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Executive summary

This document provides a detailed and structured
overview of soil quality management in the con-
text of mining and quarrying activities, with a
special focus on projects related to the extraction
of Critical Raw Materials (CRM). Its objective is
to emphasize the importance of soil as a strategic
resource for environmental sustainability, review
the current regulatory framework in the European
Union, and propose a comprehensive technical
methodology for effective soil management in

mining environments.

CRM extraction presents significant environmental
challenges. Soil management is not only a technical
and environmental requirement but also a strategic
necessity for the sustainable development of the
European mining sector. Soil quality is a key sus-
tainability indicator, as degradation can impair
ecosystem functions, limit post-mining restoration
potential, and cause long-term environmen-
tal impacts. Proper soil management mitigates
these effects, ensures regulatory compliance,
facilitates site rehabilitation, and improves the
social acceptance of extractive projects.

At the regulatory level, two recent EU instruments

stand out:
The Nature Restoration Regulation (EU)
2024/1991, which sets legally binding targets
torestore at least 20% of degraded terrestrial
and marine areas across the EU by 2030, and
all ecosystems requiring restoration by 2050.
It introduces harmonized standards for
habitat assessment, satellite data integration,
and systematic monitoring.
The proposed Directive on Soil Monitoring
and Resilience (Soil Monitoring Law), which
establishes a harmonized framework for soil
health monitoring throughout the EU, de-

fining standardized technical indicators (or-
ganic carbon, compaction, contaminants, etc.)
and arterritorial approach based on homogeneous
soil units.

In this context, the adoption of the Soil Survey
and Health Conservation Management Plan
(SSHCMP) is proposed. This comprehensive
methodology aims to preserve and restore soil
quality in mining projects and is structured in
three modules:

1. Module I: Soil Characterization and Diagnosis,
that provides the technical foundation for
informed decision-making:

Soil Sampling and Analysis: Representative
sampling to characterize physical, chemical,
and biological soil properties and identify
contaminants.

Soil Quality Assessment: Functional diag-
nosis to establish baseline conditions,
identify sensitive or ecologically valuable

areas, and prioritize interventions.

2. Module lI: Preventive Practices that seek to
prevent soil degradation during active project
phases:

Soil Handling and Storage: Application
of technical protocols for the extraction,
storage, and conservation of fertile soil
horizons.

Soil Quality Maintenance: Erosion, runoff,
and compaction control through natural
and engineered solutions (vegetative covers,

barriers, temporary revegetation).

3. Module IlI: Soil and Mine Site Restoration,
that guides ecological recovery after mining
operations conclude:

Remediation and Rehabilitation: Application
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of physical, chemical, and biological soil
recovery techniques.

Monitoring and Reporting: Implemen-
tation of a post-operational monitoring
program with verifiable indicators and
communication of results to authorities

and communities.

In summary, the SSHCMP framework structures
a robust technical strategy for soil management
in mining and quarrying aligned with EU regulatory
objectives. Its implementation contributes not
only to minimizing environmental impacts but
also to fostering a more responsible, resilient,

and socially accepted mining model.

Executive summary



Introduction

The scope of this document covers the issue
of soil in relation to all types of quarrying and
mining operations, whether open-pit or under-

ground.

For the purpose of this document, and in
alignment with the proposed Directive on Soil
Monitoring and Resilience (Soil Monitoring
Law), “soil” means the top layer of the Earth’s
crust situated between the bedrock or parent
material and the land surface, which is composed
of mineral particles, organic matter, water, air
and living organisms. The extractive industry
understands that this definition clearly excludes

raw material deposits.

With the recent publication of the Critical Raw
Materials Act (CRMA), it is essential to secure
and enhance access to domestic raw materialsin
order to maintain a resilient and competitive EU
industry.

To meet the EU’s demand for raw materials, the
extractive industry sources them from below
the soil, accessing them down to the bedrock. In
doing so, the overburdenis relocated and reused
for land restoration following extraction activities,
in full compliance with the permit conditions,
under an impact assessment framework, and
contributing to the Nature Restoration Law
(Regulation (EU) 2024/1991 of the European
Parliament and of the Council of 24 June 2024

on nature restoration). The restored land must

be in good condition, and its final use is adapted
to societal needs, which may include agricul-
ture or natural areas with restored ecosystems,
among many other end uses.

Consequently, the extraction of raw materials
and the relocation of surrounding materials
(such as soil and overburden) are inherent to the

core activities of the raw materials industry.

This Soil Quality Management Guidance document
establishes the foundations for appropriate soil

management in the mineral raw materials industry.

Soil constitutes a fundamental component in
the revegetation processes of areas degraded
by open-pit extractive activity. This is a crucial
issue, especially now, as Europe is immersed in
an Energy Transition that requires a wide range
of minerals, some already categorized as critical
raw materials, for the manufacture of high-tech
products and emerging innovations. The accelera-
tion of technological innovation, along with the
rapid growth of economies, has led to a surge in
demand for these minerals. It is estimated that
by 2030, consumption of these resources may
double compared to 2010 (Martinez-Ruiz, &
Fernandez-Santos, 2001).

Today, Europe must continue to import critical
raw materials (CRMs) from other parts of the

world, as supply within the European Union is
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insufficient to meet internal demand. Therefore,
the resurgence of mining brings with it a greater
societal demand for compliance with environmental

care and protection responsibilities.

Although the extraction of minerals and rocks is
an essential activity for the well-being of our so-
ciety, it has a significant environmental impact,
especially when carried out through open-pit
operations (Martinez-Ruiz & Fernandez-Santos,
2001). Open-pit mining and quarrying results
in severe changes to the topography and land-
scape, by excavating large voids and depositing
overburden materials, after the removal of
vegetation cover, soil, and associated fauna.
During these processes, the network of biotic
and abiotic interactions in ecosystems—sustained
over long periods—is disrupted. Hydrologically,
modification of drainage networks can increase
peak flow events, alter natural rhythms, and
potentially cause physical and chemical con-
tamination of water bodies, affecting aquifer
recharge and subsurface flow (Valladares et al.,
2017).

Ultimately, this type of activity—essential for
the maintenance of our society—transforms the
landscape and can significantly modify natural
drainage systems (Arranz-Gonzalez, 2004). For
this reason, proper land management before
starting extraction operations is crucial to avoid
its degradation or destruction. Once operations
have ceased, it is equally essential to apply a layer
of soil with suitable properties and appropriate
depth over the affected areas, to enable the
establishment and growth of vegetation. Both
aspects are key to successful restoration.

Nevertheless, even with careful planning and
preventive measures in place, soil in areas
affected by mining and quarrying activities often

present serious limitations: excessive compaction,

chemical imbalances, low fertility, or drainage
issues, among others. These conditions can hinder
the establishment of stable vegetation once the
site has been rehabilitated, unless pre-treatment
of the land is undertaken.

The closure of an open-pit mining or quarrying
operation can result in a range of scenarios—
fromthe abandonment of extraction voids, quarry
faces, and spoil heaps, to the creation of artificial
soils over an already modified topography. This
can be done by incorporating layers of soil, ex-
tracted rock material, or a mixture of both—referred
to as mine soils (Arranz-Gonzalez, 2011).
However, complete environmental restoration
is not always feasible in all extractive operations,
and the characteristics of the extracted material also
determine the procedure to be followed. While
in some cases the soil and vegetation can be
rebuilt using backfill with overburden material,
this option is often unviable in ornamental stone
or aggregate quarries, which typically result in
flat surfaces bordered by high, stepped rock
faces (Arranz-Gonzalez, 2004; Martin-Duque et
al., 2010; Solé Benet, 2024).

In this context, conditioning the terrain becomes
indispensable as a preliminary step before vegetation
can be established. It is necessary to identify and
implement effective solutions to overcome the
limitations of the existing substrate. When pre-
paring the land for recovery, ensuring adequate
drainage is essential to allow proper water flow.
There must also be sufficient nutrients to support
plant development, and pH levels should be
corrected, with any toxic substances removed.
Additionally, the soil layer must be deep enough
for the intended use, and the land must not be

compacted, to allow roots to grow freely.

Soil quality assessment and its potential for use

are often carried out at various scales—from re-
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gional to national levels. The absence of common
guidelines and procedures at a supranational
level makes it difficult to select the most rele-
vant soil indicators, as well as to interpret the
results. This generates uncertainty and limits
the ability to conduct consistent and compa-
rable assessments across different regions or

countries.

For the purposes of this guide, the following

definitions from the EU Directive on Soil

Monitoring and Resilience shall apply:
Descriptor of soil: Parameter that describes a
physical, chemical, or biological characteristic
of soil health.
Evaluation of soil health: Evaluation of soil
health based on the measurement or estimation
of soil descriptors.
Management of soil sustainability: Soil
management practices that maintain or im-
prove the ecosystem services provided by the
soil without harming the soil functions that
support those services or being significantly
harmful to other environmental properties.
Restoration of soil: Process of rehabilitating
degraded soils through physical, chemical,
or biological interventions to recover their
health, functionality, and capacity to provide
ecosystem services.
Regeneration of soil: Intentional activity
aimed at reversing the degraded state of soil
to a healthy state.
Renaturalization of soil: Restoration or
reconstruction of destroyed soils in order to
recover the capacity of soils to provide eco-
system services.
Soil: The top layer of the Earth'’s crust situated
between the bedrock or parent material and
the land surface, which is composed of
mineral particles, organic matter, water, air,

and living organisms.

Mining soil: Soil modified or degraded by
mineral extraction, composed of materials
like subsoil or mine waste left on the surface
to support vegetation growth.

Soil health: The physical, chemical, and bio-
logical state of the soil, which determines its
ability to function as a vital living system and
provide ecosystem services.

Soil non-sealed: Soil area that does not meet
the definition of sealed soil.

Soil sealing: Covering the soil with buildings,
constructions, and layers of totally or partially
impermeable material.

Sealed soil: Area of soil that has been subjected
to asealing process.

Sustainable soil management practices:
Practices that affect the physical, chemical,
or biological properties of soil.

Managed soils: Soils where soil management
practices are carried out.

Soil is a natural resource that plays a crucial
role in maintaining ecosystems and providing
various essential services for humanity, shaping
the landscape and serving as a substrate for raw
materials. Just like air and water, it is an essential
natural resource that supports a range of
ecosystem goods and services for humankind.
Its value lies not only in its productive function
(perhaps the most widely recognized) but also in
other inherent services, such as carbon seques-
tration, water purification, aquifer recharge,
pathogen control, and biodiversity conservation
(Laishram, 2012). For example, the amount of
carbon contained in soil is approximately twice
the amount found in the atmosphere and three
times that in vegetation. These functions are
worthy of protection due to their socioeco-
nomic and environmental importance. These

complementary services play a fundamental
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role in climate regulation, food production, and
the provision of habitats and natural resources.
Soil is also a living medium with high biodiversity,
where biological activity helps determine soil
structure and fertility, which is essential for it to
perform some of its functions. Alongside water and
air, soil is considered the third environmental
component, as countless forms of life develop in
oronit. Theimportance of soil lies inits numerous
environmental, economic, social, and cultural
functions, making it one of the most important
natural resources on Earth (Jiménez Ballesta,
1998). Unlike air and water, soil is typically subject
to property rights.

Although most people can recognize what the
soil is, several organizations have proposed
definitions that are complementary. One of the
most widely used describes soil as the upper
layer of the Earth’s crust. Generally speaking,
soil is a natural, organized, and independent en-
tity whose constituents, properties, and even
formation are the result of the action of a set of
factors (climate, living organisms including hu-
mans, topography, time, geology, etc.) on a pas-
sive material such as bedrock. From an economic
and geological perspective, soil is considered a
finite and non-renewable resource due to the
extremely slow nature of its formation. It takes
over 1,000 years to generate just 1 to 3 centime-
ters of top soil, highlighting the importance of its
conservation. However, its rate of degradation is
relatively rapid, while its regeneration remains
slow. Despite being a complex medium, soil is
fragile to external aggression.

The European Commission document “Towards a
Thematic Strategy for Soil Protection” (European
Commission, 2002) defines its main functions as
follows:
It is a source of food and biomass production.
It plays a major role in water protection and

gas exchange with the atmosphere.

It is the habitat for numerous organisms and
plays essential ecological roles.

It serves as a base for human activities and is
a key element of the landscape and cultural
heritage.

Itis a source of raw materials.

Soil has the capacity to perform a series of
essential functions in nature: environmental,
ecological, economic, social, and cultural. It also
provides the nutrients, water, and physical
support required for plant growth and biomass
production, playing a fundamental role as a
source of food for living beings. Additionally, it
serves as a platform for human activities by
supporting socio-economic structures and is
part of the landscape and cultural heritage.

The issue of contaminated soil has existed for a
long time, but awareness of soil contamination
due to human activity began to rise after the
1970s, particularly as a result of issues in aban-
doned industrial zones. Even today, industrial
activities remain the leading causes of potential
contamination. A contaminated soil can be de-
fined as one that has exceeded its buffering ca-
pacity for one or more substances or elements,
thereby shifting from being a life-sustaining
and resource-generating system to becoming a
source of various problems for other resources.
Through its natural ability to buffer or deacti-
vate pollution, soil filters, stores, degrades,
neutralizes, and immobilizes toxic organic and
inorganic substances, preventing them from
reaching groundwater, the atmosphere, or en-
tering the food chain. Once this buffering capaci-
ty is exceeded, soil ceases to act as a protective
system and becomes a source of contamination
to organisms, water, and air. When discussing
contaminated soil, it is not appropriate to in-
clude soils affected by natural contaminants

without human influence. The accumulation of
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toxic substances in soil is often of anthropo-
genic origin, though it can also occur naturally.
However, for anthropogenic soil, it is essential
to consider not only what constitutes con-
taminated soil but also what qualifies as a
contaminant. Today, contaminated soils are
considered a priority issue on the environmental
agendas of developed countries.

In recent decades, the scientific community has
adopted a more holistic approach to the concept
of soil functions, assessing not only its productive
capacity but also its role in human and social
well-being (Bouma, 2014; FAO & ITPS, 2015;
Greiner, 2017). This concept acknowledges
that soils have various capabilities beyond their
direct use and can perform multiple functions
depending on their physical, chemical, and bio-
logical properties. The definition of soil function
includes the idea that a specific type of soil must
be capable of fulfilling its role within a natural or
managed ecosystem, and that this multifunction-
ality is key to sustainability and human well-being
(Karlen et al., 1997). The soil functions approach
highlights the need to assess its role not only in
terms of productivity but also in relation to the
ecosystem services it provides, emphasizing the
importance of healthy soils in maintaining eco-
system balance (Greiner, 2017). The concept
of soil functions was adopted in the European
Commission’s Soil Protection Strategy (2006),
which identified seven essential functions that
soil must fulfill to support life and ecosystems.
These include: (i) food and biomass production,
(ii) compound storage and filtering, (iii) provision
of habitats and gene pools, (iv) physical and cul-
tural environment, (v) source of raw materials,
(vi) carbon reservoir, and (vii) archive of geologi-
cal and archaeological heritage. These functions
underline the importance of soil not only in sus-
taining life but also in mitigating climate change

and conserving biodiversity.

Soil originates from bedrock, which is altered
by various factors such as physical weathering
(temperature changes that fracture rocks, water
that expands upon freezing in cracks, and plant
roots that break rock structure) and chemical
weathering, which alters the mineral composi-
tion of the parent rock (hydration, hydrolysis,
oxidation, and dissolution). It must also be noted
that soil forms not only from rock but also from
decomposed plants and animal remains; there-
fore, organisms are also key formation factors.
Over time, the soil evolves toward a steady or
mature state in each of its properties and
characteristics. The time needed to reach this
maturity depends on the soil type and the pro-
cesses involved in its formation.

According to the International Organization for
Standardization (ISO 11074-2015), soil is the
upper layer of the Earth’s crust, composed of
mineral particles, organic matter, water, air, and
living organisms, and serves as the interface be-
tween the land (Geosphere), air (Atmosphere),
and water (Hydrosphere). Because of this com-
plex mix of components, soil is considered an

extremely complex, variable, and living medium.

Soil science emerged as a formal field at the
end of the 19th century. Over the years, various
methods have been developed to correlate dif-
ferent soil types. Notable among them are:
Soil Taxonomy, for soil inventory interpretation.
The FAO Revised Legend, for global and geo-
graphic distribution.
The WRB (World Reference Base), to facilitate
correlations between different soil classification

systems.

From a chemical perspective, soil is an extraor-
dinarily complex mixture of different mineral
and organic substances. It can be divided into

two main components: biotic and abiotic. The
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biotic component consists of living organisms
and undecomposed organic remains, as well as
humic substances (fulvic acids, humic acids, and
humins). The abiotic component is composed of
distinct phases: solid, liquid, and gaseous.

The organic fraction mainly consists of plant
remains at several stages of decomposition and
humic substances, the end products of that de-
composition. These humic compounds possess a
large number of negatively charged groups and
a high specific surface area (800 m%g), making
them responsible for the structural stability of
soils due to their strong capacity to influence
electrostatic cation adsorption, water retention,

and soil particle cohesion.

The gaseous phase includes the soil’s gas con-
tent, which varies depending on porosity and
other factors, such as depth. In upper layers, the
partial pressure of oxygen is similar to that in
the open atmosphere (0.21 atmospheres), but it
decreases with depth, creating an anoxic envi-
ronment. This oxygen deficiency promotes anaero-
bic processes that generate reducing gases (CH,,
N, H,, H,S, etc). In contrast, CO, concentration
increases with depth, reaching partial pressures

of 2-10 atmospheres.

Finally, the liquid phase occupies the soil pores,
displacing the gaseous phase depending on the
medium’s saturation level. Normally, the liquid
phase consists of water—not in pure form—but
enriched with ions, salts, and organic substances.
In practice, it is a solution containing salts and
colloids produced during organic matter decom-
position, and from rainfall, weather, or external
inputs (fertilizers, soluble pollutants, etc.). It
moves by gravity and capillarity between layers
depending on soil permeability. Water retention
capacity also depends on particle size and thus

on soil texture.

Itisimportant to note that all these components
of soil—solid, liquid, gaseous, and biological—are
not isolated but interact in variable ways de-
pending on their proportions and state. In doing
so, they help define the soil's characteristics,
which are the focus of any status assessment
before considering potential restoration. There-
fore, it is necessary to examine the properties of
soil to design monitoring, evaluation, and con-

trol proposals if needed.

In soil science, a soil horizon is understood as a
layer more or less parallel to the earth’s surface,
which presents physical, chemical, and biological
characteristics distinct from adjacent layers (Fig. 1).
These layers form over time as a result of soil
formation processes such as weathering, leaching,
accumulation of organic matter, biological activity,
and interaction with the climate (Laliberté, et al.,
2013).

Each horizon reflects a specific stage or compo-
nent of the soil-forming process and possesses
distinctive properties such as color, texture,
structure, chemical composition, and organic
matter content:
Horizon O (Organic): Composed predomi-
nantly of organic matter in various states of
decomposition. It is found in forest soils, wet-
lands, and areas with high accumulation of
plant residues.
Horizon A (Surface): A mixture of minerals
with humified organic matter. It is the most
biologically active and fertile horizon. It
usually has adark color due to humus content
and is where much of the plant root activity
occurs.
Horizon B (Subsurface or Illuvial): Accu-
mulates materials leached from the upper
horizons (clays, oxides, humus). It can be

denser and have a reddish or yellowish color.
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Fig. 1

This indicates the presence of accumulation
processes or “illuviation”.

