-OES. The gob spoil soil samples from each step were weighed and
used in the sequential extraction procedure for the next step. The plant-available metals
were calculated by combining water-soluble (F-1) and exchangeable (F-2) fractions.

2.5. Data Analysis

Data analysis was performed using SPSS Statistics software (IBM SPSS Statistics
29.0.2.0, IBM Corp., Armonk, NY, USA). A one-way ANOVA was applied to analyze
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how the three sets of treatments affected the properties of gob spoil. The least significant
difference test was performed to identify the statistical differences among different sets of
treatments (p < 0.05).

3. Results
3.1. Physicochemical Characteristics of Soil and Organic Amendments

The gob spoil soil was near-neutral with a measured pH of 7.36 ± 0.07. While the
pH of the compost was 7.81 ± 0.02, the pH of the biochar was basic at a pH of 9.70 ± 0.01
(Table 1). The OM content of the soil was ~28%. Both the organic amendments had higher
organic contents, ~86% and ~49% for the biochar and the compost, respectively. Gob spoil
soil was loamy sand in texture with 72% sand, 25.5% silt, and 2% clay (Table 1) with only
~40% water-holding capacity. The total P content of the soil was 131.78 mg/kg, but the
plant-available P content of the soil was low, at 37.34 mg/kg. On the other hand, the
total and plant-available P content of the biochar and the compost were comparatively
much higher. For biochar, the total and plant-available P contents were 528.22 mg/kg
and 251.79 mg/kg, respectively. For compost, the total and plant-available P were 3167.78
and 1770.80 (mg/kg soil), respectively (Table 1). The total carbon content of the soil was
14.5%, whereas for biochar and compost, the total carbon contents were 50.7% and 25%,
respectively (Table 1). The RCRA 8 metal contents in the soil were low. Both the organic
amendments showed comparatively low levels of RCRA 8 metal content and hence were
considered suitable for use as amendments for the gob spoil soil.

Table 1. Properties of the gob spoil soil, biochar, and compost samples used in this study.

Properties Gob Spoil Soil Biochar Compost

pH 7.36 ± 0.07 9.70 ± 0.01 7.81 ± 0.02

EC (dS/m) 3.78 ± 0.01 3.29 ± 0.09 10.05 ± 0.34

Organic Matter Content (%) 27.75 ± 0.83 86.43 ± 0.58 49.31 ± 2.11

Moisture Content (%) 3.79 ± 0.09 9.37 ± 0.27 39.27 ± 0.80

Clay (%) 2.11 ± 0.24 - -

Silt (%) 25.51 ± 1.03 - -

Sand (%) 72.38 ± 0.80 - -

Water-Holding Capacity (%) 40.00 ± 4.00 - -

Total C (%) 14.50 ± 1.80 50.70 ± 7.90 25.00 ± 4.20

Total N (%) 0.30 ± 0.03 0.20 ± 0.02 1.80 ± 0.22

Total P (mg/kg) 131.78 ± 33.29 528.22 ± 72.28 3167.78 ± 227.94

Plant-Available P (mg/kg) 37.34 ± 6.20 251.79 ± 21.59 1770.80 ± 21.31

RCRA 8 metals
(mg/kg, total) 1

As 2.43 ± 0.29 0.64 ± 0.14 1.22 ± 0.08

Ba 192.35 ± 22.50 15.35 ± 2.61 49.76 ± 0.68

Cd 0.65 ± 0.09 BDL 2 0.19 ± 0.01

Cr 4.83 ± 1.08 0.51 ± 0.08 2.63 ± 0.08

Pb 7.76 ± 2.08 0.39 ± 0.12 0.59 ± 0.18

Hg 0.28 ± 0.09 3.97 ± 0.38 3.89 ± 0.46

Se BDL BDL 0.38 ± 0.26

Ag 0.17 ± 0.11 BDL BDL

Cu (mg/kg, total) 14.09 ± 2.78 4.99 ± 0.36 12.85 ± 1.04

Fe (mg/kg, total) 7467 ± 1217 546 ± 105 2202 ± 122

Al (mg/kg, total) 5414 ± 1411 745 ± 154 1803 ± 71

Mn (mg/kg, total) 111 ± 21 17 ± 3 130 ± 2
1 RCRA 8 metals are a group of eight heavy metals that are monitored and regulated by the U.S. Environmental
Protection Agency (EPA) as hazardous waste under the Resource Conservation and Recovery Act (RCRA).
2 BDL = Below Detection Limit.
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3.2. Effects of Organic Amendments on Soil pH and EC

Biochar and compost are often chosen as mine spoil amendments for their ability to
improve soil quality, reduce toxic elements, and provide nutrients for plant growth. The
application of biochar and compost is environmentally sustainable as they are derived from
organic wastes. In this study, the biochar was produced from coppiced stumps following a
local indigenous farming method. This practice also promotes sustainability, as it could
reduce transportation and material costs, contribute to waste reduction, and convert waste
to a resource.

