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Abstract: The rehabilitation of abandoned mining sites is an increasingly pressing issue in the context of
sustainable development. Recent research has emphasized the need for a holistic approach to the abandoned
mining sites and their environmental rehabilitation. Based on field analysis, environmental assessments,
satellite imagery processing and geographic information operations, this paper pushes forward the existing
knowledge by doing a comprehensive assessment of abandoned mining sites in the Romanian Carpathians
and by proposing innovative and sustainable rehabilitation solutions. Our findings highlight that abandoned
mining sites and their surrounding territories in the Romanian mountains have significant ecological
imbalances and complex socio-economic issues. The findings also suggest that by adopting innovative,
integrated, and sustainability-oriented approaches, territories affected by mining can be transformed into
valuable and sustainable spaces to meet human needs. We conclude by presenting the importance of
innovation in ecological reconstruction and spatial-functional reintegration of mining sites in mountain areas
as a useful tool in making fair decisions, both in the context of implementing appropriate development policies
as well as for resilience and environmental sustainability of mining-affected mountain areas.
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1. Introduction

Mining constitutes a fundamental component of human civilization, tracing its origins from the
extraction sites of the Stone Age to the iron and coal mines crucial for the Industrial Revolution, and
extending to the contemporary extraction of materials essential for the transition towards renewable
energy. The domain of mining and its derivative products significantly bolsters national economies,
evidenced by a tripling in mining value over the previous two decades [1].

The extractive industry is known to be pivotal in effecting fundamental alterations to the
environmental frameworks of numerous terrestrial regions. While the footprint of mining operations
may be limited in spatial terms, they can nonetheless result in pronounced environmental effects
within their immediate vicinity [2]. The environmental impact of mining activities exhibits significant
variation, influenced by the extraction techniques utilized, the nature and scale of the mineral
deposits, the effectiveness of pollution control measures, waste management practices, and the
implementation of appropriate land restoration strategies [3].

Mining activities in Eastern Europe, including Romania, have a long history and tradition,
playing a crucial role in the region's beneficial economic development [4,5], activities that have
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contributed significantly to job creation, infrastructure development, fostering of local industries
[6,7], social welfare [8,9]. According to Haddaway [10] mining can yield a range of societal benefits,
but it also has the potential to create conflicts, especially regarding the use of land above ground and
underground [11]. The negative consequences are not limited to soil (deforestation, erosion,
contamination and alteration of soil profiles), they include also water and air pollution, biodiversity
loss, degradation of landscape, displacement of communities [12], mine abandonment,
decommissioning and repurposing [13-19]. Needless to say that some of these impacts persist even
beyond the closure of mines [20].

The termination of mining operations significantly influences the local economy and job
prospects, while also affecting social and economic growth, fundamental to achieving The
Sustainable Development Goals (SDGs). Achieving balance among SDGs pillars (society, economy,
and the environment) —encompassing individual, political, and corporate interests—is crucial for the
enduring viability of mining initiatives throughout their various stages [13,21].

The solution lies in remediation and rehabilitation processes that can lead to positive net effects
on environmental systems [22,23], being of utmost importance to recover the degraded land and
restore its ecologic, economic and visual principles in accordance with sustainability [24]. In recent
years, as a moral and legal duty, mining companies have been mandated to integrate Sustainable
Development (SD) principles into their long-term strategies for post-mining restoration, aiming to
return the mining sites to a condition deemed environmentally and socially acceptable [13,25,26]. The
scientific literature highlights various intervention methods [27-29] with numerous success cases
documented globally.

In scientific discourse, three primary terms are frequently associated with the usage of land
following mining activities: restoration, reclamation, and rehabilitation [24,25,30,31]. Additionally,
certain former mining sites are recognized as unique ecosystems, valued as cultural heritage
monuments, and are thus granted protection [32] or serve as novel economic opportunities by
transforming them in tourist attractions [33].

