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1. INTRODUCTION 

The REECOL project is a significant initiative focused on enhancing environmental sustainability in coal regions 

undergoing transition. This collaborative effort includes eleven partners from five European countries, 

encompassing research institutions and key industry stakeholders such as coal mining companies. The core aim 

of the project is to significantly improve post-mining ecological rehabilitation methods. By integrating a 

comprehensive understanding of ecosystem degradation, intended future land uses, and the economic viability 

of various rehabilitation strategies, the project addresses the immediate and long-term needs of these regions. 

Integral to the REECOL project are the activities centred on classifying ecosystem degradation and mapping 

degraded lands. These processes are essential for assessing the extent and nature of damage caused by mining 

activities and providing a baseline for recovery and rehabilitation efforts. Effective classification and mapping are 

critical as they enable the identification of specific ecological rehabilitation needs and the tailoring of approaches 

to address varied degrees of soil and ecosystem degradation. This not only aids in restoring ecological 

functionality but also supports the broader goal of sustainable land use post-mining. 

One of the key outputs of the project is Deliverable 3.1, titled "Classification of ecosystem degradation and 

mapping of degraded land". This document focuses on the systematic classification of post-mining areas, taking 

into account the degree and nature of land degradation and evaluating soil characteristics such as fertility, texture, 

moisture levels, chemical contamination, and organic matter content. These soil conditions are crucial as they 

can significantly constrain revegetation efforts and plant survival. By linking degradation classes with physical, 

biological, and geochemical indicators, Deliverable 3.1 aims to establish a comprehensive framework for 

monitoring ecosystem rehabilitation. The insights gained will be instrumental in developing innovative, tailored 

solutions for land reclamation and ecosystem rehabilitation that meet the specific needs of coal regions in 

transition. This cohesive approach underscores the interconnected objectives of the REECOL project, fostering 

a sustainable future for areas impacted by coal mining. 

2. THE IMPACT OF COAL MINING ON ECOSYSTEMS 

Coal mining, a critical component of global energy supply chains, primarily employs two specialized methods 

based on the geology of the coal deposit: underground mining and open-pit mining. Underground mining, or deep 

mining, is implemented for accessing coal seams located deep beneath the Earth's surface, utilizing sophisticated 

techniques to create and maintain tunnels and shafts that ensure safe and efficient extraction. This method is 

particularly adapted to environments where surface mining is unfeasible due to the depth of the coal seam. 

Conversely, open-pit mining, also referred to as surface mining, is preferred for coal seams that lie close to the 

surface. This method involves the mechanized removal of vast quantities of overburden to expose the coal seam 

for extraction, utilizing advanced earth-moving equipment to manage the large-scale environmental alterations 

inherent to the process.  

Coal mining, encompassing both underground and open-pit methods, significantly impacts the environment, 

though its effects can vary based on the technique used. While these mining practices are essential for energy 

production, they introduce a range of environmental challenges that need careful management. The principal 

environmental effects of coal mining can broadly be classified into two categories: environmental changes and 

landscape alterations (Fig. 1.). 
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Fig. 1. Environmental effects of coal mining framework 

Building on the previous discussion of environmental changes caused by both underground and open-pit mining 

methods, it becomes evident that the impact on ecosystems is profound and multifaceted. These mining 

techniques not only alter the landscape but also affect the underlying and surrounding ecological dynamics. 

An ecosystem is understood as a community of living organisms interacting with their non-living environment, 

forming a complex network where each component is interdependent. This system involves a delicate balance 

of biological, chemical, and physical interactions that sustain life across various habitats. The stability and 

functionality of these ecosystems are crucial for maintaining biodiversity and ecological health, yet they are highly 

vulnerable to disruptions. Recognizing this vulnerability is essential when considering ecosystem degradation, 

a concept that is extensively discussed in the literature (Delgado, Mar²n, 2020). Although various definitions of 

ecosystem degradation exist, common denominators among them include the reduction in the ecosystemôs ability 

to maintain its structure, function, and capacity to provide essential services. Degradation typically results from 

disturbances that compromise the natural processes and resilience of ecosystems, often leading to diminished 

biodiversity and altered ecosystem productivity. 

Given this context, ecosystem degradation in post-mining areas can be broadly defined as the significant 

reduction in an ecosystemôs ability to maintain its structural integrity, functional capacity, and ecological services, 

resulting from human activities. This degradation typically manifests through extensive alterations to landscapes, 

soil properties, water systems, and air quality. These changes include disruptions in soil structure, contamination 

of water bodies, air pollution, and landscape fragmentation, which collectively compromise the natural 

regenerative processes and biodiversity of the ecosystem. 

However, for the purposes of the REECOL project and its objectives, subsequent sections of this document will 

primarily consider the soil and landscape aspects of ecosystems. These components have been identified as 

most critical for the ecological rehabilitation related to the reintroduction of vegetation in the studied areas. This 

focused approach allows for a more targeted analysis of degradation degree and the development of effective 

restoration strategies that are essential for restoring ecological functionality and promoting sustainable land use 

in post-mining landscapes. 
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3. CRITERIA FOR ECOSYSTEM DEGRADATION ð INDICATORS SELECTION 

In the context of environmental restoration and sustainable management, accurately classifying ecosystem 

degradation is crucial. This chapter establishes the criteria for assessing degradation in post-mining areas, 

detailing the indicators used to measure the health of the ecosystem across various dimensions, including terrain, 

soil geochemistry, and geotechnics. 

The classification system integrates diverse indicators that reflect both the physical and chemical properties of 

ecosystems. Each indicator is selected for its ability to provide specific insights into the degradation processes, 

facilitating a nuanced analysis that can guide remediation strategies effectively. By discussing how these 

indicators are measured and interpreted, the chapter aims to provide a robust framework for stakeholders to 

evaluate and address the impacts of mining. 

To assist in the understanding and application of these indicators, Appendix I contains a comprehensive table 

summarizing all the indicators discussed in this chapter. This table serves as a quick reference to aid in the 

classification process. Further, Appendix II presents a table with example values for these indicators, providing 

practical examples that illustrate how different levels of degradation are defined based on empirical data. 

The subsequent sections will explore each indicator in depth, clarifying their scientific basis and practical 

implications in the context of post-mining ecosystem recovery. This approach not only aids in the thorough 

understanding of current conditions but also in the planning and implementation of effective restoration practices. 

3.1. LANDSCAPE INDICATORS 

Mining, although constituting a huge industry, allowing the extraction of raw materials impossible in any other 

way, causes a number of negative effects with its activities. These include landscape changes, which in addition 

to visual values also strongly affect water management, or the degradation of habitats for living organisms. Within 

the framework of reclamation activities, these changes are leveled, although not always to an adequate degree. 

Thus, within the framework of this document, the following subsections will present indicators to assess the 

degree of degradation of rehabilitated areas, in the context of post-mining facilities. 

3.1.1. Standard Deviation of Elevation (SDE) 

The Local Standard Deviation of Elevation (SDE) is an important metric for evaluating the microrelief and 

topographic variability of a landscape, which is particularly valuable in assessing reclaimed post-mining areas. 

By measuring the variability in elevation within small, localized areas, SDE provides insights into the terrain's 

heterogeneity, which can significantly influence hydrological processes, soil stability, and vegetation patterns. 

The concept of SDE revolves around analyzing the variation in elevation within a specific window or neighborhood 

around each pixel in a Digital Elevation Model (DEM). A DEM is a representation of the Earth's surface and is 

typically obtained through remote sensing technologies such as satellite imagery, aerial surveys, or LIDAR. The 

primary advantage of using a DEM is its ability to provide comprehensive and detailed elevation data across 

large areas, which is essential for thorough landscape analysis. 

To compute the Local SDE, elevation data from the DEM is processed to calculate the standard deviation within 

a defined window around each pixel. This window size, often a few pixels across (e.g., 5x5 or 3x3), determines 

the scale of the local variability being measured. The standard deviation within this window reflects how much 

the elevation values vary from the mean elevation of the window. High standard deviation values indicate areas 

with significant elevation changes, such as steep slopes or rugged terrain, while low values suggest relatively flat 

and uniform areas. 

The standard deviation (ů) is a measure of the amount of variation or dispersion in a set of values. In the context 

of elevation data within a defined window around each pixel in the DEM, the formula for standard deviation is: 

„
ρ

ὔ
ὼ ‘  

where: 
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„  ƛǎ ǘƘŜ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴΦ 

ὔ  is the number of valid (non-NaN) elevation values within the window. 

ὼ  are the individual elevation values within the window. 

‘  is the mean (average) elevation value within the window 

The Local SDE is particularly useful in post-mining landscapes where reclamation efforts aim to restore ecological 

balance and stability. Variability in microrelief can affect water drainage patterns, potentially leading to erosion or 

waterlogging if not properly managed. By identifying areas with high topographic variability, land managers can 

implement targeted interventions, such as erosion control measures, drainage systems, or specific planting 

strategies to stabilize the soil and promote vegetation growth. In addition to its role in hydrological and soil 

management, Local SDE is also crucial for understanding vegetation dynamics. Areas with diverse microrelief 

may support a variety of plant species, each adapted to different microhabitats created by the varying terrain. 

This diversity can enhance the ecological resilience of the reclaimed area, making it more robust against 

environmental stresses. Moreover, the Local SDE can be used to monitor changes over time, providing a means 

to evaluate the effectiveness of reclamation efforts. By comparing SDE values from different time periods, 

stakeholders can assess whether the terrain is stabilizing and becoming more uniform, or if further interventions 

are needed to address ongoing variability. The use of advanced remote sensing technologies, such as high-

resolution satellite imagery and drone-based sensors, enables precise and consistent measurement of SDE 

across large and often inaccessible areas. This capability is vital for regular monitoring without disturbing the site, 

ensuring that accurate and up-to-date data is available for effective landscape management. 

3.1.2. Topographic Wetness Index (TWI) 

The Topographic Wetness Index (TWI) is an essential indicator used to assess the potential for water 

accumulation in a landscape, which is particularly relevant in post-mining rehabilitation projects. TWI is derived 

from Digital Elevation Model (DEM) data and helps to understand the spatial distribution of soil moisture, which 

directly influences vegetation growth, soil stability, and habitat conditions. To calculate TWI, elevation data for the 

area must first be obtained. A Digital Elevation Model (DEM) is preferable as it provides comprehensive coverage 

of the area, limited only by its resolution. DEMs can be acquired through satellite imagery, aerial surveys, or 

LIDAR technology. 

Once the DEM data is available, the slope (ɓ) of the terrain is calculated. The slope is the angle of the steepest 

descent at each point in the landscape. Mathematically, the slope in radians can be calculated using the gradient 

in the x and y directions: 

‍ ὥὶὧὸὥὲ
‬ὤ

‬ὼ

‬ὤ

‬ώ
 

where   and   are the partial derivatives of the elevation ὤ in the x and y directions, respectively. Next, the 

Specific Catchment Area (SCA) represents the upslope area contributing flow to a given point, per unit contour 

length. It can be computed as: 

Ὓὅὃ
ὃ

ύ
 

where, 

ὃ  is the upslope contributing area, and  

ύ  is the contour length, which is often approximated as the grid cell width in DEM data. 

Finally, TWI is calculated using the formula: 

ὝὡὍÌÎ
Ὓὅὃ

ÔÁÎ‍
 



                                   
Deliverable 3.1  |  Page 11 

 

 

  

 

Co-funded by the European Union. Views and opinions expressed are however 

those of the author(s) only and do not necessarily reflect those of the European 
Union or European Research Executive Agency. Neither the European Union nor 
the granting authority can be held responsible for them.  

 

TWI provides insights into soil moisture distribution, which is crucial for various environmental and land management 

applications, particularly in post-mining landscapes. Understanding the spatial distribution of potential water 

accumulation areas helps in designing effective drainage systems and preventing waterlogging, which can degrade 

soil quality and hinder vegetation growth. Areas with high TWI values are likely to have higher soil moisture content, 

which can support more robust vegetation growth. Conversely, areas with low TWI values may require additional 

interventions such as irrigation or soil amendments to promote vegetation establishment. TWI helps in identifying 

areas suitable for the restoration of wetlands and other moisture-dependent habitats. This information is vital for 

biodiversity conservation and enhancing ecosystem services in reclaimed mining areas. 

By identifying areas prone to water accumulation, TWI aids in implementing erosion control measures such as 

planting vegetation or constructing barriers to stabilize soil and prevent erosion. Advanced remote sensing 

technologies, including high-resolution satellite imagery and drone-based sensors, enable precise and consistent 

measurement of TWI over large and inaccessible areas. This technology is crucial for regular monitoring of soil 

moisture conditions without disturbing the site, providing accurate data essential for long-term ecological 

management. 

3.1.3. Normalized Vegetation Difference index (NDVI) 

NDVI is an index that shows the condition of flora in the surveyed area. It is ratio of difference between red- and 

red-light reflectance and sum of infra-red and red light reflectance (formula below), which is due to the properties 

of chlorophyll contained in plants - vegetation absorbs more visible light (especially red due to chlorophyll) and 

reflects more near-infrared light (fig. 2). This spectral data are acquired using the appropriate research 

instruments, such as handheld spectrometer and spectral cameras on drones or satellites. The NDVI is 

normalized and expressed on a scale of -1 to 1, so it is easy to read and determine the degree of vegetation 

condition based on it. In general, this indicator - because the intensity of chlorophyll varies depending on the 

class of greenery, allows to distinguish between for example tree canopies NDVI > 0.4 and low vegetation 0.2 < 

NDVI < 0.4 (Rizvi et al., 2009). 

