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Abstract

Quarrying is a key driver in economic growth but also poses significant environmental
impacts, particularly on groundwater resources. With approximately 4000 active quar-
ries and diverse hydrological and hydrogeological conditions across Italy, the need for
effective regulations that ensure both sustainable extraction and groundwater protection is
paramount. This study analyzed the European directives, national legislation, and regional
quarrying plans governing extractive activities, with a particular focus on groundwater
protection. By analyzing the Italian quarries and their main hydrogeological character-
istics, the most prevalent hydrogeological scenarios associated with quarrying activities
across the country have been identified. The findings reveal significant gaps in the current
regulatory framework, characterized by fragmentation and inconsistency across regions.
Critical concerns across the quarry lifecycle (planning, excavation, and reclamation) are
not comprehensively addressed, and mandatory monitoring and safeguard requirements
are lacking. A more structured regulatory approach could incorporate key parameters
identified in this study, particularly quarry size and groundwater level depth relative to the
excavation plan. Additionally, hydrogeological vulnerability must be considered to guide
risk assessment, particularly for alluvial and limestone hydrogeological complexes, which
host a substantial number of Italian quarries and require stricter safeguards due to their
high susceptibility to contamination and hydrodynamic alterations.

Keywords: quarrying; groundwater protection; sustainable mining; Italy

1. Introduction
Mining and quarrying sustain economic and social development by providing mineral

resources for industry and materials for manufacturing and construction sectors. In Europe,
these industries in 2022 employed more than 370,000 people and generated a net turnover
of 173.6 billion euros [1]. These activities can have adverse effects on the environmental
compartments (water, air, soil, and subsoil) and may also lead to social conflicts [2,3].
Specifically, mining and quarrying activities can impact both the quantity and quality of
water resources, depending on extraction methods, as well as the site’s geomorphology and
hydrogeology. Potential impacts include interference with natural surface drainage patterns,
increased solid transport in rivers, instability of the riverbed and banks, and alteration of
the chemical–physical parameters (pH, salinity, turbidity) and quality (contamination) of
surface water. Additionally, these activities can alter natural groundwater flow and the
hydrogeological balance, deplete groundwater resources during dewatering, and cause to
groundwater pollution through mine-water drainage and tailings dam seepage [4–16]. To
minimize these environmental impacts, it is essential to plan and manage minerals and
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materials extraction within a sustainability framework, which includes conservation of
freshwater resources and prevention of water bodies contamination [9,17–22]. Strategies
for assessing the sustainability of mining and quarrying operations are therefore crucial
both for implementing good practices and regulating these activities through national
legislation and policies aimed at reconciling economic development with environmental
conservation [23].

In 2016, Italy listed 5273 non-energy mining and quarrying extraction sites, produc-
ing raw materials amounting to approximately 167.8 million tons, of which 154.1 were
from quarries (91.8%) and 13.7 from mines (8.2%). The average extraction magnitude was
556 tons per km2, in a range between 300 and over 10,000 tons per km2 in the 1224 munici-
palities hosting productive sites [24,25].

A recent study [26] has categorized 4000 Italian quarries based on their potential
impact on water resources using a simplified conceptual model and Multi-Criteria Decision
Analysis (MCDA) methods. The study highlights that about 20% of quarries fall into
categories that potentially impact surface water, while about 45% fall into categories that
potentially impact groundwater. This is due to the different climatic, geological, and
hydrogeological conditions that characterize the extractive sites in Italy.

The higher potential impact percentage of quarries on groundwater, along with the
less identifiable negative effects on it and the more costly remediation techniques, required
focused attention throughout the quarry life cycle [27].

Within this framework, this study aims to examine the effectiveness of current rules
and norms in preventing and mitigating the potential impacts of quarrying on groundwater.
For this purpose, a comprehensive review of the current national and European regula-
tions governing quarrying activities was carried out, specifically focusing on groundwater
resources protection, and the resulting analyses subsequently considered the different
hydrogeological conditions/features of the Italian quarries. The aim is to contribute to
the identification of key factors to improve current legislation and to achieve sustainable
quarrying with specific reference to safeguarding groundwater resources. This is essential
for updating regulatory frameworks to prevent quantity and quality degradation of ground-
water, which is widely used for drinking water supply, not only in Italy. Concurrently, this
work aims to support stakeholders in promoting sustainable quarrying practices in light of
the existing disparity between the development of this significant economic activity and
the safeguarding of groundwater resources.

2. Materials and Methods
The study was developed in two directions: (i) by examining the current legislation

on quarries with a highlight on guidelines and technical measures concerning the pro-
tection of groundwater; and (ii) by considering the main geological and hydrogeological
characteristics of the Italian quarrying sites.

