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With the ultimate goal of facilitating in situ phytostabilization and ecological
restoration of mining sites rather than agricultural use, the present study
aimed to investigate the effects of wood ash and peat on the
physicochemical properties and nitrogen mineralization in copper-mine-
affected soils. To this end, soil samples were collected from copper mine
waste rock dumpsites and amended with wood ash, peat moss, and their
mixture, at various rates. Various soil properties were determined at two
incubation periods (day 0 and day 63). To reveal differences among soil
amendments, a post hoc test with the Bonferroni correction, principal
component analysis (PCA), PCA biplot, and Log2 fold change heat map
analyses were applied. As a result, all soil properties, except the
ammonium level at day 63, differed significantly for at least one type of
amendment (P < 0.05). The overall effects of the treatments on
physicochemical soil properties and nitrogen mineralization, as
determined by PCA, indicated that wood ash had the greatest effect on pH
and EC. In contrast, peat moss dominated nitrogen dynamics, as reflected
by organic carbon and organic matter. The results of this study could be
used to remediate mine-polluted, acidified, and nutrient-depleted soils.
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INTRODUCTION

Since ancient times, humans have sought innovative energy and raw material
sources and adapted land use to accommodate the growing population. Such developments
have led to significant environmental challenges, including pollution, deforestation, soil
erosion, drought-induced desertification, and global climate change, underscoring the
urgent need for sustainable land management practices (Mahmood ef al. 2010; Deng et al.
2013). Among these activities, mining—for instance, Line Cave, one of the oldest mining
operations, which dates back to 43000 BC (Mkpuma et al. 2015), has emerged as a major
contributor to environmental deterioration, with profound hydrological, biological, and
societal impacts, such as blasting, subsidence, air pollution, and alterations to land surfaces
(Allgaier 1997; Mkpuma ef al. 2015). Furthermore, acid mine drainage (AMD) is a primary
environmental concern in both operating and abandoned mines, contaminating surface
waters with various cations, including Fe, Cu, Zn, and Mn (Barbu et al. 2017).

Mining activities have frequently caused widespread land degradation, primarily
by removing topsoil, altering soil structure, and contaminating it with heavy metals
(Saglam et al. 2020; Karn et al. 2021; Haghighizadeh et al. 2024). Topsoil removal
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eradicates vital organic matter and microbial communities essential for plant growth, while
exposing soil layers can induce acidification and a decline in soil fertility. Moreover, the
toxicity of heavy metals (Cr, Cu, Ni, Pb, and Zn) from mining activities reduces the activity
of microorganisms that are crucial for organic matter decomposition, leading to depletion
of essential soil nutrients and reduced carbon sequestration, both of which are vital for the
life cycle (Karn et al. 2021; Campillo-Cora ef al. 2025).

In addition, mining disrupts the balance of soil ecosystems, causing erosion
(Mkpuma et al. 2015), decreased plant-available water capacity (AWC) and water quality
(Westcott 1998; Karn et al. 2021), reduced cation exchange capacity, and increased soil
compaction (Hu et al. 2018). Consequently, soil is one of the ecosystem components
directly or indirectly affected by mining activities (Williams and Thomas 2023). Mine
tailings are a critical component of mining infrastructure and a significant global
environmental concern, as they can cause land deterioration by impounding mine waste
that covers large areas and contains higher levels of metals than surrounding surface soils
(Dold 2008). The rehabilitation process includes shaping the dump to restore the site’s
physiography and provide drainage, replacing the topsoil, and subsequently planting the
area (Allgaier 1997). Rehabilitation minimizes differences in soil quality between pre- and
post-mining conditions (Westcott 1998). A range of techniques has been employed to
rehabilitate mining sites contaminated with heavy metals, primarily encompassing
physical, chemical, and biological approaches (Mkpuma et al. 2015). These techniques
include soil immobilization, which reduces metal mobility by adding various amendments,
such as clay or cement, directly to the contaminated soil. The other technique is soil
washing, which physically or chemically extracts contaminants from excavated soil using
solutions such as acids or chelating agents. Additionally, phytoremediation, a biological
method, wuses specific plants to either extract (phytoextraction) or stabilize
(phytostabilization) heavy metals in soil, offering an environmentally sustainable solution
(Wuana and Okieimen 2011; Karn et al. 2021; Haghighizadeh et al. 2024; Wang et al.
2024). Therefore, in-situ remediation techniques such as phytoremediation and soil
amendments (e.g., organic carbon addition and vegetation residues) are essential for
rapidly and cost-effectively improving the physicochemical and hydrogeochemical
properties of disturbed soils and tailings to address land degradation and heavy metal
contamination (Dold 2008; Maljanen et al. 2014; Jansone et al. 2020).

Among soil amendments, peat and wood ash are commonly used to immobilize
heavy metals in soils by enhancing chemical stabilization, thereby reducing their mobility
and bioavailability through mechanisms such as sorption, precipitation, and complexation
(Wuana and Okieimen 2011; Haghighizadeh et al. 2024). In addition to their soil-
ameliorative effects, the use of peat and wood ash, produced as waste in significant
quantities by the forest industry and energy plants (Nieminen et al. 2005; Goémez-Rey et
al. 2012), provides environmental benefits, such as reduced need for landfilling or storage,
lower costs, and mitigation of adverse environmental impacts, thereby promoting
sustainable practices (Maljanen et al. 2014; Jansone et al. 2020).

Although raw wood ash (WA) is highly alkaline (pH 10 to 13) (Barbu et al. 2017),
applying it to acidic soils at typical rehabilitation levels (e.g., 5% to 10% w/w) buffers the
mixture to pH values of 6 to 8. This range minimizes the solubility of aluminum and
manganese through precipitation, avoiding the formation of soluble aluminate at higher pH
levels (Aide 2022; Dourado et al. 2021; Nkana et al. 2002). Furthermore, wood ash
contains high amounts of hydroxides, carbonates, and essential soil nutrients, and is often
used as an alternative to limestone fertilizer (Hytonen 2003; Jansone et al. 2020). Peat, on
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the other hand, is one of the most widely used biologically active additives, along with
activated sludge and straw, which improve soil processes, strengthen nutrient cycles, and
reduce the impact of heavy metals on soil tailings (Wang et al. 2024). Furthermore, its
application is conducive to restoring disturbed borrow pits and oil and natural gas well sites
(Nawu et al. 2024).