Horizon C (Parent Material): Little or not
affected by pedogenetic processes. It consists
of fragmented rock, sediments, or unconsoli-
dated materials, forming the base upon which
the soil develops, but not considered part of
the soil itself.

Horizon R (Bedrock): Solid, unaltered rock
that constitutes the original substrate from
which the parent material may derive, and

which is not considered part of the soil.

Typical complete horizon structure of a soil

— O horizon

— A horizon

— B horizon

— C horizon

— R horizon

Not all horizons are always present in every
soil, and intermediate horizons are often found,
showing characteristics of two contiguous ho-
rizons, indicating a gradual transition between

layers.

The study of soil horizons is fundamental in

various fields because it provides key informa-

tion about soil health, fertility, and capabilities.
In particular, studying horizons is crucial for soil
conservation, as it provides information on risks
of erosion, compaction, or contamination that
can affect the long-term quality and functionality
of the land. Proper soil management based on
this information is essential to ensure its sustainable
use and to preserve natural ecosystems.

Physical properties of the soil play a fundamental
role inits behavior, use, and management. These
properties largely determine the soil’s capaci-
ty to retain water and nutrients, facilitate root
development, allow aeration, regulate tempera-
ture, and resist erosion. Among them, structure,
color, depth, temperature, texture, consistency,
porosity, and density stand out, each providing
key information about soil conditions and its
suitability for various agricultural and ecological
uses (Martin-Duque et al., 2015).

Soil structure is the way in which the particles
(both mineral and organic) that make up the
soil bind together to form aggregates with their
corresponding spaces between them (pores).
The pores represent about 50% of the soil
volume and act as channels through which wa-
ter circulates and serve as habitat for soil fauna.
Soil structure directly affects aeration, water
movement within the soil, heat conduction, root

growth, and resistance to erosion.

Color is usually the easiest property to charac-
terize. Althoughitdoes not directly influence the
behavior and use of soil, it can serve to indirect-
ly assess some other properties (Weil & Brady,
2017). For example, it is used to differentiate se-
quences in a soil profile, evaluate drainage status,

and detect the presence of salts, carbonates,
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and organic matter. Soil color depends on its
solid components and varies with moisture
content, organic matter present, and the oxida-
tion state of minerals. The main substances that
give soil its color are oxides, sulfides, sulfates,

carbonates, and humus.

Black or dark color is due to organic matter. In
fact, it is commonly accepted that the darker the
surface horizon of the soil, the higher its organ-
ic content is assumed to be. If the dark color is
irregularly localized in nodules or specific ar-
eas, it is attributed to the presence of iron and
manganese compounds. White or whitish color
is due to carbonates, gypsum, or more soluble
salts. When found in eluvial horizons, it is rea-
sonable to consider that there has been leaching
of sands, composed mainly of quartz and possi-
bly feldspars. Yellowish colors are attributed to
hydrated iron oxides bound to clay and organ-
ic matter. Reddish colors are explained by the
presence of ferric oxides such as hematite. Gray
and reddish-brown colors indicate the presence
of ferrous and ferric compounds. Greenish-gray
and bluish colors correspond to ferrous com-
pounds and clays saturated with Fe?*.

To obtain an accurate and repeatable descrip-
tion of soil colors needed for classification and
interpretation, edaphologists compare a soil
sample with standard color chips from Munsell
color charts.

The effective depth of a soil is the space in which
the roots of common plants can penetrate with-
out major obstacles, with the aim of obtaining
the essential water and nutrients. Such infor-
mation is of great importance for plant growth.
Most plants can penetrate more than one meter,
if soil conditions allow it.

For planning its use, soils can be classified into
four groups according to their effective depth
(Table 1):

Table 1
Soil depth classification

Soil Depth Depth
Classes m
Deep soil >1
Moderately deep soil 0.6-1.0
Moderately shallow soil 0.25-0.60
Shallow soil <0.25

Soil temperature is not a fixed value and
varies depending on several factors, such as
color, slope, vegetation cover (bare soil warms
up more quickly, while any additional layer that
limits evaporation helps lower its temperature),
compaction, texture (clay generally has a higher
heat capacity than sand when water content
and density are equal), moisture, the presence
of organic matter (which enhances water reten-
tion and darkens the soil, leading to higher
temperatures), and the amount of sunlight it
receives.

Soils with higher temperature regimes tend to
show greater cation exchange capacity due to
the breakdown of organic matter. The warmer
the soil, the more water-soluble phosphorus
is available to plants; in contrast, cooler soils
tend to be deficient in phosphorus. Elevated
temperatures also lead to clay dehydration and
the formation of cracks. As soil temperature in-
creases, so does the release of carbon dioxide;
these cracks reduce water infiltration into the
soil profile. Additionally, temperature plays a key
role in determining vegetation distribution.

Introduction
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Fig. 2

USDA Soil Texture Triangle showing percentages of clay, silt and sand
in the twelve basic texture classes

Table 2

Common particle size classifications from United States Department of Agriculture
(USDA) and International Society of Soil Science (I1SSS)

nents of different shapes and sizes such as sand,
silt, and clay (Fig. 2). The interest in knowing the
particle size distribution lies in inferring other
properties and characteristics directly related
to soil use and behavior, such as water circulation
ease, risks of water and wind erosion, nutrient
storage capacity, availability of water storage
for plants and vegetation species, likelihood of

surface crust formation and, ultimately, soil fertility.

To separate the different particle size fractions
(clay, silt, and sand), various organizations have
proposed criteria, not always entirely consistent, to
establish the boundaries between each fraction.
One of the most widely accepted corresponds to
the definition by the United States Department of
Agriculture (USDA) (Tables 2 and 3).

According to these criteria, the solid fraction is
made up of sand, silt, and clay, represented in

the texture triangle. Sand, with diameters from

Table 3
USDA Simple particle size classification

Particle Size USDA ISSS Particle Size USDA (Simple)
Classes mm mm Classes mm
Gravel >2 >2 Sand 0.005-2.000
Very coarse sand 1-2 Silt 0.002-0.005
Coarse sand 0.5-1.0 0.2-2.0 Clay <0.002
Medium sand 0.25-0.50
50 to 2000 micrometers, constitutes the
Fine sand 0.10-0.25 0.02-0.20 coarse fraction of the soil. They give the
Very fine sand 0.05-0.10 soil a low moisture retention capacity,
Silt 0.002-0.05 0.002-0.020 high drainage, low nutrient retention, low
water supply capacity, excessive aeration,
Sla) ROlo02 ROI02 susceptibility to surface crusting and ero-

Texture is one of the most stable and homoge-
neous properties and serves as a basic guide for
determining each soil horizon. It is determined

by the relative proportion of inorganic compo-

sion, ease of mechanical tillage, and so on.

Regarding silt, these are particles with diameters
ranging between 2 and 50 micrometers. This
fraction shows greater chemical and hydrody-
namic activity than sand but less than clay. Soil
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Fig. 3

richinsilt generally presents good conditions for
agricultural activity.

Finally, clay, with diameters smaller than 2
micrometers, provides the greatest physical,
chemical, and hydrodynamic activity in soils.
Soils rich in this particle size tend to have poor
drainage.

1.2.4.6 Soil consistency

Consistency is the property that defines the
soil's resistance to deformation or rupture
when force is applied. It is an important factor
influencing soil workability and plant root pene-
tration. Depending on its moisture content, soil
consistency can vary widely, typically classified
as hard, very hard, or soft. Therefore, it is
measured based on a hierarchy of moisture con-
ditions—air-dry, moist, and wet—since the soil’s
resistance changes significantly with its water
content. This characteristic plays a crucial role
in agricultural management, construction, and
erosion control.

Diagram illustrating soil porosity

us Porous
Non-permeable

meabie

Porosity

1.2.4.7 Soil porosity

The soil's pore space refers to the proportion
of the soil volume not occupied by solids (Fig.
3). Within the pore space, based on diame-
ter, macropores and micropores can be distin-
guished, where water, nutrients, air, and gases
can circulate or be retained. Macropores do not
retain water against gravity; they are responsible
for drainage, soil aeration, and constitute the
space where roots form. Micropores retain water,
some of which is available to plants.

1.2.4.8 Soil density

It can be defined as the weight per unit volume
of the soil. Density is correlated with the vege-
tation supported by the soil; the denser it is, the
greater the amount of vegetation. Its determi-
nation allows for estimating the total porosity of
the soil. There are two types of density: particle
density and bulk density. Particle density,
referring to the dense soil particles, varies with
the proportion of elements constituting the soil
and is generally around 2.65 g/cm®. A high bulk

Porous
Permeable

Introduction
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Table 4

density indicates a compacted soil or a high con-
tent of granular particles such as sand. A low
bulk density does not necessarily indicate a fa-

vorable environment for plant growth.

Electrical conductivity (O) is the ability of an
aqueous solution to conduct an electric current.
Itis aproperty of solutions that is closely related
to the type and valence of the ions present, their
total and relative concentrations, their mobility,
the temperature of the liquid, and its dissolved
solids content. Therefore, measuring electrical
conductivity is an indirect way to assess the
salinity of water or soil extracts. According to
the values of electrical conductivity, pH, and
exchangeable sodium percentage, soils can be
classified into the following categories (Porta
Casanellas, et al., 2008; Table 4).

Types of soils according to their electrical conductivity

pH, or potential of hydrogen, determines the
adsorption of protons (H*) by soil particles,
which directly influences the soil’'s chemical
properties and indicates whether it is acidic or
alkaline. The pH value ranges from O to 14, with
pH = 7 indicating a neutral soil solution. Values
below 7 indicate acidity, while values above 7 in-
dicate alkalinity. The further the measurement
is from the neutral point, the greater the acidity
or alkalinity. It is the main indicator of nutrient
availability for plants, influencing the solubility,
mobility, and availability of nutrients as well as
other inorganic constituents and contaminants
present in the soil (Puca-Pacheco et al., 2022).
Soil pH values typically range from 3.5 (ul-
tra-acidic) to 9.5 (very strongly alkaline) (Table
5). Very acidic soils (<5.0) tend to have elevated
and toxic amounts of aluminum and manganese.

Electric ngﬁlags‘gg Description

They are characterized because their saturation extract has an electrical conductivity value

Colinelaails equal to or greater than 4 dS/m at 25 °C and the amount of exchangeable sodium is less than

15%. They usually have a crust of white salts, which may be chlorides, sulfates and carbonates

of calcium, magnesium and sodium.
They are black due to their high sodium content. Their exchangeable sodium percentage is
Sodic soils | higherthan 15, the pH is between 8.5 and 10.0, and the electrical conductivity is below 4 dS/m
at 25°C.
Saline-sodic soils They have an electrical conductivity of 4 dS/m at 25°C, an exchangeable sodium concentration
of 15% and a variable pH, commonly higher than 8.5.

Chemical characteristics are also varied and
provide crucial information for assessing soil
quality and condition (Daniels & Zipper, 2010).
Among the most important are pH, cation ex-
change capacity (CEC), organic matter content,
the presence of macronutrients (Ca, K, S, H, C, O,
N), and micronutrients (Fe, Cu, Zn, Mo, Co, Mn,
B) (Maharana, 2013; Brown & Gilkes, 2010).

Similarly acidic values are identified in soils
affected by coal mining (Mukhopadhyay et al.,
2016; Roberts et al., 1988). Strongly alkaline
soils (>8.5) tend to disperse because high
pH levels cause clay particles to separate and
remain suspended in water rather than forming
stable aggregates. This leads to poor soil struc-
ture, reduced permeability and porosity, surface

crusting, and ultimately hampers water infil-
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Table 5

tration and root growth. The activity of soil or-
ganisms is inhibited in very acidic soils, and the
ideal pH value for agricultural crops is around
6.5 (FAO Portal). Soil pH can vary if chemical
reactions occur among its components. For
example, pH variations from 8 to 3 have been
observed due to pyrite oxidation, or conversely,
an increase in pH after carbonate dissolution
(Sheoran et al., 2010).

According to the USDA, soils can be classified
according to pH as shown in Table 5:

Types of soils according to their pH (USDA)

USDA Classification pH

Ultra acidic <35
Extremely acidic 3.4-44
Very strongly acidic 4.5-5.0
Strongly acidic 5.1-5.5
Moderately acidic 5.6-6.0
Slightly acidic 6.1-6.5
Neutral 6.6-7.3
Slightly alkaline 7.4-7.8
Moderately alkaline 7.9-84
Strongly alkaline 8.5-9.0

Very strongly alkaline >9.0

Cation Exchange Capacity (CEC) is the measure
of a soil’s ability to retain positively charged
jons (cations) such as calcium (Ca*), magnesium
(Mg?*), sodium (Na*), and potassium (K*). These
ions are held by electrostatic forces on the sur-
faces of soil particles, primarily clay minerals and
organic matter (Fig. 4). CEC is a key indicator of
soil fertility (Table 3), as it determines the availability of
nutrients to plants (Mukhopadhyay et al., 2016).

Table 6

Introduction

Types of soils according to their Cation Exchange Capacity (CEC) level

CEC level

CEC
(meq/100g)

Observations

Very low

<5

Very low nutrient holding capacity
indicating sandy soils with little
or no clay or organic matter.
Nutrients are easily leached.

Slightly low

5-10

Slightly low nutrient capacity
indicating a clay mineral soil.

Normal

>10-20

Suitable for high nutrient retention
capacity indicating soils that tend
toincrease clay content.

High

>20

Very high levels are normally
found in very heavy soils with a
high clay content or with a high

level of organic matter. Nutrients
may bind strongly to soil particles
and availability may be restricted.

In most soils, the percentage of organic matter
is small and varies over time, but its effects on
the physical and chemical properties of the soil
are significant, although they depend largely on
temperature and moisture conditions. Or-
ganic matter provides energy and components
for most soil organisms (Weil & Brady, 2017) and
is widely accepted as one of the main agents

responsible for soil fertility.

According to Bradshaw & Chadwick (1980), or-
ganic matter content facilitates rehabilitation
processes in soils altered by mining activity, as it
helps retain water, enhances cation exchange ca-
pacity,and reduces compaction (Arranz-Gonzalez,
2011). Table 7 shows the levels of organic matter

in soil.

Table 7
Organic matter (OM) critical levels in soils

Critical levels

of OM %OM
Low <1.5%
Medium 1.5-3%

High >3%
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The nutrient richness of a soil is determined by
the availability of nutrients to be absorbed by
plants. The 16 essential nutrients needed for
plant growth and development are typically
divided into macronutrients and micronutrients
based on the quantities plants require
(Channarayappa & Biradar, 2018; Yahaya et
al., 2023). Macronutrients are required in large
quantities and include Carbon (C), Hydrogen
(H), Nitrogen (N), Phosphorus (P), Potassium
(K), Calcium (Ca), Magnesium (Mg), and Sulfur
(S). Micronutrients, on the other hand, are needed
in smaller quantities, although deficiencies can
lead to nutrient shortages and excesses can
cause toxicity. These include Iron (Fe), Zinc (Zn),
Manganese (Mn), Boron (B), Copper (Cu), Mo-
lybdenum (Mo), and Chlorine (Cl).

The biogeochemical cycles of phosphorus (P)
and nitrogen (N) are particularly relevant, as
they are among the key factors determining
plant growth. In this regard, the EU Directive on
Soil Monitoring and Resilience, which considers
nutrient excess as one of the main indicators
of soil degradation, focuses primarily on the
presence of these two elements. Let us examine

them in detail.

Nitrogen: Most of the nitrogen in soil
is present as part of organic molecules;
therefore, its distribution is closely linked
to the distribution of soil organic matter.
Nitrogen is essential for the plant growth
cycle. In plants, it combines products of
carbohydrate metabolism to form amino
acids and proteins. As a fundamental com-
ponent of proteins, nitrogen is involved in
all major plant development processes and
is critical for yield production. The levels of
nitrogen availability in soils are described
in Table 8 (Castro & Gomez, 2013).

Table 8
Critical levels of N in soil

Availalleaz,l‘i:ls; % N total
Very Low 0.00-0.10
Low 0.10-0.15
Medium 0.15-0.25
High 0.25-0.30

Very High >0.30

Phosphorus: Among nutrients, phosphorus
ranks second only to nitrogen in its impact
on the productivity and health of terrestrial
and aquatic ecosystems. The total amount
of phosphorus in most native soils is low, and
most of the phosphorus present is in forms
that are not available to plants. It is essential for
photosynthesis and other chemical-physio-
logical processes. The levels of phosphorus
availability in soil are described in Table 9
(Castro & Gomez, 2013).

Table 9
Critical levels of P in soil

el | e
Very Low <10
Low 10-20
Medium 20-40
High >40

Soil organisms play a crucial role in nutrient cy-
cles as they directly participate in the dynamics
of soil organic matter, carbon capture, and modi-
fication of the soil’s physical structure. In a way,
it can be said that their involvement is funda-
mental in regulating the water regime and in the

proper absorption of nutrients by vegetation. In
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fact, some of the microorganism’s present help
break down organic matter and transform ni-
trogen, phosphorus, potassium, and sulfur into
forms more readily accepted by plants, in a pro-
cess known as humification. Soil fauna is very
diverse, and so are their effects on the soil; for
example, nematodes and earthworms may affect
plants but benefit soil structure.

Having described the soil's physical, chemical,
and biological properties, the next goals are to
understand the regulations and laws available
for its protection, review the main impacts that
mining can have on these properties, and explore
methodological proposals for its preservation

and rehabilitation.

The properties listed above are affected during
mining activities, as these cause soil compaction
with loss of structure, chemical deficiencies,
anomalies in pH values, and reductions in biodi-
versity and organic matter content due to the
removal of vegetation cover. This impact is
inevitable because extracting minerals from
deep deposits requires altering the natural envi-
ronment (Wheeler & Miller, 1990). In modern
society, the extractive industry plays a strategic
role as a supplier of basic raw materials to other
industries, so supply issues with these mineral
raw materials can affect industrial operations
(MITECO, 2022). However, the major challenge,
based on best practices in extraction, is to balance
mineral benefits with the protection, remediation,

and restoration of the soil (Banning et al., 2008).

To evaluate soil quality status, it is necessary to
establish and monitor various indicators. These
are crucial to assess soil health and its capacity
to perform essential life-supporting functions
and are divided into categories including physical,
chemical, and biological aspects. Physical indicators

include soil texture, structure, and density, while

chemical indicators focus on nutrient availability,
pH, and the presence of contaminants such as
heavy metals. Biological indicators include mi-
crobial biodiversity and biological activity that
influence soil regeneration and fertility. Continuous
monitoring of these indicators is fundamental
to implementing management practices that
ensure the long-term preservation of soil

functions.

Despite its sensitivity and slow formation, soil
health can be maintained or even improved
through the implementation of appropriate
measures. In fact, soil health directly contributes
to achieving various Sustainable Development
Goals (SDGs), especially SDG 15, which aims to
combat desertification, restore degraded land
and soil, and achieve land degradation neutrality
by 2030. Healthy soil is also crucial for climate
neutrality, reversing biodiversity loss, and en-
suring food security, as it underpins long-term
agricultural production. Moreover, healthy soil
supports a green and circular economy and pro-
tects human health by preventing water and air
contamination.

Between 60% and 70% of soils in the European
Union are in an unhealthy state (European
Commission, 2025) and continue to degrade
due to unsustainable land management practices
driven by population growth, urban expansion,
deforestation, pollution, and poor waste
management. Across Europe, soil degradation
is currently caused by the following factors:
Compaction: Pressure from heavy machinery
or intensive grazing reduces soil porosity,
affecting its ability to absorb water and pro-

moting erosion.