The aim of our paper is to conduct an exhaustive assessment of abandoned mining sites in the
Romanian Carpathians, alongside proposing novel, sustainable remediation strategies using field
surveys, environmental evaluations [34], satellite imagery analysis, and Geographic Information
System (GIS) operations. The reason why our research is based in this study area resides in the fact
that a total of 60 ecological conflict points have been identified, corresponding to the presence within
Natura 2000 sites of areas affected by unrehabilitated mining activities. Among these conflict points,
31 occur within Sites of Community Importance (SCI), while 29 are within Special Protection Areas
(SPA) for birdlife.

The specific objectives were to obtain data and information regarding the current state of
abandoned mining sites through the dynamic analysis of processes and environmental risk; to
identify opportunities for sustainable rehabilitation of areas with closed mining activities within the
framework of the circular economy. Other specific objectives include: establishing the methodology
for investigation and appropriate research techniques in order to analyze the abandoned mining sites
(spatial analysis, proximity analysis, multivariate analysis and raster analysis) and valorizing optimal
methods for spatial-functional reintegration of decommissioned mining sites in the mountainous
area, as a useful tool in making fair decisions, both in the context of spatial planning actions and in
the process of applied research and integrated territorial analysis.

Our endeavor pursued the answers to the following research questions:

RQL1. Is it possible to achieve environmental sustainability in the aftermath of mining?

RQ2. Is there a need for a holistic approach in the ecological rehabilitation of abandoned mining
sites?

The study accentuates the role of innovation in ecological restoration and the spatial-functional
reintegration of mining sites within mountainous terrains, highlighting its significance in facilitating
equitable decisions pertinent to both the enactment of suitable development strategies and the
enhancement of resilience and environmental sustainability in mining-influenced mountain regions.
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Our research contributes to the existing body of knowledge by offering a comprehensive and
integrative perspective on the sustainable rehabilitation of abandoned mining sites, focusing on ways
to restore the degraded land included in protected areas like Natura 2000 sites. Along with the
novelty brought, it enhances the state of the art offered by international [35-41] and national [13,42]
scholarly works interdisciplinary related to the inquiry topic.

The rest of the paper is structured as follows: Section 2 offers an overview of the study area and
describes the methodology proposed for the ecological rehabilitation projects. Section 3 provides the
results of an illustrative example of the methodology in the case of Apuseni Mountains, Section 4
discusses the results. Finally, Section 5 summarizes the main conclusions drawn from this research.

2. Materials and Methods
2.1. Study Area

The territory investigated overlaps with abandoned mining sites in the mountainous area of
Romania, an area delimited according to the joint MADR-MDRAP Order no. 97/1332/2019 [43]
(Figure 1). In the current geographical landscape, mining sites are primarily characterized by the
existence of different types of anthropic geomorphic structures, due to the long-lasting
transformations induced by extractive and processing activities in the mining industry. The specific
forms with which they are identified in the territory are marked by the presence of quarries, tailings
pits, underground galleries and voids, settling ponds, artificial embankments and mounds. These, in
turn, introduce a character of structural-functional discordance in the relationship of association with
natural forms, marked both by the extension of the impact area of anthropogenic risks and by the
potentially destructive effects induced on the components of local and regional environmental
systems.
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Figure 1. The research area and spatial distribution of mining sites in the mountain area.

Research focused on the topic of landscape reconstruction and spatial-functional reintegration
of mountain mining sites in the context of the circular economy has been extrapolated to the level of
a case study with strong regional, national and even international resonances. The area in question is
the Apuseni Mountains, a region with multiple historical and identity-cultural connotations [44],
where gold and silver mining, which began in pre-Roman times, meets contemporary mining.
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The regional system of the Apuseni Mountains constitutes a mountain subunit with distinct
morphostructural and metallogenic features, which have given a specific socio-economic profile to
the development of settlements in the mining areas. It is highlighted both by the historical value and
the importance of the mineral resources contained/exploited, as well as by the order of magnitude
expressed by the share of industrial-extractive surfaces and the density of mining sites. To all this
must be added the impact of industrial-mining activities on the local community and on the
development profile of the entire mountain area.

The rationale for the multiscale regional approach in the analysis carried out is due, on the one
hand, to the typological differences in mining anthropostructures (gold-silver, copper, uranium,
refractory clay, bauxite, limestone and coal) and, on the other hand, to the possibility of a gradual
assessment of the elements and structures that make up the territorial systems in the areas affected
by mining, given restricted access to data and information sets.