The application of peat and wood ash to forest and agricultural soils degraded by
human activities, such as mining, is essential, as it replenishes nutrients lost, counteracts
soil acidification, and enhances plant growth (Heiskanen et al. 2022). Chemically, wood
ash contains abundant base cations, such as Ca (18%), K (2.2%), Mg (1%), and Na, all of
which originate from the mineralization of organic compounds during combustion
(Demeyer et al. 2001). Rolka et al. (2023) reviewed the remedial effects of wood ash,
considering its physical, chemical, and mineralogical characteristics, on the properties of
forest and acid soils (e.g., nutrient availability, water retention, acidity, and porosity), as
well as on plant growth.

In contrast, peat or peat moss consists mainly of cellulose, lignin, and polar
functional groups (e.g., acids, phenolic hydroxyls, ethers, aldehydes, alcohols, and
ketones). It contains abundant organic matter (up to or exceeding 90%), providing effective
adsorption sites for binding and immobilizing potentially toxic elements, thereby
supporting soil restoration (Nawab ef al. 2019). The alkaline nature of wood ash either
reduces the solubility of toxic elements (e.g., aluminum and manganese) (Barbu et al.
2017) or stabilizes heavy metals by increasing pH (Mortensen 1963; Kabata-Pendias 2000;
Weng et al. 2002). In addition to its immobilizing potential—primarily by increasing pH—
wood ash also improves hydrophysical properties (e.g., water-holding capacity) and N
mineralization by stimulating soil microbial activity (Rolka et al. 2023). For example, WA
is applied annually to hectares of Finland’s acidic peatlands due to its alkalinizing
properties. However, its use in farmland soils is not recommended because of the potential
presence of Cd, Hg, As, Co, Cr, and Ni (Maljanen et al. 2014). Unlike WA, peat moss
prevents additional salt accumulation and buffers the pH (Nawab ez al. 2019). Additionally,
it promotes ground cover, shoot biomass, and root biomass by increasing the availability
of macronutrients, particularly nitrate and phosphorus (Reid and Naeth 2005).
Furthermore, the application of peat moss improves soil properties (e.g., porosity, cation
exchange capacity, soil holding capacity, organic matter content) and immobilizes heavy
metals, as does WA (Forsberg and Ledin 2003; Reid and Naeth 2005; Nawab et al. 2019).
Peat application also facilitates the removal of metalloids and the reduction of nitrate in
AMD (Naghoum et al. 2025).

The ultimate land-use aim in the reclamation of metalliferous tailings is generally
not agricultural production due to the severe health risks associated with heavy-metal
biomagnification through the food chain (Antonelli et al. 2021). Therefore, the intended
end use of the copper mine tailings investigated in this study is in situ phytostabilization
and long-term ecological restoration. This approach aims to establish a vegetative cover
using native, metal-tolerant pioneer plant species to minimize wind and water erosion and
physically stabilize the hazardous waste (Li e al. 2013; Benidire et al. 2022). To achieve
this goal, the barren tailings must first be transformed into functional soils that support
plant growth and nutrient cycling (You et al. 2018).

Given the ongoing challenges of land degradation and toxic metal contamination at
mining sites, developing effective and sustainable remediation techniques is vital. The
objective of the present study was, therefore, to examine the effectiveness of peat moss and
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WA, which are readily available and economical amendments, in ameliorating the
physicochemical and biological properties (e.g., N-mineralization) of mine-affected soils.

EXPERIMENTAL

Study Area

The study area is situated between 41°13’ N and 41°16" N, and between 41°34" E
and 41°36’ E, within the Murgul district of northeastern Turkey (Fig. 1), which is
characterized by deeply incised valleys surrounded by steep mountainous slopes (Acatay
1968). The area’s mean altitude was approximately 600 m, with slope angles ranging from
40% to 60%. The geological structure in the region varies from sedimentary marl and acidic
volcanic rocks, such as dacite, rhyodacite, and rhyolite (Anonymous 2002). Depending on
the varied lithology, soil texture ranges from clay loam and silty clay loam to sandy loam
and loamy clay, characterized mainly by acidity originating from base cation leaching due
to abundant precipitation and organic matter (e.g., moder and mull humus forms); these
characteristics are among the key soil features (Yener and Altun 2017). The study site’s
climate exhibits the typical humid conditions of the Eastern Black Sea subzone,
characterized by mild winters, warm summers, and evenly distributed rainfall throughout
the year.

N 28°00°E 36*00E AUUE -
Serbia 3

Bulgaria - " Riussian Federation  ©
Georgia ]

ISTANBUE SAMSUN Borvin £
Ginaca : . ISTANBUL
. TANAKKALE Armenia Azerbaijan
- CANAKKALE AMKARA

SVAS h
Azerbaijan
Turkey L

300N
300N

DR DIYARBAKIR

Iran {Islamic Republic of)

0 125 250 500 Kilometers Sirian Arab Republi i

|
I60TN

Cyprus

41"15'0°N
1
41*150°N

41*120°N

1
41°14'0°N

£
£
2.
T 0 02505 1 Kilometers
————t———

0 25 5 10 Kilometers

41°28'0°E 41"360°E 41‘}’1'0‘!‘_ 41'3?‘.;’0{
Fig. 1. Location map of the study area

The mean annual temperature is approximately 11.2 °C, and annual rainfall totals
1213 mm (Yener 2023), which extends the growing season from May to October. The
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climate is classified as AB'lrb'3 in the Thornthwaite system, indicating a perhumid,
mesothermal regime with no seasonal moisture deficit.