Introduction
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Erosion: Although a natural process, human
activity accelerates erosion, leading to loss of
soil function and damage to aquatic ecosystems.
Contamination: The introduction of pollutants
into the soil, either from point sources (such
as mining or landfills) or diffuse sources (such
as agriculture and atmospheric deposition),
impacts both human health and ecosystems.
Loss of organic matter: Agricultural and
forestry activities, especially intensive prac-
tices, reduce the amount of organic matter in
the soil, decreasing fertility and resistance to
erosion.

Salinization: The accumulation of salts, espe-
cially in irrigated lands in arid areas, lowers
soil fertility and affects its capacity to support
vegetation.

Soil sealing: The construction of infrastructure
covers the soil, preventing key functions such
as rainwater absorption and contributing to
ecosystem fragmentation, which is practically
irreversible.

Biodiversity reduction: The loss of soil
organisms, essential for fertility, increases
vulnerability to degradation processes such
as erosion.

Natural disasters: Floods and landslides
worsen erosion and resource loss, severely
affecting agricultural lands and ecosystems,

especially in vulnerable areas.

It is important to highlight that 4.2% of the EU
territory has been converted into artificial soil
(see Directive on Soil Monitoring and Resilience
due to various human activities, emphasizing
the urgency of addressing this issue. Moreover,
soil degradation has not only environmental im-
plications but also directly affects human health:
particulate matter in the air, generated by wind
erosion of degraded soils, can cause respirato-
ry and cardiovascular diseases.

Soil deterioration transcends national borders
and affects all member states with varying levels
of degradation. The decline in soil quality poses
significant threats to human health, the environ-
ment, climate stability, the economy, and social
well-being. Food and nutritional insecurity in-
crease, water quality and quantity are compro-
mised, drought and flood impacts intensify, bio-
diversity and biomass loss worsen, and carbon
emissions to the atmosphere rise, contributing
to poverty, social instability, and migration.

The European Soil Charter (Council of Europe,
1972) marked the beginning of Europe’s con-
cern about soil degradation and contamination
caused by human activities. Since then, the Eu-
ropean Commission and other organisms have
adopted various strategies, plans, and legisla-
tion aligned with the proper management, pro-
tection, and recovery of the soil. Some of the
most relevant are the following:
World Soil Charter (FAO, 1982): Adopted at
the 21st FAO Conference in November 1981
and published in 1982, the World Soil Charter
establishes fundamental principles for the
optimal use, conservation, and enhancement
of soil productivity. It highlights the essential
soil functions, including agricultural productivity,
water conservation, climate regulation, and
biodiversity support.
EU Thematic Strategy for Soil Protection
(European Commission, 2006): Presented
withinthe framework of the Sixth Environmental
Action Programme, this strategy addresses
threats identified since 2002, such as erosion,
loss of organic matter, contamination, salini-
zation, compaction, biodiversity loss, sealing,



MANAGEMENT

landslides, and flooding. It emphasizes these
threats as primary risks to soil structure and
function.

EU Soil Strategy (European Commission,
2021): Published on 17 November 2021 under
the title “EU Soil Strategy for 2030: Reaping
the benefits of healthy soils for people, food,
nature and climate,” this strategy focuses on
soil health and ecosystem services. It pro-
motes the increase of soil organic matter,
restoration of degraded soils, reduction of
sealing and erosion, and the introduction of a
future “Soil Health Law.”

“A Soil Deal for Europe” EU Mission: EU
Missions are a way to provide concrete solutions
to some of the greatest challenges by 2030
within the Horizon Europe framework. The
EU Mission for Soil aims to promote healthy
soil by 2030 through the creation of 100 living
labs and lighthouses. This initiative highlights
the crucial role of soil in supporting life, food
systems, clean water, biodiversity, and cli-

mate resilience.

Although current EU policies have positively
contributed to improving soil health, there are
currently no harmonized data on soil health
derived from soil status monitoring. Member
States use different sampling methods, indi-
cators, and analyses, resulting in a lack of con-
sistency and comparability within the EU. To
address this issue, the European Union has
adopted a comprehensive approach to tackle
soil degradation problems through key regula-
tions such as the Nature Restoration Regulation
(EU) 2024/1991) and the new proposal for the
Soil Monitoring and Resilience Directive.

Regulation (EU) 2024/1991 is introduced within
the framework of the European Green Deal and
the EU Biodiversity Strategy for 2030. Its main

objective is to restore degraded terrestrial
and marine ecosystems across the EU through
the implementation of mandatory restoration
measures. The Regulation sets measurable
targets and binding deadlines at both national
and EU levels, such as restoring at least 20%
of degraded land and marine areas within the
EU by 2030, and all ecosystems requiring res-
toration by 2050. To achieve these goals, clear
obligations for planning, implementation, and
monitoring are established. These plans must
include the identification of restoration areas,
the measures to be applied, and monitoring

mechanisms.

One of the Regulation’s most relevant elements
is its effort toward methodological harmoniza-
tion for assessing ecosystem status, especially
regarding habitats and species protected un-
der the Habitats Directive (92/43/EEC) and the
Birds Directive (2009/147/EC). This assessment
must be based on robust methods, including the
integration of data from terrestrial and satellite
observation systems, harmonized statistical
tools, and the use of standardized classifications
to describe marine habitat subtypes with preci-

sion and technical consistency.

Furthermore, the Regulation includes harmo-
nized indicators for agricultural and forest eco-
systems. These indicators must be applied in
a standardized manner by all Member States,
ensuring comparability at the European scale. In
this process, it is important to maintain consist-
ency with other EU environmental regulations,
such as mitigation and risk reduction measures
established in environmental impact assess-
ments under Directive 2011/92/EU, particularly

concerning adverse effects on soil.

The proposed Directive on Soil Monitoring and

Introduction
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Resilience introduces a common legislative
framework with the long-term goal of achieving
healthy soils across the EU by 2050. The Direc-
tive is built around several key objectives aimed
at ensuring sustainable soil management and
protection throughout Member States:
Establish a solid and coherent soil monitoring
framework.
Address all aspects of soil degradation.
Achieve the aspirational goal of healthy soils
by 2050.
Guarantee the provision of ecosystem services
focusing on:
- Environmental, social, and economic
needs.
- Climate change, biodiversity, resilience,
including improving resistance against
natural disasters, ensuring food security,

and protecting human health.

One of the fundamental pillars of this Directive
is the creation of a harmonized soil monitoring
system based on standardized procedures for
sample collection, analysis of key parameters,
and assessment of soil health status throughout
the territories of the Member States.

To implement this, the Directive establishes the
need to define soil units and soil districts, con-
ceived as homogeneous entities in terms of soil
type and land use. Based on this, a geostatistical
sampling plan must be designed to ensure
adequate representativeness, allowing reliable
characterization of soil status in each unit. This
facilitates the monitoring of soil evolution and
identification of critical areas requiring inter-

vention.

For consistent evaluation of soil health, the Di-
rective defines a minimum set of common soil
descriptors (e.g., organic carbon content, bulk

density, compaction, water retention, presence

of contaminants, etc.) with harmonized quanti-
tative criteria. While Member States may adjust
some thresholds based on specific conditions,
they must operate within a common methodological
framework that guarantees data comparability
across the EU.

Analytical quality and data interoperability are
strengthened by requiring that laboratories in-
volved comply with recognized quality management
systems. Additionally, the Directive envisions
the development of a European digital data por-
tal on soil health, centralizing and standardizing
data access collected by Member States. This
portal will support research, environmental
management, and land-use planning, thereby
making soil health a tangible and comparable
indicator across the EU. This integration also
enhances the alignment of soil protection with
other EU policies, including agriculture, climate,
and biodiversity.

Monitoring and assessment responsibilities are
allocated to competent authorities within the
defined soil districts and units. Methodologies
for sample surveys and descriptor analyses are
standardized to ensure reliable data collection.
The EU supports these efforts through initiatives
such as the LUCAS soil survey and the Coper-
nicus program, which provide detailed and
accurate soil information. Monitoring will be
conducted in regular cycles, accompanied by
mandatory reporting to ensure transparency
and facilitate informed decision-making to pro-

mote sustainable soil management.

Finally, in the specific context of mining and
quarrying, the Directive emphasizes the impor-
tance of coordinating soil protection measures
with broader EU strategic goals, particularly
the secure and sustainable supply of critical

raw materials. This ensures that soil resilience
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and protection are integrated coherently within
extractive industry activities, minimizing envi-
ronmental impacts while supporting European

industry needs.

Mining is one of the oldest human activities.
Since the Paleolithic era, humans have ex-
tracted rocks to make tools and minerals to
prepare pigments used to decorate the caves
where they lived. Therefore, it can be said that
the development of mining has evolved along-
side humanity itself. Today, practically all the
objects we use — appliances, means of transport,
housing, medicines, among others — require

minerals or industrial rocks.

Mining, as an industrial activity, consists of the
selective and profitable extraction of mineral
resources present in the Earth’s crust. These
resources are classified as metallic and non-me-
tallic, or as energy and non-energy minerals.
Extraction can be carried out through underground
mining or open-pit mining (Fig. 4), methods that
differ not only in technique but also in envi-

ronmental implications.

In recent years, global economic growth has sig-
nificantly increased the demand for mineral raw
materials, reinforcing the strategic role of this
activity, especially in the field of metallic mining,

which has seen considerable expansion.

This growing demand for energy, minerals, and
metals has caused significant alterations to the
Earth’s surface. Modern society, with greater

environmental awareness, demands that dis-

turbed areas be regenerated for sustainable use,

Introduction

Fig. 4
Open-pit mining examples (courtesy of Asociacion Nacional de
Empresarios Fabricantes de Aridos. ANEFA)




MANAGEMENT

Introduction

making the abandonment of contaminated min-
ing and quarrying sites unacceptable.

The environmental impact of underground
mining is generally less severe than that of
surface mining. In broad terms, mining and
quarrying activities typically cause environ-
mental impacts on soil, air, and water resources,
as well as on their biotic components. Addi-
tionally, impacts may occur on nearby human
populations due to dust inhalation or effects
caused by contaminated soils. These impacts—
atmospheric, hydrological, edaphic, faunal, and
landscape-related—will be discussed here, em-
phasizing those aspects directly or indirectly
linked to soil quality.

Atmospheric impacts stem from the emission
of solid particles, gases, and noise. Solid parti-
cles originate from blasting operations used to
open or prepare mining and quarrying fronts, as
well as from internal transport within the mine
or quarry of extracted minerals, rocks, or waste
material. While the most significant implications
are those affecting workers’ health, an excess of
these particles can also harm plant growth. To
minimize this negative effect, revegetation of
temporarily or permanently abandoned areas
must be carried out. This revegetation requires
knowledge of the soil quality where it will take
place (Torroba-Balmori et al., 2015).

Another possible impact of mining and quarrying
is on the landscape. Extractive activities alter
the original morphology of the terrain, creating
slopes and even vertical walls. This, in itself,
changes the original soil and its vegetative cover.
Furthermore, the removal of large volumes of
waste material requires storage, occupying land
areas that, due to lower cohesion, are prone to

erosion and displacement by water or wind.

Regarding hydrological impacts, mining and
quarrying activities can induce modifications
in surface watercourses, resulting in changes
to the water balance due to altered infiltration
and runoff caused by changes in soil and vegeta-
tion. To address this issue, the establishment
of vegetative covers adapted to soil conditions
will be necessary. In all these cases, soil evalua-

tion is essential.

Finally, edaphic impacts are the most significant.
Soils resulting from mining and quarrying
operations are composed of a variable and
heterogeneous mix of residual materials, mine
waste, etc., that are not adapted to the original
characteristics of the area prior to the start of
extractive activities. These altered soils present
major challenges for the development of plant

species.

Mine soils are those that have been modified,
altered, or degraded by activities related to
mineral extraction. In other words, they consist
of any type of covering material (subsoil, mine
waste, etc.) that remains on the surface of a
mining or quarrying site as a medium for vege-
tation growth (Severson & Gough, 1983). These
soils are therefore a type of anthropogenic soil
or Anthrosols, according to the World Reference
Base for Soil Resources (WRB).

As the life cycle of mining and quarrying activities
progresses, especially upon their conclusion,
the physical, chemical, and biological properties
of natural soils become compromised, resulting
in an environment conditioned by human activity
(Tsolova et al., 2014). The new soil formed is a
mixture of layers from the original soil—although
not necessarily from the same location—com-
bined with fragments of excavated rock. In most

cases, these new surfaces are colonized by
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vegetation spontaneously or are revegetated to

initiate soil formation.

It can thus be stated that in extractive industry
areas, mineral resources coexist with natural re-
sources such as water bodies and natural soils.
One outcome of these activities is the formation
of a specific type of soil characterized by human
influence—mine soils. These soils result from the
interaction between the original natural soil be-
fore the start of mining and quarrying, the mining
waste, and the extractive operations (excavation,

loading, transport, processing, etc.).

It is important to note that the characteristics of
mine soils are not homogeneous; they depend on
the properties of the original soil prior to alteration,
the type of mining or quarrying operation, and
more specifically, the type of mineral extracted.
A fundamental characteristic of these soils is
the presence of highly variable features in their
profiles that depend on the geological materials
mobilized during the mining phase, as well as the
mining practices used (Pellegrini et al., 2016).
Therefore, mine soil originates from any kind of
mining-related material (surface layers, subsoil,
waste rock, or any combination) deposited over

the original geological or soil substrate.

Since the 1970s, there has been a trend to in-
clude mine soils as a distinct category within
conventional soil classification systems. This
change was significant, as before they were often
considered merely as spoil heaps or mining
waste. From the mid-1980s, the Soil Conservation
Service of the U.S. Department of Agriculture
(USDA) began defining soil series in mining
areas and mapping phases of these series, which
helped recognize mine soils as anthropogenic or
anthropogeomorphic soils, or even as technogenic
surface formations (Shishov et al., 2001).

The FAO World Reference Base for Soil Re-
sources (1998) classifies these soils as “young
soils formed from technogenic materials or soils
formed from natural materials that have been
disturbed or mixed with technogenic materials,
where significant pedogenesis has occurred
since deposition.” Likewise, the WRB (2015)
places mine soils within the Technosols group,
characterized by properties and pedogenesis
influenced by external technical factors intrinsic
to mining and quarrying operations.

Most areas dominated by mine soil consist of
coarse elements but also include fine particles,
which may vary greatly in origin (mobile particles
of various sizes, fragmented mineral material,
variable water content, organic matter, and
air) (Spangler & Handy, 1982). The formation
of these soils may have been accidental, impro-
vised, or rigorously planned through the dump-
ing or spreading of fragmented or unconsolidated

geological materials, soil layers, or both.

This view aligns with the soil definition adopted
by the Soil Survey Division Staff (1993): “Soil is
the collection of natural bodies on the earth’s
surface, in places modified or even created by
humans from earthy materials, containing living
matter, and supporting or capable of supporting
vegetation”.

Although this pedological approach to
mining-affected lands originated from coal
mining studies (Ammons, 1979; Schafer et al.,
1979),itis now generalized to all types of mining
and quarrying.

Recognizing mine soils is important because it
encourages the use of soil science methods to
understand, measure, interpret, and define their
limitations and potential, supported by other

disciplines such as environmental geochemistry.

Introduction
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Some of the characteristics exhibited by these
soils altered by mining and quarrying activities

are presented below:

Altered texture: Changes in texture (po-
rosity, permeability) occur due to particle
deposition processes, swelling, compaction,
etc. Mining activities tend to cause particle
size selection, resulting in homometric ma-
terials, with an abundance of coarse particles
(>2 mm diameter). The abundance of coarse
materials depends on the geological cover
materials and the extraction processes
at mining fronts and subsequent handling
(transport and dumping of waste). The
presence of coarse materials is generally
seen as a limitation for plant species develop-
ment, although some studies show that with
appropriate restoration techniques (such as
the inclusion of small volumes of sand),
successful reforestation is possible (Limstron,
1960; Ashby & Vogel, 1994).

Altered structure: The loss of colloidal com-
ponents, especially organic matter, reduces
or even eliminates biological activity, causing
soil particles to lose aggregation and become
loose, independent, or form massive blocks.
Consequently, soil structure is affected by
compaction, horizon mixing, particle depo-
sition, among other processes. It is unlikely
to retain a profile identical to the original;
almost certainly, its position, thickness, and
deeper layers will differ. This compaction is
mainly caused by heavy machinery used in
mining. Compaction reduces macroporosity,
increasing root resistance, hindering infiltra-
tion, drainage, water and nutrient retention,
and aeration. All these factors negatively
affect the survival and growth of trees and
other plant species (Pond, 2005).

Anomalous chemical properties: Mine soils
are characterized by extreme values in some

chemical properties. They generally under-

go intense and accelerated oxidation, which
leads to a significant release of H* ions (most
oxidation reactions acidify), drastically lowering
soil pH (<3). Acidic conditions create a hy-
peracidic and hyperoxidizing environment,
causing intense mineral attack. lonic species
typical of these environments appear, highly
toxic to aquatic and terrestrial organisms
(Al**, Fe**, Mn**, Pb**, Cu*, Zn**). In summary,
these conditions make the environment
unsuitable for organism development.

Low nutrient content: Removal of vegetation
and the soil’s top layer to access minerals ex-
poses the underlying soil to wind and water
erosion. This can lead to loss of fertile soil and
reduce the land’s ability to support plant life.
Deficiencies are often identified in the most
important biogenic groups (C, N, and P) due
todrastically reduced biological activity. Also,
since the most biologically active topsoil ho-
rizons are removed during mining, biological
activity is diminished.

Depth: Soil horizons are altered during
stripping operations, sometimes mixing different
horizons. Soil quality and homogeneity are
reduced when depositing waste materials.
Loss of topsoil horizons due to induced ero-
sion may also occur. Soil depth is decreased,
leaving only a thin layer after topsoil removal.
This limits root development to a narrow
surface layer, hindering growth.

Altered cation exchange capacity: Low cation
exchange capacity is identified, due to the
scarcity of clay fractions and insufficient or
poorly developed organic matter.

Low water retention: Due to the lack of
materials with adequate properties and the
absence of soil structure, the soil's water
regime varies because of the aforementioned
texture and structure changes, as well as
fluctuations in the water table.

Presence of toxic compounds: These
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compounds hinder rapid colonization of de-
posits. One of the most serious problems is
contamination by heavy metals (Cu, Pb, Cd,
Hg, etc.), metalloids (such as As), and hydrocar-
bons generated by liquid and solid effluents.
Metal mobility and availability depend on
soil characteristics, an important factor in
contamination studies. Soils with higher clay
content exhibit lower metal mobility due
to adsorption, while sandy soils show
less adsorption, allowing greater mobility
to deeper layers (Ramirez Nifio & Navarro
Ramirez, 2015). For example, soils and ma-
terials associated with open-pit coal mining
present problems of phytotoxicity due to high
metal concentrations (Ghose & Kundu, 2004).
These heavy metals reduce root respiration,
water and nutrient supply, and inhibit cell di-
vision in root meristems (Arranz-Gonzélez,
2004; Clark & Clark, 1981).

In summary, mining activities cause intense
modifications in soils that often lead to their
destruction, leaving materials with severe
limitations that usually require corrective
measures to restore at least the original quality
and properties of the soil before mining began.
Since the physical, chemical, and biological
properties of mining-affected soils are altered,
as shown above, they often cease to be recog-

nized as natural soils and are identified as mine soils.