The analysis of the current legislation included a review of European legislation that
sets key standards for water protection across member states. These regulations provide
uniform guidelines for managing pollution, monitoring water quality, and conducting
environmental assessments aimed at preventing the detrimental effects on both groundwa-
ter and surface water resources that member states are obliged to implement within their
legislation. A review of the Italian legislation was then conducted, focusing on the specific
rules governing the extractive sector and requirements for pollution prevention, water
management, and environmental impact assessments. Subsequently, regional laws con-
cerning the governance of the quarrying sector were reviewed, and the Regional Extractive
Activity Plan (PRAE), i.e., the main regional planning act that establishes the guidelines
and objectives for the quarrying activities, was examined.
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The analysis of the geological and hydrogeological features of Italian quarries was
obtained from the database devised for the categorization of their potential impacts on water
resources [26]. The database was built by merging the ISTAT 2020 dataset [28], regional
PRAEs or, when not available, regional laws, land use maps [29,30], hydrogeological
complexes maps [31], and data on the water balance in Italy [32]. The database also
includes a census of the Italian quarries and information on location and surface area,
type of material extracted, morphology, geology, and hydrogeology of each quarry. All
information was stored in the QGIS 3.34.00 software, from which statistics on the main
hydrogeological characteristics of quarries have been obtained. The following main features
stored in the database were then considered:

• Location, referring to the geographic coordinates of the quarry site;
• Quarry Area, indicating the total surface extent of the quarry footprint or operational

zone, measured in hectares;
• Hydrogeological complex of the quarry area, that is, a geological unit or multiple

geological units characterized by a homogeneous degree and type of permeability and
of a significant size for the scale of groundwater flow [31];

• Average yearly effective infiltration of the quarry area, derived from the “BIGBANG
4.0” model [32], which determines the water balance equation for the entire Italian
territory, using 1 km2 grid cells and considering the annual average precipitation and
evapotranspiration data from 1951 to 2019;

• Water table depth, representing the vertical distance from the quarry floor or natural
ground surface to the saturated zone. This parameter was determined by integrat-
ing the ISPRA national borehole dataset [33], providing information on wells and
boreholes deeper than 30 m, the Regional Water Protection Plans, detailing wells and
springs, and available hydrogeological maps supporting the PRAEs or developed at a
regional scale;

• Distance of each quarry from surface water bodies, derived from the national hydro-
graphic network [34].

3. Results
3.1. The European, National, and Regional Regulatory Framework
3.1.1. EU Legislative Acts

The relevant EU legislative acts for this study are listed in Table 1. They mainly consist
of directives, i.e., legal instruments that mandate member states to achieve specific objec-
tives while granting them flexibility in determining how to do so. The directives’ goals must
be incorporated into one or more national laws, whether newly enacted or amendments to
previous laws. Specific references to mining activities are limited, but guidelines on the
protection and safeguarding of groundwater are provided in several directives.

Table 1. Key European directives on water protection and extractive activities.

EU Directive Main Contents

Directive 2000/60/EC
Comprehensive framework for the protection of all water

bodies, including inland surface waters, transitional waters,
coastal areas, and groundwater.

Directive 2001/42/EC

The directive applies to a wide range of public plans and
programs; however, it does not refer to policies that constitute
the highest level of strategic planning and does not provide a

precise list of plans/programs.



Water 2025, 17, 2044 4 of 19

Table 1. Cont.

EU Directive Main Contents

Directive 2004/35/EC

Directive 2004/35/EC establishes a framework to prevent and
address environmental damage across the European Union,
focusing on minimizing the negative impacts on water, air,

soil, fauna, flora, and landscapes, as well as managing risks to
human health.

Directive 2006/21/EC
Directive 2006/21/EC ensures safe management of waste from

extractive industries to protect human health and the
environment. It covers waste extraction and handling.

Directive
2006/118/EC

This directive establishes specific measures to prevent and
control groundwater pollution under Directive 2000/60/EC.

Directive 2011/92/EU
The Environmental Impact Assessment (EIA) Directive aims to

protect the environment by integrating environmental
considerations in the planning of public and private projects.

European Parliament
Resolution

(5 October 2022)

The resolution reaffirms the recognition of access to safe
drinking water and sanitation services as fundamental human
rights, emphasizing their complementary nature and making
such recognition a key step toward promoting greater social

and environmental justice.