At the same time, the suitability of the territories for the implementation of the most appropriate
spatial-functional reconstruction and reintegration measures was taken into account, in accordance
with the specificity of the local physical-geographical conditions and the harmonization of the
strategic directions of regional development with the integrated spatial planning actions of the
settlements in the mountain mining areas.

2.2. Research Methodology

The main stage consisted in identifying an appropriate research methodology which, through
the processing of thematic data structures, would lead to quantitative and spatial information on
which to base the entire exploratory process [45] pursued in the research conducted. Thus, the
research methodology implemented in the present study was based on the combined use of several
methods of data and information collection, such as inductive, deductive, direct and in-direct
observation, diachronic, analysis and synthesis. Alongside these methods, several specific working
procedures were used, which involved sorting, processing and interpreting relevant statistical data,
drawing up maps, synthesizing literature, consulting public documents and field research [46].

As an analytical research method with applicability in geosciences, the information-geographic
technique was used, since it was necessary to perform a series of operations related to the collection,
storage and analysis of the dataset. In this sense, the study required the implementation of a
multivariate methodology for the analysis of the parameters that define the content elements
associated with abandoned mining sites in the mountain area. Thus, geo-referencing of different
images from external sources, advanced analysis based on spatial and/or alphanumeric criteria, and
complex DEM operations were used.

Using satellite images from the Landsat 8 mission (sensor ID OLI_TIRS), a series of useful
information was extracted for the analysis process, in particular for the identification and location of
abandoned mine sites (Figure 2). ERDAS Imagine 16.8 software was used to process the Landsat
images, through which the normalized building differentiation index (NDBI) was calculated,
according to the formula: [47]

NDBI = (TM6 — TM5) / (TM6 + TM5), where:

TMS5 - near infrared spectral band;

TM6 - mid-infrared spectral band.

The final result allowed the transformation of images with values between -1 and +1 into
descriptive data, which facilitated the investigation of the analyzed territory based on the
interpretation of the biophysical information obtained. Thus, it was possible to redistribute
information by value differentiation between different types of surfaces extracted from the spectral
space. Man-made and remodeled areas show the highest values (between 0.01 and +0.99), while water
bodies and vegetated areas have negative values (between -1 and -0.01).
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Figure 2. Rosia Montand and Rosia Poieni mining sites. Identification of areas affected by mining
based on aerial imagery (1), satellite imagery (2) and the Normalized Difference Building Index -
NDBI (3).

Geospatial data obtained through direct ways involved the use of mapping solutions integrated
into mobile applications and the activation of developer settings to increase the accuracy of collection.
In this way, topographic data in raw format (in the form of points of interest/density), attribute data
without spatial references or graphical representation and overviews were obtained, together with
plans and maps in physical format. Microscale analysis also involved investigations of mine water
outlets, the current state of the mine sites in terms of reconstructive stages (in operation, with stopped
activity, undergoing greening, greened) and post-mining stability of depositional and excavation
morphology.

Indirect methods were used to extract data in different formats, downloaded through platforms
dedicated to users of geospatial products and GIS programs. This facilitated comparative spatial
analysis between abandoned mining sites and protected natural areas, ecological corridors, water
bodies and other important natural areas, as well as the assessment of direct and indirect impacts on
inhabited areas. All the graphical materials produced involved several stages of work during which
the geographical reality in the field was adjusted and validated (direct observation) with that
rendered by the previous cartographic supports: Google Earth Pro, Google Basemap - QGIS 3.6 Noosa
(indirect observation).

The research methods were complemented by GIS techniques, which proved very useful in
combination with some of the methods in the list presented above, allowing relational operations to
be performed on different types of geographic data structures, together with their display and
manipulation for maps, queries and thematic editing. It was taken into account that the application
of specific geospatial analysis tools be suitable for mountainous territorial systems affected by
industrial-mining activities in all the working stages (variable generation, application of calculation
equations, operations on raster structures). Such a data analytical approach at different scalar levels
is necessary to identify the degree of suitability of structures resulting from industrial-mining
activities for landscape reconversion and spatial-functional reintegration [48] and to develop
integrated territorial rehabilitation models linking resource opportunities with social needs in the
context of defining viable alternative economic solutions.