The evaluation, monitoring, and control of the
soil in areas where extractive activities occur
must consider several aspects, as will be detailed
in following pages. First, the original natural soil
existing before mining operations must be
characterized. Then, the changes caused by
mining operations such as mineral removal—
whether by mechanical methods or blasting—
internal transport, and subsequent treatment of

extracted material must be recognized. During

these phases, mainly physical properties (texture,
structure, depth, etc.) are altered. Consequently,
erosion phenomena and changes in the water
regime may intensify, affecting plant species
development. Mining involves mobilizing large
soil volumes, changing structures, textures,
and other properties, creating large pits, waste
dumps, and artificial ponds, which ultimate-
ly alter the natural landscape relief. In a later
phase, after waste deposition begins, soil effects
may focus on heavy metal contamination, especially

in metal mining, and on structure.

If these new soils—mine soils—are abandoned
after mining activities end or even earlier, a process
of evolution toward more mature soil forms will
begin. The problem is they will not have the
inherent characteristics of the original soil be-
fore mining, nor will they resemble soils in the
same environment unaffected by mining. Greater
soil homogenization can only be achieved by
developing a rigorous methodology for charac-
terization and control, the main objective of this
study. Knowledge of the pre-existing natural soil
and incorporation of materials from those soils

will be necessary.

An adequate understanding of soil health status
in mining and quarrying areas is fundamental
to implementing effective and sustainable soil
management in open-pit mining operations.
The present proposal, Soil Survey and Health
Conservation Management Plan (SSHCMP),
establishes procedures and criteria to evaluate
and maintain soil quality during the extraction,
handling, and rehabilitation phases, ensuring
that the physicochemical and textural proper-

ties do not suffer critical alterations.

Introduction
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Introduction

This proposal closely aligns the objectives and
goals of the EU-funded ROTATE project (No.
101058651) concerning the sustainability and
restoration of mining areas. In particular, it
directly addresses ROTATE’s Goal 4, which fo-
cuses on the rehabilitation of mining sites and
biodiversity management. The proposed soil
health monitoring and conservation plan for
open-pit operations seeks to guarantee that soil
physicochemical and textural properties remain
stable during the extraction, handling, and
rehabilitation phases—an essential factor for

the success of ecological restoration efforts.

Proper management of soil quality is key to
ensuring that restored mining areas can support
plant life and contribute to long-term ecologi-
cal stability. This technical guide proposes a
continuous monitoring approach of soil health
indicators, ensuring soils are suitable for biodi-
versity recovery, which is crucial to achieving
the objective of creating an eco-management
model that enhances the restoration capacity of

mining pits.

Additionally, it contributes to fulfilling Goal 3
related to waste valorization; however, in this
context, it does not refer to the economic value
of altered soils but to their ecosystem value and
potential use. The proposal emphasizes the
importance of maintaining the soil’s functional
capacity to sustain life, such as water absorption,
nutrient retention, and vegetation support. This
approach aligns with ROTATE’s objective to pro-
mote rehabilitation practices that optimize the
use of natural resources, ensuring that restored
soils are not only suitable for vegetation growth
but also aid in the recovery of ecosystems

affected by mining activities.

This guide aims to be a key tool for designing
and implementing soil health monitoring
and conservation plans in open-pit mining and
quarrying sites. Its primary objective is to early
identify any signs of significant loss in the soil’s
capacity to sustain plant life and contribute to

the ecological stability of the rehabilitated area.

In compliance with the new EU Directive on Soil
Monitoring and Resilience, which establishes
a common framework for soil assessment and
conservation across Europe, this guide is
presented as a methodology ensuring that
monitoring and restoration practices are
consistent with European policies and imple-

mented uniformly across all Member States.

The specific objectives of the SSHCMP are as
follows:
Establish a

framework for key soil health indicators in

comprehensive monitoring

open-pit extractive industry operations, to
detect possible critical losses in physico-
chemical and/or textural properties during
mining and quarrying activities.

Propose actions to prevent or minimize the
loss of the soil’'s original properties during
extraction, handling, storage, and backfilling
phases, ensuring the integrity of the resource
in its subsequent rehabilitation.

Guarantee soil quality for appropriate use in
the rehabilitation of extractive industry sites,
promoting the development of stable vegeta-
tion and the recovery of affected ecosystems.
Provide a technical reference to guide the
planning and execution of soil conservation
and restoration activities in mining and
quarrying areas at the European level, ensuring

that the most appropriate decisions are made
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Introduction

based on detailed and updated knowledge of restoration, contributing to public consciousness
soil status. regarding the need to protect and conserve
Foster awareness about the importance of this vital resource.

soil health in the context of mining and quarrying



EU Soil Survey and Health
Conservation Management
Plan (SSHCMP)

The Soil Survey and Health Conservation
Management Plan (SSHCMP) is a comprehensive
monitoring framework designed to provide a
standardized methodology to ensure the proper
health of mining soils through the monitoring of
key indicators, as well as to propose actions to
prevent or minimize the loss of the soil’s original
properties during the extraction, handling, storage,
and backfilling phases.

Given that vegetation and land use are closely
related, and that the integration of mining and
quarrying operations into the ecological landscape
largely depends on a stable vegetative cover,
rehabilitation actions are usually focused on
adapting land conditions to meet vegetation
requirements. Thus, the restoration plan must
incorporate various measures to control erosion,
stabilize the terrain, and prevent or correct
potential contamination issues, among other
actions (Lépez Jimeno, 2020). Currently, most
rehabilitation work carried out on extractive
industry sites begins with the re-placement of
preserved or imported soil materials on denuded
or waste-covered areas, following topographic
reshaping. The main proposed measures focus
on landform reshaping to prevent erosion risks
and on controlling dust generation, while revege-
tation techniques have limited application due to
the slow progress of the process in the prevailing

climatic conditions (Sigcha et al., 2018).

Aligned with the specific restoration plan de-
fined for each site, the SSHCMP supports the
two essential aspects for ensuring the provision
of a soil layer in the altered area, with suitable
edaphic characteristics and sufficient thickness
to allow vegetation to take root:

The careful removal and handling of soil

during the pre-extraction phases, as well as

its storage.

The characterization and monitoring of

soil health based on a set of soil indicators,

grouped according to soil functions.

To ensure compliance, each of these aspects
includes a series of methodologies and actions
that must be applied throughout the three
phases of any open-pit mining project (IHOBE,
2005): (i) the Preparatory Phase (or pre-opera-
tional phase), which is mainly characterized by
site characterization and the preparation of the
pit and infrastructure (access roads, sealing and
drainage systems); (ii) the Filling Phase (or oper-
ational phase), which includes the exploitation
plan and the filling stages; and (iii) the Sealing
and Closure Phase (or post-operational phase),
which involves the implementation of restora-
tion and landscape recovery plans. The SSHCMP
is designed to ensure soil quality in each of these
three phases through the application of standardized
methodologies and specific preventive and/or
corrective actions in each phase.

In addition, this guide proposes a model specifically
developed to assess the quality of mining soils

MANAGEMENT
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(Section 2.2.3). This model is based on the
evaluation of several soil descriptors as a basis
for assessing seven basic soil functions. The pur-
pose of this model is to provide a screening tool
that rates the soil health status during any of the

three phases of the mining project.

The SSHCMP is structured around three main

methodological modules (Fig. 5), which organize

and structure its actions and tools. These are:
Module I: Soil characterization and diagnosis,
focused on the assessment of soil properties.
Module Il: Measures to protect and maintain
soil quality, which defines interventions to
prevent soil degradation.
Module lll: Rehabilitation and restoration
of mining soils, focused on the functional and
ecological recovery of soils following mining

activity.

SSHCMP Modular structure

Module I: Soil
characterization
& diagnosis

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

Soil characterization is of particular importance
within the SSHCMP framework, as the descrip-
tion of both natural and mining soils is carried
out during this stage. The methodologies and
actions described in Module | are aimed at four
main objectives:

The design of the sampling plan, including

sampling and analysis techniques.

The selection of relevant physical, chemical,

and biological indicators.

The design of the soil condition assessment

system.

The establishment of baseline conditions

regarding soil status.

The following sections (2.2.1, 2.2.2 and 2.2.3)
provide a detailed breakdown of each of these
objectives.

Thedesignof thesampling study must
be based on a sampling framework
that incorporates the best available
information on the spatial distribu-
tion of soil properties. The SSHCMP
sampling program aims to establish
a technical-operational framework
for collecting representative soil
samples for the purpose of assessing
soil health. Its design ensures the

Module llI:
Measures to
protect &
maintain soil

quality

Module lll:
Rehabilitation &
restoration of
mining soils

acquisition of reliable edaphological
data, in compliance with European
requirements (Directive on Soil

Monitoring and Resilience).

The specific objectives include:
Identifying and characterizing
potentially contaminated areas.
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Establishing pre-operational baseline
conditions.
Aligning monitoring with European soil

health criteria.

The initial planning includes the analysis of his-
torical records, geological and hydrographic
maps, as well as land use studies. According to
Directive on Soil Monitoring and Resilience
(Art. 24a), Member States must base their
assessments on the delineation of their respec-
tive soil districts and units. Soil type and land use
are considered the two essential elements that
should be used as a common basis to ensure

adequate harmonization between countries.

Soil type can be determined using the Soil Re-
gions Map of the European Union and Adjacent
Countries (http://data.europa.eu/88u/dataset/
ae71ffee-1ae9-4624-ae3f-f49513fe9dch),
which reflects the general conditions of soil
development at the landscape scale. This map
is based on the soil classification established
by the World Reference Base for Soil Resources
(

)

and relies on homogeneous and comparable
continental-level data, including variables such
as climate, topography, geology, relief, and vege-
tation. In this regard, it is advisable to consider
local climatic and environmental conditions, use
more precise or recent national or regional data
when available, records provided by soil managers,
and measurements made within the framework
of regulations or initiatives (e.g., Land Use/Cover
Area Frame Statistical Survey (LUCAS) or the
International Co-operative Programme on
Assessment and Monitoring of Air Pollution
Effects on Forests (ICP Forests)).

Land use, in turn, should be assessed based on

the categories established in Regulation (EU)

2018/841 and the methodological guidelines of
the IPCC, which constitute the standard for land

use reporting.

To ensure that soil units are properly represented,
sampling points must be located in areas with
relatively homogeneous conditions. After di-
viding the study area, the most common being
(Community of Madrid, 2004):
Grid distribution, where a regular grid is applied.
Transect distribution, where samples are taken

linearly at intervals.

However, Directive on Soil Monitoring and
Resilience (Art. 31) recommends that the dis-
tribution of random sampling points be defined
using geostatistical methods based on soil units.
Additionally, Annex Il of the Directive establishes
minimum criteria for sampling design:
Sampling scheme: The sampling plan should
be based on a stratified random design
according to the defined soil units.
Statistical representativeness: The number
and location of sampling points should reflect
the variability of the selected soil descriptors,
ensuring a maximum coefficient of variation
of 5%.
Determination of sample size and distribution:
These should be calculated using appropriate
statistical procedures, such as the Bethel
algorithm (Bethel, 1989).
Location of sampling points: Samples should
be taken at predetermined locations unless
circumstances prevent this (e.g,, water-saturated
soil or excessive presence of rocky material).
Composite samples: When taking com-
posite samples, they should be prepared
from at least 5 subsamples mixed thoroughly
to obtain a homogeneous sample (for volatile
organic contaminants, composite samples
are discouraged, and grab samples should be
used instead).



MANAGEMENT

Surface preparation before sampling: In
non-forested areas, organic residues and
debris must be removed from the soil surface,
while in forested areas, the surface horizon
should be sampled separately, recording its
thickness and weight.

Sampling depth: Samples must be taken to a
minimum depth of 30 cm, recording soil type
and horizons.

Undisturbed samples: To determine certain
parameters, such as bulk density or saturated
hydraulic conductivity, undisturbed samples
must be collected (if the sampling point has
a high coarse fragment content, it may be

excluded from bulk density analysis).

The Directive emphasizes the importance of
ensuring the quality and comparability of soil
measurements. Regarding the methodologies
to be followed for determining soil descriptors,
it states that when a reference methodology
is available, it may be used, or equivalent
methodologies may be applied. Alternatively,
other methodologies may be employed, provided
they are documented in scientific literature or
publicly accessible and have a validated transfer

function.

Special mention is given to the available CEN
(European Committee for Standardization)
methodologies, which, if available, should be
preferred over the reference methodology.
However, in such cases, the initial methodology
will still be considered valid as an equivalent.
CEN methodologies are harmonized technical
standards recognized at the European level
that ensure the consistency and reliability of
the methods used, facilitating the comparability
of measurements across different EU member

countries. Since they are based on technical con-

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

sensus at the European level, they are essential
for guaranteeing that measurement processes
are coherent and meet the highest standards,
thereby facilitating the implementation of envi-
ronmental policies and contributing to sustaina-

ble soil management.

A detailed breakdown of the methodologies for
determining each soil descriptor can be found
in Table 10, within the conceptual development
framework of a soil quality assessment system,

described below.

This section presents a model specifically
developed for the preliminary assessment of
mining soil quality. Its architecture is based on
Destisol, a model created for the urban context
by Séré et al. (2024), which has been adjusted
to suit the characteristics and needs of mining
and quarrying operations. This model focuses
on acquiring soil descriptors, which are con-
verted into scores corresponding to various
soil functions. However, unlike Destisol, it does
not address the evaluation of land cover or eco-
system services, as these topics are covered in
greater depth in the volume “Biodiversity, Reha-
bilitation & Visual Impact” (ROTATE Handbook,
Volume 7). Therefore, these aspects have been
excluded from the scope of this preliminary

assessment model.

The model is designed to assess the functional
quality of mining soils through a two-tiered
approach that adapts to varying levels of
technical capacity, resource availability, and
management needs.
Tier 1 serves as the core and recommended
methodology, focusing on the evaluation of
the topsoil layer (0-20 cm) as a single diag-
nostic unit.

Tier 2 is an optional advanced method, which
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Fig. 6

builds upon Tier 1 by performing a hori-
zon-based analysis (A, B, C) that incorporates
depth and functional relevance into the final
scores. At the end of the process, it provides
an overall rating that integrates the results

from all evaluated soil horizons.

The model’s architecture is based on the
evaluation of 11 physic-chemical soil descriptors,
which are used to rate seven basic soil functions
(see Tables 11 to 17) through a detailed set of
decision rules (Fig. 6). Specific algorithms for

each of the seven functions can be found in the

Appendix (Fig. A 1 to A 7). The algorithm
employs a multi-criteria approach to process
the values of the physical, chemical, and biological
descriptors and assign scores to each evaluated
function. The algorithm not only considers the
value ranges of each descriptor but, in some
cases, the value of certain key descriptors can
automatically determine the score of a function
regardless of other parameters. Additionally,
some descriptors, such as soil depth or pH, have
specific reference values depending on the
function being evaluated, allowing the model to

be flexible and adapted to each context.

General flowchart for assessing overall soil quality in terms of the seven basic functions. In the case of Tier 1, the values for
the A, B, and C horizons must be replaced with a single representative value per descriptor for the topsoil
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Asdefinedin Section 1.1.1,a soil descriptoris un-
derstood as a parameter that describes a physi-
cal, chemical, or biological characteristic of soil
health. For the purposes of this guide, this con-
cept is considered synonymous with “soil indica-
tor] aterm widely used in the scientific literature,
which usually refers to the link between a soil
property and a reference framework with the
purpose of assessing soil functionality (Doran
& Parkin, 1996). In the case of this guide, that
reference framework is the Directive on Soil

Monitoring and Resilience.

A total of eleven descriptors has been selected
based on their applicability to the open-pit
mining context and in accordance with the ob-

jectives set out in this methodological guide. The

Table 10
List of soil descriptors and the reference methods for their determination

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

complete list of descriptors used and the
reference methods for their determination can
be found in Table 10.

Soil function refers to the fundamental roles
that soil plays within ecosystems, independently
of human interests (Seybold et al., 2018). These
functions operate through complex interactions
with the biotic and abiotic components of the
soil's physical and chemical environment. As
noted in the previous section, soil descriptors
are essential for assessing these functions, as
they allow the measurement of soil performance
based on various properties. These descriptors
are particularly useful in urban, industrial, and
mining contexts, where soil quality may be al-
tered by human activities (Morel et al., 2005).

MANAGEMENT

Descriptor Units Method
Depth cm Direct measurement
* ISO 11277: Determination of the particle size distribution of mineral
Texture % matter in soils
pH - ISO 10390: Determination of pH in H,0O, KCl and CaCl, extract
; § ISO 10694: Determination of organic carbon and total carbon
Organic Matter gkg! after dry combustion
] Aol RUSLE2015: 100 m resolution pan-European soil erosion model
Erosion rate thaty estimating water-induced soil loss using updated environmental data **
Bulk density gcm® ISO 11272: Determination of bulk dry density
; 4 ISO 11261: Determination of total nitrogen in soil by a modified
Nitrogen (N) gke Kjeldahl method.
1 ISO 11263: Spectrometric determination of soluble phosphorusin a
Phosphorus (P) gkg solution of sodium bicarbonate (P-Olsen)
Saturated hydraulic cmdt ISO 17313: Determination of the hydraulic conductivity of saturated
conductivity (Ksat) porous materials
Rceatp’;aanctiitci/n ‘jc/l:)\’é\a/\?ts%:{ ISO 11274:2019: Determination of the water retention
Pseudo-total Trace mg kgt 1SO 54321: aqua regia

*Soil textural class is necessary for determining the degree of soil compaction (soil bulk density)
**RUSLE2015: https://esdac.jrc.ec.europa.eu/themes/rusle2015
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Although soil has a wide range of functions, this
guide proposes a soil health assessment system
based on seven basic functions classified into
five categories, according to Seré et al., (2024).
This approach allows for a structured analysis of
how soil fulfills its essential roles in ecosystems.
Additionally, it helps identify critical functions
and facilitates decision-making for the conser-

vation and improvement of mining soils.

The five categories, along with the functions

they include, are detailed below:

Internal soil functioning: This category covers
two key functions: organic matter recycling,
which ensures the renewal of resources necessary
for life in the soil, and erosion control, which
protects the soil against the loss of the top
soil layer. The descriptors considered in each
of these functions, as well as their scoring, are
detailed respectively in Table 11 and Table 12.
Carbon storage: This function focuses both
on the current stock of carbon stored in the
soil and on the additional carbon capture,
assessing the soil’s potential to contribute to
climate change mitigation. The descriptors

Table 11
Soidescrpors | Reeveling Function M
involved in Recycling
scoring
0 <5
1 [5-10)
Depth cm 5 [10-20) Yes
8 >20
0 <5
1 [5-6)
pH 2 7.5 No
3 [6-7.5)
0 <1/13
Organic Matter (OM) | SOC/clay ratio ! Gt No
2 i 2 [1/13- 1/10)
3 [1/10-1/8)
Table 12

Soil descriptors

involved in Erosion
function and their

scoring

Erosion rate*

thaty?