The pH of the unamended soil decreased slightly from ~8.2 to below 8 within 7 days
of incubation. Biochar amendment initially raised the soil pH above 8.5. However, the
pH started decreasing with the passage of incubation time and stabilized at ~8.00 within
30 days. Subsequently, the pH remained stable for the remaining period (Figure 2A). No
substantial change in initial pH was observed for soils amended with either the compost
or the mixed amendment (p < 0.05). No difference in soil pH trends was observed with
changing amendment rates (p > 0.05). Overall, observable variations in soil pH with
either the rate or the type of amendments were negligible, and the soil remained slightly
basic (between pH 7.5 and 8.5). In general, organic amendments tend to decrease the soil
pH [25,26]. However, as the starting pH of compost and biochar were neutral to basic, the
amendment of the soil with either of them did not lead to a decrease in pH.

The EC of the unamended soil was much higher initially, at ~0.6 dS/m (Figure 2B).
After 7 days of incubation, the EC decreased drastically to ~0.4 dS/m. Beyond 7 days
of incubation, the EC decreased at a slower rate to ~0.3 dS/m. This decrease in the
conductivity indicates that a larger fraction of the metals bind to OM over the incubation
period, leading to a lower fraction of free metals. Similar trends in EC were observed for
soils with biochar amendments. In the case of soils with either the mixed amendment or
only compost amendment, no clear trends were observed. This can be explained by the
considerably lower OM content of the compost as compared to that of the biochar (Table 1).
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Figure 2. The impact of organic amendments on (A) soil pH; and (B) electrical conductivity. Data are
shown as mean (n = 3) ± standard deviation.

3.3. Effects of Organic Amendments on Soil Water-Holding Capacity

The soil water-holding capacity is recognized as one of the most important parameters
to facilitate vegetation and microbial activities [27,28]. However, the average water-holding
capacity of the gob spoil soil was below 40% during the soil incubation study due to its
loamy sand soil texture (Figure 3A). Regardless of amendment rates, biochar increased the
soil water-holding capacity to approximately 60%, indicating a 50% increase. Biochar has
been widely reported to enhance soil water-holding capacity [29–32]. Biochar generated
from yellow pine scrap lumber was reported to double the water-holding capacity of a
loamy sand soil at an amendment rate of 9% [31]. Although no significant differences
(p > 0.05) were seen among the three biochar amendment rates (5%, 7.5%, and 10%) during
the 90-day incubation period (Table 2), the increase in water-holding capacity we observed
(~50%) was slightly higher than the 38% reported in sandy soils, using red oak biochar
amendment at 6% during a 91-day incubation [30]. In comparison, both soils amended
by compost or by the mixed amendment had average water-holding capacities at around
70%, which was not significantly higher (p > 0.05) than those amended by biochar only
(Figure 3A, Table 2). Ghorbani et al. (2023) [33] reported a better water-holding capacity by
biochar under insufficient water stress in a field study, probably due to the increased soil
aggregation and the porous structure of biochar. However, the efficiencies of biochar or
compost in enhancing soil water-holding capacity also depend on the types of biochar or
compost used [34]. In this study, all the treatments showed significant impacts (p < 0.05) on
enhancing the water-holding capacity of the gob spoil soil (Table 2).

Table 2. Statistical analytical results for soil amended with different amendments after 90 days of
incubation.

Sample Type Water-Holding
Capacity Total Phosphorus Plant-Available

Phosphorus
Plant-Available

Nitrogen

Soil 33.30 ± 7.17 c 221.01 ± 22.63 de 122.43 ± 24.27 d 175.93 ± 15.85 b
Soil + 5% biochar 49.95 ± 12.18 bc 223.36 ± 15.39 de 164.19 ± 25.65 d 512.29 ± 43.63 a
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Table 2. Cont.