The concepts of protection of all water bodies, including groundwater, prevention
of their degradation and promotion of sustainable water use are found in Directive
2000/60/EC [35]. Specific reference to extractive industries is contained in Directive
2006/21/EC [36], which gives directions for waste management to avoid risks to human
health and prevent environmental impacts. Key concepts include the definition of wa-
ter damage, which entails any adverse effect on the ecological, chemical, or quantitative
state of water bodies. Moreover, specific measures to prevent and control groundwater
pollution and criteria for assessing the good chemical status of groundwater are provided.
Further references to preventing and controlling groundwater pollution, and specifically
to criteria for assessing the good chemical status of groundwater, are contained in Di-
rective 2006/118/EC [37]. Other directives concern Strategic Environmental Assessment
(SEA) and Environmental Impact Assessment (EIA) (Directive 2001/42 and Directive
2011/92) [38,39] which apply to projects and constitute a systematic process for evaluating
environmental implications and consequences, including those related to groundwater,
prior to the decision to move forward with the proposed action. In 2022, the European
Parliament [40] adopted a resolution that reaffirms the recognition of access to safe drinking
water and sanitation services as fundamental human rights, also highlighting the negative
impact of development models focused on large-scale projects and commercial activities
on water resources.

3.1.2. National Regulations

In Italy, mining legislation at the national level is still based on Royal Decree
1443/1927 [41]. The decree does not contain any environmental protection regulations,
given the historical development phase of the nation, which demanded significant extrac-
tion of materials for the construction of cities and infrastructure. The Presidential Decree
128/1959 [42] contains rules and regulations that prioritize worker safety and responsible
management of state-owned mineral resources, and environmental protection measures. In
1972, Presidential Decree 2/1972 [43] started the reallocation of administrative responsi-
bilities concerning mining and quarrying from central and peripheral state authorities to
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ordinary statute regions, which were granted concessions for exploration, research, and the
exploitation of resources.

The Legislative Decree 152/2006 [44] serves as the main environmental regulatory
framework. It aims to enhance human quality of life by protecting the environment while
promoting responsible and sustainable use of natural resources. The decree regulates
the procedures for Strategic Environmental Assessment (SEA), Environmental Impact
Assessment (EIA), soil protection, water pollution prevention and management of water
resources, waste management and remediation of contaminated sites, and compensatory
measures for environmental damage. Additionally, the decree also regulates the Basin
Authorities, a joint body established between the State and the Regions, operating on
river basins considered as unitary systems for soil protection, water remediation, and
the use and management of water resources. Environmental monitoring responsibilities,
related also to extractive activities, are generally delegated to the Regional Environmental
Protection Agencies (ARPAs), to ensure compliance with EIA, while the regions maintain
the supervisory role in the field of worker safety and health protection. Environmental
control activities assigned to ARPAs include verifying compliance with current regulations
through sampling, analysis, measurement, monitoring, inspection of potential risk factors
and impacts to assess the status of environmental components.

The Legislative Decree 117/2008 [45] implements the measures and procedures to pre-
vent or minimize negative environmental impacts, particularly on water, air, soil, wildlife,
plant life, and landscapes, as well as risks to human health related to extractive industries
waste management, as stated by EU Directive 2006/21/EC [36]. Specifically, it stated that
the use of extraction waste to fill voids from surface or underground mining is allowed only
if the waste stability is ensured, pollution of soil and water is prevented, and monitoring of
waste and voids is conducted. The Legislative Decree 30/2009 [46] focuses on the protection
and management of groundwater and surface water, where the minimum environmental
quality standards are set, aiming to safeguard significant water bodies and to maintain
or achieve “good” status for both surface and groundwater. Competent authorities must
implement stricter measures than those already provided by existing legislation to address
significant risks to aquatic and terrestrial ecosystems, as well as to human health. Measures
adopted to achieve quality objectives must be included in river basin management plans
and are subject to review every six years, ensuring ongoing monitoring and the adjustment
of strategies based on results.

3.1.3. Regional Regulations

Since the 1970s, constitutional principles promoting local autonomy have significantly
reshaped the relationship between the State and the Regions, and also in the mining and
quarrying sector. National regulations provide a series of tools that local public institutions
can use to manage extractive activities in their territory. Regions have legislated on ex-
tractive matters at different times, with different approaches to regulating the exploitation
of natural resources and addressing related environmental issues. The main regulatory
instrument currently adopted at the regional level is a planning system that involves the
drafting of Regional Plans for Extractive Activities (PRAE), aimed at establishing guide-
lines and objectives for the management of quarries, peat bogs, and the reclamation of
excavated areas.

The PRAE incorporates the programming of the extractive activities within territorial
planning and can also assign to the provinces the task of developing Provincial Extractive
Activity Plans (PPAE). The municipalities are required to adapt their urban planning tools
to align with the contents of the provincial plan, to ensure coordinated land and resource
management. The regional and provincial extractive planning is based on several key
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factors, including the material demand, the location and quantity of geomaterials, the
characteristics of the territory, and existing territorial plans. The plans (PRAEs and PPAEs)
identify the areas where extractive activities are planned, defining specific territorial zones
for quarries, including those reserved for public works and recovery. The main require-
ments and obligations are also established, such as the maximum volume of extractable
geomaterials, the types of extraction (above- or below-water table), the maximum depths of
excavations, the final destination of the areas after environmental recovery, and the possible
presence of constraints or prescriptions. The plans also include technical regulations (NTA)
that provide detailed rules for quarrying and for the environmental safety and restoration
of the affected areas.