  

 

Using the NDVI indicator, knowing the area of the land under reclamation, it is possible to calculate its degree of 

vegetation cover, divided into vegetation classes.  

 

Fig. 2 Example of the working of the NDVI indicator on the example of plants with good condition  

and bad condition (Illustration by Simmon, 2014)   

ὔὈὠὍ
ὔὍὙὙὉὈ

ὔὍὙὙὉὈ
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This indicator can help to quantify the extent of vegetation cover. This is crucial for ensuring that land reclamation 

projects are successful in terms of biomass accumulation and habitat restoration. One of the primary uses of 

%NDVI is in the longitudinal monitoring of vegetation recovery in reclaimed lands. By comparing %NDVI values 

over time, changes in vegetation density can be tracked, providing insights into the success of ecological 

restoration efforts and the need for further interventions. The %NDVI can also be applied to differentiate between 

types of vegetation, such as grasslands, shrubs, and forests, which may have distinct roles in an ecosystem and 

different requirements for conservation efforts. This differentiation helps in planning targeted actions for different 

vegetation zones, enhancing the ecological value and stability of the area. By providing a clear measure of 

vegetative cover, %NDVI assists in tailoring restoration practices to the specific needs of an area. For instance, 

areas with low %NDVI values may require more intensive restoration efforts such as planting, soil amendment, 

or protection from erosion. 

The use of advanced remote sensing technologies, including high-resolution satellites and drone-based sensors, 

enables the precise measurement of NDVI across large and inaccessible areas. This technology is vital for 

regular monitoring without disturbing the site, providing consistent and accurate data essential for long-term 

ecological management. With the rise of big data analytics in environmental science, %NDVI data can be 

integrated with other ecological indicators in comprehensive models that predict the outcomes of various 

restoration strategies. These models can help in optimizing resource allocation and enhancing the ecological 

outcomes of reclamation projects. By integrating %NDVI into regular environmental monitoring and management 

practices, stakeholders can enhance the effectiveness of land reclamation and ensure the sustainability of 

ecosystems. This approach not only supports biodiversity but also promotes a healthier environment through the 

successful establishment of robust vegetative cover. 

3.1.4. Normalized Difference Water Index (NDWI) and Modified Normalized Difference Water Index 

(MNDWI) 

The Normalized Difference Water Index (NDWI) and the Modified Normalized Difference Water Index (MNDWI) 

are vital tools for detecting surface water in remote sensing applications. These indices prove particularly useful 

during the wet season, characterized by high rainfall and minimal green vegetation. 

NDWI, as described in McFeeters (1996), utilizes the Near-Infrared (NIR) and Green bands of the 

electromagnetic spectrum. The formula for NDWI is: 

ὔὈὡὍ ὋὙὉὉὔ  ὔὍὙȾὋὙὉὉὔ ὔὍὙ 

While NDWI effectively highlights water features, it can sometimes mistakenly identify built-up areas or dense 

vegetation as water due to its sensitivity to moisture in these elements. 

To address this limitation, MNDWI (Xu, 2006) modifies the approach by replacing the NIR band with the Mid-

Infrared (MIR) band. This adjustment enhances the distinction between water bodies and other surfaces such as 

built-up land, soil, and vegetation. The formula for MNDWI is: 

ὓὔὈὡὍ ὋὙὉὉὔ  ὓὍὙȾὋὙὉὉὔ ὓὍὙ 

MNDWI is particularly effective in enhancing the contrast between water bodies and the surrounding environment, 

making it a more reliable index for accurately identifying surface water. This attribute makes MNDWI invaluable for 

applications requiring precise water mapping, such as in urban and semi-urban areas where buildings and 

vegetation can obscure accurate water detection. Utilizing MNDWI allows for more precise assessments of water 

extent and distribution, crucial for effective water resource management and environmental planning. 

NDWI (Normalized Difference Water Index) and MNDWI (Modified Normalized Difference Water Index) are 

primarily utilized in the monitoring of aquatic environments to track changes in water bodies. These indices are 

essential for real-time assessments of water extent in lakes, rivers, and wetlands, facilitating the detection of 

variations that may be due to environmental or anthropogenic factors. Beyond just monitoring, the analysis of 

historical NDWI and MNDWI data can provide insights into long-term trends and patterns of ecosystem 

degradation. For example, a consistent decrease in the indices over time could indicate a reduction in water body 

surface area, suggesting possible degradation processes such as sedimentation or pollution. By examining 

historical changes through these indices, researchers and conservationists can identify and quantify the impacts 
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of human activities on aquatic ecosystems, thereby contributing to more informed and effective conservation and 

restoration efforts. This dual application of NDWI and MNDWI makes them invaluable tools in the comprehensive 

study and management of water-dependent ecosystems. 

3.1.5. Angle of slope 

The Angle of Slope as an indicator is crucial in assessing the potential environmental impacts of mining activities 

on ecosystems. The slope of a terrain affects water runoff, soil erosion, and the stability of the land, which in turn 

influence the habitat quality and biodiversity of the area. Mining operations often alter the natural landscape, 

increasing slope gradients, which can accelerate erosion processes, lead to loss of topsoil, and subsequently 

degrade the ecosystem. 

Effective land management in post-mining landscapes must consider the slope of the terrain to mitigate 

environmental degradation and promote sustainable land use. By categorizing land based on its slope, 

restoration efforts can be more targeted and effective, promoting ecological stability and recovery. The 

classification system as suggested by the studies of Paulo (2008) and Chodak (2013) provides a structured 

approach to determine the suitability of land for various uses post-mining. Here's how the classification translates 

into practical guidelines for land use: 

Á Slopes less than 5Á are generally flat enough to support most forms of agriculture, making them ideal for 

arable farming. 

Á Slopes under 15Á, while too steep for traditional farming, can still support less intensive agricultural uses 

such as pastures for grazing. 

Á Slopes under 35Á are typically suitable for forestry. Trees can help stabilize these slopes, although care 

must be taken in managing such areas to prevent erosion. 

Á Slopes up to 60Á can still support forestry, but the risk of soil erosion increases significantly, requiring more 

careful management and possibly engineering interventions to stabilize the soil. 

Á Slopes steeper than 60Á present severe challenges for any type of land use and require extensive 

reclamation efforts, such as slope stabilization and soil restoration, before they can be effectively utilized. 

Furthermore, the slope stability assessment recognizes steep slopes as a prime indicator of erosion risk. High-

slope areas, especially those altered by mining, are often identified as having a high degree of degradation. It is 

crucial to note that steeply sloping escarpments, particularly those facing south, can foster valuable dry grassland 

communities, which are beneficial for biodiversity. 

For agricultural reclamation on post-mining spoil heaps, areas with moderate slopesðtypically less than 4.0% and 

no more than 7.0%, depending on the subsoil structureðare preferred. Gentle slopes facilitate adequate water 

infiltration and drainage, reduce water stagnation, and prevent severe erosion, thereby mitigating drought effects. 

By applying these slope-based classifications, mining companies and land reclamation professionals can 

strategically plan restoration activities that are aligned with the natural capacity of the landscape, thus enhancing 

the recovery of ecosystems disrupted by mining operations. This comprehensive approach ensures that the 

land's ecological stability and its potential for varied land uses are effectively maintained for future generations. 

3.1.6. Area of thermal processes 

Thermal processes in mining areas, especially in coal dumps, are a major concern due to their potential to cause 

spontaneous combustion. This phenomenon not only leads to the emission of hazardous gases like carbon 

monoxide and sulfur dioxide but also contributes to persistent fires that can degrade soil quality, pollute air and 

water resources, and destroy local ecosystems. The area of thermal processes typically refers to regions within 

and around mining dumps where heat is generated and retained, leading to higher temperatures than the 

surrounding environment. 

The presence of endogenic fires or high thermal activities in mining waste areas can severely impact the 

ecological balance: 

Á Soil Degradation: Elevated temperatures can alter soil chemistry, reduce microbial activity, and degrade 

soil organic matter, leading to diminished fertility and increased erosion. 
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Á Air Pollution: Combustion processes release a variety of pollutants, including particulate matter and 

volatile organic compounds, which can affect air quality and pose health risks to nearby populations. 

Á Water Contamination: The leaching of pollutants from heated waste materials can contaminate 

groundwater and surface water, affecting water quality and aquatic life. 

Á Vegetation Loss: High temperatures and toxic emissions can inhibit plant growth and lead to the loss of 

vegetation cover, further exacerbating soil erosion and habitat loss. 

Spontaneous heating and fire in coal mines represent a global issue that is of significant concern both to the 

industry and to researchers focusing on this problem. The majority of fires currently active in various coalfields 

are attributed primarily to the spontaneous combustion of coal. This phenomenon, known as "spontaneous 

heating" or "auto oxidation," occurs when coal interacts with oxygen in the air at ambient temperatures, releasing 

heat. If this heat is not adequately dissipated, it can accelerate the oxidation process, potentially leading to 

spontaneous fires (Singh, 2013). 

The "Area of Thermal Processes" indicator is suitable in evaluating the thermal conditions of an area, particularly 

in mining environments where spontaneous combustion and thermal anomalies are prevalent. Land Surface 

Temperature (LST) plays a crucial role in this context as it directly impacts the heat exchange between the Earth's 

surface and the atmosphere. LST can be effectively measured using remote sensing data from satellites like 

Landsat 8, which offers the advantage of monitoring at global, regional, and urban scales, essential for studying 

thermal processes such as urban heat islands and mining-related thermal activities. Remote sensing technology 

provides a systematic approach to monitoring and detecting areas susceptible to thermal processes. Satellites 

equipped with thermal sensors, like the Thermal Infrared Sensor (TIRS) on Landsat 8, capture data that can be 

analyzed to identify heat anomalies associated with environmental hazards or industrial activities, such as mining. 

This data is processed using various algorithms to calculate the LST, providing a detailed thermal profile of the 

surface (Wang et al., 2019). 

Á Data Collection: Satellites continuously capture multispectral and thermal imagery, providing periodic data 

essential for monitoring changes over time. 

Á Image Processing: Algorithms such as the Mono-Window Algorithm (MWA), Split Window Algorithm 

(SWA), and Single-Channel Method are used to convert raw thermal infrared data into actionable 

temperature measurements. 

While remote sensing is a powerful tool for monitoring large areas systematically, several limitations must be 

considered: 

Á Time of Satellite Overpass: The satellite's observation schedule around noon may not capture all thermal 

events, especially those that develop or change significantly at different times of the day. 

Á Weather Dependency: Accurate thermal data collection requires clear weather conditions; clouds can 

obscure the thermal signatures of the surface, reducing the reliability of the data. 

Á Spatial Resolution: The resolution of satellite images (10mx10m in the case of Landsat 8) might only 

identify broad and intense thermal phenomena, potentially missing smaller scale or less intense anomalies. 

To overcome the limitations of satellite data and ensure comprehensive monitoring of thermal processes, direct 

field measurements are necessary: 

Á Thermal Cameras: Using thermal cameras on the ground or mounted on drones can provide high-

resolution temperature data, crucial for detailed analysis and verification of satellite-derived observations. 

Á Manual and Drone Surveys: These methods allow for targeted investigation of specific areas of interest, 

especially in regions where satellite data suggests potential thermal activity. 

3.1.7. Land Surface Albedo 

Land Surface Albedo (LSA) is a critical biophysical parameter in ecological climatology that measures the 

proportion of sunlight reflected by the Earth's surface relative to the total sunlight it receives. This parameter is 

vital for understanding the Earth's climate system, as it influences the surface energy balance and, consequently, 

climate modeling at global, regional, and urban scales. 
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Albedo varies significantly across different surface types and conditions, which affects biophysical processes and 

ecological dynamics. For example, surfaces with low albedo absorb more solar energy, leading to higher 

temperatures, whereas surfaces with high albedo reflect more sunlight, contributing to cooler surface 

temperatures. This variation in surface temperature can affect local weather patterns, water cycles, and even 

global climate phenomena. 

Human activities that alter the land surface, such as deforestation, urbanization, or agricultural practices, can 

change the albedo. These changes are crucial in the study of environmental degradation, such as desertification. 

Research indicates that surface characteristics like soil moisture and salt crusts significantly affect surface 

reflectance, and thus albedo. For instance, exposed soil surfaces typically have a higher albedo, serving as an 

indicator of desertification processes. This is because they reflect more sunlight compared to vegetated areas, 

which typically absorb more light and have a lower albedo (Liu et al., 2017). 

In conclusion, land surface albedo not only serves as a fundamental parameter for climatic studies but also as a 

sensitive indicator of ecological changes induced by human impacts. Its ease of measurement from satellite data 

makes it an invaluable tool in environmental monitoring and management, helping researchers and policymakers 

understand and mitigate the effects of land degradation and climate change. 

3.2. GEOCHEMICAL INDICATORS 

Soil chemistry is fundamental to the success of reclamation efforts in post-mining areas, particularly when it 

comes to restoring vegetation. The presence of heavy metals and hydrocarbon compounds in soil can severely 

inhibit plant growth due to their toxicity. These contaminants may also become absorbed by plants grown for 

food, potentially harming human and animal health. 