Sample Type Water-Holding
Capacity Total Phosphorus Plant-Available

Phosphorus
Plant-Available

Nitrogen

Soil + 7.5% biochar 70.33 ± 6.92 a 216.12 ± 23.98 e 168.26 ± 21.70 d 598.36 ± 87.94 a
Soil + 10% biochar 71.02 ± 7.48 a 257.61 ± 15.88 bcd 188.07 ± 24.18 bc 665.57 ± 68.67 a
Soil + 5% mix 58.01 ± 18.46 b 238.56 ± 21.59 de 184.10 ± 12.16 cd 577.57 ± 72.07 a
Soil + 7.5% mix 70.77 ± 14.42 a 252.70 ± 24.11 bcde 249.42 ± 16.48 bcd 636.90 ± 46.93 a
Soil + 10% mix 70.95 ± 7.60 a 286.42 ± 22.95 ab 255.93 ± 10.51 ab 695.00 ± 25.56 a
Soil + 5% compost 58.33 ± 14.12 ab 242.87 ± 11.93 cde 220.77 ± 21.75 bcd 556.27 ± 43.52 a
Soil + 7.5% compost 66.69 ± 6.80 ab 279.81 ± 22.88 abc 272.24 ± 7.04 ab 627.70 ± 7.55 a
Soil + 10% compost 70.48 ± 7.23 a 318.49 ± 2.01 a 294.66 ± 8.97 a 667.34 ± 52.21 a

Note: Different letters in the same column correspond to statistically significant differences (p < 0.05).

3.4. Effects of Organic Amendments on Soil Organic Matter and Plant-Available Nutrients

The average OM in gob spoil soil ranged from 25% to 30% during the 90-day incubation
period (Figure 3B). The average OM percentage in soil did not show a significant (p > 0.5)
increase in OM content after adding the amendments.
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Figure 3. The impact of organic amendments on (A) soil water-holding capacity and (B) soil organic
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The availability of nutrients is an important indicator of soil quality. Nutrient deple-
tion leads to soil chemical degradation as well as decreased vegetation cover [35]. The
concentration of plant-available nitrogen in the gob spoil soil was below 200 mg N/kg
during incubation (Figure 4A). This concentration significantly (p < 0.05) increased to ap-
proximately 500 mg N/kg after adding biochar at a 5% rate, which further increased to over
600 mg N/kg at higher biochar amendment rates at 7.5% and 10%. The increasing trend
in plant-available nitrogen along with increased biochar amendment rates was similar
to that of using compost as an amendment. By day 90, the average concentrations of
plant-available nitrogen were 556, 628, and 667 mg N/kg for compost amendment rates at
5%, 7.5%, and 10%, respectively (Figure 4A). Both biochar and compost increased nutrient
availability for plants, which was consistent with previous literature [33]. For the mixed
amendment treatment, the concentrations of plant-available nitrogen by the end of the soil
incubation study were 578, 637, and 695 mg N/kg at amendment rates of 5%, 7.5%, and
10%, respectively, which were similar to using biochar or compost alone as soil amendments
(Table 2).
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Figure 4. The impact of organic amendments on (A) plant-available nitrogen and (B) plant-available
phosphorous. Data are shown as mean (n = 3) ± standard deviation.
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As shown in Figure 4B, the addition of soil amendments significantly (p < 0.05) boosted
the plant-available P in gob spoil soil (Table 2). The average plant-available P in gob
spoil soil was 122 mg P/kg without any soil amendment. This concentration increased
by approximately 40, 50, and 70 mg P/kg after adding biochar at amendment rates of
5%, 7.5%, and 10%, respectively. In comparison, more plant-available P was provided
by the compost. After 90 days, the concentration increased by approximately 120, 140,
and 160 mg P/kg at 5%, 7.5%, and 10% amendment rates, respectively. This can be
explained by the concentration difference in plant-available P between biochar and compost,
which were 252 and 1771 mg P/kg, respectively. As indicated by the concentration levels,
compost is rich in nutrients, particularly P. Compost releases P as it breaks down in the
soil, providing a continuous supply of P. In biochar, nutrients are more stable and released
slowly. Unlike compost, biochar may also retain P, making it unavailable to plants. The
average concentration of plant-available P was approximately 250 mg P/kg for the mixed
amendment at a 7.5% or 10% rate.