Table 2 shows the main contents of the PRAEs for the Italian regions and some
examples of PPAEs (in the case of the adoption of provincial plans), with specific reference
to the following technical standards concerning water resources:

• Reference reports: geological and hydrogeological studies of the excavation area to
manage aquifers and watercourses, and to obtain the operating license;

• Monitoring wells and piezometers: protocols specifying placement, technical spec-
ifications, and hydrogeological monitoring methods, along with regulations for ex-
traction below the water table and preventing interactions between shallow and
deeper aquifers;

• Groundwater protection: runoff management to prevent contamination of water
resources and to mitigate erosion and flood risks;

• Water runoff: regulations aimed at reducing water infiltration on the quarry site and
preventing groundwater contamination;

• Water infiltration: protocols for groundwater and surface water monitoring plans near
extraction sites;

• Monitoring plan: required assessment for the protection of water resources in karst
and carbonate environments;

• Karst areas: required assessment for the protection of water resources in karst and
carbonate environments;

• Reclamation: requirements for environmental reclamation ensuring morphological
restoration, water resource protection, and erosion prevention.

Table 2. Overview of technical regulations (NTA) for water resource management in extrac-
tion activities. The topics addressed or regulated for each region/province are marked with
an X. L.R. = Regional Law, L.P. = Provincial Law, PRAE = Regional extractive Activity Plans,
PPAE Bo = Provincial Extractive Activity Plans Bologna province, PPAE Ra = Provincial Extractive
Activity Plans Ravenna province, PPAE Pr = Provincial Extractive Activity Plans Parma Province.

Region/Province Source Reference
Reports

Monitoring
Well

Piezometer

Groundwater
Protection

Water
Runoff

Water In-
filtration

Monitoring
Plan

Karst
Areas Reclamation

Abruzzo PRAE X X X X X

Basilicata L.R. X X

Bolzano (Prov) L.P. X

Calabria L.R. X

Campania PRAE X X X X X

Emilia-
Romagna

PPAE Bo X X X X X X

PPAE Ra X X X X X

PPAE Pr X X X X X X X

Friuli-Venezia
Giulia

PRAE
draft X X X X X X X
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Table 2. Cont.

Region/Province Source Reference
Reports

Monitoring
Well

Piezometer

Groundwater
Protection

Water
Runoff

Water In-
filtration

Monitoring
Plan

Karst
Areas Reclamation

Lazio PRAE X X X X X X

Liguria PRAE X X X X

Lombardia PRAE X X X X

Marche PRAE X X X

Molise L.R. X X

Piemonte PRAE X X X X X

Puglia PRAE X X X

Sardegna L.R. X

Sicilia PRAE X X X X

Toscana PRAE X X X X X X X

Trento (Prov) PPAE X X X

Umbria PRAE X X X X

Valle D’aosta PRAE X

Veneto PRAE X X X X

In a few cases, guidelines for monitoring and controlling extractive activities on
groundwater are available. An example in this respect was produced by ARPAT (the
Environment Agency of the Tuscany Region) [47] and the main aspects considered are
summarized in Table 3.

Table 3. Guidelines for monitoring quarrying activities outlined for the Tuscany Region (ARPAT) [47].

Element Monitoring Points Parameters to Monitor Methods Period

Groundwater

- Upstream and
downstream of
the extraction
area

- Based on the local
hydrogeological
model

- Piezometric
levels

- Redox potential
- Dissolved oxygen
- pH
- Electrical

conductivity
- Temperature
- Chemical analysis

- Piezometric
probe

- Flow rate
measurements

- Laboratory
analysis

- Preliminary
purging of the
piezometer

- Two annual
samplings (wet
and dry periods)

- Continued
monitoring after
extraction
activities

Extraction in
Aquifer

- External
piezometers
around the
extraction site

- Upstream and
downstream
relative to
groundwater
flow

- Depth adjusted to
avoid connecting
different aquifers

- Parameters along
the groundwater
column

- Sampling from
surface to bottom
of the basin

- Analysis along
the vertical

- Periodic during
extraction
activities

Near
Watercourses

- Areas close to
river flood zones

- Piezometric
levels

- Drainage during
dry periods

- Environmental
flow

- Geomorphological
stability

- Assessment of
riverbed
dynamics

- Identification of
instabilities

- Evolutionary
trends of the
riverbed

- Periodic during
and after
extraction
activities
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Table 3. Cont.