Beyond these contaminants, factors like salinity, acidity, organic carbon content, and microbial activity 

significantly influence soil recovery and vegetation success. Mining operations can increase soil salinity, which in 

turn causes osmotic stress in plants, reducing their ability to absorb water and nutrients (Zhao et al., 2020). 

Additionally, the exposure of sulfide minerals to air and water can generate sulfuric acid, leading to soil 

acidification (Kºlbl et al., 2021). A lower pH can mobilize toxic metals and alter the availability of nutrients, further 

challenging plant growth (Boj·rquez-Quintal et al., 2017). 

Organic carbon is crucial for maintaining soil fertility and structure, affecting water retention and nutrient 

availability. Unfortunately, mining can deplete the soil of organic carbon by disrupting soil structure and reducing 

vegetative inputs. Moreover, the disturbance from mining activities often adversely affects soil microbial 

populations, which are vital for nutrient cycling, organic matter decomposition, and maintaining soil structure. 

Reduced microbial diversity and activity can severely degrade soil health, impacting its capacity to support plant 

life (Stefanowicz et al., 2012). 

Geochemical indicators are also essential for determining the future use of these areas. Soil geochemical quality 

must be compatible with the intended uses. Metallic and organic contamination must not pose any health 

problems, especially if the soil is to be used by sensitive populations (children, pregnant women). In terms of 

landscape quality, organic matter and clays will ensure adequate fertilization. With a view to integrating these 

areas into a wider biodiversity management system, the quality of the ecosystems must be able to be integrated 

on a broader scale. Geochemical indicators can provide guidance as to the type of biodiversity that can develop 

depending on the geochemical quality of the soil. 

3.2.1. Heavy metals contamination 

Heavy metals contamination remains a critical environmental issue, posing significant threats to ecosystems, 

human health, and agricultural productivity globally. These contaminants, including metals and metalloids such 

as arsenic, cadmium, chromium, copper, mercury, lead, zinc, nickel, and cobalt, originate from both natural 

geological sources and anthropogenic activities like mining, industrial processes, waste disposal, and the use of 

metal-containing products. 

These contaminants and their impacts are usually represented on conceptual site models (CSMs) that are refined 

iteratively with the various pollution and risk assessment studies carried on the site (following figure). 
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Fig.  3. Conceptual Site Model for risk based land management (from Tack and Bardos 2020) 

In the European context, the challenge of heavy metals in soils is particularly acute due to the long history of 

industrialization and intensive agriculture. This has led to widespread distribution of metal pollutants, often 

exceeding natural baselines and necessitating extensive remediation efforts estimated to cost billions annually. The 

interaction of heavy metals with the soil matrix, their bioavailability, and potential for bioaccumulation up the food 

chain complicates their impact, making the situation more perilous as these elements infiltrate terrestrial and aquatic 

ecosystems. 

Research efforts, including extensive soil surveys like the LUCAS Topsoil Survey, have begun to provide a more 

detailed mapping of soil contamination across Europe, highlighting areas at risk and the varying degrees of heavy 

metal concentrations. These efforts are crucial as they inform policy-making and remediation strategies, aiming 

to mitigate the adverse effects of these pollutants. The importance of such monitoring is further underscored in 

the proposed Directive of the European Parliament and of the Council on Soil Monitoring and Resilience (Soil 

Monitoring Law), which mandates monitoring for a comprehensive list of elements including Arsenic (As), 

Antimony (Sb), Cadmium (Cd), Cobalt (Co), Chromium (total) (Cr), Chromium (VI) (Cr VI), Copper (Cu), Mercury 

(Hg), Lead (Pb), Nickel (Ni), Thallium (Tl), Vanadium (V), and Zinc (Zn). 

In the complex landscape of soil contamination regulations, a variety of thresholds for heavy metals have been 

established across many countries, reflecting the diverse environmental and public health priorities of each 

nation. Soil Screening Values (SSVs) are one such type of threshold, generally rooted in comprehensive risk 

assessment methodologies that aim to safeguard human health and the soil ecosystem. These SSVs often also 

take into account the impacts on groundwater, drinking water, and surface water, making them integral in wider 

environmental protection efforts. 

Nationally, the approach to setting these values can differ significantly. For instance, the United Kingdom, Germany, 

and the Netherlands have developed SSVs that focus on human health risks and the protection of ecosystems. 

Furthermore, when addressing ecosystem protection, these countries utilize species sensitivity distributions to 

establish risk-based thresholds that can protect the most vulnerable fractions of organisms. The variability in SSVs 

across different countries reflects the diverse environmental conditions, soil types, climate variations, and land uses 

prevalent in Europe. This diversity necessitates that each country's SSVs are tailored to their specific circumstances 

yet are robust enough to ensure effective management of soil contamination risks. Some country like France do not 

set any soil values and evaluate health risk according to the current or targeted uses. However background soil 

values are used to evaluate if the industrial activities are responsible of the impact on soil quality.   

Outside Europe, as part of the Ecological Risk Assessment (ERA), the US EPA developed ecological thresholds 

for soil called Ecological Soil Threshold Values (ECO - SSLs) for 17 inorganic substances and 4 organic 

substances frequently encountered on remediated sites. These values are set for different types of target group: 

plants, soil invertebrates, mammals and birds.   

As depicted in the conceptual schema (Figure 4.), 'thresholds' in soil pollution risk assessment are broadly 

categorized into background values and SSVs. This schema serves as a guideline, offering a standardized 
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framework that can be adapted by individual countries to suit their unique environmental assessment needs. This 

approach ensures that despite the inherent complexities and variations, there remains a cohesive strategy 

towards managing soil pollution within the EU.  

 
Fig.  4. Schematic overview of soil pollution risk assessment thresholds (EEA Report 08/2022) 

When evaluating the risks posed by metals in the soil, the derivation of background, warning, and action values 

plays a crucial role, a method extensively applied across EU Member States. The work of Carlon et al. (2007) 

provides a foundational overview of the varying intermediate and critical risk levels for an array of metals, with a 

detailed update in this publication that specifically examines cadmium, copper, lead, and zinc. Over 444 individual 

screening values, ranging approximately from 50-60 per metal and risk level, were identified. These values were 

initially gathered from various technical reports or policy documents at European, national, or regional levels and 

were recently updated for Bulgaria, Czechia, Denmark, and Germany. 

The array of SSVs, as depicted in Table 1., showcases extensive variation that reflects different stratification 

strategies, including considerations for protection targets (such as human health, ecosystem health, and arable 

crop quality), the underlying risk limits at various endpoints, methodologies to convert these risk limits to 

screening values in soil, and specific approaches to adjust for land use or soil type. For instance, in regions like 

Wallonia, Belgium, only critical risk levels are available, referred to as action values (EEA Report 08/2022). 

Tab. 1. Current Screening Values (SSVs) for Cadmium, Copper, Lead and Zinc in soil (mg/kg) (EEA Report 08/2022) 

Country/Region 

Cadmium  Copper  

Warning Value Action Value Warning Value Action Value 

Stratum (a) SSV Stratum SSV Stratum SSV Stratum SSV 

Austria LU 1-40 - 10 LU 100-1,500 - 600 

Belgium/Brussels - 1 LU 2-30 - 40 LU 145-800 

Belgium/Flanders - - LU 2-30 - - LU 200-800 

Belgium/Wallonia - - LU 1.8-20 - - LU 53-600 

Bulgaria LU, pH 1.5-3.5 - 12 LU, pH 80-300 - 500 

Czechia LU, pH, text. 1.5-20 - - pH 150-300 - - 

Denmark LU 5 - - LU 1,000 - - 

Finland - 1 LU 10-20 - 100 LU 150-200 

Germany LU 2-20 LU 0.1-20 LU 1 (b) LU 1,300 

Hungary - 1 - 10 - 75 - 1,000 

Italy - - LU 1.5-15 - - LU 100-600 

Lithuania - - - 0.75-3 - - - 35,200 

Netherlands - - SOM, clay 13 - - SOM, clay 190 

Poland - - LU, SHC, z 1-20 - - LU, SHC, z 30-1,000 

Slovakia LU, text. 0.4-10 LU 20-30 LU, text. 300-500 LU 600-1,500 

Slovenia - 2 - 12 - 100 - 300 

Sweden LU 0.4-12 - 4 LU 100-300 - 1,000 
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Country/Region 

Lead Zinc 

Warning 
Value 

Action 
Value 

Warning 
Value 

Action 
Value 

Warning 
Value 

Action 
Value 

Warning 
Value 

Action 
Value 

Stratum SSV Stratum SSV Stratum SSV Stratum SSV 

Austria LU 100-300 - 500 - 300 - - 

Belgium/Brussels - 120 LU 200-2,500 - 120 LU 300-3,000 

Belgium/Flanders - - LU 200-2,500 - - LU 600-3,000 

Belgium/Wallonia - - LU 120-1,840 - - LU 196-3,000 

Bulgaria LU, pH 60-150 - 500 LU, pH 200-450 - 900 

Czechia LU 300-400 - - - 400 - - 

Denmark - 40 - 400 - 500 - 1,000 

Finland - 60 LU 200-750 - 200 LU 250-400 

Germany - (b) - - - 2 - - 

Hungary - 100 - 750 - 200 - 2.500 

Italy - - LU 100-1,000 - - LU 150-1,500 

Lithuania - - LU 50-500 - - LU 75-1,200 

Netherlands - 15-590 SOM, clay 530 - 150-720 SOM, Clay 720 

Poland - - LU, SHC, z 50-1,000 - - LU, SHC, z 100-3,000 

Slovakia - 150 - 600 LU 2-500 - 3,000 

Slovenia - 100 - 530 - 300 - 720 

Sweden LU 80-300 - 800 LU 350-1,050 - 3,500 

Notes:  
(a) Stratified according to: LU, land use, text., texture; SOM, soil organic matter; SHC, saturated hydraulic conductivity; z, soil depth.  

(b) Analysis based on concentrated ammonium nitrate (commonly, extraction with aqua regia is used).  

The references for this table are available on request from the EEA; they are contained in a database of European SSVs (EEA and Eionet 

Thematic Group Soil, Working Group on Soil Contamination) 

The comparability of SSVs across Member States is also influenced by analytical differences. Generally, 

intermediate or critical risk levels for metals are determined after extraction with strong acids, typically aqua regia. 

However, in Germany, SSVs for soils intended for arable crops are based on extraction with concentrated 

ammonium nitrate, aimed at assessing metal bioavailability specifically to plants. This variation in extraction 

methods signifies that SSVs aimed at protecting arable crop quality cannot be directly compared due to 

methodological differences alone. The levels of SSVs among countries also differ due to varying soil conditions, 

which may include factors like soil organic carbon class, texture, parent material group, land use, and acidity 

(pH). The lack of a uniform classification system further complicates the direct comparability of SSVs. 

In the context of post-mining area degradation, the presence of pollutants, particularly heavy metals, significantly 

impacts ecosystem health and the quality of soils and groundwater. These areas, often affected by years of 

exploitation, exhibit varying levels of contaminants that can greatly exceed norms established for less impacted 

regions. This heterogeneity in pollution levels underscores the necessity for detailed risk assessments 

and the application of locally tailored threshold values that consider the specific characteristics of the 

area. The restructuring and rehabilitation of post-mining landscapes thus require a thorough understanding of 

the interactions between existing pollutants and their effects on local ecosystems. Without such knowledge, 

planning and implementing effective remediation actions is challenging. The introduction of harmonized 

assessment procedures, based on current research and adherence to newly established standards, can 

contribute to better management of risks associated with heavy metals presence. 

3.2.2. Soil Organic Carbon Content and Composition 

Soil organic carbon (SOC) and soil organic matter (SOM) are critical indicators of soil health, influencing a wide 

array of environmental functions and processes. SOC refers specifically to the carbon component of SOM (55 to 

60%; Lehmann and Kleber, 2015). SOM includes a continuum of organic compounds at different decomposition 

level since it is constantly nourished by plants and animals on the one hand and decomposed by soil organisms 

on the other. This continuum also results from different forms of protection of SOM against decomposition by soil 

organisms: physicochemical protection of SOM and the influence of environmental conditions on the activity of 

soil organisms. Depending on the degree of protection, SOM is considered more or less ñlabileò or ñstableò over 

time in the face of the action of soil organisms (Lehmann and Kleber, 2015). Chemical protection refers to the 

complexity of the molecule considered: a simple sugar like glucose is more easily metabolized by soil 
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microorganisms than a complex polymer like cutin, for example. Although this form of protection has long been 

considered the main explanation of this continuum, it is in reality far from explaining it entirely. Indeed, the physical 

and chemical protections of SOM play a major role in its decomposition speed. The first corresponds to the 

adsorption of SOM on the mineral surfaces of the soil and/or its interaction with metal ions (e.g. iron, aluminium) 

found in the soil. Physical protection, for its part, refers to the trapping (or inclusion) of this SOM in soil aggregates.   