3.5. Effects of Organic Amendments on Soil Metals

The total concentrations of multiple metals, including Ag, Al, As, Ba, Cd, Cr, Cu, Fe,
Hg, Mn, Pb, and Se, in soil samples with or without organic amendments, were quantified
on days 0, 7, 30, 60, and 90 during the soil incubation study. Results showed that the
concentrations of all metals were very low, except for Fe and Al (Table S1 in Supplementary
Materials). Due to the relatively high concentrations of Fe and Al in all soils, sequential
extraction was carried out to study the geochemical fractionation of these two elements
in the soil. The toxicity of metals depends on bioavailability; hence, understanding the
geochemical fractions of metals will provide a better understanding of the potential toxicity
of these metals in soil [23]. Geochemical fractions of Fe and Al on days 0 and 90 are shown in
Figure 5. Results showed that the water-soluble, exchangeable, and carbonate-bound Fe and
Al were negligible in gob spoil soil on day 0 (Figure 5A,C). The majority of the Fe present
in the unamended soil was in oxides-bound (17.5%), organic-bound (7.5%), and residual
silicate-bound (74.9%) forms (Figure 5A), while for Al, the corresponding percentages for
these forms were 3.5%, 19.6, and 76.6%, respectively (Figure 5C). Figure 5A shows that the
percentages of organic bound Fe in soils amended by compost (5.0%, 5.9%, and 5.8% for 5%,
7.5%, and 10% amendment rates, respectively) were slightly lower than the unamended
soil. This is consistent with the slightly lower total OM contents for compost-amended soil
than that for the unamended soil (Figure 3B). In comparison, biochar-amended soil showed
similar (at amendment rate 5%) or higher (at amendment rates 7.5% and 10%) organic-
bound Fe compared to the unamended gob spoil soil, which was also consistent with the
trends in total OM results (Figure 3B). The oxides-bound Fe in gob spoil soil amended
by 10% biochar was the highest among all treatments and the control. The two major
geochemical fractions for Al were residual silicate-bound and organic-bound in gob spoil
soil, followed by oxides-bound for all samples. On day 0, the addition of biochar at 10%
increased the percentages of oxides-bound and organic-bound Al, while all other organic
amendment treatments did not significantly change the percentages of Al geochemical
fractions compared to unamended gob spoil soil. By the end of the incubation period, the
percentages of organic-bound Fe for all organic amendment treatments increased compared
to time zero (Figure 5B). A similar trend was observed for Al in terms of the organic-bound
Al fractions (Figure 5D). An insignificant increase in plant availability of Al (i.e., the sum of
water-soluble and exchangeable forms of Al) was observed, but the percentages were very
low at <2%.
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Figure 5. The impact of organic amendments on geochemical fractions of Fe and Al: (A) Fe fractions
on day 0, (B) Fe fractions on day 90, (C) Al fractions on day 0, and (D) Al fractions on day 90.
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4. Conclusions

Organic amendment of the gob spoil soil by both biochar and the compost led to a
significant increase (p < 0.05) in its water-holding capacity leading to the enhancement
in the soil quality for the growth of vegetation. No significant increase (p > 0.05) in the
OM content of the gob spoil soil was observed due to the organic amendments. However,
as the soil itself had a good amount of organic matter (~28%), any enhancement in OM
content due to the amendments may not make a big difference in soil fertility. On the
other hand, the plant-available N and plant-available P content of the gob spoil soil were
improved drastically due to the biochar and compost amendments. Plant-available N
content increased from <200 mg N/kg for unamended soil to 400 to 800 mg N/kg in the
amended soil. The period of incubation was also a significant factor in the improvement
of plant-available N content as it increased with incubation time in most cases. The plant-
available P content also increased as a result of organic amendment. The impact of compost
was much higher than the biochar in improving plant-available phosphorus levels. The
potentially toxic trace metal content in the gob spoil soil was low and hence any concern
about organic amendments mobilizing toxic metals was negligible. The only exceptions
were Al and Fe, which did not show a significant increase in soluble and exchangeable
fractions, which are the plant-available forms of the metals.

The organic amendment of the gob spoils soil by either the biochar or the compost
potentially improved soil fertility by improving its water-holding capacity and the plant-
available nutrient contents. The incubation time was a significant factor in improving
the plant-available N content. In the case of plant-available P, compost amendment was
more effective than biochar amendment. This study provides the data necessary for future
experiments to test plant germination and growth on amended gob pile soils. A greenhouse
study is currently in progress to test the efficacy of these amendments in aiding plant
growth in gob pile soils. Based on the results from the soil incubation study and the
greenhouse study, a field study will be performed to establish a vegetative cover on the gob
piles of CCF using the optimal rate of organic amendment. The results from this study will
aid in future research on the remediation of mine sites with varying properties at different
geographic locations. Exploring the effectiveness of different biochar and compost types
could also yield valuable insights into the restoration of mine sites.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app14219723/s1, Table S1: Total metal concentrations
for soil incubation samples (mg/kg).
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