The vegetation structure is ecologically rich — dominated by coniferous and
broadleaf species, including Picea orientalis, Fagus orientalis, Abies nordmanniana, Pinus
sylvestris, and Alnus glutinosa. The understory hosts a variety of woody shrubs and
subshrubs, including Sorbus aucuparia, Prunus officinalis, llex colchica, Sambucus nigra,
Vaccinium myrtillus, Lonicera caucasica, L. xylosteum, Ribes biebersteinii, R. orientale,
Rhododendron ponticum, and R. luteum (Ansin 1980).

Soil Sampling and Analyses

Soil sampling was carried out in the summer of 2018 across 15 randomly distributed
sample plots (on mine tailings). Topsoil (0 to 15 cm depth) was sampled in disturbed form
(Fig. 2) because the acid-neutralizing effect of WA application is minimal at deeper soil
layers but pronounced in the topsoil (Arvidsson and Lundkvist 2003; Hamidi ef al. 2021;
Baloch et al. 2024).

Soil Sampling
15 randomized samples
(waste rock dump site)

AN

Initial Analyses (Physicochemical properties) Initizl Analyses (0 & 63 days Mineralization)
pH, EC, OC, TN, C/N (Ammonium, Nitrate, Net Nitrogen Mineralization
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Restoration Treatments (Wood Ash and Peat Moss)
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Results & Interpretation

Fig. 2. Flowchart showing the data collection, analysis, and methods used in the study (pH: Soil
acidity, EC: Electrical conductivity, OC: organic carbon, TN: Total nitrogen, C/N: Carbon /
Nitrogen ratio; Ctrl: Control, WA5: 5% Wood Ash, WA10: 10% Wood Ash, P5: 5% Peat, P10:
10% Peat, WAP2.5: 2.5% Wood Ash+Peat, WAP5: 5% Wood Ash+Peat).

Before analysis, all soil samples were air-dried, hand-crushed in a porcelain mortar,
and sieved through a 2-mm mesh. The pH and electrical conductivity (EC) were
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determined in 1:2.5 and 1:5 soil-water suspensions, respectively. Walkley-Black’s wet
digestion method was employed to quantify soil organic carbon, which was then converted
to soil organic matter by multiplying it by 1.724 (Kalra and Maynard 1991). The Kjeldahl
digestion technique was used to determine total nitrogen (TN), and the carbon-to-nitrogen
(CN) ratio was calculated (Pansu and Gautheyrou 2007). The microdistillation technique,
as described by Bremner and Keeney (1965), was used to determine the potentially
mineralizable nitrogen (NO3—N plus NH4-N) at the beginning and on day 63 of
incubation. Net mineral nitrogen on the 63" day (Ammonium for 63 days: Ammonium 63;
Nitrate for 63 days: Nitrate63; Net N mineralization for 63 days: TN63) was calculated as
the difference between the beginning and the 63rd day (Guleryuz et al. 2007). The
differences between days 0 and 63 reflect the dynamics of ammonification, nitrification,
and net nitrogen mineralization. To optimize microbial activity for N mineralization
analyses, soil moisture was adjusted to 60% of the water-holding capacity (WHC) and
maintained at 25 °C throughout the incubation period, following the methods of Stanford
and Smith (1972) and Bregliani et al. (2010).

Amendments and their Application

The wood ash used in this study originated from residential areas, such as
households and bakeries, where wood from deciduous and coniferous trees was burned.
The commercial horticultural Sphagnum peat (peat moss) used in this study was obtained
from a licensed supplier and is widely used in greenhouse and nursery production systems.

A range of application doses, consistent with rates used in other similar studies
(Beauchemin et al. 2015; Abad-Valle et al. 2017), was employed in laboratory experiments
to assess the effects of amendments (e.g., wood ash and peat moss) on the physicochemical
properties and nitrogen mineralization of polluted soils. Two amendment rates (5% and
10% w/w)) were applied to wood ash and peat moss, respectively, based on the
neutralization potential of wood ash and the enhanced adsorption capacity of peat moss
(Beauchemin et al. 2015; Marques et al. 2020).

Additionally, the low combined amendment input levels of 2.5% and 5% (w/w)
were used to evaluate their potential synergistic effect (Heiskanen et al. 2022). The
treatments were abbreviated as follows: Ctrl (Control), WAS5 (5% Wood Ash), WA10 (10%
Wood Ash), P5 (5% Peat), P10 (10% Peat), WAP2.5 (2.5% Wood Ash + Peat), and WAPS5
(5% Wood Ash + Peat)

Data Analysis

The physicochemical and nitrogen mineralization properties of soils from waste
rock dump sites, along with those of amendments such as WA and peat moss, were
summarized using statistical metrics, including means, standard errors, and ranges. The
Kruskal-Wallis test was used to examine the effects of soil amendments on selected soil
properties, followed by Dunn's Bonferroni post hoc test for pairwise comparisons (Dunn
1964; SPSS 2010), and principal component analysis (PCA) was used to determine the
overall effects of the amendments on soil components. The log2-fold changes were
calculated using Eq. 1, and heatmaps of selected properties and nitrogen mineralization in
mine-affected soils (experimental vs. control) were generated. This technique is commonly
used to analyze and visualize relatively high-dimensional data. Fold-change is the
logarithmized (log2) ratio of the experimental value to the control value (Love et al. 2014).

log, (fold-change ) = log, (el ) (1)

Control
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In Eq. 1, “experimental” denotes the measured value; “treated” for each treatment group is
compared with the “control” value obtained from the control group. The heatmap is an
essential tool for visualizing changes in data, typically using colors such as red and green
to indicate up- and down-regulation. Nevertheless, alternative color scales and methods,
such as the patch grid, have been utilized to enhance clarity and ensure precision (Miiller
et al. 2021). Log2 fold change calculations, heatmap visualizations, and PCA were
performed in Python using the Jupyter Notebook environment (Kluyver et al. 2016).

RESULTS AND DISCUSSION

Within the scope of the present study, which investigated the effects of applying
WA and peat moss on the properties of mine-affected soil and on nitrogen mineralization,
the following results were obtained.