The speed of decomposition of SOM by soil organisms is strongly influenced by pedoclimatic conditions, the 

plant cover of the soil and human activities. First, physical and chemical protections are closely linked to the type 

of soil considered, and in particular to its grain size/texture (clay, silt and sand contents. The SOC/clay ratio has 

emerged as a crucial indicator for assessing soil health, particularly focusing on the interaction between soil 

organic carbon (SOC) content and clay content. The presence of clay in the soil tends to stabilize SOC by 

protecting it against decay and enhancing its resistance to decomposition. This relationship suggests that soils 

with higher clay content can sustainably support higher levels of SOC. A significant study by Johannes et al. 

(2017) built upon earlier research by Dexter et al. (2008), who initially proposed that the optimal SOC content 

should be approximately 10% of a soil's clay content. This concept was refined to focus more specifically on 

dispersible clay rather than total clay content. In their research, Johannes et al. utilized data from 161 samples 

across Swiss agricultural lands, particularly cambic luvisols, and determined a vulnerability limit expressed as 

%SOC = 0.1Ĭ%clay. This limit indicates the threshold at which soil begins to show signs of degradation, marking 

a critical point for maintaining soil health and structure. Further studies, such as those by Prout et al. (2020), have 

suggested a vulnerability limit of less than 1/13 for the SOC/clay ratio, identifying soils below this threshold as 

potentially degraded. This ratio has been validated across various land uses, including arable land, grassland, 

and woodland, demonstrating its applicability for monitoring soil health across a broad spectrum of soil types and 

conditions. This ratio not only helps in tracking the structural stability of soil but also serves as an effective tool 

for understanding and managing soil resilience. Increases in the SOC content are positively correlated with the 

recovery of soils from degradation processes like compaction, which further underscores the importance of 

monitoring and maintaining adequate SOC levels relative to clay content. Such insights are crucial for developing 

strategies to enhance soil health and ensure sustainable land use practices. In the European Union's recent 

proposal for a directive on soil health, the SOC/clay ratio has been introduced as a key indicator for monitoring 

the loss of soil organic carbon (SOC). This reflects a growing recognition of the importance of maintaining SOC 

levels as a measure of soil health and resilience. In terms of establishing a healthy state for this parameter, the 

proposal of soil directive specifies distinct targets for different soil types:  

Á For organic soils: respect targets set for such soils at the national level.  

Á For mineral soils: a SOC/clay ratio greater than 1/13 is considered healthy, indicating adequate organic 

carbon relative to clay content to maintain soil function and structure.  

On the other hand, soil temperature and humidity greatly influence the speed of SOM mineralization by soil 

microorganisms. Indeed, a 10ÁC increase in soil temperature can increase the speed of SOM mineralization by 

two or three. Increasing soil humidity also accelerates mineralization but only up to a certain threshold of between 

20 and 50% volume humidity (Pellerin et al. 2019). From this threshold, conditions become anoxic (i.e. without 

oxygen) and the speed of mineralization decreases, this is the case in peatlands in particular. Finally, an increase 

in fresh SOM inputs following, for example, a greater production of biomass by plants or the spreading of manure 

by humans can stimulate the speed of decomposition of SOM by organisms  (Burke et al. 1989). All these 

mechanisms lead us to speak of the ñdynamicsò of SOM degradation because all its constituents are constantly 

transformed/renewed. Indeed, via the action of decomposers, fragments or organic residues of animals or plants 

are transformed into smaller molecules (the ultimate reaction being mineralization into CO2) while other 

organisms use the small molecules to synthesize them. larger ones. In addition, when their size decreases, the 

solubility and reactivity of these compounds increase, leading to perpetual association/dissociation of the latter 

with the aggregates and the mineral fraction of the soil (Lehmann and Kleber, 2015). 

The debate within the soil science community about whether there is a universal optimal or critical minimum level 

of SOM or SOC is ongoing. This discussion highlights the challenge of setting generalized thresholds for SOC 

that ensure soil fertility, water retention, and structural integrity to support adequate crop yields under various 

nutrient management conditions. However, most studies on the characterization of SOM and the different forms 

of SOC are based on agricultural land management practices (e.g. field crops, cover crops, silviculture, type of 

tillage, etc.). The majority of studies therefore concern the upper arable layer (the first 30 centimeters of soil). In 
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this context, the analytical methods classically used by the soil science community, manufacturers and design 

offices, such as the elementary analysis of atomic emission spectrometry ï inductively coupled plasma (ICP-

AES), and physical fractionation methods, are methods developed related to the needs of agricultural soils. These 

methods are often not suitable for other types of soils and, in particular, soils rich in mineral carbon and with a 

low SOC content or very degraded soils. For these soils, traditional methods such as ICP elemental analysis are 

not sensitive enough to assess the presence of SOC and do not reflect accurate information related to the form 

of SOC. Recently, new methods based on the SOM combustion (method RockEvalÈ) have been developed and 

adapted to quantify and qualify the composition of SOM in soils with very low SOC (> 1%), such as very degraded 

soils (Sebag et al, 2016 and 2022).  

Identifying site-specific SOC thresholds that reflect local environmental conditions and management practices is 

crucial. These thresholds are used to determine whether soils are SOC-depleted and to establish benchmark 

values for healthy soils, typically set at 75% of the observed SOC levels under optimal management conditions. 

However, while these benchmarks help guide sustainable soil management, they do not directly measure specific 

soil functions (EEA Report 08/2022), and complementary approaches based on the quantification and 

characterization of the meso- and micro-fauna and flora are needed. 

3.2.3. Soil nutrient loss: nitrogen and phosphorus 

Soil nutrient loss, specifically nitrogen (N) and phosphorus (P), is a critical factor influencing biomass production 

and crop yields in both natural and agricultural soils. While fertilized soils may show less impact, maintaining an 

appropriate nutrient status remains crucial for optimizing biomass production and crop yield. This involves ensuring 

adequate levels of both macronutrientsðnitrogen, phosphorus, calcium, magnesium, potassium, sulfurðand 

micronutrients like boron, zinc, manganese, iron, copper, and molybdenum. The diversity of soil microorganisms, 

soil animals, and plant species is also significantly affected by the nutrient status, with nitrogen often reducing 

diversity, whereas variations in other nutrients can have either a positive or negative effect. Increased nutrient status 

enhances carbon storage due to the higher input of crop residues and may lead to reduced water quality, especially 

with high phosphorus levels which escalate the risk of runoff into surface waters. Nitrogen and phosphorus are 

pivotal, together with soil pH, in determining soil fertility. These nutrients, affected by inputs from both fertilizer and 

atmospheric deposition, play a key role in soil productivity and ecological balance. 

In soils, nitrogen is typically derived organically rather than from inorganic minerals. Unlike phosphorus, nitrogen 

does not undergo dissolution or precipitation processes and has limited sorption capabilities, except on positively 

charged soil particles for ammonium. Biological processes predominantly govern nitrogen availability in 

agricultural contexts, where it is added through fertilizers and manures. Added nitrogen is utilized by plants and 

soil organisms, with any surplus being lost to the atmosphere as various nitrogen oxides or to water bodies 

primarily as nitrate, contributing to potential eutrophication. 

Contrary to nitrogen, phosphorus levels in the soil are buffered by the stock of reactive or available phosphorus. 

This buffering capacity means that changes in phosphorus inputs from fertilizers affect crop yields less 

significantly in soils already rich in phosphorus. Soil phosphorus availability is influenced by the content of 

aluminum and iron oxides, which can bind phosphorus, reducing its availability for plant uptake. 

Monitoring the status of nitrogen and phosphorus in soils is crucial for managing soil health and agricultural 

productivity. While total nitrogen and phosphorus content provide a basic measure, the availability of these 

nutrients for plant uptake is more indicative of soil fertility. For nitrogen, indicators include the total mineral nitrogen 

content, which influences nitrogen mineralization and availability. For phosphorus, both target and critical levels 

are established to enhance crop growth where phosphorus is limiting or to mitigate negative impacts on water 

quality at high levels of soil phosphorus. 

3.2.3.1. Indicators and thresholds for Nitrogen 

Nmin in Agricultural Soils 

In agricultural soils, the delineation of critical limits for total nitrogen (N) or available nitrogen (mineral N content) 

is complicated due to its dynamic nature within soil systems. While total N and available N are pivotal for crop 

growth in unfertilized soils through the process of N mineralization, establishing a fixed critical limit is challenging. 
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This is because nitrogen fertilization practices generally ensure an ample supply of N, overriding the natural 

variability and potential deficits in soil nitrogen status. 

Moreover, excessive nitrogen does not typically limit crop growth if soil acidificationðanother side effect of high 

nitrogen inputðis counteracted through liming practices. However, a high concentration of mineral nitrogen 

(Nmin) can negatively impact soil biodiversity. Such impacts are less about the absolute nitrogen content and 

more about how nitrogen additions via fertilizers alter soil ecological dynamics. The primary concern with nitrogen 

is its role in the broader environmental contextðexcess nitrogen contributes to air and water quality degradation 

through processes such as denitrification and nitrogen leaching, which are influenced by soil properties such as 

clay content and groundwater levels, rather than the inherent nitrogen status of the soil. 

A practical approach to managing nitrogen involves minimizing the nitrogen surplus at the farm levelðbalancing 

the nitrogen inputs from fertilizers and feed against the nitrogen outputs in harvested plant and animal products. 

This management strategy aims to reduce the nitrogen losses to the environment, thus mitigating its broader 

ecological impacts. 

Critical Limits for C/N Ratio in Forest Soils 

The nitrogen retention capacity in forest soils, particularly within the organic layer, is highly influenced by the C/N 

ratioða critical metric for understanding nitrogen dynamics in forest ecosystems. High soil C/N ratios indicate 

robust microbial immobilization of nitrogen, thereby reducing its availability for plant uptake and minimizing the 

risk of nitrogen leaching. Conversely, lower C/N ratios suggest increased nitrogen availability, raising the potential 

for nitrogen leaching into surrounding ecosystems. 

The critical ranges for C/N ratios in forest soils have been empirically determined to assess the risk of nitrogen 

leaching (EEA Report 08/2022): 

Á High N retention and low leaching potential: C/N ratio > 30 

Á Moderate to high N retention and low to moderate leaching potential: C/N ratio between 25 and 30 

Á Low to moderate N retention and moderate to high leaching potential: C/N ratio between 20 and 25 

Á Low N retention and high leaching potential: C/N ratio < 20 

These thresholds help differentiate forest sites by their nitrogen processing characteristics, indicating how well 

nitrogen is retained within the soil matrix and its potential impact on forest ecology and water quality. The 

understanding of these dynamics is crucial for managing forests sustainably, ensuring that nitrogen inputs do not 

exceed the ecological capacity of the forest soil, thereby preventing adverse environmental effects such as 

eutrophication and biodiversity loss. 

3.2.3.2. Indicators and thresholds for Phosphorus  

Phosphorus (P) is a critical nutrient for crop growth and plays a significant role in maintaining soil fertility and 

environmental health. To manage P effectively and minimize its environmental impact, it is essential to maintain 

soil P levels within specific target and critical thresholdsΦ 

Target levels for available phosphorus for crop yields in agricultural soils 

The management of soil phosphorus focuses on maintaining levels that support optimal crop production without 
causing environmental degradation. This concept is often implemented through a "build-up and maintenance" 
approach, which ensures that P application does not exceed the soil's capacity to bind phosphorus, thus 
preventing leaching into water systems. This approach involves: 

Á Avoiding P application in soils where available P exceeds the threshold for P leaching. 

Á Matching P input with crop uptake when soil P levels are between the critical level for crop yield and the 

critical level for P leaching. 

Á Increasing soil P levels with additional P fertilizer if levels fall below the critical level for crop yield, aiming 

to elevate P to adequate levels for crop production. 

This strategy is depicted in Figure 5., illustrating the various stages from high environmental risk to optimal levels 
for crop yield based on soil P status. 
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Fig.  5. Phosphorus management approaches (EEA Report 08/2022) 

Critical levels for crop yield and environmental health 

Critical levels for phosphorus in agricultural soils are determined through both short-term pot experiments and long-
term field studies, which help define the specific soil P levels at which crop yield response plateaus (no further 
response to added P) and the levels at which environmental risks, particularly leaching, become significant. 

Á Critical Level for Crop Yield: Research, such as that conducted by Bai et al. (2013), has identified specific 

critical Olsen-P values for various crops like maize, wheat, and rice. These values range from 7mg/kg to 

18mg/kg, depending on crop type and soil properties. These thresholds are crucial for determining when 

additional P fertilization is unlikely to increase crop yields. 

Á Critical Level for P Leaching: The risk of phosphorus run-off increases significantly when soil P levels 

exceed certain thresholds. This leaching potential is linked to the soil's P saturation index and the 

concentration of P in soil water (Pw). Effective management aims to keep soil P levels below these critical 

points to prevent eutrophication of water bodies. 

The relationship between crop yield, P leaching risk, and soil P fertility status is illustrated in Figure 6., highlighting 
the balance needed between enhancing crop yield and minimizing environmental risks. 

 

Fig.  6. Relationship between soil Phosphorus levels, crop yield, and surface runoff risk (Hart et. al., 2004) 

Indicators for soil phosphorus status include (EEA Report 08/2022): 
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Á Total and Available Phosphorus: These indicators assess the total and plant-available phosphorus in the 

soil, which are critical for understanding the nutrient's role in crop growth and environmental impact. 