The algorithm used in the spatial analysis of mountain structures affected by anthropogenic
mining activities is based on specific investigation techniques and procedures (complex data
processing, cartographic representations, diachronic evaluations, correlative-integrative analyses)
aimed at expressing the current state of the mountain environmental system, evaluating the
landscape impact of mining sites on the mountain environment and assessing the degree of resilience
and functional reorganization after mining. The analytical approach aimed at geo-processing the data
using GIS tools and generating multiple thematic layers on the distribution of mining sites by locality.

At the same time, several alternative solutions for sustainable reconstruction and spatial-
functional reintegration have been identified, in line with the European Union's Circular Economy
Package, linked to Directive 2006/21/EC [49]. The possibilities for sustainable development of
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mountain localities with abandoned mining industry were also analyzed, where local communities
are still affected by numerous risks with cumulative post-exploitation propagation [50], such as:
depopulation [51,52], demographic ageing, decline of single-industry mining towns [53], socio-
economic isolation, environmental degradation [54] and increasing poverty.

2.3. Data Collection

The present research is based on the collection and structuring of a large volume of data and
information from which the necessary and essential elements have been extracted, in the form of
graphs, tables or thematic layers, for detailed observations and multiscale analyses. Thus, the
structure of the database used includes both Landsat satellite image processing and heterogeneous
GIS thematic datasets, which provides the necessary consistency to achieve a methodological analysis
framework that meets the objectives proposed in this research.

In order to build the database for the selection of the analysis variables, several classical and
digital cartographic sources were used (Table 1), such as the geological map of Romania (1:200,000),
topographic maps (1:25,000 and 1:50,000), orthophotos at 0.5 m resolution (for the year 2012, updated
using Google Earth Pro 2020-2024 captures), CORINE Land Cover dataset (2018).

Table 1. The structure of the database used.

Layer Data format Data processing software Data source
ALOS PALSAR
DEM!® 125 m raster ArcGIS 10.8
RTC
UAT 2 limits vector ArcGIS 10.8 ANCPI >
River network vector ArcGIS 10.8 OSM ¢
Road network vector QGIS 3.6 Noosa OSM
Protected areas vector ArcGIS 10.8 ANPM?7
Landsat 8 OLI_TIRS ERDAS *
raster USGS 8
images (2023) Imagine 16.8
CORINE Land Cover (2018) raster ArcGIS 10.8 EEA°®
Microsoft Excel/ INSSE 10/
INS 3 data xml/.csv
ArcGIS 10.8 TEMPO-Online
Geological map of Romania (1:200
raster ArcGIS 10.8 IGR™
000)
Orthophotoplanes _0,5m (1:2000) raster ArcGIS 10.8 ANCPI
Map of Romania's mineral Global Mapper
raster IGR
resources (1:500 000) V251
Limits of Romania's mountain area vector ArcGIS 10.8 MADR 12
Topographic map of Romania
vector ArcGIS 10.8 ANCPI
(1:50 000/ 1:25 000)
Google Earth
Aerial images (2020-2024) raster ArcGIS 10.8 P
TO

1Digital Elevation Model; 2 Administrative-territorial unit; *National Institute of Statistics; * Earth Resources Data
Analysis System; ° National Agency for Cadaster and Real Estate Publicity; ® OpenStreetMap; 7 National
Environmental Protection Agency; ® United States Geological Survey; ° European Environment Agency;
National Institute of Statistics and Economic Studies; ™ Geological Institute of Romania; 2 Ministry of
Agriculture and Rural Development.


https://doi.org/10.20944/preprints202404.1253.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 April 2024 d0i:10.20944/preprints202404.1253.v1

The management of field data, indirect observations and intermediate and final results was
carried out in a unified database management system and the processing of this data was based on
the use of different software. In addition, other sources of data obtained through comparative
observations of the investigated mining sites in the mountainous area, in particular those in the
Apuseni Mountains, were also used for the in-depth analysis of the territory. Among these, we can
mention the data structures obtained from in situ observations and measurements, geographic
information extracted through various operations using ArcGIS 10.8 software, analysis of studies and
research projects carried out in the investigated area and consultation of the normative-legislative
framework in force.