Element Monitoring Points Parameters to Monitor Methods Period

Surface Water

- Upstream and
downstream of
the extraction
area

- Near-surface
water drainage
outlets

- Flow rate
- Physicochemical

parameters
- Biological

parameters

- Measurements
using a hydraulic
current meter or
known volume
container

- Laboratory
analysis

- Periodic during
and after
extraction
activities

3.2. The Panorama of Quarrying in Italy with Reference to Hydrogeological Conditions

There are 4043 quarries active in Italy with a heterogeneous distribution across the
national territory. The percentage of the territory of the Italian provinces covered by quarry
sites generally varies from 0.10 to 0.75% (Figure 1). Quarrying activities produce around
68.75 million m3 of geomaterials per year [48] including sands and gravels extracted from
alluvial plains (42.5% of total volume extracted), limestones (39.0%), ornamental stones
(9.0%), secondary clay (5.2%), volcanic and pyroclastic rocks (4.2%), and peat (0.1%).

 

Figure 1. Percentage of provincial surface covered by quarry sites.

A more functional quarry classification was developed based on their specific hy-
drogeological characteristics and their location within hydrogeological complexes. These
complexes were derived from the Hydrogeological Map of Italy [31,49]. Figure 2 shows the
spatial distribution of the quarries overlaid on the map of hydrogeological complexes.
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Figure 2. Hydrogeological complexes in Italy [31,49] and quarries location.

In Table 4, the quarries have been analyzed in the light of their belonging to different
hydrogeological complexes, showing the statistics of the surface area for each complex.

Table 4. Distribution of surface areas of quarries (in ha) in the different hydrogeological complexes.

Hydrogeological
Complex Number % Mean Std Min 25% 50% 75% Max

Coarse alluvial 1843 45.58 10.06 16.48 0.049 2.399 4.905 10.35 297.8
Crystalline 234 5.79 17.58 73.08 0.193 2.31 4.78 11.78 1076.3
Dolostone 98 2.42 15.15 22.45 0.607 3.34 7.797 19.67 174.49
Evaporitic 13 0.32 7.99 5.47 1.882 4.402 5.923 9.83 19.15

Flysch 276 6.83 10.31 17.47 0.245 2.03 4.732 10.86 144.58
Limestone 983 24.31 14.9 29.31 0.128 2.33 6.366 16.33 436.99

Medium/fine alluvial 35 0.87 13.86 24.17 0.775 2.94 5.343 9.17 124.06
Pelitic 71 1.76 14.94 22.13 0.494 1.8415 6.697 21.58 123.71

Pyroclastic 103 2.55 17.97 20.58 0.495 3.6985 9.198 29.19 116.52
Sandstone/Conglomerate 312 7.72 11.81 17.27 0.126 2.3065 4.577 12.911 108.26

Volcanic 75 1.86 16.68 29.06 0.71 2.446 5.665 19.07 203.06
Total 4043 100 12.38 27.26 0.049 2.369 5.359 12.97 1076.31

A significant percentage of quarries are situated in coarse alluvial complexes (about
46%) and limestone complexes (about 24%), while in the other hydrogeological complexes,
the presence of quarries does not exceed 8%. In most cases (between the 25th and the 75th
percentile) the surface extensions of the quarries range from 2 to 13 ha when considering the
entire dataset. Quarries covering large areas extend over the coarse alluvial and limestone
complexes up to a maximum of 300 and 440 ha, respectively. The largest surface areas are
located in the Apuan Alps, where marble is widely quarried from a crystalline complex.
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The total area covered by quarries in Italy is approximately 500 km2, equivalent to 0.17% of
the land area of Italy.

Other parameters considered to assess the impact of quarries on groundwater in-
clude effective infiltration and groundwater level depth in extractive areas. Specifically,
the model’s annual average effective infiltration values—between the 25th and 75th
percentile—have been considered, excluding maximum values, which in some areas of
the Eastern Alps have been estimated at more than 1500 mm/year and are considered
overestimated when compared with regional hydrological water budgets [50]. As shown
in Figure 3, the most represented values for all quarries (i.e., those between the 25th and
the 75th percentile) vary from 118 and 306 mm/year. Higher values are observed in the
quarries of limestone and dolostone complexes due to their location at higher altitudes
compared to other categories (Figure 3).

Figure 3. Boxplots of average yearly effective infiltration values for quarry sites classified according
to hydrogeological complexes.

Five classes of groundwater level depth were considered based on the estimated
pollutant travel time from the soil surface to the water-table. As shown in Table 5, taking
the entire dataset into account, about 62% of the quarries are in areas with groundwater
level depths over 20 m. Among the quarries most vulnerable based on this factor are those
falling into the coarse alluvial complex, with about 42% of them characterized by a depth
of the groundwater level of 8 m or less.