Á Soil P Saturation Index (PSI): This index measures the proportion of phosphorus that is bound to soil 

particles relative to the soil's total binding capacity. A critical PSI is often set at about 15%, indicating a 

balance between availability for crop uptake and risk of leaching. 

In summary, managing soil phosphorus involves maintaining appropriate levels to support crop growth while 
preventing excessive leaching that could lead to environmental degradation. This dual focus is supported by 
indicators and thresholds that guide agricultural practices and environmental protection efforts. In line with the 
European Union's proposal for a directive on soil health, the extractable phosphorus "maximum value" must be 
defined by each Member State within the range of 30-50 mg/kg, ensuring that soil management strategies are 
tailored to local conditions while addressing broader environmental concerns. 

3.2.4. Salinization 

Soil salinity is recognized as a crucial soil degradation issue, particularly prevalent in semi-arid regions, areas 
with shallow groundwater, and coastal deltas. Soil salinity is often described using three primary categories: 
saline soil, sodic soil, and alkaline soil. Each type presents unique challenges and mechanisms of impact on soil 
health and plant viability (E. Bloem, et al., 2012). 

Á Saline Soil: Characterized by high concentrations of soluble salts, these soils impede plant transpiration due 

to the high osmotic pressure of soil water, making it difficult for plants to absorb moisture effectively. 

Á Sodic Soil: Dominated by high concentrations of sodium ions, sodic soils suffer from structural degradation, 

which affects water infiltration and root penetration. 

Á Alkaline Soil: Although not the primary focus here, these soils are disturbed chemically towards high pH 

levels, often leading to toxicity and nutrient deficiencies for plants. 

Saline soils are often considered easier to remediate quickly compared to sodic soils, which may develop slowly 
but are challenging to restore once affected. This distinction in remediation complexity is crucial for effective 
management strategies (E. Bloem, et al., 2012). 

Electrical conductivity (EC) is a critical measure used to assess the salinity of soil and water. It is quantified in 
deci-Siemens per meter (dS/m) at a standard temperature of 25ÁC to minimize temperature variation effects, 
which can be linearly compensated if needed. This measure is crucial because it reflects the concentration of all 
soluble salts within a sample. Additionally, salinity can be estimated from soil samples by creating a standard 
saturation extract (ECe), where water is added to dry soil to simulate saturation conditions. This method is 
particularly useful for comparing salinity across different soil types and conditions (Daliakopoulos, et al. 2016). 
The importance of EC as an indicator lies in its ability to classify soils based on the salinity hazard and predict 
potential impacts on the yield of various field crops (tab. 2). This classification follows the general scheme 
proposed by Richards in 1954, which remains a cornerstone in salinity assessment practices today. The use of 
EC is integral to managing salinity risks in agricultural and environmental settings, providing a robust basis for 
interventions aimed at mitigating salinity's adverse effects on crop productivity and soil health. 

Tab. 2. Classification of Soil Salinity Levels and Their Effects on Crop Yield Based on Electrical Conductivity (ECe) 
Measurements (Richards, 1954) 

ECe [dS mī1] Class Effect 

0-2 Non saline Negligible 

2-4 Slightly saline Yield reduction of sensitive crops 

4-8 Moderately saline Yield reduction of many crops 

8-16 Strongly saline Normal yields for salt tolerance crops only 

>16 Very strongly saline Reasonable crop yield for very tolerance crops only 

At the conclusion of the discussion on soil salinity indicator, it is pertinent to consider regulatory frameworks such 
as the directives proposed by the European Union regarding soil health. Specifically, the directive outlines a 
criterion for soil salinity assessment, suggesting a threshold for salinity as less than 4 deci-Siemens per meter 
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(dS mī1) when measuring electrical conductivity using the saturated soil paste extract method (eEC). 
Alternatively, an equivalent criterion is recommended if another measurement method is employed. 

3.2.5. Soil pH 

Soil pH is a critical measure reflecting the acidity or alkalinity of soil, providing essential insights into the soil 
environment's chemical balance. Defined as the negative logarithm of the hydrogen ion concentration, pH values 
range from about 0 to 14, with 7 considered neutral, values below 7 acidic, and those above 7 alkaline (Fig. 7). 
The pH scale is logarithmic, meaning each whole number change represents a tenfold increase or decrease in 
acidity; for instance, a soil with a pH of 6 is ten times more acidic than one with a pH of 7. This property of soil is 
significantly shaped by the presence of acid and base-forming ions. Acidic conditions are primarily contributed 
by cations like hydrogen (H+), aluminum (Al3+), and iron (Fe2+ or Fe3+), while alkalinity is encouraged by the 
presence of base-forming cations such as calcium (Ca2+), magnesium (Mg2+), potassium (K+), and sodium 
(Na+). Understanding soil pH is crucial because it affects the solubility of nutrients and contaminants, thereby 
influencing plant growth, microbial activity, and soil structure (McCauley at.al, 2009). 

 
Fig.  7. pH scale (based on Nutrient Manager, 1996) 

The optimal pH for plant growth generally falls between 6 and 7.5, which aligns with the needs of most agricultural 
and garden plants. However, plant adaptation allows for thriving across a broader spectrum of pH values, with 
some species specifically suited to more acidic or more alkaline conditions. The relationship between soil pH and 
plant health isn't merely about tolerance; many plants actively modify the pH of their immediate root environment 
to improve nutrient uptake. For example, certain plants lower the pH around their roots to solubilize and absorb 
nutrients more effectively (Fabian et al., 2014). Detailed descriptions of pH ranges and soil characteristics are 
provided in Table 3. 

Tab. 3. Descriptive pH Range and Soil Characteristics 

Descriptive Term  
and pH Range 

Description of Soil pH Effects 

Very Acid  
pH < 4.9 HϜO,  
pH < 4.5 KCl   

Represents extreme soil acidity that can significantly limit the growth of 
most plants and microbial activity, leading to severe degradation of the 
ecosystem. Such acidity may necessitate substantial liming and other soil 
amendments to mitigate toxicity and restore ecological balance. 

Acid  
pH 5.0 ï 5.9 HϜO,  
pH 4.6 - 5.5 KCl  

Indicates moderately acidic conditions that might restrict the diversity of 
plant species and microbial functions. While not immediately toxic, this level 
of acidity may hinder certain agricultural uses and require moderate soil 
conditioning. 

Lightly Acid  
pH 6.0 ï 6.9 HϜO,  
pH 5.6 - 6.5 KCl  

Slightly acidic soil conditions that generally support a broader range of plant 
life but may still pose mild restrictions on certain sensitive species or crops. 
Minor adjustments such as light liming might be beneficial. 
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Neutral  

pH 7.0 HϜO,  
pH 6.6 - 7.2 KCl 

Ideal for most agricultural and natural ecosystem functions, indicating no 
degradation related to acidity. This range is typically targeted in reclamation 
efforts to ensure the maximum functionality of the soil. 

Lightly Alkaline  

pH 7.1 ï 8.0 HϜO, >7.2 KCl 

These conditions are generally favorable for many types of plant life and 
microbial populations but may begin to restrict the availability of certain 
nutrients such as iron, manganese, and phosphorus. 

Alkaline to Very Alkaline 
pH 8.1 ï 9.4 HϜO  
and >9.4 HϜO 

High alkalinity can lead to significant challenges in nutrient uptake for plants, 
potentially leading to degradation if not managed properly. Reclamation may 
involve soil acidification processes to reduce pH to more suitable levels. 

In terms of crop production and environmental impacts, such as enhanced metal uptake and leaching, 
maintaining soil pH above critical levels is essential to avoid limiting crop yield and controlling heavy metal 
availability. Critical pH levels can be established through: 

Á Short-term manipulation experiments where soil pH is adjusted by adding H+ or OH-, allowing for 

controlled studies on crop responses. These experiments offer the advantage of isolating soil pH as the sole 

variable while maintaining constant conditions such as soil type, temperature, water, and nutrient availability. 

However, they may not accurately reflect field conditions, and adjustments in pH can significantly impact soil 

microbial communities and nutrient dynamics. 

Á Long-term field experiments that assess the effects of declining soil pH on plant growth and crop yields. 

These provide insights under actual field conditions but are complicated by other variables like climate 

changes, pests, and diseases, which necessitate careful data interpretation. 

For example, results from both short and long-term studies on cereals such as wheat, maize, and rice have 
shown a significant non-linear relationship between soil pH and relative crop yield, which is defined as the fraction 
of the maximum yield attainable without acidification impacts. The critical pH value, where a 5% yield loss is 
expected, typically ranges between pH 4.5 and 4.7 in short-term studies, aligning closely with the onset of 
aluminum release. However, long-term observations suggest higher critical pH values between 5.0 and 5.9. Lime 
application recommendations often target maintaining soil pH within specific ranges suitable for various crops, 
as indicated in Table 4., to optimize plant health and yield while minimizing environmental risks associated with 
soil acidification (EEA Report 08/2022). 

Tab. 4. Optimal soil pH values for various crops (Teagasc, 2022) 

Crop  Optimum pH  

Beet, beans, peas and oilseeds  7.0 

Cereals and maize  6.5 

Grassland  6.3 

Grassland (high molybdenum)  <6.2 

Potatoes  6.0 

3.3. GEOTECHNIC INDICATORS 

It is important for the rehabilitation of post-mining areas to take care of the proper physical and mechanical 
properties of the soil. Open-pit mining, due to the way surface mining is carried out, makes it possible to carefully 
plan appropriate soil mixtures that have the desired properties in this regard. The indicators proposed below allow 
a comprehensive analysis of the degree of degradation of such sites. 

3.3.1.1. Soil porosity  

Soil consists of solid particles (minerals and organic matter) of varying sizes, bound together into aggregates. 
The gaps between them create a network of pores that enable the exchange of water and air, as well as the flow 
of heat and nutrients. The number and size of pores vary based on organic matter content, texture, and structure 
(Hao et al., 2006).  Soil porosity refers to the fraction of the total soil volume occupied by pores. It's crucial for 
understanding how soil retains and transmits water, air, and nutrients. 
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Porosity directly influences the soil's water-holding capacity, allowing it to store and supply water to plants. 
Adequate porosity ensures proper gas exchange, crucial for oxygen and carbon dioxide movement. It also affects 
root penetration, enabling roots to grow and explore the soil for water and nutrients. Furthermore, soil pores 
provide habitats for microorganisms essential for nutrient cycling. These aspects highlight the vital role porosity 
plays in soil health and and is an important indicator of the degree of environmental degradation in post-mining 
areas (Eden et al., 2011). 

3.3.1.2. Soil density 

Soil density is a measure of soil mass relative to its volume and is expressed in g/cmį. Bulk density represents 
the mass of dry soil divided by the total soil volume, including pore spaces. It is determined using the formula: 

”
άὥίί έὪ Ὠὶώ ίέὭὰ

ὸέὸὥὰ ίέὭὰ ὺέὰόάὩ
 

Bulk density is influenced by soil texture, structure, and organic matter content. Sandy soils generally have higher 
bulk densities due to fewer aggregates and lower organic matter. Fine-textured soils, such as clays, often have 
lower bulk densities due to better aggregation and higher organic matter content. Compaction increases bulk 
density by reducing pore space. 

Bulk density is crucial for understanding soil compaction, porosity, and overall soil health. High bulk density can 
impede root growth, reduce infiltration rates, and limit water and nutrient availability. Conversely, low bulk density 
indicates good soil structure and favorable conditions for plant growth (Assouline, 2006). 

3.3.2. Soil erosion 

Soil erosion refers to the process by which soil particles are detached and transported by natural forces such as 
water, wind, and gravity. It is a significant environmental issue, particularly in reclaimed post-mining areas where 
soil stability and health are paramount. The rate and extent of soil erosion depend on various factors, including 
climate, topography, soil characteristics, vegetation cover, and land management practices. Understanding and 
managing soil erosion are critical for the successful rehabilitation of mining sites. 

3.3.2.1. RUSLE 

The RUSLE (Revised Universal Soil Loss Equation) is an enhancement of the Universal Soil Loss Equation 
(USLE) that provides an estimate of the annual soil losses due to erosion caused by rainfall and runoff. RUSLE 
is used to predict average annual erosion by rain and associated runoff for specific areas, which is crucial in soil 
conservation planning and water resource management.  

The Revised Universal Soil Loss Equation (RUSLE) serves as an effective method for classifying the degree of 
soil degradation on reclaimed mining sites. This application of RUSLE facilitates the evaluation and management 
of soil erosion risks on landscapes that have been disturbed by mining activities, which are often susceptible to 
accelerated erosion due to exposed soil surfaces and altered topography. 

The RUSLE model is often integrated with Geographic Information Systems (GIS) and remote sensing, allowing 
for accurate and efficient erosion modeling over large areas. Technological advancements in these areas have 
significantly enhanced the precision and utility of RUSLE in various applications such as land use planning and 
natural resource management.  

When discussing the values of the RUSLE index, the focus is on the comprehensive output that the model 
provides, which is the annual rate of soil loss expressed typically in tons per hectare per year (t/ha/yr). This 
numerical output reflects the integrated effect of all contributing factors and allows for a detailed understanding 
of erosion dynamics on a given landscape.  

Á The RUSLE model incorporates five primary factors, which will be described in detail in the following 

subsections: 

Á Rainfall Erosivity (R Factor): This factor assesses the impact of rainfall intensity and amount on soil loss. 