Characterization of the Amendments

Both WA and peat moss exhibited distinct characteristics, as presented in Table 1.
Wood ash exhibited a strongly alkaline reaction and elevated salinity, as observed in
numerous studies (Odlare and Pell 2009; Domes ef al. 2018; Medaiyese et al. 2023). These
properties were attributed to a high content of base cations (Ca, K, Mg, and Na) derived
from the combustion of organic compounds (Demeyer et al. 2001). In contrast, peat moss
was acidic and non-saline (Richard et al. 2021; Nawu et al. 2024), owing to its
composition, mainly cellulose, lignin, and polar organic compounds, and its abundant
organic matter content (up to 90%) and nitrogen (Nawab et al. 2019). By contrast, peat
moss exhibited substantially higher organic matter content, total nitrogen, and C/N ratio
than WA (Nawu et al. 2024; Richard et al. 2021).

Table 1. Average Values for Selected Properties of the Amendments

Properties
Amendment EC OM ocC TN
pH (uS/cm) (%) (%) (%) | C/N Ratio
Wood Ash 13.16 41400.0 0.39 0.23 0.06 3.95
Peat Moss 5.87 313.5 69.30 40.19 1.13 35.51

Physicochemical Properties and Nitrogen Mineralization in the Waste Rock
Dumpsite Soils

Table 2 summarizes the physicochemical characteristics and nitrogen
mineralization of soils from waste rock dumpsites. Very strongly to strongly acidic soils
prevail at the waste rock dump site (WRDS), with a mean pH of 4.81 + 0.1 (strongly acid),
and non-saline conditions (EC range 4-116 puS/cm; mean EC 49.6 + 7.43 uS/cm). The
organic matter content of the WRDS soils ranged from 0.58% (extremely low) to 2.49%
(moderate), with an average of 1.64 £ 0.15%. The nitrogen content in the study area
averaged 0.10 = 0.01% (range 0.06-0.20%), in the low-to-medium range.

The carbon-to-nitrogen ratio (CN), on the other hand, ranged from 3 to 26 and
averaged 11.47+1.76, indicating relatively good decomposition. Acidified soils commonly
result from mining activities (e.g., copper and gold mining), which trigger ore dissolution
and increase heavy-metal concentrations.
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Table 2. Some Descriptive Statistics of Selected Soil Properties and Nitrogen
Mineralization

Medium
Variables
Statistic ctrl WAS5 WA10 P5 P10 WAP2.5 WAP5
pH X:SE | 4.81%0.1 8.9920.26 1042016 5231009 | 56006 | 7.85:025 | 9.012017
M 493 914 10.44 526 562 79 885
Range | 3.68521 | 7.13-10.82 9.41-11.70 438581 | 506596 | 641989 | 7.70-9.94
EC XtSE | 49.657.43 | 132041125 | 3336.67%293.0 | 243.27%30.3 | 328.819.1 | 833.4%61.1 | 1492:81.48
(wS/cm) M 20 1312 3360 212 335 718 1530
Range 4116 750-2270 1434-6060 152-640 114418 | 562-1333 | 9122171
oM XtSE | 1.642015 | 0.86£0.06 0.71%0.05 2775021 | 9.05:022 | 2.880.14 | 4.6120.17
(%) M 1.68 085 073 288 923 276 258
Range | 058249 | 0.34-1.29 0.20-0.55 317613 | 7.31-1064 | 1.89-399 | 2.00-3.99
oc X:SE | 0.95:0.09 | 05004 0.4120.03 277t012 | 5253013 | 1.67£0.08 | 2.67%0.1
(%) M 0.97 0.49 043 283 535 16 2.66
Range | 034144 | 020075 012-055 184355 | 424617 | 110231 | 2.00-343
™ %tSE | 0.120.01 0.1120.01 0.10.01 015£001 | 0212001 | 0.12£0.01 | 0.14%0.01
(%) M 01 01 01 0.15 0.21 011 014
Range | 006-020 | 0.080.17 0.08-017 010019 | 016027 | 008017 | 0.10-0.10
CN XESE | 1147%1.76 | 4732041 4.4%0.38 18.87¢1.06 | 2521093 | 14.6t0.85 | 19%0.08
M 9.0 4.0 50 18.0 250 12.0 19.0
Range | 3.0026.00 | 2.00-8.00 7.00-7.00 13.00-26.00 | 20.00-34.00 | 10.00-22.00 | 13.00-
Ammon0 XtSE | 8482063 | 1025:035 9.20%047 1112206 | 14.070.38 | 10152051 | 11.630.47
(kg/ha) M 8.14 10.04 8.95 10.85 13.56 9.77 11.66
Range | 4.88-1546 | 8.14-12.48 5431221 841-17.90 | 13.26-17.90 | 7.32-11.99 | 8.95-14.65
Nitrate0 X:SE | 69803 | 8012042 10,5820 57 9872043 | 13.26£0.72 | 9.44%028 | 13.7120.59
(kg/ha) M 6.78 814 10.85 977 13.83 9.49 13.20
Range | 4.88-8.95 | 4.61-10.85 4.88-13.56 7321248 | 6.24-17.09 | 7.32-11.99 | 10.85-
TNO X*SE | 15462060 | 1826044 19.82076 211060 | 27.33:0.94 | 19582061 | 25.33£0.79
(kg/ha) M 14.92 1817 19.53 21.16 2713 18.72 2523
Range 11.39- 15462143 | 14.6504.68 | 16.82-27.67 | 19.26-34.99 | 17.09-25.50 | 19.80-
Ammo- X:SE | 7.9%0.75 | 6512053 6.1920.74 9.621.01 10.34t16 | 7.970.82 | 7.02:0.68
'(‘I'(:;'r‘lgi)" M 8.68 6.51 6.51 10.85 922 814 7.05
Range | 0.81-12.21 | 3531058 136-12.21 244-1546 | 1362143 | 8.30-1519 | 3.26-13.56
Nitrate63 XtSE | 7.492045 144118 6.7520.7 12.75¢1.65 | 16.51%1.60 | 16.04£1.77 | 13.29150
(kg/ha) M 76 14.65 6.51 11.94 14.38 1411 10.85
Range | 4.34-10.85 | 3.80-29.30 2711112 | 46126.04 | 7.87-24.96 | 841-30.11 | 4.61-24.41
TNG3 %tSE | 15.3920.98 | 20.9:2.03 12.93%0.98 2235t14 | 26.85:1.85 | 24.02¢1.78 | 20.31%1.85
(kg/ha) M 15.73 20.89 11.66 20.89 2713 2251 17.63
Range | 7.60-2143 | 9.22-3553 7322089 | 14.38-34.45 | 9.02-38.79 | 13.29-38.25 | 7.87-31.74