>10
[7.5-10)
[5-7.5)
<5

Yes

w N - O

*In the case of Tier 2, only applicable to Horizon A
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Table 13
Soil descriptors involved in Carbon storage function and their scoring

considered for this function, as well as their

scoring, are detailed in Table 13.
Fertility: This function emphasizes physic-chemical - - - - -
considerations, particularly regarding herba- o || <20
ceous vegetation and rooting depths, aspects i [20-40)
that reflect the soil’s capacity to support plant 3 > 80
life. The descriptors considered for this g e
<
functlon, as well as their scoring, are detailed %agftgirc SOC/clay 1 [1/13 - 1/10) .
in Table 14. (OM) ratio 2 [1/10- 1/8)
3 >1/8
Table 14
Soil descriptors
involved in Fertility
scoring
[5-10)
> 20
<50r285
[5-6)
H - N
: [7.5-8.5) ©
[6-7.5)
[2-10)
[10-20)
<0.04
0.04-0.08
Phosphorus (P) gkg? {0 08-0 12; No
>0.12
- - o1 -
< 1.60
>1.75
Bulk density (Loamy ) 1.61-175
sands / Sandy loams)* gem 1.40 - 1.60 ves
<1.40
1.56-1.70
<1.35
>1.58
Bulk density [Medium ) 1.50-1.58
clays (35-45% clay)]* gem® 1.10- 1.49 ves
<1.10 *Minnesota Pollution
Control Agency:
https://stormwater.
_ pca.state.mn.us/index.
e fey php?title=Soil_health_
indicator_sheet_-_Soil_
<1.10 compaction_(bulk_

density)
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Table 15

Water circulation: This category evaluates
two fundamental aspects of water in the
soil: water retention and water flow, both of
which are crucial for water availability in the
ecosystem and water regulation. The descrip-
tors considered for each of these functions, as
well as their scoring, are detailed respectively
in Table 15 and Table 16.

Contamination response: This final category
is dedicated to assessing the presence and
impact of contaminants in the soil, considering

Soil descriptors involved in Water retention function and their scoring

soil quality throughout its entire profile. The
descriptors considered for this function, as
well as their scoring, are detailed in Table 17.
The descriptor Pseudo-total Trace Elements
is evaluated based on the element for which
the Soil Screening Level (SSL) is most exceeded.
The SSL represents the concentration threshold
above which a contaminant may pose a risk
to human health or the environment. Each
evaluator should select the SSLs applicable to
their specific country or region.

Table 16
Soil descriptors involved in Water infiltration function and their scoring

0 <5 0 <20
1 [5-10) 1 [20-40)
Depth Ye Depth N
P o 2 [10- 20) e P om 2 [40 - 80) ©
3 > 20 8 >80
0 10 Saturated 0 S
Retention | % water/ 1 [10-15) Yes hydraulic emdt 1 [0.86-8.64) Yes
capacity total soil 2 [15-25) conductivity 2 [8.64 - 86.4)
3 > 25 Gz 3 > 86.4
Soil descriptors involved
in Contamination
their scoring
0 <5
1 [5-10)
Depth cm 5 [10-20) No
8 >20
0 > (x5) SSL
Pseudo-total Trace ) 1 [5x-2x) SSL
Elements mgkg'* 2 [2x - SSL) e
3 <SSL
0 <5
1 [5-6)
pH - 5 >=75 No
3 =[6-7.5)
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The Tier 1 model scores each function on a scale
from O to 3, based on the descriptor values of the
top soil. No weighting by horizon or adjustments
for depth distribution are applied, meaning the
scoring relies solely on the properties observed
in the surface layer without considering varia-
tions deeper in the soil profile.

n
1
d=1

value of descriptor d in the topsoil,

Where,

Dy

n number of descriptors evaluated.

In the case of the Tier 2, each function receives
a score ranging from O to 3 for each evaluated
horizon, based on the weighted average of the
scores of the descriptors involved. To simplify
the evaluation model and make the analysis
more accessible, only the three basic horizons
of a generic soil have been considered, namely
horizons A, B, and C (see Section 1.1.3). Each
of these horizons performs specific functions
within the soil ecosystem, and their capacity to
carry out key functions such as fertility, erosion
control, water retention, and organic recycling
varies according to their physical, chemical, and
biological characteristics. In other words, not
all horizons carry the same weight within the

overall soil.

For this reason, the Tier 2 model calculates a
global weighted score for each soil function (i.e.,
considering the full set of horizons that make up
the evaluated soil) by assigning weights to the
horizons according to their thickness and function-
al relevance, aiming to increase the accuracy and

ecological representativeness of the model. For

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

each soil function f, the global score is obtained

as:
T2, = 2i(Sir - Ei - Riy)
2i(Ei -+ Rif)
Where,
S, s isthescoreof function f inhorizon 1,

is the thickness of horizon 1 (in cm),

R . is the functional relevance of horizon 1 for

functionf (a value between O and 1).

Below are the functional relevance factor scores
with their justifications (Table 18):

assigned to the three basic horizons, along

Horizon A: Due to its high concentration of
organic matter and its role in supporting root
growth, this horizon receives the highest
scores for functions such as fertility (1.0),
organic recycling (1.0), and erosion control
(1.0), as it is more susceptible to loss through
erosion processes. Ilts water retention capacity
(0.8) is good, although not as high as in deeper
horizons, due to its variable structure and
texture.

Horizon B: Since this horizon is crucial for
accumulating nutrients leached from horizon
A, its role in water storage (1.0) and infiltra-
tion (1.0) is important because of its higher
density and porosity, which facilitate water
retention and movement. Although it plays a
significant role in contamination (1.0), its fer-
tility (0.5) ismoderate due to its lower content
of available nutrients compared to horizon A.
Horizon C: This horizon has less interaction
with biological processes and a limited ca-
pacity to store nutrients or organic matter.

However, it plays a fundamental role in wa-
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ter retention (0.6) and carbon storage (0.8).
Its low organic matter content makes it less
capable in fertility (0.2) and organic recycling
(0.2). Its role in water infiltration (1.0) is high,
especially in soils with porous materials, such

as sandy soils or fractured rock.

However, it is important to note that these factors
are proposed as guidelines and can be replaced
or adjusted by the facility manager or informed
by expert judgment, allowing for greater flexi-

bility based on specific circumstances or local

suggests that soils require intervention to
restore the compromised functional capacity

or capacities.

3. Moderate[1.5-2.25) - Acceptable: Functions

with scores in this range show acceptable,
though not optimal, quality. They perform
reasonably in terms of the evaluated function
but could still benefit from management
practices to reach their full potential. These
are considered functional soils but with

room for improvement.

4. High[2.25-3] - Optimal: This level reflects

knowledge. healthy functions with optimal perfor-
mance. Soils with functions in this category
Factors of fu.’:cbt’izr? f, Function Horizon A Horizon B Horizon C
relevance of horizons A, B :
and C for the global score Recycling 1.0 0.6 0.2
function
Erosion 1.0 - -
Carbon Storage 0.6 1.0 0.8
Fertility 1.0 0.5 0.2
Water Infiltration 0.7 1.0 1.0
Water Retention 0.8 1.0 0.6
Contamination Response 1.0 1.0 1.0

In both the Tier 1 and Tier 2 approaches, the can be considered “optimal” or of “high quality,’

overall score obtained for each soil function with ideal conditions to sustain healthy eco-

is ultimately represented on a scale from O to systems and provide essential ecosystem

3, with intervals of 0.75. This scale allows the services.
classification of soil function quality into four
distinct levels (Fig. 7), which are as follows: ~ Fig7 3
Soil quality scale
1. Very Low [0-0.75) - Critically degraded: | for the assessment Optimal
. .. . of the level of
This level indicates severely deteriorated or functional quality .75
highly compromised functionality. Soils with of soils
functions in this category show extreme- Acceptable
ly degraded conditions, requiring urgent .
intervention to restore the compromised )
functional capacity or capacities. Deficient
2. Low|[0.75-1.5) - Deficient: Functions within 0.75

this range have deficient quality, meaning

their performance is suboptimal. This state Critically degraded
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Below is the complete sequence of the mining
soil quality assessment model. As noted above,
the algorithm is designed to process the
physic-chemical soil descriptors and translate
them into scores representing soil function per-
formance (Séré et al., 2024). This algorithm is
applied iteratively to evaluate each soil function
using the values obtained for the descriptors,
with a weighted scoring system that helps identify

critical aspects and areas requiring intervention.

The general flow of the algorithm consists of 6

steps, described as follows (Fig. 6):

1. Selection of the textural class: The first step
of the algorithm is selecting the textural class
of the evaluated soil or horizon. Soil texture
(clayey, silty, sandy, etc.) is a key descriptor
influencing other parameters such as bulk
density. This step is essential because it
ensures that the descriptor values are
correctly interpreted within the specific
textural properties of the soil.

2. Data acquisition of descriptors: Once the
soil type is selected, data for each of the 11
soil descriptors are collected. These descrip-
tors are measured and recorded according
to the standardized laboratory methods
proposed in Table 10.

3. Assignment of values to descriptors: Each
descriptoris assigned a value within a specific
range, which translates into a score between
0 and 3. However, it is important to highlight
that some descriptors, such as soil depth and
horizon pH, have value ranges that vary de-
pending on the soil function being assessed.

4. Calculation of function score at horizon
level: Once the descriptor scores are assigned,
the algorithm evaluates each function for
soil or within the selected horizon. For each
function, the following processes take place:

Relevant descriptors for that function

are identified, considering that some may
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have different value ranges depending on
the function evaluated.

The weighted average of the scores for
the descriptors involved is calculated.
Key descriptors carry greater weight,
conditioning the final function score (i.e.,
a score of O in any key descriptor will
automatically result in a score of O for
the evaluated function, regardless of the
scores of the other descriptors involved).
This ensures that functions are not
overestimated if key descriptors fail to
meet minimum thresholds.

5. Global evaluation of the function at soil
level: The function receives a final score,
which is calculated by weighting the scores
of all evaluated horizons based on their
depths and functional relevance (if Tier 2 is
applied). This global score corresponds to
a quality scale of the function in four levels
(Very low, Low, Moderate, and High).

6. Iteration for all functions: The process
described above is repeated for each of the
seven soil functions evaluated in the system.
Each function is assessed independently,
allowing a detailed and specific analysis of
each aspect of soil quality.

The establishment of the soil baseline condition
constitutes a critical stage in the pre-operation-
al process, as it provides the edaphic reference
foundation for effective future rehabilitation.
Since extractive industry activities involve the
alteration or destruction of the original soil, it is
essential to have a detailed technical character-
ization of the soil before any intervention. This
characterization guides corrective and restorative
measures according to the original site condi-
tions (Arranz-Gonzalez, 2004) and helps avoid
common mistakes in later phases, such as lack
of suitable topsoil or ineffective revegetation ef-
forts (NSW, 2020).



MANAGEMENT

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

The main objective of sampling during this phase
is to accurately describe the edaphic properties
of the original terrain, establishing an operational
baseline for future soil health assessment and
restoration strategy design. To ensure the reli-
ability and comparability of the data obtained,
the sampling design and collection during base-
line establishment will be carried out following
the methodological guidelines defined in section
2.2.1, complying with Directive 11299/24 and

its technical annexes.

In addition to sampling, soil characterization at
baseline must include a description of soil pro-

files through test pits and/or boreholes.
Test pits: A minimum depth of 1 meter is
recommended, with at least one test pit per

hectare of affected surface. Test pits may be

Table 19

specifically dug or use existing geotechnical
excavations, provided they meet the defined
technical criteria.

Boreholes: Manual augers or probes may be
used to obtain samples at depths equivalent
to test pits, especially in difficult-to-access

terrain.

In any case, samples must be fresh and not ex-
posed to the elements for prolonged periods. Old
cuts (e.g., slopes or road margins) may be used

exceptionally for qualitative in situ observations.

All information obtained during the soil profile
description must be systematically recorded in
a datasheet. It is recommended to use a format
similar to that shown in Table 19, including fields
such as soil classification, profile location, depth,

and other relevant data.

FIELD SHEET - SOIL PROFILE
Field sheet for the description

of a natural soil profile
Profile code:

Classification:

Date of observation:

Observer(s):

Exact location (coordinates):

Situation within the study area:

Physiographic position:

Land use / Dominant vegetation:

Parent material (geology):

Flat|:|
1]
o[ ]
o[]

Concave|:|
2] s[]
1] 2[]
1] 2[]
1] 2[]

Moderate [ ]

Convex|:| Wavy|:|
4[] s[] e[]
3] 4[] s[] e[]
3[] 4[]

o[] 3[] 4[] s[] e[}
Light [ ] High [ ] Veryhigh [ ]

Parent material (geology. Escarpment |:|
Slope (class
Drainage (class

Surface stoniness (class

e o, P

Rock outcrops (class

Erosion:

DESCRIPTION OF THE SOIL PROFILE

Horizon Depth (cm) Description

(color, texture, structure, presence of roots,
carbonates, etc.)




MANAGEMENT

Part of the information required to complete the

» «

datasheet (“Slope,” “Drainage,” “Surface stoni-
ness,” and “Rock outcrops”) is based on the FAO
classification system. The criteria for selecting

classes in these four cases are detailed below:

Slope: Refers to the terrain’s inclination, which
directly influences water flow, soil erosion, and
the types of activities that can be carried out,
such as cultivation or construction.

Class 1: Flat or nearly flat (0-2%)

Class 2: Gently sloping (2-6%)

Class 3: Sloping (6-13%)

Class 4: Moderately steep (13-25%)

Class 5: Steep (25-55%)

Class 6: Very steep (>55%)

Drainage: Refers to water behavior in the soil
due to soil properties (such as permeability and
water retention) and topographic factors (such
as runoff or flood risk).
Class 0: Frequently flooded soil (>6 months/
year), water table at surface.
Class 1: Flooded 3 to 6 months/year; high water
table or very low permeability.
Class 2: Saturated for 2-3 months/year; limits
cultivation.
Class 3: Saturated for short periods (<1
month); moisture does not severely limit
cultivation.
Class 4: Good moisture balance for plant
development.
Class 5: Water drains rapidly; porous soils
with little differentiation.
Class 6: Very rapid drainage; thin, rocky, or

steep soils.

Surface stoniness: Refers to the presence on the
surface of large fragments (7.5 to 25 cm diameter).
Class 0: No stones or very few (<0.01% of the
area).
Class 1: Moderately stony (0.01-0.1% of the
area).
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Class 2: Stony; stones spaced 1.6-10 m apart.
Class 3: Very stony (3-15% of the area);
stones spaced 75-160 cm apart.

Class 4: Excessively stony (15-90% of the
area); stones spaced less than 75 cm apart.
Class 5: Rocky terrain; more than 90% of the
surface covered by stones.

Rock outcrops: Refers to the concentration of
large fragments (>25 cm) on the soil surface.
Class 0: No or very few outcrops; less than 2%
of exposed bedrock.
Class 1: Moderately rocky; 2 to 10% of the
area, outcrops spaced 35-100 m apart.
Class 2: Rocky; 10 to 25% of the area, out-
crops spaced 10-35 m apart.
Class 3: Very rocky; 25 to 50%, outcrops
spaced 3.5-10 m apart.
Class 4: Extremely rocky; 50 to 90% of the
area, outcrops spaced less than 3.5 m apart.
Class 5: Dominant rock outcrop; more than

90% of the terrain with exposed rock.

This Module refers to the methodologies and
preventive actions that must be carried out during
the preparatory and operational phases of an
open-pit mining project. Site characterization is
of special relevance within the framework of the
SSHCMP, as the description of the natural soil

properties is conducted during this stage.

The methodologies and actions applied during
this phase focus on two main objectives:
Preventive practices aimed at soil manage-
ment and storage.
Preventive practices aimed at maintaining

soil quality.
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The following sections (2.3.1 and 2.3.2), provide
a comprehensive breakdown of each of these

objectives.

Proper management of topsoil is a key element
in the ecological restoration of lands affected
by mining and quarrying activities, especial-
ly regarding the success of the revegetation
process and, above all, the conservation of soil
properties and prevention of contamination.
From the earliest stages of the mining project, it
is essential to preserve soil quality, understood
as the set of physical, chemical, and biological
properties that allow the development of plant
life and ecosystem stability. In this context, it is
indispensable to implement practices that ensure,
on one hand, the careful removal and handling
of the soil during the pre-extraction phases,
avoiding its destruction or deterioration, and
on the other, the subsequent reapplication of
this soil during the restoration phase, applying
it at an adequate thickness and ensuring that
its characteristics are conducive to favoring the
rooting, growth, and functional development of
the selected plant species (Martinez-Ruiz et al.,
2021a).

To achieve these objectives, the soil must be ex-
tracted in a controlled manner and stored under
conditions that guarantee its conservation, so
thatit retainsits value as a fertile and structurally
stable substrate for reuse in environmental

restoration work.

The fundamental operations in this phase
include:
Removal of the top soil layer, through selective
extraction of the different horizons of the
soil profile, with the aim of preserving their
original characteristics and allowing a sub-

sequent reconstruction of the natural soil

sequence, under conditions as similar as
possible to those existing before the start
of extraction.

Storage and conservation of the removed
soil, using techniques that minimize its
degradation during the stockpiling period,
protecting it from compaction, erosion, loss

of structure, and contamination.

Soil removal must be carried out progressively
as mining and quarrying advance, and always
before extraction operations begin in each area
that will be affected, whether directly or indi-
rectly. This task should be performed with the
utmost care, consistently adhering to best soil
management practices to ensure the conservation

of its functional properties.

The specific actions to be carried out at this
stage include:
Identification of soil horizons: To ensure
proper extraction, it is essential to know
the depth, thickness, and characteristics of
each horizon that makes up the soil profile.
This characterization should be based on
field observations through test pits, bore-
holes, and visual analyses, following the
methodological criteria outlined in section
2.2.1, which details the guidelines for soil
morphological description.
Removal of the vegetation cover prior to
soil extraction, to prevent the decompo-
sition of plant material in stockpiles from
causing anaerobic processes, leachates, or
increased internal temperature—factors
that significantly deteriorate the quality of
stored soil.
Seed collection of the plant species pre-
sents in the area before removal, aiming to
conserve the native genetic bank and pro-
mote more efficient and ecologically inte-

grated revegetation.
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Differentiated extraction of each horizon
of the soil profile, avoiding mixing between
layers to preserve the qualities of the more
fertile and biologically active horizons.

Prevention of physicochemical deteriora-
tion of the soil during handling, minimizing
compaction, cross-contamination, and loss
of structure through the use of appropriate
machinery and the adoption of techniques

that favor the conservation of soil aggregates.

Ideally, soil removal should be carried out syn-
chronously with its subsequent spread in the
areas designated for restoration, thus avoiding
the need for intermediate stockpiles. However,
when this is not possible and a time lag occurs
between extraction and reuse, the soil must be
temporarily stored under conditions that ensure
the preservation of its quality (Table 20).

Table 20 . Height | Time period
Characteristics of ol 2 (m) (months)
temporary stockpiles of
mining soils to preserve Sandy 24 12
their quality (modified from
ANEFA, 2020). Clay loam 12 9
Clay 0.9 6

Specific actions to be carried out at this stage

include:
Formation of low-height stockpiles: The ma-
terial should be piled in stacks no higher than
3 meters, distributed in thin layers to promote
gas exchange and avoid internal compaction.
Spreading should ensure a continuous, uni-
form layer with a homogeneous thickness of
at least 30 cm (Fig. 8).
Differential storage of stockpiles: Stockpiles
must be organized respecting the soil hori-
zons identified during the characterization
phase (e.g., organic horizon, subsoil, and sterile
material). Each type of material should be
stored separately to avoid cross-contamina-

tion and preserve soil fertility.
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Fig. 8
Correct and incorrect practices for soil restitution

Strategic location of stockpiles: It is essential to
place them in sheltered areas protected from
wind and surface runoff, away from trees,
hedges, water bodies, infrastructures, and active
extraction zones. A recommended layout is to
form perimeter windbreaks around the mining
area, acting as visual and isolation barriers
(Fig. 9).

Restriction of traffic over stockpiles: Machinery
traffic over the stockpiles must be completely
restricted once they are formed to prevent
compaction processes that irreversibly alter
the soil structure.