From the analysis of the data, it is clear that the quarries located in coarse alluvial
and limestone complexes are the most widespread and have a higher potential impact on
groundwater, being characterized by a significant combination of area extension, depth
of groundwater level and effective infiltration rates. These two hydrogeological com-
plexes also have higher transmissivity, lower hydraulic gradients and higher groundwater
yields [51].
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Table 5. Depth of groundwater level in the areas of quarries (in m) in the different hydrogeological
complexes.

Hydrogeological Complex Number <2 2–8 8–20 20–40 >40

Coarse alluvial 1843 488 280 277 437 361
Crystalline rocks 234 21 6 9 57 141

Dolostone 98 5 1 10 25 57
Evaporitic 13 0 0 1 6 6

Flysch 276 26 4 26 105 115
Limestone 983 41 50 95 250 547

Medium/fine alluvial 35 17 8 5 3 2
Pelitic 71 11 4 7 22 27

Pyroclastic 103 9 4 15 24 51
Sandstone/Conglomerate 312 22 21 53 86 130

Volcanic 75 6 5 7 30 27
Total 4043 646 383 505 1045 1464

In addition, to highlight the possible relationships between groundwater and surface
water, Table 6 shows the distribution of quarry distances from surface water bodies across
the different hydrogeological complexes.

Table 6. Distance of quarries from surface water bodies (in m) in the different hydrogeological complexes.

Hydrogeological Complex Number <50 50–100 100–300 300–500 >500

Coarse alluvial 1843 598 122 317 151 655
Crystalline rocks 234 30 9 28 17 150

Dolostone 98 10 3 13 3 69
Evaporitic 13 0 1 3 0 9

Flysch 276 43 18 30 19 166
Limestone 983 34 16 59 41 833

Medium/fine alluvial 35 10 3 8 1 13
Pelitic 71 15 2 13 7 34

Pyroclastitic 103 7 3 6 6 81
Sandstone/Conglomerate 312 29 8 32 29 214

Volcanic 75 2 0 5 2 66
Total 4043 778 185 514 276 2290

Overall, 19% of all quarries are located within 50 m of surface water bodies. Notably,
quarries located in the coarse alluvial complex, which show a higher potential for impacting
groundwater—surface water equilibrium, with approximately 32% of these located less
than 50 m from surface water bodies.

4. Discussion
The European directives provide general guidelines for protecting water resources in

the industrial sector, but there are few specific technical requirements for extractive areas.
However, these directives encourage the adoption of national legislation, by introducing
key tools such as the SEA and EIA, which have been implemented by European countries
in different ways and times, including for quarrying activities. Both procedures aim to
promote sustainable development but differ in scope and objectives. The SEA focuses on
plans and programs, analyzing environmental impacts from a broad and strategic per-
spective, often at a national, regional, or local scale. In Italy, one example includes the
Basin Plans of competent authorities, established to protect water resources in response to
European directives, or the PRAEs. The EIA instead aims to ensure that human activities
and projects are compatible with sustainable development principles. This involves respect-
ing the regenerative capacity of ecosystems and resources, preserving biodiversity, and
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ensuring a fair distribution of benefits related to economic activities. Extractive activities
are among those that require an EIA before the operations can begin. The guidelines for
drafting the Environmental Monitoring Project for groundwater resources are divided
into quantitative, quality, and additional procedures. These focus on different stages of
development throughout the operational and closure phase and establish a set of requests
about the monitoring of multiple water bodies, including groundwater [52].

The investigation phase and the initial project phase of extractive activities, via the sub-
mission of project documents, including the EIA, are relatively straightforward within the
context of the mining industry. The challenge arises during the operational and reclamation
phase, the most critical in terms of potential environmental impact, because equilibrium
conditions can be permanently altered [4,53–55]. During the operational phase, adequate
quantitative and qualitative analysis is required to assess water resource alterations. Al-
though the competent authority can be identified, the interpretation of the outcomes of
monitoring activities, especially in extractive operations, are often unclear. Several reports
assessed the EIA efficiency [56–58], noting a delay in directive implementation and high-
lighting a significant heterogeneity in the thresholds of various natural parameters. It is also
difficult to estimate how this procedure impacts the design of new projects and how the
quality of the data used in the EIAs was assessed. The directive lacks provisions regarding
reasonable and preferably fixed timelines for issuing the authorization, the duration of the
EIA validity, and the monitoring of significant environmental effects resulting from project
implementation [59].