Note: x: Mean, SE: Standard error, M: Median, Range: Minimum and maximum values.

pH: Soil acidity, EC: Electrical conductivity, OC: organic carbon, TN: Total nitrogen, C/N: Carbon / Nitrogen ratio,
ammonium.0-63, Nitrate.0-63, and TNMin.0-63 indicate ammonium, nitrate, and total mineralization levels at days 0 and
63. Mediums: Ctrl: Control, WA5: 5% Wood Ash, WA10: 10% Wood Ash, P5: 5% Peat, P10: 10% Peat, WAP2.5: 2.5%
Wood Ash+Peat, WAP5: 5% Wood Ash+Peat

While Andréds et al. (2013) reported pH values ranging from 4.21 to 6.11 in
Slovakian copper mining soils, Saglam ef al. (2020) observed a narrower range of 3.52 to
3.81 in soils near the mining site in Artvin. Adamo et al. (2002) reported a relatively acidic
soil, with an average pH of 4.5 (range 3.4 to 7.4) in the Sudbury Smelting area of Ontario,
Canada, following mining operations. Hu et al. (2018) reported a pH of 4.7 in gold mine
tailing soils inthe Greater Khingan Mountains, NE China. On the other hand, non-saline
soils from copper mining areas in Artvin, Turkey, and metal mining sites (e.g., Pb-Ag-Zn
sulfide deposit) in Avila, Spain, were also reported to have ECs of 1020 uS/cm and 497
uS/cm, respectively (Abad-Valle et al. 2017; Aybar et al. 2023). Relatively low soil
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organic matter is also common in metal mine-polluted soils (Andras et al. 2013; Cai et al.
2015); this may be attributed to metal toxicity from mining operations, which can lead to
microbial depletion (Karn et al. 2021). However, relatively high levels were also reported
(Abad-Valle et al. 2017).

Low soil organic matter content, combined with acidification due to oxidation of
sulfide minerals (e.g., pyrite), typically leads to reduced nitrogen levels, particularly in
mining-affected areas, as observed in the current study (Banning ef al. 2008; Feketeova et
al. 2021; Guo et al. 2022; Kracmarova-Farren et al. 2023). Among them, Guo ef al. (2022)
reported low organic carbon content (0.3% to 3.5%) and limited total nitrogen levels
(0.07% to 0.1%) at a pyrite-like mining site in Anhui, China.

However, in some cases, a relatively high level of total nitrogen compared to
control sites may be attributable to the use of explosives (e.g., ANFO), which contain
ammonium nitrate, for rock fragmentation, despite the limited organic matter (Hendry et
al. 2018; Storb et al. 2023). Regarding nitrogen mineralization dynamics, NH4+'—N
(ammonium), NO3-N (nitrate), and their sum (total nitrogen mineralization) were
quantified and evaluated on day 0 and after 63 days of incubation. The ammonium content
of WRDS soils averaged 8.48 + 0.63 kg/ha on day 0 and 7.9 + 0.75 kg/ha at day 63, while
the nitrate content averaged 6.98 = 0.30 kg/ha at day 0 and 7.49 + 0.45 kg/ha at day 63. On
the other hand, total N-mineralization varied between 15.46 + 0.69 kg/ha and 15.39 +0.98
kg/ha over this time interval (Table 2). Over a 63-day incubation period, ammonium
concentrations declined very slightly, and nitrate concentrations increased slightly,
suggesting continued nitrification; however, net N-mineralization was minor. Typically,
ammonium concentrations decrease, while the nitrate concentrations increase over time as
mineralization and subsequent nitrification proceed. Long-term soil contamination from
mining activities, via weathering and pH-driven heavy-metal release, adversely affects
nitrogen mineralization by impairing microbial activity and function (Arslan et al. 2005;
Banning et al. 2008; Rijk et al. 2024). Arslan et al. (2005) and Banning et al. (2008)
reported similar findings (e.g., diminished nitrogen mineralization) in soils impacted by
wolfram mining in Bursa, Turkey, and bauxite mining in Western Australia; however, the
former ascribed this phenomenon to heavy-metal-induced deterioration in microbial
activity, while the latter attributed it to depletion of carbon and nitrogen contents. The latter
reported similar improvements in organic matter, microbial biomass, and mineralization to
those observed at control sites after 26 years of rehabilitation.

Effect of Wood Ash and Peat Moss

The impact of the amendments’ application on soil properties and nitrogen forms
was evaluated using three approaches. First, the Kruskal-Wallis test, followed by Dunn’s
post hoc test with a Bonferroni correction, was used to test for significant differences
among treatments (Table 2, Figs. 3 and 5). Log:FC was used to quantify differences in
expression or abundance between the control and treatment groups (Fig. 4). This statistic
indicates the magnitude and direction of change on a logarithmic scale. Heatmaps (Fig. 4)
have recently been employed to visualize the effects of additives. The former identifies
clustering or similarity patterns among variables (soil and nitrogen forms), whereas the
latter combines log2FC and significance (-log10 P-values) to identify features that are both
substantial and meaningful.
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Effects on physicochemical properties of soils