Long-term stabilization of stockpiles: For
stockpiles stored longer than 6 months, stabi-
lization is recommended through planting a
temporary vegetative cover—preferably legumes,
due to their nitrogen-fixing capacity—and the

application of mulch.

Fig. 9

Stockpiling of material to form a windbreak around the
perimeter of the mining area (courtesy of Asociacion
Nacional de Empresarios Fabricantes de Aridos. ANEFA)
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The lack of proper protection and maintenance
of soil resources can pose a significant risk to the
success of mining site rehabilitation. Among the
most relevant risks are soil compaction (which
reduces porosity, infiltration capacity, and per-
meability), contamination (due to contact with
altered materials or improper management
during stockpiling), the introduction of invasive
species during prolonged soil storage (which can
disrupt the planned vegetation composition),
and the use of unsuitable external soils (which
may cause functional mismatches or require

costly corrective measures later).

If these risks are not properly prevented, they
can lead to design or execution errors, resulting
in the need to implement corrective actions that
increase costs and delay environmental recovery
goals. The following sections address recommended

practices to prevent each of these risks.

The preservation of soil quality during
mining operations is a fundamental aspect of
sustainable land management. Soil, particularly
the uppermost fertile layer, plays a vital role in
ecosystem functionality, supporting vegetation
growth, water regulation, and microbial activi-
ty. However, mining activities can significantly
disturb soil structure and composition, leading
to degradation if not managed properly. To miti-
gate these impacts, a set of preventive practices
must be implemented throughout all stages of
the extractive process: before, during, and after
operations.

These practices aim to ensure the integrity and
future usability of the soil by addressing key
risks such as compaction, erosion, contamination,
and the introduction of invasive species. They

involve careful planning of top-soil removal

and storage, strategic selection of external soil
inputs, appropriate use of machinery, and eco-
logical restoration techniques. By integrating
these measures, mining operations can reduce
long-term environmental damage, promote
successful land rehabilitation, and facilitate the

re-establishment of native ecosystems.

The prevention of soil pollution in mining activities
is a fundamental pillar to guarantee its eco-
logical integrity and its viability in subsequent
restoration processes. Pollution can originate
from the disposal of industrial waste, improper
handling of hazardous substances, or incorrect
use of chemicals such as fuels, lubricants, and
explosives. These practices alter the structure,
chemical, and biological composition of the soil,
affecting its capacity for regeneration.
Among the priority preventive measures is
the knowledge of the soil’s baseline condition
through baseline studies and continuous en-
vironmental monitoring systems that allow
early detection of any alteration (see sec-
tion 2.2.4). It is advisable to establish soil
environmental monitoring networks, with
periodic analyses of physical-chemical and
biological parameters, as well as proper
management of the generated data.
In the design of mining operations, specific
zones must be enabled for the handling of
contaminant substances, equipped with im-
permeable surfaces, retention systems, and
appropriate drainage to prevent leaks. These
areas must be clearly delimited and located
away from water bodies and fertile soil storage
zones.
Additionally, strict protocols must be applied
for the management of solid and liquid waste.
This includes segregation, pretreatment, and
final disposal in authorized facilities. Hazard-
ous waste must be classified according to its
contamination level and treated in controlled

environments before release.
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Training personnel in substance handling safe
practices and emergency responses is equally
essential. The implementation of contingency
plans for spills should be accompanied by the
necessary materials (absorbents, neutralizers)
and regular drills.

In the case of degraded or contaminated land,
a prior evaluation must be conducted before
reuse, especially if intended for ecological
restoration or future uses. If contamination is
detected, remediation measures or replacement
of the affected material should be activated,
always prioritizing techniques that do not
further deteriorate the soil profile.

In certain cases, difficulties may arise when
removing the surface cover, or the volume of
available soil may be insufficient. Therefore, it is
possible to use external soils to reshape the to-
pography of the affected areas and restore soil
properties.

These external soils can originate from various
sources: materials extracted within the same
mining operation (such as overburden, plant re-
jects, or washing sludge) or soils selected from
other locations. In the case of the former, it is
essential to improve them by mixing with mate-
rials rich in organic matter or fresh plant residues
to enhance their chemical and biological fertility
(Lopez Jimeno, 2020). For soils sourced from
other areas, prior characterization is necessary
to ensure that their physical, chemical, and
biological properties are compatible with those
of the mining void, with particular emphasis on
structure, texture, infiltration capacity, and water

retention.

An increasingly applied alternative in recent
years is the use of technosols (Ferronato et al.,
2021; Firpo et al., 2021), engineered soils for-
mulated to mimic the characteristics of natural
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soils, created through the controlled mixing
of various materials such as manure, compost,
construction and demolition waste (CDW), and
sewage sludge from wastewater treatment
plants (WWTP), among others. The advantages
of using technosols include rapid improvement
of the physical and chemical soil properties, in-
creased nutrient and water retention capacity,
promotion of biological activity, and control of
acid mine drainage (see section 2.4.3.5), thereby
facilitating more efficient ecological restoration.
Regardless of the solution applied, it is recommended
to ensure the absence of invasive species prior
to soil application. Following application, periodic
monitoring campaigns should be established
to guarantee the effectiveness and stability of
the material used (MINECO, 2018). Specifically,
for technosols, conducting detailed studies and
modeling their dynamics based on the initial
conditions is crucial to optimize their long-term
performance (Vecillas et al., 2021).

Soil compaction is one of the main physical risks
associated with soil stripping and replacement
(1Q, 2021). This process compromises the po-
rosity, structure, and functionality of the soil
profile, affecting its drainage capacity, aeration,
and ecological recovery. The risk of compaction
depends on a combination of factors: soil physical
properties (especially texture and structure),
moisture condition, machinery used and applied
management practices (Fig. 10).

Soil moisture is the primary determinant of
susceptibility to compaction under mechanical
traffic. Dry soils offer greater resistance
to compression, whereas moist soils, upon
reaching or exceeding their plastic limit, allow
the movement of fine particles (clay and silt),
increasing packing density, reducing pore size,
and consequently diminishing their functional

capacity.
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This susceptibility also varies according to the
soil textural class (Table 21): sandy and sandy
loam soils have a lower inherent risk, while soils
with high clay, silt, or organic matter content ex-
hibit greater vulnerability.

Fig. 10

The type of machinery used, as well as management practices,
have a direct influence on compaction risk (courtesy

of Asociacién Nacional de Empresarios Fabricantes de
Aridos. ANEFA)

Table 21

Risk of Structural Damage

ing the stockpiled topsoil, soil loosening will
be carried out through scarification, subsoiling,
and/or ripping, depending on the case. All these
tasks should be performed following contour
lines, that is, perpendicular to the slope, in order
to reduce surface runoff and the associated ero-

sion and soil loss.

Typically, scarification is performed to a depth
of about 20 cm, except when the surface is com-
pacted, in which case subsoiling to a depth of
about 60 cm will precede it. For surfaces that
have supported machinery traffic or building
installations, deep ripping to 1 m will be done,
followed by appropriate loosening operations
(grading or scarifying). Scarification improves
contact between the topsoil and the underlying

ground, enhances water infiltration, prevents

to Mining Soils Under Dry
Conditions (modified from

1Q,2021)

Textural Class Risk Bgﬁ;;ztu ral
Sand, sandy loam, loamy sand Low
Loam with silty clay, medium silty clay loam, sandy clay loam Moderate
Silty loam, heavy silty clay I9am, heavy clay loam, sandy clay, High
silty clay, clay; organic soils, peat

The machinery used directly influences the de-
gree of compaction, depending on its ground
pressure, number of passes, turning maneu-
vers, and the design of the operational practice
(Table 22). Smaller machines generally exert
less pressure but require more passes, which
can increase traffic and soil damage (1Q, 2021).
Therefore, both the choice of machinery and the
technique applied must be carefully evaluated

according to the context.

In areas previously occupied by buildings, auxiliary
installations, and roadways, and before apply-

slippage of the topsoil, and facilitates root
penetration.

Some management practices can reduce the
impact when applied under dry conditions and
with low ground pressure machinery (Table 22).
The most commonly used practices in mining
operations are ‘bed/strip by strip, ‘windrow/
peninsular;, and ‘layer by layer’ (see 1Q, 2021 for
a full description of each practice). However, in
wet soils, even the most careful combinations
may present high risk levels.
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Table 22

Risk of compaction due
to machinery use and
management practice
(modified from 1Q, 2021)
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Machinery & Handling practice Dry soil*
Excavator/Dump Truck; Bed/Strip Practice Low
Excavator/Dump Truck; Windrow/Peninsular Practice Low/moderate

Bulldozer/Dump Truck; Windrow/Peninsular Practice

Moderate/High

Hybrid Excavator/Bulldozer/Dump Truck; Layer by Layer

Moderate

Bulldozer/Dump Truck; Layer by Layer Practice

Moderate/High

The selection of appropriate machinery and
management practices from the start of the
project is crucial to minimizing the need for
long-term corrective measures. However,
the implementation of corrective treatments
should be considered when necessary. To correct
soil compaction, methods such as dragging
tines through the compacted layer or excava-
tions using an excavator bucket are commonly
employed. Nevertheless, these techniques do
not increase the size of the larger pores in
compacted soil, a process that generally occurs
naturally through changes in water content,
root action, or microbial activity. Additionally,
the effectiveness of both methods depends on

the soil being dry.

Following the recommendations of The Institute
of Quarrying (1Q, 2021), this guide proposes
three strategies to carry out effective soil de-
compaction when necessary, considering a soil
profile that includes a basal layer, subsoil, and
topsoil:
Strategy 1: This approach treats the basal
layer but does not intervene until the subsoil
is placed on top. Then, both layers are decom-
pacted together, followed by decompaction
of the surface layers using tools with dragged
tines (this option is not suitable if excavation
will take place, as it would mix the different

soil horizons).

*In wet soil conditions, the risk is high in all cases

Strategy 2: In this approach, each layer is de-
compacted individually, using either tines or
excavation.

Strategy 3: In this approach, the subsoil and
surface layers are placed over the basal layer
(previously treated or untreated) and decom-
pacted using tines. As in Strategy 1, this is not
recommended for excavation.

Native species, or autochthonous species, are
those that naturally evolved in a given area. In
contrast, alien or exotic species are those found
outside their natural distribution area and intro-
duced by humans or other processes to places
they could not colonize on their own (Allen et al.,
2013). However, not all exotic species are harmful.
Infact, most species used in agriculture, forestry,
and aquaculture are exotic. They are also called

foreign, alien, introduced, or non-native species.

Invasive exotic species (hereafter IES) are exotic
species that arrive in a new territory and spread
rapidly, altering ecosystem structure and
functioning, and causing ecological, socioeco-
nomic, and health damage. Preventing invasive
plant or animal species during soil rehabilitation,
especially in areas affected by mineral and rock
extraction industries, requires a holistic approach

starting with avoiding their introduction and
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spread in the habitat. This entails planning and
implementing preventive measures such as wa-
ter management, use of soil and seeds suitable

and consistent with the environment, etc.

It is also essential to establish early detection,
eradication, and control campaigns of invasive
species, as well as definitive ecological restoration
aligned with the properties and characteristics

of the environment.

Once IES are identified and located, control
measures can be implemented through several

options:

Chemical Control: Using contact and sys-
temic herbicides in a controlled manner (e.g.,
Glyphosate, Triclopyr, or Imazapyr). In Europe,
Regulation (EC) No 1107/2009 governs the
authorization of phytosanitary products.
Although highly effective, potent herbicides
often cause problems with non-target
species and can lead to soil, plant, animal,
and human toxicity if not applied properly.
It is recommended not to use them if plants
are in direct contact with water or nearby,
due to the risk of contamination by runoff or
infiltration. They should also not be applied if
rain is forecast the same or next day, as it may
wash away the herbicide before absorption,
reducing effectiveness and contaminating
surroundings. Spraying should be avoided in
windy or breezy conditions to prevent drift to

undesired areas.

Physical Control: Mechanical or manual
removal of invasive plants, including roots
and rhizomes. This is very effective in early
eradication stages but usually has a high cost.
Removal should be repeated periodically to
prevent regrowth. It is important to perform
removal with moist soil to ensure complete
extraction of roots, as any root fragments

left in the substrate may cause regrowth. In

some cases, clearing (mechanical removal
of aerial parts, especially woody vegetation)
is necessary. Clearing can be manual, using
axes or pruning saws, or mechanized with
brush cutters of various sizes. Mulching
involves applying an opaque material on
the soil to prevent seed germination or plant
regrowth by blocking light. It consists of a
protective layer of chopped cereal straw or
other suitable material that helps conserve
soil structure, minimize erosion, and maintain
optimal oxygen and moisture levels. Applying
approximately 560 kg/ha of mulch can reduce
erosion by half compared to bare soils (Lopez
Jimeno, 2020). Materials can be synthetic
(plastics) or organic (straw) and biodegrad-
able, although mulch is usually used only in
localized populations or areas with high eco-
logical value where other methods cannot be
applied (Sanz-Elorza et al., 2003).

Biological Control: Using biological agents
to control invasive plants, i.e., introducing
natural enemies of invasive species. The
main issue is that this involves introducing
another exotic species, which could cause
additional problems, requiring rigorous
study and decision-making. Once removed,
the collection and disposal of invasive
plants must be handled carefully to avoid
their spread. This strategy should be com-
plemented with restoration approaches
focused on ecosystem resistance to new
invasions, prioritizing the reintroduction
of native species with functional traits
similar to those of invasive species (Funk
et al., 2008). For example, selecting native
species that share resource-use strategies
with invaders can limit their establishment
by saturating available niches. Increasing
functional diversity in the systemis also key
to reducing ecological vacancies that could

be exploited by exotic species.
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Soil rehabilitation affected by mining activities
is a critical stage to ensure the recovery of
ecosystem functions, environmental stability,
and long-term sustainability of land use. This
module presents the key measures to restore
the functionality of the soil substrate, based on
the diagnosis carried out in Module | and in line
with the management criteria defined in Module 1.

These measures should include the application
of soil conditioners and amendments according
to the analysis results, as well as the implemen-
tation of erosion control mechanisms to prevent
soil loss before a vegetation cover is established.
Additionally, soil structure should be restored
through scarification or ripping following
contour lines. In case of soil shortage, it is
necessary to identify and apply suitable alter-
native materials (Geglindez, 2022).

In the post-operational phase, once the planned
objectives at the beginning of the mining project
have been met, a mine closure plan must be
carried out, which is usually divided into several
interrelated stages.

The first stage (planning) involves preparing a
detailed closure plan that describes the activities
to be carried out throughout the process. The
second stage (execution) corresponds to the im-
plementation of closure activities (demolition of
facilities, waste treatment, reforestation, and
land restoration, among others). Finally, in the
monitoring and maintenance phase, long-term
follow-up of the restored land is scheduled,
performed, and reviewed to ensure it remains
stable and does not cause new environmental
impacts (Cooke & Johnson, 2002).
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Mine closure planning should begin with the

conception of a new mine project, establishing a

series of considerations:
Review of edaphic properties, considering the
geology of the site, to carry out the physical,
chemical, and biological remediation of soils
and stabilization of terrains. This involves
monitoring all these aspects to understand
their final condition and proceed with resto-
ration. Essentially, it is about identifying and
assessing the environmental impacts caused
by mining activity. Soil analysis should include
measurements of pH, heavy metal content,
nutrients, and other potential contaminants
to identify the most affected areas and pro-
ceed with their rehabilitation.
Once environmental impacts are identified,
criteria should be established, preferably
based on metrics, to help make informed
decisions to rehabilitate, mitigate, or repair
possible damage caused to the ecosystem. It
is essential to promote measures to prevent
soil erosion and facilitate water retention in
the rehabilitated area, either through terrace
construction, planting ground cover, or con-
ducting soil conservation studies.
Restore environmental (soils, water, atmos-
phere) and ecological conditions as much as
possible to their state prior to mining activities.
One of the most effective techniques for reha-
bilitating mining-affected areas is soil revege-
tation, which involves planting vegetation to
improve soil quality and restore biodiversity.
This activity requires thorough knowledge of
the natural soil before mining began and the
mining soil resulting from the activities. Soil
amendments are commonly used, which help
improve structure, texture, nutrient content,
etc. (Lopez-Marcos, 2020).
Minimize negative effects and evaluate how
to compensate for permanent and irrevers-
ible damages, as well as monitor compliance
with environmental resolutions that may

have been modified over time.
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Considering the nature of actions taken during the
mine closure phase, two types of interventions
can be distinguished. The first is permanent,
when closure objectives extend over several
years to, for example, monitor, treat, and control
acidic water effluents from dams, waste dumps,
etc. The second type is transitory or temporary,
characterized by carrying out inspections and
environmental, geotechnical, hydrological, and
edaphic monitoring with a less extended perio-
dicity (Balaguer, 2013; Balaguer et al., 2014).

Morphological reconfiguration of the terrain
aims to restore a functional and safe topogra-
phy, compatible with the restoration objectives
and future land use. The actions, described in
detail below, include:

Morphological adaptation of the relief.

Slope design.

Construction of berms.

Morphological adaptation involves shaping the
surfaces to achieve a topography suitable to the
selected “restoration model,” according to the
different zones, so that the terrain integrates
into the environment and facilitates the natural
drainage of surface waters. This mainly involves
earthworks — excavations, fills, terrace forma-
tion, or benching — to achieve gentler slopes.
Although the general approach should aim to
restore the previously existing forms, often the
new morphology of the site can be utilized (or
filling may not be possible due to lack of material).
For example, gravel pits with flooded basins can
become refuges for waterfowl, recreational
areas, etc.

Slopes must be designed based on the geotech-
nical safety and landscape features of each lo-

cation. The resulting morphology for cut and

fill slopes should preferably, and whenever
technically feasible, be less steep than 3H:2V
(horizontal to vertical), aiming to avoid trenching
and favor revegetation. Steeper slopes may only
be justified from an environmental standpoint if
the environmental impacts caused by the great-
er land occupation of gentler slopes outweigh
their advantages. It is always preferable and
recommended to adopt irregular and rounded
profiles, especially at edges or transitions with
adjacent surfaces; flat slopes and sharp edges
should be avoided so that profiles progressively
blend into the terrain. For restoring unstable cut
slopes, their disposition, geometry, and degree of
weathering should be studied. Restoration may
use solutions based on slope geometry, such as
deep drains, or more landscape-oriented solu-
tions if the areas are highly visible from outside
the site boundary, such as using resistant ele-

ments and surface correction.

Berms or terraces can be used to break very
steep slopes and reduce their visual dominance.
However, regular terracing often emphasizes
the visual dominance of the slope, so it is not
recommended unless for geotechnical reasons.
Many techniques used to stabilize slopes and
prevent landslides, which are also related to
morphological adaptation, help mitigate erosion
problems. In any case, specific measures should
be applied to correct erosion on surfaces to be
revegetated. These measures aim at slope sta-
bilization, including surface reshaping, drainage
treatments, and additional surface protection
beyond the vegetation cover when deemed nec-
essary. The suitability and design of these works
depend on the hardness of the substrate and the
final slope of the surfaces.

Despite the preventive planning and sustainable

management measures described in Module I,
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it is common for significant soil impacts to arise
that require specific corrective interventions
once mining activity has ceased. These actions
aim to restore the functionality of the soil and
surrounding environment when critical degra-
dation thresholds have been exceeded, whether
due to contamination, severe physicochemical
alterations, or the presence of active processes

such as acid drainage.