The main goal of the PRAEs is to establish effective regional management to assess
the volumetric availability of extractive materials, provide an overview of the development
of the extractive industry, and implement restrictions and technical standards (NTA) to
ensure minimal environmental impact. A recent study [60] demonstrated the potential of
Piedmont region PRAE to assess the status of the extractive activities and their implication
on groundwater resources, and to identify the connection with other water management
plans. However, the regional regulatory framework appears to be heterogeneous and
fragmented. While some regions show relatively rapid approval and renewal of their
plans, particularly when compared to the legislative transition of responsibilities from the
national to the regional/provincial level, other regions lack a plan altogether. In these
regions, extractive activities are regulated by outdated regional laws that no longer meet
the sustainability criteria required in recent years. It is only in a few cases that the decision-
makers implemented effective updates capable of integrating the extractive sector with
the complexity of evolving environmental regulations and addressing all the extractive
phases of a quarry life cycle. Table 2 illustrates that regions lacking a PRAE, where only a
reference report is required, exhibit a greater deficiency in regulations. For instance, only
nine regions require extractive activities to install monitoring wells to assess the impact of
extraction, and many do not mandate a water quality monitoring plan. The monitoring
program should include observation wells installed outside the excavation area to monitor
groundwater level and quality. While not all guidelines specify the position, best practices
should demand at least one observation well downstream and one upstream of the quarry.
Few cases are virtuous in relation to the aspects to be considered for mitigating the impact of
quarries on groundwater (for example, ARPAT in Tuscany Region). Moreover, the absence
of national databases on quarries and their hydrogeological context is detrimental to data
transparency and for assessing monitoring capabilities. The lack of uniform guidelines
across the regions is significantly evident and can lead to various approaches, often resulting
in procedural gaps that may be harmful in terms of environmental concerns. Harmonization
of nationwide guidelines can be useful to simplify the development process of extractive
activities and the selection of control methods.
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Another unaddressed aspect concerns the dewatering operations. In the PRAE docu-
mentation, with a few exceptions or in a general preparatory hydrogeological assessment,
no requirement nor recommendation is made whether dewatering is to be applied. In other
countries, such as the United Kingdom and Germany [61,62], dewatering permission is
required, and the relevant regulatory bodies should be consulted to acquire permission
for pumping, and a model of taxation based on the quantity of water abstracted is ap-
plied. This is a very important aspect, as dewatering, particularly in highly transmissive
aquifers, can impact both groundwater quantity and quality at significant distances from
the quarrying site.

The regulatory framework could be improved by considering the distribution of
quarries in the Italian hydrogeological context. Based on the total surface of the quarries
and the average and 75th percentile value of mean effective infiltration rate in those
areas, the estimated groundwater resources within the quarry areas range from 120 to
153 million m3 per year, representing 0.18–0.24% of Italy’s groundwater resources [32].
While this represents a relatively small percentage of groundwater (which can increase
considerably if drainage is practiced), these are high-quality groundwater resources, widely
used for drinking water supply, and essential for groundwater-dependent ecosystems.
Therefore, adapting the standards and safeguarding criteria throughout the whole quarry
life cycle is certainly a preventive element also to reduce the costs of remediation in case of
impacts on the quality and quantity of groundwater. For this purpose, progressively more
stringent standards could be adopted, also referring to the cases of virtuous regions, taking
into account two important parameters, such as the extension of the quarry area and the
depth of the groundwater level concerning the excavation plan. These two parameters are
fundamental for the following:

• determining the depth of the hydrogeological investigations in the design and ex-
ploitation phase of the quarry;

• defining the number and location of observation wells, as well as the frequency of
sampling, for monitoring the quality and quantity of groundwater;

• establishing the strictness of the groundwater safeguarding systems during exploita-
tion and post-exploitation;

• mandating flow and contaminant transport modeling to predict the most probable
scenarios of the impact of the quarry on groundwater.

While these activities will inevitably impact project costs, a sufficiently large quarry
with a shallow groundwater table may potentially offset environmental costs through
mining revenues.

In the Italian hydrogeological context of quarrying, two cases appear to be the most
vulnerable for groundwater: the quarries in the alluvial coarse and limestone hydrogeo-
logical complexes, due to their wide territorial spread and the inherent hydrogeological
fragility of the two complexes.

As schematized in Figure 4, quarries hosted in a coarse alluvial complex are charac-
terized by a highly heterogeneous subsoil. The stratigraphic succession typical of alluvial
plains usually has multilayered high-transmissivity aquifers alternating with aquitards
and aquicludes showing complex geometries, developing a vertical groundwater exchange
among the aquifer layers, especially when dewatering processes are activated. Additionally,
in alluvial plains, the low surface slope allows high infiltration rates, the depth of the water
table of the shallowest aquifer is reduced, and interactions between groundwater and
surface water occur.
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Figure 4. Hydrogeological scheme of potential impact of a quarry on coarse alluvial complex.

In this hydrogeological environment, the key factors to mitigate the impacts of quarry-
ing on groundwater are a thorough understanding of the hydrostratigraphy of the quarry
site, the transmissivity of overlapping aquifers, the hydraulic conductivity and continuity
of aquitards and aquicludes, and the surface water-groundwater relationships. Due to the
considerable transmissivity of the coarse alluvial layers (higher than 10−3 m2/s) and the
low hydraulic gradient (a few units per thousand), any impact on groundwater caused by
quarries can spread over considerable distances beyond the extraction site. Therefore, any
system of safeguarding, monitoring, and drainage of the quarry area must be designed
according to these key factors, also taking into account both the extent of the quarry area
and the expected depth of excavation.