Á Soil Erodibility (K Factor): Indicates the inherent vulnerability of soil to erosion, essential for understanding 

how different soil types found in reclaimed mining areas respond to erosive forces. 

Á Topographic Factor (LS Factor): Evaluates how changes in slope length and steepness, common in mining 

landscapes, influence erosion rates. 
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Á Cover and Management (C Factor): Assesses the effectiveness of vegetation cover and land management 

practices in reducing erosion, a key component in the successful reclamation of mining sites. 

Á Support Practice Factor (P Factor): Focuses on the role of conservation practices such as contour farming 

and terracing, which are often employed in reclaimed areas to stabilize soil and reduce runoffΦ 

Based on the above components, the RUSLE index is calculated with the following formula (Phinzi & Ngetar, 2019): 

 

Each of these factors has its own calculation method, taking into account local climatic conditions, soil types, site 
topography, vegetation types and applied land management practices. RUSLE is a flexible tool that can be 
adapted to different environmental conditions, making it extremely useful for soil conservation planning and 
erosion management. Individual indicators will be described in detail in the following subsections. 

3.3.2.1.1. R Factor 

The R factor represents the rainfall erosivity factor and plays a crucial role in modeling soil erosion caused by 
precipitation. It quantifies the impact of rainfall on erosion based on data regarding the intensity and amount of 
precipitation over a given period, typically measured annually. This factor is expressed in units of MJĿmm/ha/hr/yr 
(megajoules per millimeter per hectare per hour per year), reflecting the energy of rainfall capable of causing 
erosion. 

The R-index in the Revised Universal Soil Loss Equation (RUSLE), which determines the erosivity of rainfall, is 
calculated from data on the intensity and amount of rainfall. This process requires the collection of meteorological 
data from local stations or global databases such as the European Soil Data Center (ESDAC) (Fig 8., next page). 
The kinetic energy of each rainfall is calculated from the kinetic energy equation, taking into account the mass of 
the rain and its impact velocity, and the erosivity is represented by the maximum 30-minute rain intensity (I30). 
The R-index is ultimately calculated as the sum of the kinetic energy products and I30 for all rainfall in a given 
year. It is also possible to directly derive R-values from converted rain erosivity values available in databases, 
which is useful when local data are unavailable or incomplete. 

In such cases, the following are useful global databases that offer both historical and current rainfall erosivity 

information for different regions of the world. For example, one available data source is the European Soil Data 

Portal (ESDAC) managed by the European Commission, which provides R-factor values for RUSLE. The data 

available on the European Soil Data Center (ESDAC) website (https://esdac.jrc.ec.europa.eu/) can be used to 

obtain R-factor values without the need to conduct time-consuming and expensive measurements yourself. 

Access to such data makes it possible to quickly and efficiently analyze the erosivity of rainfall over large areas, 

which is particularly useful for planning conservation measures in erosion-prone areas. 
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https://esdac.jrc.ec.europa.eu/
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Fig.  8. Map of rainfall erosivity in Europe   
https://esdac.jrc.ec.europa.eu/tags/rusle 

3.3.2.1.2. K-Factor 

The K factor represents the erodibility of a soil, or its susceptibility to erosion caused by water. It is a parameter 
that takes into account the physical and chemical properties of the soil, such as texture, structure, organic matter 
content and permeability. The K-index is crucial because different types of soils have different abilities to resist 
erosion. To calculate the K index, soil data is used, such as the percentage composition of sand, silt and clay 
fractions and organic matter content. The formula for this indicator is as follows:  

 

 
K = 

ȟ ȟ ȟ ȟ

ȟ
ρππ 
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²ƘŜǊŜΥ  

ὕὓ ίέὭὰ έὶὫὥὲὭὧ άὥὸὸὩὶ ὧέὲὸὩὲὸȟ 

ὓ ὴὶέὨόὧὸ έὪ ὸὬὩ ὴὶὭάὥὶώ ὴὥὶὸὭὧὰὩ ίὭᾀὩ ὪὶὥὧὸὭέὲίȟ 

Ὓ ίέὭὰ ίὸὶόὧὸόὶὩ ὧέὨὩ ὸὥὦȢυΣ 

ὖ ὴὩὶάὥὦὭὰὭὸώ ὧὰὥίί ὸὥὦȢφȟ 

variable M is calculated by the formula: 

ὓ ϷίὭὰὸϷὺὩὶώ ὪὭὲὩ ίὥὲὨρππϷὧὰὥώ 

Where very fine sand means particles means grain size 0.063 mm ï 0.1 mm.Access to precise and up-to-date 
soil data is crucial for accurate calculation of the K factor. In practice, these data can come from direct field 
surveys, soil maps, or databases such as those maintained by research institutions or government agencies. 
Accurate determination of the K-factor enables effective assessment of environment degradation level. 

Tab. 5. Classification of Soil Structure Types 

Soil structure code Description 

1 Very fine granular 

2 Fine granular 

3 
Moderate or coarse 

granular 

4 Blocky, ploty or massive 

Tab. 6. Classification of Soil Permeability 

Permeability class Description 

1 Rapid 

2 Moderate to rapid 

3 Moderate 

4 Slow to moderate 

5 Slow 

6 Very slow 

3.3.2.1.3. LS-Factor 

The LS factor (Moore and Burch 1986; Moore and Wilson 1992), calculates the soil erosion based on the slope 
length ( L ) and steepness factor ( S ), which are computed based on the DEM. This index determines the effect 
of topography in a specific area and how intense the erosion is (Louloudis et al. 2023).  

In the context of the Revised Universal Soil Loss Equation (RUSLE) refers to the combined influence of slope 
length and steepness on soil erosion. The LS factor is a mathematical expression that combines the slope length 
(L) and the steepness (S) to produce a single value that characterizes the impact of topography on erosion rates. 
Slope length refers to the distance that runoff travels over the surface before reaching a stable channel or 
deposition area, directly influencing the potential acceleration and erosive power of water. Slope steepness 
measures the angle of the slope, affecting the velocity of surface runoff and its capacity to transport soil particles 
(Phinzi & Ngetar, 2019). 

3.3.2.1.4. C-Factor 

The C-factor, or cover management factor, is a crucial component in soil erosion modeling, particularly within the 
Revised Universal Soil Loss Equation (RUSLE). It represents the ratio of soil loss under specific cropping conditions 
to soil loss that would occur if the soil were left bare. This factor quantifies the impact of various land management 
practices on soil erosion rates, reflecting the influence of vegetation cover and management on erosion. 

The C-factor is defined as the ratio of soil loss under specific cropping and management conditions to the loss that 
would occur on bare soil. It considers several sub-factors: prior land use, soil cover by plant canopy, soil cover by 
crop residues, soil surface roughness, and soil moisture. Each sub-factor contributes to the degree of protection the 
soil surface receives from erosion processes. 

Modern techniques prefer remote sensing and GIS over traditional field experiments due to their cost-effectiveness 
and accuracy. Land use/land cover (LULC) classification from satellite imagery is often used to assign C-factor 
values. Spectral indices like NDVI (Normalized Difference Vegetation Index) and other vegetation indices are utilized 
to estimate vegetation cover, which directly influences the C-factor. However, these indices primarily measure 
photosynthetic vegetation, which may not account for non-photosynthetic (dry or dead) vegetation that also affects 
erosion. 
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A significant challenge in using spectral indices is their variability across different climatic conditions and their inability 
to fully capture the protective effect of non-photosynthetic vegetation. The accuracy of C-factor estimation is highly 
dependent on the quality of the remote sensing data and the chosen methods for image classification and analysis. 

Various empirical relations have been developed to relate vegetation indices to C-factor values. For instance, 
equations by De Jong (1994) and Van der Knijff et al. (1999, 2000) are commonly used to derive C-factor values 
from NDVI. Despite the popularity of these methods, they have limitations, such as low correlation in certain regions, 
which has led to the development of improved equations like the rescaled NDVI method by Durigon et al. (2014). 

The C-factor is a critical element in soil erosion modeling, reflecting the effectiveness of land cover and management 
practices in mitigating soil loss. Its estimation has evolved from field experiments to sophisticated remote sensing 
and GIS-based techniques, enhancing the accuracy and efficiency of soil erosion assessments. However, 
challenges remain, particularly regarding the variability in vegetation cover and the accurate representation of non-
photosynthetic vegetation. 

3.3.2.1.5. P-Factor 

The P-factor (support practice factor) in the Revised Universal Soil Loss Equation (RUSLE) represents the impact 
of conservation practices that reduce the amount and rate of water runoff, thereby mitigating soil erosion. It is 
one of the five factors in the RUSLE model used to predict the average annual rate of erosion on field slopes. 

The P-factor measures the effect of support practices on erosion control, particularly how these practices 
influence the pattern, direction, and speed of water runoff. It accounts for practices such as contour farming, strip 
cropping, and terracing, which are designed to slow down water flow and reduce erosion. 

Historically, the P-factor has been estimated through field observations and interpretation of aerial photographs. 
Modern methods involve the use of high-resolution satellite imagery and GIS-based land use/land cover (LULC) 
maps to assign P-factor values. 

The P-factor is calculated using the widely used formula:  πȟς πȟπσὛ 

where S is the slope steepness in percent. 

4. CLASSIFICATION 

Following a detailed examination of the indicators used to assess ecosystem degradation in post-mining areas, 
this chapter introduces a structured classification system designed to categorize the levels of degradation based 
on their impact on future land usability. Utilizing the insights gained from the indicators, this classification system 
delineates the conditions of the terrain and soil into four distinct classes, each reflecting a different potential for 
recovery and reuse. 

Class 1 encompasses areas where ecosystems show no signs of degradation and maintain their original 
condition. These ecosystems retain their full functionality and are capable of supporting both existing and planned 
land uses without any need for intervention. This class signifies that the ecosystems have either naturally 
preserved their vitality and ecological processes or have successfully undergone reclamation to meet or exceed 
the original environmental standards. As a result, these areas can sustain biodiversity, natural resource cycles, 
and ecosystem services seamlessly, contributing positively to the surrounding environment. Class 2 represents 
areas where the parameters are degraded compared to the optimal condition, but these areas do not require 
reclamation intervention as the degradation does not significantly restrict the land's utility for intended purposes. 
Class 3 includes areas that are not phytotoxic, excluded, or hazardous; however, they may benefit from 
reclamation of the upper horizon of the terrain or application of reclamation additives to enhance usability. Class 
4 encompasses areas with severe degradation to the point of being phytotoxic, excluded, or hazardous, requiring 
fundamental modifications to the terrain or soil structure, such as overlaying with suitable reclamation additives 
to restore land usability. 

This classification framework (Tab. 7) is essential not only for guiding remediation and management strategies 
but also for prioritizing areas based on the severity of degradation and the complexity of restoration required. By 
categorizing the degree of impact on future land use, stakeholders can more effectively allocate resources and 
implement targeted interventions that promote ecological recovery and sustainable development. 
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Tab. 7. Classification of Ecosystem Degradation 

Ecosystem 
element 

Class 1 
(No Degradation or Achievement of 

Reclamation Goal) 

Class 2 (Degradation 
without Need for 
Reclamation) 

Class 3 (Recommended 
Reclamation 
Intervention) 

Class 4 (Necessary 
Fundamental 
Modification) 

L
A
N
D
S
C
A
P
E

 The landscape retains its natural form  
and functionality, showing no signs of 
degradation. It continues to support the 
original ecosystem processes and 
biodiversity as intended or has been 
restored to achieve these conditions 
through successful reclamation practices. 

Landscape shows 
slight alterations but 
retains functionality 
without needing 
reclamation. 

Landscape changes 
suggest minor disrupt-
tions; reclamation of 
terrain shape or appli-
cation of reclamation 
additives can be 
recommended. 

Significant landscape 
degradation requiring 
fundamental modifica-
tions, such as overlaying 
with suitable reclamation 
additives to restore 
functionality. 

S
O
I
L

 

G
e
o
c
h
e
m
i
s
t
r
y

 The soil maintains its original chemical 
properties without any contamination.  
It supports natural biological processes 
and fosters a stable environment for plant 
growth and wildlife, reflecting a successful 
avoidance of degradation or effective 
reclamation 

Soil shows minor 
chemical alterations 
not requiring 
intervention. 

Soil chemistry indicates 
non-phytotoxic levels, 
but enhancement 
through additives could 
improve conditions. 

Soil contamination 
reaches phytotoxic 
levels, necessitating 
extensive soil treatment 
or replacement to 
mitigate hazards and 
restore quality. 

G
e
o
t
e
c
h
n
i
c
s

 

Soil structure and stability are intact, 
ensuring continued support for natural 
processes and land use without any 
alterations. This stability indicates that  
the soil has either remained undisturbed 
and preserved its ecological integrity  
or has been effectively restored to match 
or improve upon its original condition. 

Minor geotechnical 
variations present; no 
immediate 
reclamation needed. 

Moderate geotechnical 
disruption suggests 
benefits from corrective 
measures like soil 
amendment or 
contouring. 

Severely compromised 
soil structure with high 
erosion risk or instability, 
requiring comprehensive 
reclamation to ensure 
safety and usability. 