In this context, one of the main objectives of
corrective actions is the stabilization of soil pa-
rameters, understood as the modification of the
physical, chemical, and biological properties of
the soil to improve its quality and stability. This
stabilization may involve improving soil struc-
ture, moisture retention, fertility, or erosion
resistance. It is a fundamental step that must be
considered after the cessation of any anthropo-
genic activity that has compromised the natural

soil properties.

The corrective measures presented in this section
address a wide range of challenges associated
with the restoration of mined soils: treatment of
contaminated soils, control of acid drainage and
toxic seepage, improvement of drainage, use of
amendments, stabilization of soil parameters,
addition of organic matter and fertile soil, re-
forestation with native species, and the creation
of habitats for local fauna. Each of these situations
requires a rigorous methodological approach
based on an accurate diagnosis and the selection
of appropriate technologies according to the
site conditions.

Soil drainage conditions are a key factor in
terrain stability, especially in areas disturbed by
mining activities with steep slopes. On slopes, in-
creased water content in cohesive soils reduces

their mechanical strength, promoting landslides
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and erosion processes. In mining environments,
the situation worsens due to compaction caused
by the removal of the soil's surface layer and
the movement of heavy machinery (see section
2.3.2.3), which profoundly alters soil structure
and permeability, modifying the natural water
runoff. To mitigate these effects, various drainage
strategies are employed to restore a functional
hydrological balance. Therefore, actions aimed
at improving drainage in slopes and mining soils
have the following main objectives:
Restoring the natural hydrological balance.
Reestablishing the geotechnical stability of
slopes.
Increasing soil infiltration and aeration.
Preventing erosion processes and water
accumulation.
Optimizing root development of restorative
vegetation.
Corrective techniques aimed at improving
drainage are applied when instability or satura-
tion problems already exist. Their purpose is to
evacuate excess water, stabilize the terrain, and
restore its functionality.
Improvement of drainage on slopes: For
slopes, solutions focus on (i) extracting infil-
trated water and (ii) preventing surface water
from saturating the terrain. Techniques such
as slope perforation by inserting porous pipes
allow evacuation of sub-surface water, while
the installation of drainage buttresses adds
structural stability and collects accumulated
water. Additionally, downspouts and ditches
are implemented at the top and bottom of the
slope to channel surface flow without causing
erosion. As detailed in the previous section,
terrain shaping should be done with gentle
slope and channels designed to encourage
controlled runoff and avoid waterlogging.
Surface and subsurface drainage systems are

installed to manage excess water.
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Improvement of drainage in soils: For mining
soils, drainage improvement seeks to restore
stable hydrological conditions and facilitate
ecological rehabilitation of the site. When
preventive measures against compaction
have not been applied, mechanical tillage is
necessary to perform soil decompaction (see
section 2.3.2.3). This intervention can be sup-
plemented by adding organic matter or sand,
which improves soil structure and promotes
water infiltration. Revegetation plays a fun-
damental role in restoring natural drainage.
The use of species with deep roots improves
water penetration and strengthens the soil
profile structure, while covering crops protect
the surface against erosion, reduce runoff,
and promote a balanced hydrological cycle.

The application of soil amendments has become
an effective strategy to improve the physico-
chemical and biological properties of degraded
soils. Amendments such as mineral fertilizers
and organic residues (biosolids, compost, or
biochar) help correct structural and nutritional
deficiencies in the soil, increasing water reten-
tion, improving organic matter content, and
promoting microbial activity (Rodriguez-Berbel
et al.,, 2025). These effects are essential to fa-
cilitate plant regeneration and stabilize mining
soils. Specifically, the addition of soil amendments
contributes to achieving the following objec-
tives (Johnson et al., 2019):

Restore soil functions and ecosystem services.

Optimize the establishment of a stable vege-

tative cover.

Reduce erosion and leaching.

Improve soil quality by adding organic matter.

Reduce risks from human and environmental

exposure to contaminants by promoting their

degradation or retention.

From a microbiological perspective, amendments
play a key role in reactivating biogeochemical
cycles of phosphorus and nitrogen (see section
1.2.5.4). For example, soil microbial commu-
nities can mineralize organic phosphorus and
solubilize inorganic phosphorus, releasing or-
thophosphates available to plants through
enzymes such as phosphatases and phytases
(Ragot et al., 2015). Additionally, the nitrogen
cycle is reactivated by microorganisms that fix
atmospheric nitrogen, nitrify ammonium, and
carry out denitrification processes, regulating
nitrogen availability in assimilable forms or its
return to the atmosphere (Zhanget al., 2013).

In line with these strategies, the European Union
has promoted specific measures for the safe use
of certain amendments and evaluated their
effectiveness, including biochar, lime, and gypsum:
Biochar, produced by pyrolysis of biomass
under low oxygen conditions, is characterized
by its high stability, capacity to retain water
and nutrients, and potential to act as a carbon
sink. The European Commission recognizes
its usefulness in improving soil health and
mitigating climate change, provided it meets
the safety requirements established by
Regulation (EU) 2019/1009 and, in many
cases, voluntary certifications such as the Eu-
ropean Biochar Certificate (EBC), which sets
limits for contaminants and guarantees its
agronomic quality.
Lime, generally in the form of calcium carbonate
(CaCO,) or magnesium carbonate (MgCO,), is
widely used to correct soil acidity. Its applica-
tion improves pH, reduces aluminum toxicity,
and promotes the availability of essential nu-
trients, contributing to better soil structure
and facilitating root development.
Gypsum provides calcium and sulfur without
significantly altering pH, making it suitable
for neutral or alkaline soils. With solubility
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about 200 times greater than lime, it im-
proves calcium and sulfur mobility in the soil
and helps correct aluminum and sodium tox-
icities in acidic and saline-alkaline soils. More-
over, it enhances soil structure by promoting
the formation of stable aggregates, reduces
erosion, and can limit nutrient leaching such
as phosphorus, although caution is needed in
areas sensitive to sulfate accumulation. Com-
bining lime and gypsum can have synergistic
effects in soils with simultaneous acidity and
compaction problems, improving both nutrient

availability and water infiltration.

An important advancement in mining soil reme-
diation is the valorization of mining residues as
potential amendments (Forjan et al., 2017).
Recent studies show that certain residues, such
as the fine fraction of dunite (an ultramafic rock
widely used, for example, in the production of
aggregates for concrete), can be reused to im-
prove degraded soil properties (Salgado et al.,
2024). These materials contain basic cations,
magnesium oxide, and lime, which raise pH and,
when combined with compost, significantly re-
duce the mobility of trace elements, favoring
chemical stability of the soil. Beyond their
effectiveness, their main advantage compared
toother strategiesis that they help reduce waste
generation, aligning with circular economy
principles and Nature-Based Solutions (NBS),
promoted by the European Union for more sus-
tainable and responsible mining (Nicolau, 2003;
Nicolau, & Moreno de las Heras, 2005).

The use of organic amendments derived from
residues also represents a viable and sustainable
alternative in the ecological restoration of soils
degraded by extractive activities. These raw ma-
terials (such as biochar, manure from livestock
farms, sewage sludge, compost from the organ-

ic fraction of municipal waste or agro-industri-
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al residues), once properly valorized, not only
favor the recovery of key ecological functions
(such as improving microbial activity, fertility,
and physical soil structure) but also align with
circular economy principles, waste reduction,

and environmental sustainability.

Park et al. (2011) studied the viability of biochar
derived from poultry manure and plant resi-
dues for remediating contaminated soils. Under
controlled conditions, they demonstrated that
adding these organic amendments effectively
immobilized, reduced bioavailability, and phyto-
toxicity of certain metals. This effect resulted in
increased plant growth, improved availability of
essential nutrients (P and K), and enhanced soil
microbial activity. These results highlight bio-
char’s value as a tool for phytoremediation and
chemical stabilization in mining soil restoration.
Méndez et al. (2012) evaluated the impact of bi-
ochar produced by pyrolysis of sewage sludge on
a Mediterranean agricultural soil. Compared to
untreated sludge, biochar significantly reduced
the bioavailability and leaching of analyzed metals.
Additionally, it improved soil water retention
and showed lower carbon mineralization, favoring
organic matter stability. Therefore, the study
supports the use of biochar as a sustainable and
safe amendment for degraded soils.

Rodriguez-Berbel et al. (2022) evaluated the
effectiveness of organic amendments (vegetal
composts, sewage sludge, and their mixtures) in
restoring mining-degraded soils in a limestone
quarry in a semi-arid climate. The amendments
significantly improved the physicochemical and
biological soil properties, increasing nutrient
content, enzymatic activity, and microbial res-
piration. They also promoted the growth and
diversity of fungal communities beneficial for
the carbon cycle and plant symbiosis. Although
fungal diversity did not reach that of natural
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soils, the results indicate clear ecological and
functional recovery thanks to the application of

these recycled materials.

In another four-year study on degraded agri-
cultural soils in a semi-arid region of southern
Spain (Tejada et al., 2006), the effect of two or-
ganic amendments (compost from cotton gin
residues and poultry manure) on restoring soil
biological quality was evaluated. Both amendments
significantly improved microbial biomass and
soil enzymatic activities as well as spontaneous
vegetation cover. It was concluded that these
amendments are an effective strategy for soil
restoration in semi-arid climates, without

apparent risk of heavy metal toxicity.

A research group (Page-Dumroese et al., 2018)
evaluated the effectiveness of organic
amendments (biosolids, wood chips, and
biochar) applied superficially to restore soil
properties in a degraded mining complex. Af-
ter two years, the amendments significantly
improved the soil’s physical and chemical char-
acteristics, including pH, carbon content, cation
exchange capacity, and nutrient availability.
Treatments with biosolids, especially combined
with other amendments, notably increased
vegetation cover and soil moisture retention,
favoring the establishment of sown or planted
native species. These results suggest that using
local organic waste can be an effective and
economic strategy for ecological restoration of

mining lands.

In a large-scale field study conducted over three
years at an abandoned phosphate mine in China
(Dong et al., 2025), sewage sludge compost was
applied to restore degraded soil. This action
significantly improved soil quality, increasing
organic matter, inorganic nutrients, and plant

growth density. However, it also raised concen-

trations of certain contaminants, particularly
cadmium, which showed high mobility and eco-
logical risk. Despite these initial increases, the
study observed a trend toward stabilization of
most metals over time due to complexation and
adsorption mechanisms promoted by changes in

pH, organic matter, and iron and aluminum oxides.

The European Union emphasizes the impor-
tance of an application based on soil diagnosis,
assessment of associated environmental risks,
and suitability to specific site characteristics.
Correct selection, application, and monitoring
of these waste-derived amendments is crucial
to ensure their effectiveness and environmental
safety, which must be done following regulatory
frameworks such as Regulation (EU) 2019/1009
for fertilizer and compost products, and specific
national technical guidelines on organic waste

management.

To meet the objectives established at the beginning
of this section, a systematic process must be
followed to ensure detailed problem analysis,
design of appropriate solutions, and validation
both in the laboratory and field. Additionally,
this process should include long-term monitoring
to ensure results are effective and sustainable.
The key steps in this process are:

Problem diagnosis: Perform a detailed
characterization of the contaminated soil and
compare it with a reference unaltered soil to
identify differences and existing limitations.
Solution design: Define precise remediation
objectives and develop an amendment plan
that facilitates sustainable restoration of
native vegetation.

Laboratory evaluation: Subject the proposed
amendments to controlled laboratory tests.

Field validation: Conduct trials at the affected
site to verify amendment effectiveness under

real conditions.
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Remediation implementation: Apply amend-
ments to the soil and promote revegetation to
recover ecosystem functionality.

Long-term monitoring and control: Conduct
continuous monitoring to verify durability of
results and, when possible, manage site re-

moval from contaminated area lists.

Thus, the application of soil amendments in mining
areas represents a fundamental tool for pollu-
tion mitigation and environmental restoration.
An integrated approach aligned with current
remediation strategies based on natural solu-
tions and circular economy practices will help
improve soil physicochemical properties and
stabilize mining residues. Moreover, following a
structured and site-specific approach is crucial
to ensure not only environmental risk reduction

but also soil functional recovery.

One of the most important preventive actions to
protect soil affected by mining operations is the
recovery of the available top-soil layer or the soil
that will be disturbed during the extractive life
cycle, for its subsequent use in soil and vege-
tation restoration processes. Top soil generally
corresponds to the A horizon and, in the mining
context, refers to excavated material whose
physicochemical and granulometric composi-
tion allows the establishment of a permanent
herbaceous cover, at least initially, during the
early phases of environmental recovery, and is

susceptible to natural recolonization.

During this soil recovery work, it is important
to verify appropriate topographic shaping to
minimize erosion risk or water retention, aided,
for example, by organic amendments, as pre-
viously discussed in section 2.4.3.2. The use of
amendments is especially advisable in cases of

poor-quality recoverable materials.
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Projects must include an approximate topsoil
balance. This estimate involves defining the to-
tal surface area of embankments (all of which
should undergo vegetation restoration) and that
of slopes where the gradient between berms
is equal to or less than 3H:2V. This calculation
will include the surface area of permanent
and temporary elements that must be restored
(permanent landfills, temporary service roads,
stockpiles, and provisional facilities that will
not be used after the works are completed). The
sum of these surfaces will serve as the basis for
calculating the necessary volumes, considering
an average topsoil layer thickness of 0.3 me-
ters. In addition to defining the surfaces to be
restored with top soil in reports and plans, an
approximate calculation of the additional top
soil quantity (soil that must be added beyond
what is stockpiled from occupied areas) should
be performed, including the unit price in the
corresponding project work unit. All tasks related
to removal, storage, and conditioning of useful
topsoil from occupied lands must be defined
with corresponding work units, measurement

estimates, and budgets.

Both the removal (especially before machinery
traffic compacts the soil) and the subsequent
redistribution of top soil on the slopes and
embankments created should be scheduled,
coordinated with the rest of the construction
activities.

Projects will include the necessary mechanisms
to protect the top soil once it has been spread
on the slopes until planting occurs. In this re-
gard, special consideration should be given to
the provisional treatment of runoff towards
embankments and the need to establish guard
ditches at the top of slopes and/or embankment
downspouts where justified. If the necessary

amount of topsoil is not available, a study should
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be conducted to prioritize the most critical
areas, considering as priorities slopes with the
highest visual impact, zones near watercourses,

valleys, or areas close to inhabited centers.

Another important aspect is the spreading of
topsoil. The addition and spreading of fertile soil
and organic matter should be scheduled to avoid
long periods of bare soil, as this would promote
erosion. It should be performed on the already
reshaped terrain with machinery that causes
minimal compaction, as otherwise it would im-
pair proper soil rehabilitation. To ensure good
contact between successive surface material
layers, itisadvisable to scarify the surface before
covering it. If the material on which the top soil
will be spread is compacted, deeper scarification
(40 to 50 cm) should be performed to prevent
layering, improve infiltration and water move-
ment, avoid sliding of the spread soil, and facil-
itate root penetration. Topsoil is usually spread
using a bulldozer or motor grader, taking care
to avoid compaction by heavy vehicles during
spreading. Once the top soil layer is spread, light
tillage will be carried out to level and loosen it.

To facilitate vegetation colonization processes,
the separation of the superficial horizons of soils
susceptible to use is carried out simultaneously
with clearing - whenever possible - so that the
topsoil incorporates chopped remains of the
existing vegetation in the terrain at the moment
of separation. In any case, mixing different soil
layers should be avoided to prevent dilution of
the properties of the more fertile layers. The
more or less fertile soils thus obtained will be
stockpiled in designated areas. Whenever possible,
selective stockpiling will be carried out based on
the quality and characteristics of the different
types of materials that can be utilized.

The main objective of soil contamination
treatment techniques is to prevent adverse
effects on human health and the environment.
Currently, there is a wide range of technologies
available for the remediation of contaminated
soils, which can be adapted to the specific con-
ditions of mining sites. These technologies can
be applied in situ (without soil excavation), on
site (excavating the soil and treating it at a plant
located on-site), or ex situ (excavating the con-
taminated soil and transporting it to an off-site
facility), and often require combined strategies
to be effective (USEPA, 2021).

The selection of an appropriate remediation
technology (or combination of technologies) de-
pends on two fundamental aspects: the geolog-
ical and hydrogeological characteristics of the
site and the type and behavior of the contami-
nants present. Regarding the second aspect, the
following considerations can be made:
Organic contaminants require technologies
that promote their chemical or biological
breakdown, such as bioremediation, in situ
chemical oxidation, or induced volatilization
(by heat or vacuum).
Inorganic contaminants and heavy metals can-
not be degraded, so they must be immobilized,
extracted, or stabilized using techniques such
as solidification, soil washing, electrokinetics,
or reactive barriers.
In situations where both types coexist, which
iscommon in mining areas, combined or hybrid
strategies are generally the most effective.

Organic contaminants are generally petroleum
derivatives (fuels and lubricants), solvents, ex-
plosives, and agents used in mineral processing.
The main technologies for remediating soils
impacted by organic contaminants include:

Bioremediation: Uses microorganisms to
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degrade contaminants such as hydrocarbons
and organic solvents.

Bioventing / Biosparging: Promotes the
volatilization and biodegradation of volatile
organic compounds.

Soil Vapor Extraction (SVE): Removes vola-
tile organic compounds from the unsaturated
soil zone.

Multiphase Extraction: Extracts vapors,
contaminated water, and free product such as
hydrocarbons.

In Situ Chemical Oxidation (ISCO): Converts
toxic organic compounds into less hazardous
substances using oxidizing agents.

In Situ Chemical Reduction (ISCR): Useful
for oxidized substances, typically chlorinated
compounds; transform these contaminants
into less hazardous degradation products.

In Situ Thermal Treatment: Volatilizes or
destroys organic compounds through heating.

On the other hand, common inorganic contam-
inants in mining waste—such as arsenic, lead,
cadmium, mercury, etc.—primarily originate
from metal mining. The main technologies used
to treat soils affected by inorganic contaminants
include:

Solidification and Stabilization (S/S): Immo-

bilizes metals in solid matrices, reducing their

mobility.

In Situ Chemical Reduction: Immobilizes
metals through adsorption or precipitation.
Soil Washing: Mobilizes metals using chemi-
cal solutions; suitable for ex situ applications.
Permeable Reactive Barriers (PRB): Contain
reactive materials that intercept dissolved
metals.

Nanomaterials: Oxidizing or reducing agents
supplied in nano (or micro) particle form. They

adsorb or react with metals in the subsurface.
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In Europe, these techniques have evolved
toward sustainable solutions adapted to the
specific characteristics of each site, especially in
industrial and mining contexts. Several European
projects have demonstrated the effectiveness of
hybrid and sequential strategies for the reme-
diation of contaminated soils (Peldez-Sanchez
et al,, 2017). A notable example is the case of
Asturias (Spain), where the |+DARTS project
applied various technologies comparatively—
including phytoremediation, bioremediation,
soil washing, and electrokinetic—to address
arsenic and heavy metal contamination in rep-
resentative sites (LIFE Programme, 2016). This
approach made it possible to identify more
effective technological combinations depending
on the geochemical context and the intended

future land use.