The soil pH in the treatment groups differed significantly from the control (P <
0.05), except for P5 and P10 (Figs. 3a and 4). The most pronounced differences were
observed under the WA10 treatment, followed by WAS and WAPS. The WA10 and WAS
exhibited 1og2FC (L2FC) values of 1.11 and 0.90, respectively; the corresponding pH
values for WA10, WAS, and WAPS were 104 + 0.16, 8.99 = 0.26, and 9.01 + 0.17,
respectively, relative to the control (4.81 + 0.1).
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Note: Different uppercase letters above the boxplots indicate significant (p<0.05) differences across the
applied amendments.

pH: Soil acidity, EC: Electrical conductivity, OC: organic carbon, TN: Total nitrogen, C/N: Carbon / Nitrogen
ratio. Mediums: Ctrl: Control, WAS5: 5% Wood Ash, WA10: 10% Wood Ash, P5: 5% Peat, P10: 10% Peat,
WAP2.5: 2.5% Wood Ash+Peat, WAP5: 5% Wood Ash+Peat. Boxes represent the middle 50% of
observations (interquartile range-IQR; 25th—75th percentiles), the central line indicates the median, and
whiskers extend to 1.5 times the IQR; points beyond this range are shown as outliers.

Fig. 3. Changes in selected soil properties in response to applied amendments (a: pH, b: EC, c:
OC, d: OM, e: TN, f: C/N).

The significant increases in pH resulting from applied WA and WAP can be
attributed mainly to constituents of WA: Combustion mineralizes organic compounds and
produces base cations (e.g., Ca, K, Mg), which alkalinize the soil solution (Odlare and Pell
2009; Domes et al. 2018; Medaiyese et al. 2023; Rolka et al. 2023). Blonska et al. (2023)
explained these significant pH elevations as reductions in exchangeable and hydrolytic
acidity.
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Peat moss applied alone did not significantly affect soil pH (P > 0.05), but it did so
when combined with WA, likely owing to the alkaline properties of WA. Results for pH
changes following WA application varied. Beauchemin et al. (2015) reported an increase
in pH from 8.3 to 9.4 at a Canadian gold mine. Chan et al. (2008) reported a small change
(from 4.9 to 6.8) in Australia, whereas Heviankova et al. (2014) from the Czech Republic
reported substantially larger pH differences (2.19 to 7.19). However, significant decreases
in pH were also reported after the peat application (Hu ef al. 2018).

Soil EC also differed significantly in response to applications of WA10 and P5. The
increases were log2FC = 6.07 and 2.29, meaning EC increased from 49.6 + 7.43 puS/cm to
3336.67 £293.94 uS/cm and to 243.27 + 30.31 puS/cm, respectively (Figs. 3b and 4). The
increases in EC were more pronounced with WA10 than with P5. The elevated EC from
additives may result from the release of weakly bound cations, anions, and soluble salts
following application (Chan et al. 2008; Maljanen ef al. 2015; Fernandez-Delgado Juérez
et al. 2020). An and Park (2021), for example, found that the EC of control soils
significantly increased from 350 uS/cm to 1530 puS/cm (P < 0.001), suggesting the release
of soluble salts. Peat moss also significantly (P < 0.05) increased the EC owing to higher
soluble ion content and calcium concentration (Kwak et al. 2016; Marques et al. 2020;
Kim et al. 2022). For example, Marques ef al. (2020) reported a significant increase in EC
from 35.3 pS/cm to 448 uS/cm after applying peat at 5%-10% in a clayey tropical soil in
Brazil.

While peat moss at 10% (P10) significantly increased TN content from 0.1 +0.01%
to 0.21 + 0.01%, peat moss at 5% (P5), 10% (P10) and peat moss combined with WA at
5% (WAPS) also enhanced the OC content, from 0.95 + 0.09% to 2.77 + 0.12%, 5.25 +
0.13%, and 2.67 + 0.1%, respectively (Table 2, Figs. 3d-e). Figure 4 further indicates that
PS5, P10, and WAPS altered TN and OC contents in soil to varying degrees. The treatment
P10 was the most influential for both OC and TN, with log2-fold changes of 2.46 (~5.50)
and 1.12 (~2.17), respectively (Fig. 4).

As shown in Table 2 and Figs. 3d—e, TN and OC were influenced by peat moss and
by peat moss combined with wood ash. However, the most pronounced effect was observed
under the P10 treatment. An increase in organic matter due to the addition of organic
amendments either enhances TN content or reduces the availability of heavy metals, a
common problem in mine-affected soils, by enhancing their immobilization, creating stable
complexes, and facilitating processes such as ion exchange, chelation, coagulation, and
peptization (Mortensen 1963; Kabata-Pendias 2000; Weng et al. 2002).

Enhancement of organic carbon through organic amendments—primarily peat moss,
owing to its recalcitrance to microbial decomposition (Nawu et al. 2024) —the associated
improvement in total nitrogen was also documented in other studies (Dietrich et al. 2017;
Hu et al. 2018; Nawu et al. 2024). While Wang et al. (2024) attributed this improvement
in TN (15.75 mg kg to 189.583 mg kg™') to an enhanced bacterial community, Nawu et
al. (2024) attributed this improvement (from 1755 mg kg™ to 3290 mg kg™') to the higher
nitrogen content of peat.

The P10 application also improved the C/N ratio (Figs. 3f and 4) by 1.14 L2FC
(~2.2), which may be attributed to increased OC and TN in the peat (Nawu et al. 2024).
Rijk et al. (2024) also reported similar results.
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Split Heatmap — Left: logz(Fold Change), Right: CLD Letters (Ctrl-based)
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Fig. 4. Log; fold change and heatmap visualization of soil properties and nitrogen mineralization,
showing significant differences relative to the control group (upper case letters indicate significant
difference by experimental groups according to Dunn-Bonferroni test following Kruskal-Wallis)

Effects on nitrogen mineralization

At the initial stage of incubation, peat— and peat-WA -based amendments markedly
improved soil mineral-N relative to the control (Figs. 5a-f). Improvements in the initial
mineral N pool are consistent with previous studies, indicating that peat-based organic
amendments increase the supply of labile organic matter and thereby stimulate N-
mineralization, while WA-based materials raise soil pH and base cation availability,
thereby improving microbial activity in acidic soils (Pitman 2006; Gomez-Rey et al. 2012;
Anisimova et al. 2019).