Another hydrogeological complex in which quarries are widespread in Italy is the
limestone complex (Figure 5). In this case (and similarly for marble quarries, included in
the crystalline hydrogeological complex), a new approach is necessary to better integrate
normative provisions with the hydrogeological specificity of the complex. The limestone
complex generates important aquifers characterized by a high permeability, significant
aquifer thicknesses, and meaningful recharge being mostly located at high altitudes (at least
regarding the Apennines and the Alps) [51,63,64]. These formations feature the presence
of a developed network of discontinuities and karstic conduits, of aquitards interspersed
in the carbonate stratigraphic successions, of faults and thrust faults determining a highly
articulated pattern of groundwater circuits. This results in an extensive and continuous
basal groundwater circulation, even if divided into separate reservoirs (identifiable based
on structural geology) and perched aquifers displaced at higher altitudes.

In this case, to mitigate the impacts of quarrying on groundwater it is necessary to
take into account the following:

• the altitude of the quarry compared with the hydraulic head of the basal groundwater
circulation and therefore the location of the associated springs;

• the groundwater drainage systems differentiate between diffuse flow in the fracture
network and flow within the karst conduits;

• the unsaturated zone properties, which determine recharge through diffuse infiltra-
tion of precipitation, concentrated secondary infiltration of surface runoff through
sinkholes and joints, and karst drainage system in the epikarst;
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• the hydraulic heterogeneity of the aquifer due to triple porosity (matrix, fracture, and
conduit), which determines the velocity and amount of groundwater transmitted and
stored in the aquifer and consequently the high vulnerability to contamination and
its persistence.

Figure 5. Hydrogeological scheme of potential impact of a quarry on limestone complex.

These main peculiarities of the carbonate and karstic aquifers differentiate them from
other types of aquifers, particularly due to their extreme heterogeneity and anisotropy,
regime of flow under both laminar and turbulent conditions, and level and chemistry
temporal variations [65]. It follows that any system of safeguarding, monitoring, and
drainage in quarry area implies in-depth knowledge of aquifer boundaries and preferential
flow paths within the network of fractures and conduits. Therefore, regulations should
impose in the quarry planning phase more detailed investigation, such as hydrogeological
mapping, surface geophysics, well hydraulic tests, water-tracing tests, natural tracers, well
and spring hydrograph analysis, and chemigraphic analysis [66–68]. The higher costs
required for designing, surveying, and monitoring quarries in limestone hydrogeological
complex are justified by the high groundwater yield, which provides excellent quality for
drinking use, and the more challenging and costly methods to remediate groundwater
contamination compared to other types of aquifers.

5. Conclusions
The regulatory framework and technical standards currently in force in Italy concern-

ing the potential impacts of quarries on groundwater, at both national and regional levels,
appear to be inadequate in light of the distribution, size, and characteristics of quarrying
sites within the national hydrogeological context. Regional management of quarry projects
shows significant variability and is often ineffective with regard to the design, operational,
and post-closure phases. Achieving groundwater sustainability in quarrying requires
enhanced harmonization of standards at the regional level. While preserving regional
autonomy, these standards should be uniformly coordinated and monitored at the national
level. This would enhance transparency and improve public relations with stakeholders,
institutions and the general public, thereby addressing the widespread misconception
regarding the negative environmental impact of quarrying. A tiered system of technical
standards, including more detailed investigations and a comprehensive monitoring and
protection framework, could be developed based on key parameters identified in this study.
Notably, the quarry’s size and the depth of the groundwater level for each excavation plan
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should serve as primary indicators for groundwater protection measures and, consequently,
for the costs associated with surveys, monitoring and safeguards systems. A further consid-
eration, applying—not exclusively—to the Italian situation, is the quarry’s hydrogeological
context, which determines its vulnerability to alteration of hydrodynamic equilibrium and
contamination. This study identifies alluvial aquifers and carbonate-karstified aquifers as
the most vulnerable, necessitating particular attention due to their hydrogeological features
and groundwater yield. Regulations and technical standards should be tailored to reflect
the different recharge, flow, and discharge patterns of these two aquifer types. Furthermore,
the specific hydrological properties of other aquifer types should always guide quarrying
sustainability practices. Integration of specific regulations for dewatering activities into
current legislation is necessary. Especially in high-transmissivity aquifers, such as alluvial
and carbonate and/or karstified aquifers, the impact of groundwater withdrawals can
profoundly alter local hydrogeological equilibrium, as well as dependent ecosystems.
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