Although in principle all these techniques are
potentially applicable in mining environments,
their practical implementation in open-pit mining
requires careful evaluation of the specific condi-
tions of each site. These operations may feature
steep morphologies, unstable slopes, and con-
siderable depths—even after restoration—which
complicate physical access to contaminated
zones and limit the use of conventional remedi-
ation equipment. Moreover, if proper preventive
practices have not been implemented, soils al-
tered by mining operations may exhibit high
heterogeneity and low permeability (e.g., due to
compaction from machinery use), which can re-
duce the effectiveness of methods that rely on
hydraulic flow. Acid drainage and contaminated
groundwater levels are also common, necessitating
the integration of soil and groundwater technolo-
gies (see section 2.4.3.5). Additionally, residual
mining infrastructure (tunnels, wells, conduits)
can act as preferential migration pathways for
contaminants but can also be potentially used to
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install injection or monitoring systems, thus re-
ducing the costs and impacts of new construction.
Therefore, rather than a simple technological
selection, remediation in these environments
must be a process of strategic adaptation, where
accessibility and local hydrogeology are critical in

designing effective and sustainable solutions.

The production and migration of acid drainage
is one of the most serious problems that can
occur during the closure of mining activities, as
it can negatively affect not only the mine site but
also distant areas. Acidity alters water proper-
ties and, consequently, ecosystems, crops, and

therefore, the soil.

Acid drainage is the circulation of acidic fluids
derived from the weathering of metal sulfides,
typical in deposits such as copper porphyries,
massive sulfide deposits, Zn, Pb, and Cu minerali-
zation, but also in coal mines. The environmental
effects of acid drainage can vary by area, from
affecting the growth and reproduction of plant
life near the impacted zone to contaminating

aquatic ecosystems and aquifers supplying water

for consumption.

Acid drainage waters in a mining area can be
classified based on their origin or source, such
as drainage from a mine opening (gallery, shaft,
pit, etc.) or from waste accumulations (dumps,
tailing ponds, etc.). These fluids, when flowing
through favorable zones of the rock mass, are
capable of leaching and transporting heavy
metals. This process, which can naturally generate
mineral enrichment in an ore deposit, becomes
a problem when it occurs in tailings, active

operations, or when circulation reaches rivers

and aquifers.

To evaluate acid leachates in a mining area, the
flow at the point in the river network collecting
all drainage from the site is measured and the
water quality is analyzed. With the data on volume
and concentration, the contaminant load can be
determined. It is also possible to approximate
the oxidation ratio of sulfides through the
dissolved oxidation products in these waters.

In recent years, the use of technosols for con-
trolling acid mine drainage has been in-
creasingly considered (Ferronato et al., 2021;
Firpo et al., 2021). For example, the TEKURA
project (Vecillas et al., 2021) implemented a
passive environmental solution to reduce acid
drainage at the uranium mine of Saelices el
Chico (Salamanca, Spain) through the in-situ
creation and application of technosols made
from local materials. These technosols com-
bine impermeable layers, sterile materials, and
enhanced soils enriched with bioactive com-
pounds and nutrients, designed to neutralize
acidity, immobilize sulfates, and improve soil
fertility. The application succeeded in restoring
soil cover and improving the chemical quality of
water in the area surrounding the restored pit.

The presence of invasive plants is related to
anthropogenic disturbances. Due to this, there
is a shift from more mature stages of ecological
succession to earlier stages, which favor the es-
tablishment of opportunistic species (Catford
et al.,, 2012). This occurs because human activity
can disrupt ecological balance, preventing na-
tive species from fully developing or occupying
the entire available area, thereby reducing
the natural barriers that would otherwise limit
the establishment of invasive species. Invasive
plants are often also exotic; as they adapt to
environments different from their native range,

they lack natural biological controls and can
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Fig. 11

spread to the point of displacing native vege-
tation, leading to a decline in plant biodiversity
within the affected area.

The type of vegetation restoration proposed in
each case must be ecologically and aesthetically
appropriate to the territory and its intended uses
(Fig. 11). This generally implies that disturbed
land should be treated to resemble as closely as
possible the appearance and composition of the
pre-existing dominant vegetation or, alternative-
ly, the potential natural vegetation. Vegetation
restoration must consider ecological objectives,
landscape objectives (such as integration into the
surroundings and screening of unsightly views),
and the control of erosion on bare surfaces
generated by the works.

Native pine plantations in restored mining areas (courtesy of
Canteras Industriales, S.L.)

The main factors to consider in the selection of

plant species for restoration are:

Macroclimatic conditions, which also influence
the definition of necessary preparation work
before sowing and planting, as well as subse-
quent maintenance needs.

Microclimatic peculiarities, such as exposure
(the effect of sun-facing vs. shaded sides).
Land use of the surrounding area, ensuring

ecological and landscape coherence.

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

The shape and planned physical structure of
the surfaces to be revegetated (slope, granu-
lometry, stoniness/rockiness, lithology, etc.),
which will determine the type of revegetation,
the amount of material to use, etc.
Consistence with the surrounding vegetation
to avoid breaking the landscape continuity
(e.g., avoiding the use of exotic species).
Adaptability to the soil conditions of the site,
so that plants require minimal care (hardiness).

All of this should be translated into the use of
plants and seeds from native species of trees,
shrubs, bushes, and herbaceous plants (annual
or biennial), which must come from the same
area or from similar areas, based on biogeo-
graphical, biological, potential vegetation, and
climatic criteria. In practice, the concept of a
“native plant” refers to those found in the area
in significant proportions prior to the construction
work, either because they belong to local
ecosystems or because they are forest species
commonly cultivated in that location.

Natural habitats are defined as the areas where
wild flora and fauna live, whether they are
entirely natural (their soils and inhabitants
have been barely altered by human activities)
or semi-natural (those areas transformed by
human activities, such as mining). However, the
conceptualization of habitats is not that simple,
as they are defined in relation to each species
and are characterized by specific abiotic and
biotic factors that are suitable for each species’
biological effectiveness. On the other hand,
most animal species—though not all—are mo-
bile and can live and adapt to different habitats
characterized by varying types of flora. Because
of this association between wild fauna and flora
species and their habitats, it is understood that,

in order to preserve biodiversity, it is essential
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to design land and water use strategies with low
environmental impact that are compatible with

the conservation of those natural habitats.

In certain circumstances, habitats may be
affected by extractive activities, which ne-
cessitates their corresponding remediation at
the end of the activity cycle. Creating habitats
for fauna involves building or improving areas
where animals can live, reproduce, and find the
resources they need to survive. This may in-
clude the creation of new vegetated zones, the
connection of fragmented natural areas, or the
restoration of degraded habitats.

Regenerating or creating habitats in the context
of mining activity requires establishing a set of
criteria. One of these is accepting as essential
that the habitat must provide sufficient and
appropriate consumable resources for animal
species, that is, food, shelter, water, and space to
move. This requires an assessment of the land.
Given the interconnection between fauna and
flora, the vegetation to be planted should be na-
tive, and invasive species must be avoided. This
can be carried out through so-called “biodiversi-
ty islands”. Biodiversity islands are spaces where
native species are sown or planted to contribute
to the ecological restoration of the natural envi-
ronment. They provide food and shelter for fauna,
support native flora, aid pollinators, insects, and
mammals, and strengthen bird communities.

Furthermore, morphological diversification
(meadows, wetlands, forests, etc.) should be
promoted to offer a greater variety of niches for
different species. These mosaic or fragmented
areas or habitats should be interconnected to

promote fauna migration and plant dispersal.

Once mining activities have ceased and site res-
toration is completed, ongoing monitoring of
soil quality is essential to ensure the long-term
sustainability and recovery of the site. The soil
quality monitoring program is built upon the
sampling design, analytical methodologies, and
evaluation system established during the Soil

Characterization and Diagnosis module.

Sampling points are systematically located
within the restored area following a stratified
random design aligned with soil units to ensure
representativeness and statistical robustness.
Soil samples are collected from the topsoil layer
(0-20 cm) as the core diagnostic unit, with the
possibility of horizon-based sampling for more

detailed assessment when resources allow.

Furthermore, according to the Directive of Soil
Monitoring and Resilience (Art. 8), evaluators
shall ensure that new soil measurements are
performed at least every six years within one
sampling campaign or as part of a continuous
sampling scheme during the indicated period
of time. By way of derogation from this require-
ment, evaluators may decide, before initiating
a new sampling campaign, not to carry out new
soil measurements for a particular soil descrip-
tor in part or throughout the territory under
their responsibility if it is reasonable and justi-
fied to expect that soil conditions remain stable
or unchanged. The measurements performed
will feed into the Soil Quality Evaluation System
(see section 2.2.3), which translates descriptor
data into scores reflecting the functional status
of the soil.

By comparing current soil quality data with
baseline conditions determined pre-mining and

post-restoration, the monitoring system allows
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for the identification of potential degradation or
improvement trends, supporting timely manage-
ment interventions. This adaptive approach
ensures that the restored soil maintains or
enhances its ecological functions, promoting a

resilient post-mining landscape.

As has been pointed out throughout this guide,
mining—especially open-pit mining—can have an
environmental impact during extractive activi-
ties and consequently cause significant erosive
effects once its life cycle ends. Accelerated soil
erosion is a critical global issue, especially—but
not only— in tropical and subtropical regions (Lal,
2001). If proper monitoring of the “soil” resource
is not carried out during mining operations,
subsequent rehabilitation may be slow or even
insufficient. While in agricultural areas erosion
reduces productivity, in open-pit mining areas it
causes environmental degradation and can cause
rehabilitation plans to fail by preventing the
achievement of planned goals. If the rehabili-
tated land does not reach a sufficient quality, the
intended land use may not be implemented.

Although open-pit mining activities do not affect
vast areas compared to agricultural land suffering
from erosion, there are two distinguishing
elements: the loss of agricultural soils is often
a subtle process, whereas in waste dumps, soil
loss can reach catastrophic levels in a very short
period (less than 10 years).

Erosion control after mine closure is crucial for
protecting the environment and ensuring long-
term land stability. Key steps to prevent erosion
in mining must begin at the earliest stages of the
project and include:
Site assessment (Module |): analyze soil, to-
pography, climate, and vegetation to identify
vulnerable areas.

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

Minimizing disturbance (Modules | and II):
avoid unnecessary work and manage all
mining activity comprehensively.

Control during mining (Module I1): apply
mulching, seeding, terracing, contouring,
vegetated strips, silt fences, and check dams.
Post-mining recovery (Module Ill): backfill
and level land, improve soil with amendments,

and reforest using suitable species.

The first step to preventing soil erosion is to
assess the site before, during, and after mining.
This involves collecting and analyzing data on
soil type, texture, structure, organic matter, pH,
and nutrients (as outlined in Module 1), as well as
the area’s topography, climate, vegetation, and
hydrology. These data can be supported by tools
such as soil maps, satellite images, aerial pho-
tographs, and Geographic Information Systems
(GIS). By evaluating the site, one can identify
areas most vulnerable to erosion and plan mining
activities accordingly (Red de Restauracion de
Minas y Canteras, 2024).

The second step is to minimize surface dis-
turbance during mining. This means avoiding
unnecessary clearing, leveling, and excava-
tion. This approach requires a comprehensive
strategy for the mine’s activity from beginning

to end.

The third step is to implement erosion control
measures during mining, such as mulching, seeding,
terracing, contouring, buffer strips, silt fences,
and check dams.
Mulching involves covering the soil with or-
ganic or synthetic materials like straw or
wood chips to protect it from raindrop impact
and wind.
Seeding means planting grasses, legumes,
shrubs, or trees to stabilize the soil through

their roots and stems.
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Terracing creates horizontal steps or plat-

forms on slopes to slow water runoff and in-

crease infiltration.

Contouring shapes the land along its natural
elevation contours to reduce water flow.
Buffer strips are left around the mining area

or water bodies to filter sediment and nutrients

from runoff.

Silt fences are installed on the downslope side

of the mining zone to trap sediments before

they reach waterways.

Check dams are built across drainage channels

or gullies to reduce water velocity and erosion,

promoting sedimentation.

The fourth step is land recovery after mining,
which involves restoring the land to a stable
and productive condition compatible with the

surrounding environment and planned land use.

This includes:

Backfilling pits or tunnels with excavated or

suitable material.

Leveling the land to create a smooth, uniform
surface matching the natural slope and drainage.
Applying lime or other soil amendments to
neutralize acidity and improve fertility.
Adding organic or inorganic fertilizers to re-
plenish nutrients and enhance plant growth.
Planting native or adapted species to establish

self-sustaining cover that prevents erosion.

Even when all corrective erosion control meas-
ures are applied, the risk may still exist after mining
activity ends. Therefore, strategies must be
devised to control and limit the associated risk
both spatially and temporally. Various measures
can be implemented to prevent erosion and
sedimentation, such as slope stabilization and
containment structures, revegetation, surface

and groundwater management, and the use of

geosynthetics.

Many techniques used to stabilize slopes and
prevent landslides, often related to morpho-
logical adjustments, also help mitigate erosion.
Specific measures must be applied to correct
erosion on areas to be revegetated. These aim
at slope stabilization and may include surface
remodeling, drainage treatments, and additional
surface protection beyond vegetation cover, if
deemed necessary. The suitability and design of
these interventions depend on substrate hard-
ness and final surface slope.

Among constructive erosion control measures
are the creation of small terraces or benches in
high-risk erosion zones to reduce slope steep-
ness and runoff length, thereby slowing surface
runoff. Drainage systems must not compromise
soil stability. Cut or excavated slopes are more
erosion-prone at the lower part of the incline,
while waste dumps and fills erode more easily
at their crest. Besides base ditches at excavation
slopes, the head of waste dumps, embankments,
and fills must also have guard ditches. Drainage
outflows must be channeled to natural water-
ways or, failing that, to the foot of embankments.
These outflows should be protected with gravel
or crushed stone to absorb and disperse

discharge energy.

As a pre-revegetation correction, shallow horizon-
tal scarification of the surface can be performed
to break up small to medium rills. When larger
gullies have formed, light terracing combined
with placing bundles of branches—whether
capable or incapable of sprouting—on small
benches can be used. These bundles are secured
to the soil with stakes driven firmly into the
ground. Additionally, problems caused by excess
water, which lead to ponding and hinder land
use, should be addressed through appropriate
surface or internal drainage measures to ensure

effective water management.
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Regarding retaining structures, terraces, dikes,
and sediment barriers are employed to control
water flow, reduce runoff velocity, and prevent
erosion and sediment transport. These physical
measures, together with revegetation efforts,
are essential for soil stabilization. Suitable plant
species are sown to cover slopes and other
exposed areas, helping to anchor the soil and de-

crease the risk of erosion.

Finally, comprehensive surface and groundwater
management includes incorporating drainage
systems, channeling, and water treatment
methods to prevent unwanted infiltration and
contamination, as well as to reduce erosion
caused by water flow. In steep areas, the use
of geosynthetic materials such as geocells,
geomembranes, and geotextiles plays a crucial
role in protecting slopes, stabilizing soil, and
effectively controlling erosion.

EU Soil Survey and Health Conservation Management Plan (SSHCMP)

Although the primary objective of any mine
closure operation is to eliminate any risk of soil
contamination, residual risks will always remain
that require personalized assessment and the
establishment of contingency plans to address
their resolution. According to the International
Council on Mining and Metals (ICMM, 2008), re-
sidual risk is defined as “the lowest risk ranking
achieved by a given set of management meas-
ures”, making it essential that the closure planning
process considers these residual risks and es-
tablishes appropriate corrective measures to
mitigate their potential impacts. Therefore, it
is advisable that the closure plan be based on
and supported by a risk analysis that facilitates
the identification of residual risks arising from
factors not present or considered unlikely at
the time of developing the closure plan, such
as extreme geological events (eruptions, earth-
quakes), climatic events (heavy rainfall, river or
dam overflows), or even regulatory and legis-
lative changes (modifications to risk threshold

values).



Conclusions

The preservation of soil quality in mining envi-
ronments represents one of the most significant
environmental challenges today, particularly
within the European context, where the growing
demand for critical raw materials (CRMs) for
the energy and digital transition coexists with
increasingly strict sustainability and ecologi-
cal restoration requirements. This document
addresses such a challenge through the formula-
tion of the Soil Survey and Health Conservation
Management Plan (SSHCMP), a comprehensive
methodological proposal that offers a struc-
tured technical framework applicable to various

types of extractive projects.

The document is grounded in a thorough under-
standing of the problems associated with soil
degradation caused by mining activities, espe-
cially in open-pit operations. It identifies severe
alterations in the soil’s physical, chemical, and
biological properties: loss of structure, compac-
tion, reduction in organic matter, pH imbalance,
heavy metal contamination, and a decline in soil
biodiversity. These transformations directly
affect the soil’s ability to provide key ecosystem
services such as water regulation, vegetation
support, nutrient retention, and carbon seques-
tration. In response, the SSHCMP is presented
as an operational tool that addresses the full soil
management cycle in mining, from diagnosis to
post-operational restoration. It is divided into
three interdependent modules that ensure a

systematic and coherent intervention:

This first module provides the technical
foundation of the plan by enabling a detailed
understanding of baseline soil conditions prior to
mining activities. It includes methodologies for
field sampling, physical, chemical, and biological
soil analysis, as well as contaminant detection.
This data supports a functional diagnosis that
not only establishes reference conditions but
also identifies sensitive areas, ecologically or
agriculturally valuable soils, and priority zones
for preventive or restorative actions. This
initial characterization is essential for making
informed decisions throughout the mining

project.

The second module outlines management prac-
ticesaimed at preventing soil degradationduring
the extraction and handling phases. It includes
specific protocols for the removal, storage, and
preservation of fertile soil horizons, allowing
for their future reuse in restoration phases. It
also incorporates engineered and nature-based
solutions to control erosion, runoff, and com-
paction, using an adaptive approach tailored to
site-specific conditions. This preventive phase is
critical to avoid irreversible soil damage and to
significantly reduce the costs and complexity of
subsequent restoration efforts.

The third module addresses the post-operational
phase and includes corrective actions focused
on recovering degraded soil properties. These
actions may be physical (decompaction, terrain
reconfiguration), chemical (pH neutralization,

soil amendments), or biological (organic matter

MANAGEMENT
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reintroduction, revegetation with native species).
It also establishes a continuous monitoring
program with measurable indicators to evaluate
soil evolution and the effectiveness of imple-
mented measures. Transparent communication
of results to authorities and local communities
strengthens the project’s legitimacy and improves
its social acceptance.

The document is aligned with the latest European
Unionregulations, such asthe Nature Restoration
Regulation (EU) 2024/1991 and the proposed
Soil Monitoring and Resilience Directive, both
of which define harmonized technical standards
for ecosystem conservation and soil health
monitoring. In this context, the SSHCMP not
only ensures regulatory compliance but also
promotes a shift toward more sustainable,

restorative, and responsible extractive models.

Moreover, the plan emphasizes a multifunctional
view of soil, recognizing its value beyond pro-
ductive capacity and highlighting its ecological,
cultural, and social dimensions. Soil is a non-re-
newable resource on a human timescale, and its
degradation has direct implications for biodiver-
sity, climate, food security, and human health.
The SSHCMP represents a significant contribu-
tion to the design of soil management policies
and practices in the mining sector. Its effective
implementation can make the difference be-
tween an extractive model based on depletion
and one committed to reconciling economic
development with environmental sustainabili-
ty and social well-being. The document lays the
foundation for soil management to become a
central strategic component in mining projects,
shifting from a secondary consideration to a key
element in the transition toward truly sustaina-
ble mining.

Conclusions
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Fig. A1
Flowchart for assessing soil quality for Recycling function
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Fig.A2
Flowchart for assessing soil quality for Erosion function
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Fig.A3
Flowchart for assessing soil quality for Carbon Storage function
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Fig. A4
Flowchart for assessing soil quality for Fertility function
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Fig.A5
Flowchart for assessing soil quality for Water Retention
function
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Fig. A6
Flowchart for assessing soil quality for Water Infiltration function
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Flowchart for assessing soil quality for Contamination Response function
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