Figures 4 and 5a indicate that initial ammonium concentrations increased from 8.48
+ 0.63 kg ha'! to 11.12 = 0.60, 14.07 + 0.38, and 11.63 + 0.47 kg ha'!, respectively,
corresponding to log2FCs of 0.39, 0.73, and 0.46 (= 31%—66% increases over the control).
Likewise, nitrate at day O increased from 6.98 + 0.30 kg ha™' in the control to 10.58 £ 0.57
kg ha' in WA10, 9.87 + 0.43 kg ha™! in P5, 13.26 + 0.72 kg ha™' in P10, and 13.71 = 0.59
kg ha™ in WAPS (log2FC = 0.60, 0.50, 0.93 and 0.97, respectively; Fig. 5c), indicating up
to nearly twofold increase of the nitrate pool. Such short-term increases in nitrate and N
mineralization following the application of organic amendments such as WA and peat have
been reported in both incubation and pot studies (Gomez-Rey et al. 2012; Abbasi et al.
2013; Anisimova et al. 2019), and are attributed to increased nitrification potential,
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microbial activity, and biomass, thereby improving N-dynamics. An opposite trend in
nitrate after organic amendments (e.g., WA), unlike that observed in the present study, was
documented by Maljanen et al. (2015) and Ibeto et al. (2023), suggesting that higher
concentrations of extractable ions promote nitrification via WA (Klemedtsson et al. 2010).
However, there are also instances, such as in the studies by Saarsalmi et al. (2014) and
Maljanen et al. (2014), which reported no significant changes in soil nitrate and ammonium
levels following wood ash treatments.
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Note: Different uppercase letters above the boxplots indicate significant differences across the applied
amendments. Ammonium.0-63, Nitrate.0-63, and TNMin.0-63 indicate ammonium, nitrate and total
mineralization levels at day 0 and 63, respectively. Mediums: Ctrl: Control, WA5: 5% Wood Ash, WA10: 10%
Wood Ash, P5: 5% Peat, P10: 10% Peat, WAP2.5: 2.5% Wood Ash+Peat, WAP5: 5% Wood Ash+Peat.
Boxes represent the middle 50% of observations (interquartile range-IQR; 25th—75th percentiles), the central
line indicates the median, and whiskers extend to 1.5 times the IQR; points beyond this range are shown as
outliers.

Fig. 5. Changes in nitrogen mineralization in response to applied amendments (a: Ammonium.0,
b: Ammonium.63, c: Nitrate.0, d: Nitrate.63, e: TNMin.0, f: TNMin.63).

As a result, total mineral-N content at day 0 (TNMin.0) increased from 15.46 +
0.69 kg ha™' in the control to 21 +£0.69 kg ha™', 27.33 + 0.94 kg ha™!, and 25.33 + 0.79 kg
ha™' under P5, P10, and WAPS5 (log2FC =0.44, 0.82, and 0.71, i.e., ~36%—77% higher than
the control). This pattern (Fig. 5e) matches previous studies, indicating that combined WA-
peat enhances N supply more than ash alone, especially in acidic or nutrient-depleted mine-
affected soils. This improvement is attributed to increased nutrient availability and
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enhanced plant growth (Gomez-Rey ef al. 2012; Heiskanen et al. 2022), as well as to
changes in N forms resulting from elevated pH and heavy-metal immobilization (Ibeto et
al. 2023).

After 63 days, ammonium concentrations converged across treatments (6.19—10.34
kg ha™') and did not differ significantly from the control (Fig. 5b). In contrast, nitrate (Fig.
5d) and total mineral N (Fig. 5f) remained elevated in specific treatments: nitrate nearly
doubled under WAS5, P10, and WAP2.5 (7.49 £+ 0.45 kg ha™' in the control vs. 14.4 £+ 1.8,
16.51 £ 1.69 and 16.04 £ 1.77 kg ha™'; log2FC = 0.94, 1.14 and 1.10, respectively), and
TNMin.63 increased from 15.39 + 0.98 kg ha™' to 26.85 = 1.85 kg ha™' in P10 and 24.02 +
1.78 kg ha™ in WAP2.5 (log2FC = 0.80 and 0.64, respectively). Taken together, these
patterns indicate that the 10% peat amendment (P10) and its mixtures with wood ash
(particularly WAPS at day 0 and WAP2.5 at day 63) not only increased the initial mineral
N pool but also sustained net nitrification over time. In contrast, wood ash alone at 5%
(WAS) mainly promoted nitrate accumulation during the later phase of incubation. On the
other hand, responses of ammonium and nitrate concentrations to WA application vary
widely depending on site characteristics. For example, on a site with a relatively low C/N
ratio, WA increased N mineralization without affecting net nitrification or net
ammonification (Rosenberg et al. 2010).

This behavior is consistent with numerous studies demonstrating that wood ash-
based amendments, owing to their high acid-neutralizing capacity and substantial base-
cation content (e.g., Ca, Mg, K), effectively alleviate soil acidity. This elevation in soil pH
creates an optimal environment for bacterial proliferation, stimulating microbial activity
and favoring fast-growing copiotrophic bacteria. Consequently, this enhanced bacterial
activity accelerates net N mineralization and strongly promotes nitrification, the biological
oxidation of NH4" to NOs~. Ultimately, these combined physicochemical and biological
shifts significantly increase N mineralization and inorganic N availability in acidic organic
soils, particularly when the initial nitrogen supply is not limiting (Pitman 2006; Gomez-
Rey et al. 2012; Abbasi et al. 2013; Brais et al. 2015; Bang-Andreasen et al. 2017; An and
Park 2021). However, in some cases (e.g., in N-limited ecosystems), the stimulated
microbial biomass rapidly immobilizes available inorganic N. Coupled with reduced
ammonification, this biotic immobilization offsets anticipated increases in net N
mineralization, ultimately restricting its release to the soil (Gomez-Rey et al. 2012).