5. EXAMPLES OF MAPPING DEGRADED LAND IN POST-MINING AREAS 

5.1. Areas of concern in Upper Silesian Coal Basin, PL 

SOśNICA Coal Mine, Gliwice Poland   

The area of active coal mine SoŜnica is the first case study, where degradation and severe mining impacts were 

defined. Area of degraded land is an active waste heap with natural succession, and brownfield  which is the area 

where mining facilities (shafts, buildings and mining plant) are currently under operation.  

 

Fig.  9. Location of brownfield and waste heap, SoŜnica Coal Mine 
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BOLESĞAW śMIAĞY Coal Mine, Ğaziska Poland 

The area of active coal mine Bolesğaw śmiağy is the case study, where degradation and severe mining impacts 

were defined. Area of degraded land is a waste heap already with cultivated surface, and brownfield  which is the 

area where mining facilities (shafts, buildings and mining plant) - currently under operation.  

 

Fig.  10. Location of brownfield and waste heap, Bolesğaw śmiağy Coal Mine 

WUJEK Coal Mine, Katowice Poland 

The area of active coal mine Wujek is the case study, where up to now closure process has started. Area of 

degraded land is a brownfield which is the area where mining facilities (shafts, buildings and mining plant) - 

currently under operation and mine water pond (tailing) which already is not used for sedimentation process.  

 

 

 

 

 

 

 

Cont. on the next page 
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Fig.  11. Location of brownfield and mine water pond, Wujek Coal Mine 

5.1.1. Type of post-mining area: PRE-MINING BROWNFIELD 

Considering the degradation factors and specific features of areas of concern, assessment of degradation as 

well as chosen indicators of possible degradation it is important to note that mining areas are not monitored 

frequently in that scope. Parameters of degradation such as contamination of soils, LSA, NDVI, NDMI are quite 

simple to assess using available tools such as satellite imaginary or maps of land development. Therefore for 

each areas of concern relevant indicators were calculated and a defined degree of land degradation was set out, 

based on thresholds proposed in Annex II table. Below there is description of related factors with necessary 

calculations and assessment.    

Á Land degradation: stability loss 

Á Description: slope stability is key indicator of safety, maintenance costs and potential for reuse of the site 

(risk of loss safety in static and erosion potential of the slopes)  

Á Indicator: Angle of slope  

Á Methods: Slope determined  using  DTM (digital terrain model)    

Á Source of data: https://mapy.geoportal.gov.pl/  

Á Results: The analysed areas of coal mines that will soon be extinguished (pre-mining brownfield) are 

characterised by a predominance of flat terrain. The highest proportion of sloping terrain that may restrict 

economic use and cause erosion problems was identified within Bolesğaw śmiağy Coal Mine. The results of 

the percentage of areas with each land degradation class are summarized in the table below.  An exemplary 

visualization of the degradation of the site in terms of gradients is shown on the figure below. 

Á Indicator evaluation: Angle of slope (AS) is one of the key determinants (predisposing factor) for the 

occurrence of slope instability. The calculation method using DTM, makes it possible to calculate the index 

for extensive areas with relatively little effort. In order to comprehensively determine the stability of high slope 

terrains, it is necessary to analyse in detail other factors influencing slope stability such as the type of material 

stored, degree of compaction, vegetation cover, etc.  

https://mapy.geoportal.gov.pl/
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Tab. 8. Participation of degree of land degradation in terms of potential stability loss on analysed pre-mining brownfield 

Degree of land degradation  Threshold  value  

Participation [%]  

Bolesğaw śmiağy 

Coal Mine 

SoŜnica Coal 

Mine 

Wujek Coal 

Mine 

Class 4 (Necessary Fundamental 

Modification) 
AS > 34Á (67,45%) 10,2 4,7 6,5 

Class 3 (Recommended Reclamation 

Intervention) 
AS >26Á (48,8%) 8,2 4,0 3,3 

Class 2 (Degradation without Need  

for Reclamation) 
AS> 15Á ( 26,79%) 19,0 12,1 9,1 

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 
AS < 5Á (5.23%) 62,6 79,2 81,1 

  

 

Fig.  12. Participation of degree of land degradation in terms of potential stability loss on Wujek Coal Mine 

Á Soil degradation: Contamination of soil  

Á Description: Current and past land use, including in particular the location of plants and installations where 

harmful substances are used or stored, determines the risk of soil contamination.  Information on accidents 

which have or could have caused soil contamination, and field investigations of soil quality confirming the 

presence of such contamination have to be also collected (if available). Soil contamination has significant 

impact on safety, reclamation and remediation costs and the potential for redevelopment of such post-mine 

sites  

Á Indicator: Risk of soil contamination  

Á Methods: delineation of areas with confirmed or potential contamination on the basis of available data 

(orthophotomap, mine plan, list of accidents, historical data)  

Á Sorce of data: orthophotomap,   
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Á Results:    SoŜnica Waste Heap characterised by a relatively low of around 50m and a significant proportion 

of low-slope areas (50,1%). Slopes of more than 26 degrees is below 25% of the heap's area. The relative 

height of the spoil heap is about 90 and the relief is characterised by a predominance of slopes of more than 

74 % one percent. Flat terrain constitutes only the analysed area (11.7).  

Á Indicator evaluation:  Current and past land use only identifies the risk of land contamination. Information 

confirming soil contamination is mostly unavailable. Field survey of soil contamination is necessary to confirm 

or exclude soil contamination post mining pre-brownfields.  

Tab. 9. Participation of degree of land degradation in terms of risk of soil contamination on analysed pre-mining brownfield 

Degree of land degradation  Threshold  value  

Participation [%]  

Bolesğaw śmiağy 

Coal Mine  

SoŜnica 

Coal Mine  

Wujek 

Coal 

Mine 

Class 4 (Necessary Fundamental 

Modification) 

Confirmed land contamination limiting 

redevelopment of the site (remediation 

required) 

0,0 0,0 0,0 

Class 3 (Recommended 

Reclamation Intervention) 

Probability of site contamination limiting re-

use of the site (higher environmental risk 

installations) 

15,9 3,1 8,0 

Class 2 (Degradation without Need 

for Reclamation) 

Probability of increased concentrations of 

pollutants due to the industrial nature of 

the site 

84,1 96,9 92,0 

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 

Concentration of pollutants at 

environmental background level 
0,0 0,0 0,0 

  

 

Fig.  13. Participation of degree of land degradation in terms of potential contamination (SoŜnica mine) 



                                   
Deliverable 3.1  |  Page 36 

 

 

  

 

Co-funded by the European Union. Views and opinions expressed are however 

those of the author(s) only and do not necessarily reflect those of the European 
Union or European Research Executive Agency. Neither the European Union nor 
the granting authority can be held responsible for them.  

 

 

Fig.  14. Participation of degree of land degradation in terms of potential contamination (Wujek mine) 

 

Fig.  15. Participation of degree of land degradation in terms of potential contamination (Bolesğaw śmiağy mine) 

5.1.2. Type of post-mining area: WASTE HEAP 

The area one active (SoŜnica) and one reclamated waste heap (Skalny) located near the mines that will soon be 

extinguished (SoŜnica Coal Mine and Bolesğaw śmiağy Coal mine) were analysed. A spoil tip (also called a boney 

pile, culm bank, gob pile, waste tip or bing) is a pile built of accumulated spoil ï waste material removed during 

mining.  

Á Land degradation: Thermal processes  
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Á Description: fires in the area of coal dumps (thermal processes) have a significant impact on environmental 

pollution, safety, maintenance costs, and the potential for reuse of such mine sites  

Á Indicator: Area of thermal processes  

Á Methods: Land Surface Temperature Differences  determined  using Landsat  8 satellite data  

Á Source of data: https://apps.sentinel-hub.com/eo-browser 

Á Results:   Based on satellite data on 3 October 2023, areas with temperatures 4 Celsius degrees higher 

than the surrounding areas, were identified on both heaps analysed. Higher surface temperatures were 

found on the south-eastern steeply sloping slopes of the Skalny Dumps (T above 20 degrees).  Places with 

temperatures as high as 16 were identified within non-vegetated parts of the SoŜnica heap. Location  of 

areas with elevated temperatures indicate that the identified differences in temperatures are most probably 

a result of solar heating of the dumps.  The results obtained do not indicate the existence of thermal 

phenomena within the analysed objects. The results of the percentage of areas with each land degradation 

class are summarized in the table below. The  visualization of the land surface temperature  degradation of 

the site in terms of gradients is shown in the figure below.  

Á Indicator evaluation: The satellite's flight takes place around noon, and cloudless weather conditions are 

required to take a good quality picture. This makes satellite data not the most reliable source of information 

for identifying thermal processes. In order to confirm these risks, it is necessary to carry out measurements 

with thermal cameras directly in the field (manual measurement, measurement from a drone). The spatial 

resolution of the satellite images used (pixel size 10mx10m) allows the potential identification of only 

extensive and intensive thermal phenomena within the post mining hard coal heaps.  

 

Tab. 10. Participation of degree of land degradation in terms of thermal processes on analysed pre-mining brownfield 

Degree of land degradation Threshold value 

Participation [%] 

SoŜnica Waste 

Heap 

Skalny Waste 

Heap 

Class 4 (Necessary Fundamental 

Modification) 
Area of thermal processes > 10 m2 0 0 

Class 3 (Recommended Reclamation 

Intervention) 
Area of thermal processes > 10 -100 m2 0 0 

Class 2 (Degradation without Need  

for Reclamation) 
Area of thermal processes > 10 m2 0  

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 
Area of thermal processes = 0 m2 100 100 

   

 

Fig.  16. The land surface temperature of SoŜnica Waste Heap determined using Landsat  8 satellite data 

https://apps.sentinel-hub.com/eo-browser
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Fig.  17.The land surface temperature of SoŜnica Waste Heap determined using Landsat  8 satellite data 

Á Land degradation: stability loss   

Á Description: slope stability is key indicator of safety, maintenance costs and potential for reuse of the site 

(risk of loss safety in static and erosion potential of the slopes)  

Á Indicator: Angle of slope  

Á Methods: Slope determined  using  DTM (digital terrain model)    

Á Source of data: https://mapy.geoportal.gov.pl/  

Á Results:    SoŜnica Waste Heap characterised by a relative height of around 50m and a significant 

proportion of low-slope areas (50,1%). Slopes of more than 26 degrees are below 25% of the heap's 

area.  The relative height of the spoil heap is about 90 and the relief is characterised by a predominance of 

slopes of more than 74 % one percent. Flat terrain constitutes only the analysed area (11.7). The results of 

the percentage of areas with each land degradation class are summarized in the table below. An exemplary 

visualization of the degradation of the site in terms of gradients is shown in the figure below. 

Á Indicator evaluation: Angle of slope is one of the key determinants of the risk of slope instability. The 

calculation method used, using DTM, makes it possible to calculate the index for extensive areas with 

relatively little effort. In order to comprehensively determine the stability of high slope terrains, it is necessary 

to analyse in detail other factors influencing slope stability such as the type of material stored, degree of 

compaction, vegetation cover, etc.  

Tab. 11. Participation of degree of land degradation in terms of potential stability loss on analysed pre-mining 
brownfield 

Degree of land degradation Threshold value 

Participation [%] 

SoŜnica Waste 

Heap 

Skalny Waste 

Heap 

Class 4 (Necessary Fundamental 

Modification) 
Angle of slope > 34Á (67,45%) 5,4 22,7 

Class 3 (Recommended Reclamation 

Intervention) 
Angle of slope >26Á (48,8%) 18,4 51,3 

Class 2 (Degradation without Need  

for Reclamation) 
Angle of slope > 15Á (26,79%) 26,1 14,3 

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 
Angle of slope < 5Á (5.23%) 50,1 11,7 

  

https://mapy.geoportal.gov.pl/
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Fig.  18. Participation of degree of land degradation in terms of potential stability loss on SoŜnica Waste Heap 

 

Fig.  19. Participation of degree of land degradation in terms of potential stability loss on Skalny Waste Heap 

Á Land degradation: Inappropriate condition for plant growth  

Á Description: Land Surface Albedo (LSA) quantifies the fraction of the sunlight reflected by the surface of 

the Earth. Surface albedo plays a controlling role in the surface energy budget, and albedo-induced 

radiative forcing has a significant impact on climate and environmental change. LSA plays an essential role 

in surface energy balance and carbon and water cycling. Surface albedo generally varies by land cover 

type for natural (e.g., wildwood) and artificial surfaces (e.g., buildings) and is also sensitive to various factors 

besides atmospheric and cloud conditions, such as soilïvegetation.  
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Á Indicator: Land Surface Albedo (LSA)  

Á Methods: Calculation based on satellite images  

Á Source of data: Landsat 7 image, 27.07.2023   

Á Results: The LSA indicator shows great diversity in the areas analyzed. It reaches the lowest values for 

areas without vegetation and for areas where the vegetation cover is discontinuous. In the case of the 

SoŜnica waste heap, low values are also identified in the part covered by surface water. The largest areas 

were classified as medium degradation. Only in the case of the SoŜnica waste heap, 3.7% of the area 

reaches the reference status for this indicator. The results of the percentage of areas with each land 

degradation class are summarized in the table below Tab. An exemplary visualization of the degradation of 

the site in terms of gradients is shown in the figure below. 

Á Indicator evaluation: The LSA indicator is very useful for waste heaps. It enables to identifying areas 

without sufficient plant cover. Whatôs more, the lack of buildings in these areas means that there is no 

distortion of the LSA value. Moreover, the area covered by surface water is a good reference point to verify 

the correctness of the LSA analysis performed.  