Unlike WA, peat moss has a high C:N ratio, functioning as a biologically mediated
slow-release amendment that improves microbial N immobilization and reduces initial
nitrate accumulation (Bossolani et al. 2023; Li 2021; N'Dayegamiye et al. 1997). The
present results (Fig. 4 and Fig 5) confirm this. P10 application significantly increased OC,
TN, and the C:N ratio, while P10 and WAPS initially supplied higher mineral N due to
inherent soluble N pools (Lazicki et al. 2020). Peat’s biological buffering capacity emerged
over time. By Day 63, P10 and WAP2.5 exhibited significantly higher mineral N than the
control, suggesting that soil microbial biomass effectively acted as a temporary sink—
sequestering early-available N to prevent leaching before gradually remineralizing it,
thereby ensuring long-term nutrient availability.

Overall Soil Physicochemical Properties and Nitrogen Mineralization
Responses to WA and Peat Treatments Using Principal Component
Analysis

The principal component analysis (PCA) biplot shows positive effects of WA and
peat additives on soil properties and nitrogen mineralization dynamics, relative to control
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samples that are acidified and have low plant nutrient levels. The principal components
PC1, PC2, and PC3 accounted for 48.3%, 19.2%, and 11.8%, respectively, of the total
variation (79.3%) (Table 3, Fig. 6).

Table 3. Principal Component Analysis: Variables, Eigenvalues, and Explained
Variances

Variables PC1 PC2 PC3
pH -0.48 0.72 0.35

EC -0.49 0.74 0.21

OM 0.97 0.01 -0.15

oC 0.97 0.01 -0.15

TN 0.85 0.12 0.01

C/N Ratio 0.82 -0.12 -0.24
Ammonium.0 0.72 0.37 -0.08
Nitrate.O 0.58 0.65 0.03
TNMin.0 0.76 0.61 -0.03
Ammonium.63 0.35 -0.38 0.01
Nitrate.63 0.47 -0.19 0.81
TNMin.63 0.59 -0.36 0.71
Eigen Value 5.85 2.33 1.43
Variance (%) 48.3 19.2 11.8
Cumulative Variance (%) 48.3 67.5 79.3

* PC1, PC2, and PC3 denote the principal components.

The first eigenvector exhibited strong positive loadings on OM (0.97), TN (0.85),
C/N ratio (0.82), initial TNMinO (0.76), Ammonium.0 (0.72), Nitrate.0 (0.58), and total
TNMin.63 (0.59), and negative loadings on pH (-0.48) and EC (-0.49). This pattern could
be due to the peat additive, particularly P10, supplying the soil with a relatively high
proportion of organic matter and nitrogen, both of which are strongly correlated with
nitrogen dynamics (e.g., nitrogen mineralization) (Nawab et al. 2019; Richard et al. 2021).
Rijk et al. (2024) reported similar findings, explaining the strong effect of peat through the
first component, which accounted for 40.3% of the variation in their study vs. 48.3% in this
study; this component was positively correlated with organic carbon and cation exchange
capacity. By contrast, the second component unlike the first, showed strong positive
loadings for pH (0.72), EC (0.74), Nitrate.0 (0.65), and initial TNMin.0 (0.61), all of which
are controlled by wood ash, especially WA10, suggesting that WA, particularly WAT10,
promotes nitrifying bacteria, explained by increases in soil pH (Bang-Andreasen et al.
2017; An and Park 2021; Bang-Andreasen et al. 2021). Bang-Andreasen et al. (2017), for
example, reported similar results from PCA analysis, showing that WA application was
positively correlated with pH and negatively correlated with organic matter and nitrogen.
Pukalchik et al. (2017) also documented the acid-reducing effects of wood ash using PCA.
The third component accounted for the smallest proportion of variance, was primarily
associated with Nitrate.63 and TNMin.63, and had positive loadings of 0.81 and 0.71,
respectively.

Each amendment, when applied alone, affected soil components. However, the
combined effects (e.g., WAPS) are also evident from the positive loadings in PC1 and PC2
(Fig. 6), which suggest that organic substrates derived from peat and the alkaline medium
were attributable to base cations originating from wood ash.
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Fig. 6. Principal component analysis biplot based on the correlation matrix of soil physicochemical
properties and nitrogen mineralization across different application rates of soil amendments.

The PCA also shows the pronounced effects of relatively high peat and wood ash
combined peat (e.g., P10 and WAPS) on nitrogen mineralization at the initial stage of
incubation (at day 0), and a smaller portion of them (e.g., P5 and WAP2.5) on it at the final
stage of incubation (at day 63). The initial promoting effects of relatively large amounts of
organic amendments may be due to the rapid incorporation of organic compounds and base
cations into mine-polluted soils, which enhances microbial activity (Lazicki ef al. 2020).
The pronouncedly small portion of the organic amendments in the final stages of
mineralization may be due to system saturation or nitrogen immobilization. For example,
Rijk et al. (2024) reported an insignificant change following a further increase in biochar
(wood ash in our case) in peat-amended soil, suggesting that its positive effect is more
pronounced in soil with low organic carbon.
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CONCLUSIONS

1. The results highlighted that the amendments, alone or in combination, can cause
significant changes in both soil physicochemical properties and nitrogen dynamics
except for Ammonium.63.

2. Findings from the analyses suggest that variation in soil components is driven by two
factors: first, wood ash’s neutralization potential, which promotes decomposer
microorganisms and base cations; and second, the organic matter from peat moss
application, which dominates nitrogen availability and mineralization.

3. More specifically, the mixture of amendments (e.g., WAP2.5 and WAPS) created
environments that were more conducive to improved physicochemical properties and
nitrogen mineralization than the amendments alone, owing to slightly to moderately
alkaline conditions, moderate to high levels of organic matter, and moderate total
nitrogen levels.

4. These amendments could be used as artificial topsoil for the reclamation of slate
dumps. However, long-term investigations are needed to support such lab-based
experimental studies.
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