Tab. 12. Participation of degree of land degradation in terms of inappropriate condition for plant growth on analysed 
waste heaps as a result of LSA indicator analysis 

Degree of land degradation 
Threshold 

value 

% of area in category 

Bolesğaw śmiağy  

Coal Mine 

Waste Heap SoŜnica 

Coal Mine 

Class 4 (Necessary Fundamental 

Modification) 
<0.07 17.4% 23.5% 

Class 3 (Recommended Reclamation 

Intervention) 
<0.11 59.0% 38.0% 

Class 2 (Degradation without Need  

for Reclamation) 
<0.15 21.2% 34.8% 

Class 1 (No Degradation or Achievement  

of Reclamation Goal) 
>0.15 0.0% 3.7% 

average value for area: 0.09 0.10 

  

 

Fig.  20. LSA Indicator, Waste Heap SoŜnica Coal Mine, 27.07.2023 
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Á Land degradation: Inappropriate condition for  plant growth    

Á Description: Normalized Difference Vegetation Index (NDVI) quantifies vegetation by measuring the 

difference between near-infrared (which vegetation strongly reflects) and red light (which vegetation absorbs). 

Healthy vegetation (chlorophyll) reflects more near-infrared (NIR) and green light compared to other 

wavelengths. But it absorbs more red and blue light. NDVI is widely used in agriculture, forestry, and ecology 

to monitor the growth and health of vegetation and to identify areas of stress or damage. NDVI values can 

also be used to map and classify vegetation types, and to detect changes in vegetation cover over time.  

Á Indicator: Normalized Difference Vegetation Index (NDVI)  

Á Methods: Calculation based on satellite images  

Á Source of data: Landsat 7 image, 27.07.2023   

Á Results: In the case of the Waste Heap SoŜnica, there are clearly visible areas with no vegetation and 

areas with only residual vegetation cover. Areas classified as high and medium degraded occupy over 40% 

of its area. The Skalny Waste Heap (Bolesğaw śmiağy Coal Mine) is dominated by an area of low 

degradation, and over 15% of the area is above the reference status, which indicates a high level of biomass 

and good condition of vegetation. There are only small areas where the NDVI index is lower than 0.4, which 

indicates a poor condition of the plant cover. The results of the percentage of areas with each land 

degradation class are summarized in the table below. An exemplary visualization of the degradation of the 

site in terms of gradients is shown in the figure below.   

Á Indicator evaluation: The NDVI indicator for the analyzed areas shows a very good correlation with 

vegetation cover. In the case of heaps, it can be used to monitor the condition of vegetation and the extent 

of its occurrence. An important factor in such monitoring will be the period for which the results will be 

compared - it is important to compare satellite images for the same phase of plants vegetation.  

Tab. 13. Participation of degree of land degradation in terms of inappropriate condition for plant growth on analysed 
waste heaps as a result of NDVI indicator analysis 

Degree of land degradation 
Threshold 

value 

% of area in category 

Bolesğaw śmiağy  

Coal Mine 

Waste Heap SoŜnica 

Coal Mine 

Class 4 (Necessary Fundamental 

Modification) 
<0.05 0.0% 11.4% 

Class 3 (Recommended Reclamation 

Intervention) 
<0.4 4.1% 30.6% 

Class 2 (Degradation without Need  

for Reclamation) 
<0.6 80.4% 56.8% 

Class 1 (No Degradation or Achievement  

of Reclamation Goal) 
>0.6 15.5% 1.2% 

average value for area: 0.51 0.36 
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Fig.  21. NDVI Indicator, Waste Heap SoŜnica Coal Mine, 27.07.2023 

Á Land degradation: Inappropriate condition for  plant growth    

Á Description: Normalized Difference Moisture Index (NDMI) detects moisture levels in vegetation using a 

combination of near-infrared (NIR) and short-wave infrared (SWIR) spectral bands. It is a reliable indicator 

of water stress in crops. The SWIR band reflects changes in both the vegetation water content and the 

spongy mesophyll structure in vegetation canopies, while the NIR reflectance is affected by leaf internal 

structure and leaf dry matter content but not by water content. The combination of the NIR with the SWIR 

removes variations induced by leaf internal structure and leaf dry matter content, improving the accuracy in 

retrieving the vegetation water content.  

Á Indicator: Normalized Difference Moisture Index (NDMI)  

Á Methods: Calculation based on satellite images  

Á Source of data: Landsat 7 image, 27.07.2023   

Á Results: The NDMI values for both heaps correspond to areas of high degradation, which indicates low water 

content in the plant cover. This indicates large water deficits in the vegetation cover in the analyzed areas. In 

order to determine the humidity of the habitat and the availability of water for plants, it is necessary to monitor 

the value of this indicator for different periods in relation to the precipitation, as a significant variability in the 

value of this indicator is expected over time. The results of the percentage of areas with each land degradation 

class are summarized in the table below. An exemplary visualization of the degradation of the site in terms of 

gradients is shown in the figure below.  

Á Indicator evaluation: The NDMI indicator can be used to monitor the humidity of the plant cover on heaps, 

indicating areas exposed to rapid drying, which creates weak conditions for vegetation growth. This indicator 

should always be interpreted in relation to the value of the NDVI indicator determining the state of plant cover. 

The usefulness of the indicator should be confirmed by analyzing satellite data from other periods.  
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 Tab. 14. Participation of degree of land degradation in terms of inappropriate condition for plant growth on analysed 

waste heaps as a result of NDMI indicator analysis 

Degree of land degradation 
Threshold  

value 

% of area in category 

Bolesğaw śmiağy  

Coal Mine 

Waste Heap SoŜnica 

Coal Mine 

Class 4 (Necessary Fundamental 

Modification) 
<0.3 85.7% 59.5% 

Class 3 (Recommended Reclamation 

Intervention) 
<0.35 8.2% 13.1% 

Class 2 (Degradation without Need  

for Reclamation) 
<0.7 6.1% 27.4% 

Class 1 (No Degradation or Achievement  

of Reclamation Goal) 
>0.7 0.0% 0.0% 

average value for area: 0.15 0.23 
   

 

 

Fig.  22. NDMI Indicator, Waste Heap SoŜnica Coal Mine, 27.07.2023 

5.1.3. Type of post-mining area: Tailing  

As part of the indicator tasting, the non-operational tailings located near the Wujek Coal Mine were analysed. 

The area is partially reclaimed (after the removal of accumulated sediment. Tailings are the left-over materials 

from the processing of mined ore. They consist of ground rock, unrecoverable and uneconomic metals, 

chemicals, organic matter and effluent from the process used to extract the desired products from the resources 

(coal, ore etc.). Accumulated in constructed tailing dams inevitably disturb landscapes and surrounding areas.   

Á Land degradation: stability loss   

Á Description: slope stability is key indicator of safety, maintenance costs and potential for reuse of the site 

(risk of loss safety in static and erosion potential of the slopes)  

Á Indicator: Angle of slope  

Á Methods: Slope determined  using  DTM (digital terrain model)    
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Á Source of data: https://mapy.geoportal.gov.pl/  

Á Results:    Wujek  tailing  characterised by a relative deep area (2m) with a significant proportion of low-

slope areas (71,2%). Slopes of more than 26 degrees are below 23% of the tailing area.  The results of the 

percentage of areas with each land degradation class are summarized in the table below. A visualization of 

the degradation of the site in terms of gradients is shown in the figure below. 

Á Indicator evaluation: Angle of slope is one of the key determinants of the risk of slope instability. The 

calculation method used, using DTM, makes it possible to calculate the index for extensive areas with 

relatively little effort. In order to comprehensively determine the stability of high slope terrains, it is necessary 

to analyse in detail other factors influencing slope stability such as the type of material stored, degree of 

compaction, vegetation cover, etc.  

Tab. 15. Participation of degree of land degradation in terms of potential stability loss post-mining Wujek tailings 

Degree of land degradation Threshold value % of area in category 

Class 4 (Necessary Fundamental 

Modification) 
AS > 34Á (67,45%) 5,1 

Class 3 (Recommended Reclamation 

Intervention) 
AS >26Á (48,8%) 17,7 

Class 2 (Degradation without Need 

for Reclamation) 
AS> 15Á ( 26,79%) 20,6 

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 
AS < 5Á (5.23%) 56,6 

  

 

 

Fig.  23. Participation of degree of land degradation in terms of potential stability loss on post-mining 

Á Land degradation: Inappropriate condition for plant growth    

Á Indicator: Land Surface Albedo (LSA)  

Á Methods: Calculation based on satellite images  

Á Source of data: Landsat 7 image, 11.10.2023   

https://mapy.geoportal.gov.pl/
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Á Results: The LSA indicator shows great diversity in the analyzed area. It reaches the lowest values for 

areas without vegetation and for areas where the vegetation cover is discontinuous. In the case of the 

Wujek tailing, the largest areas were classified as high degradation. Only in northern part of the area small 

terrain has light degradation status. The results of the percentage of areas with each land degradation class 

are summarized in the table below Tab. An exemplary visualization of the degradation of the site in terms 

of gradients is shown in the figure below.  

Á Indicator evaluation: The LSA indicator could be useful for waste heaps. It allows to identify areas without 

sufficient plant cover. Similar as on waste heaps, the lack of buildings means that there is no distortion of 

the LSA value. Further data should be analyzed to confirm the usefulness of LSA indicator at tailing areas.  

Tab. 16. Participation of degree of land degradation in terms of inappropriate condition for plant growth on Wujek 
tailing as a result of LSA indicator analysis 

Degree of land degradation Threshold value % of area in category 

Class 4 (Necessary Fundamental 

Modification) 
<0.07 61.5% 

Class 3 (Recommended Reclamation 

Intervention) 
<0.11 34.9% 

Class 2 (Degradation without Need  

for Reclamation) 
<0.15 3.7% 

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 
>0.15 0.0% 

average value for area: 0.064  

  

 

Fig.  24. LSA Indicator, Wujek tailing, 11.10.2023 

Á Land degradation: Inappropriate condition for  plant growth    

Á Indicator: Land Surface Albedo (LSA)  

Á Methods: Calculation based on satellite images  
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Á Source of data: Landsat 7 image, 11.10.2023  

Á Results: In the case of the Wujek tailing most of the area has only residual vegetation cover. Areas 

classified as high and medium degraded occupy 70% of its area. Near the borders of the area, the indicator 

values are higher, which is related to the presence of trees. The results of the percentage of areas with 

each land degradation class are summarized in the table below Tab. An exemplary visualization of the 

degradation of the site in terms of gradients is shown in the figure below.  

Á Indicator evaluation: As the analyzed area has been significantly transformed the NDVI indicator should 

be verified with existing state of plant cover. In order to establish the correctness of the correlation between 

the indicator values and field observations are needed. An important factor in such monitoring will be the 

period for which the results will be compared - it is important to compare satellite images for the same phase 

of plants vegetation.  

Tab. 17. Participation of degree of land degradation in terms of inappropriate condition for plant growth on Wujek 
tailing as a result of NDVI indicator analysis 

Degree of land degradation Threshold value % of area in category 

Class 4 (Necessary Fundamental 

Modification) 
<0.05 2.8% 

Class 3 (Recommended Reclamation 

Intervention) 
<0.4 72.2% 

Class 2 (Degradation without Need  

for Reclamation) 
<0.6 25.0% 

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 
>0.6 0.0% 

average value for area: 0.31  
  

 

Fig.  25. NDVI Indicator, Wujek tailing, 11.10.2023 

Á Land degradation: Inappropriate condition for plant growth    

Á Indicator: Normalized Difference Moisture Index (NDMI)  
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Á Methods: Calculation based on satellite images  

Á Sorce of data: Landsat 7 image, 11.10.2023  

Á Results: The NDMI values for analyzed area indicates large water deficits in the vegetation cover. In order 

to determine the humidity of the habitat and the availability of water for plants, it is necessary to monitor the 

value of this indicator for different periods in relation to the precipitation. The results of the percentage of 

areas with each land degradation class are summarized in the table below Tab. An exemplary visualization 

of the degradation of the site in terms of gradients is shown in the figure below. 

Á Indicator evaluation: The NDMI indicator can be used to monitor the humidity of the plant cover, indicating 

areas exposed to rapid drying. This indicator should always be interpreted in relation to the value of the 

NDVI indicator and should be verified with the existing state of plant cover. In order to establish the 

correctness of the correlation between the NDMI, NDVI land field observations are needed. The usefulness 

of the indicator should be confirmed by analyzing satellite data from other periods.  

Tab. 18. Participation of degree of land degradation in terms of inappropriate condition for plant growth  
on Wujek tailing as a result of NDMI indicator analysis 

Degree of land degradation Threshold value % of area in category 

Class 4 (Necessary Fundamental 

Modification) 
<0.3 100.0% 

Class 3 (Recommended Reclamation 

Intervention) 
<0.35 0.0% 

Class 2 (Degradation without Need  

for Reclamation) 
<0.7 0.0% 

Class 1 (No Degradation or 

Achievement of Reclamation Goal) 
>0.7 0.0% 

average value for area: 0.14  

 

 

Fig.  26. NDMI Indicator, Wujek tailing, 11.10.2023 

  
























