The completion of the database was extrapolated for the whole mountain area of Romania by
extracting the value sets of the parameters used from different cartographic supports
(geomorphological, soil and vegetation maps). The thematic layout types were used both in the
spatial analysis process, carried out in the digital quantitative data collection stage, and for obtaining
the information needed [55] for morphometric, morphodynamic, environmental and landscape
analyses.

The structuring and processing of the data sets thus obtained aimed to match the coverage area
with the delineation and analysis of the biophysical parameters of the studied area. At the same time,
the relational database also included the variables needed to assess anthropogenic intervention by
industrial-mining activities on the mountain territorial system, as well as the inventory of abandoned
mining sites and the mapping of risk processes with major environmental impact. The first structures
imported into the database were those in vector format, brought in through the PostGIS Manager
import/export application. Several thematic layers have been added through this application, which
have been kept spatially re-referenced by filling the SRID field with the EPSG code: 3844,
corresponding to the official projection system of Romania (Stereo 1970).

The necessary theoretical criteria were also evaluated and substantiated to actively contribute to
the systematization of the geospatial data workflow for abandoned mining sites in the mountain area.
To this end, several geospatial data were collected and processed on the location of surface and
underground mining perimeters, as well as the location of mining waste dumps, included in the
category of tailings ponds and settling ponds.

The cartographic and satellite materials were georeferenced in Global Mapper V.25.1 and
ArcGIS 10.8. The satellite images used in this analysis were downloaded by accessing the Landsat
database [56], with the aim of ensuring that the months of capture (July-September) provided the
most fitting possible clarity.

Another part of the indicators used in the research process was based on quantitative data
obtained by accessing data sources and information held by various national institutions: the
National Agency for Cadaster and Real Estate Publicity (ANCPI), the National Agency for
Environmental Protection (ANPM), the National Institute for Statistics and Economic Studies
(INSSE), the Geological Institute of Romania (IGR) and the Ministry of Agriculture and Rural
Development (MADR).

3. Results

The analyses carried out have provided a wealth of data and information on abandoned mining
sites in Romania’s mountain area. The content elements were based on the current morphodynamics
of the mining pits, as well as on the state of the physical parameters of the tailings ponds and settling
ponds, factors that underlie the characteristics of the existing mining technostructures, as well as the
possibilities of sustainable reconstruction and resilient spatial-functional reintegration.

The research procedures used provided information on the location of the abandoned mine sites
and field observations have collected data on their current condition. The research aimed at
establishing specific landscape reconstruction procedures in the perimeter of abandoned mining
sites, dominated by anthropostructures resulting from mining activities in the mountain area.

Based on spatial correlation analysis and proximity analysis, areas with high ecological
sensitivity and the highest probability of impact from mining activities were identified. The
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correlation analysis of the territory, focused on the geospatial distribution of the elements, allowed
the representation of the central indicators, of the orientation, shape and dispersion of the different
spatial entities, as well as the highlighting of some elements on the older cartographic material, in
order to capture the evolutionary character of the phenomena.

In order to highlight the mountain areas where there are high values of mining sites, the Kernel
density was calculated (Figure 3), which is a method of estimating the probability density according
to known points, with values very close to those given by the histograms [57].
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Figure 3. Kernel density of areas affected by mining activities in mountain areas.

In this way, the analysis carried out has identified the existence of several mining hotspots in
the counties of Hunedoara, Alba, Maramures, Caras-Severin, Bihor, Covasna, Cluj, Harghita, Suceava
and other counties. The areas marked by high densities are associated, in almost all cases, with
regional forms of environmental and landscape impact.

The study of the historical and current use of mining sites in the mountain area was carried out
in relation to a series of general and specific indicators. Thus, the research was based on observations
made in correlation with the local and regional geological structure, the morphology of the territory,
the current morphodynamics, the local climatic conditions [58], the type of hazardous substances
used, the location of inhabited areas and the functions of the surrounding areas. Data and information
on land use, key receptors and their relation to mining sites, environmental and landscape risks also
contributed significantly.

The methodology used for the rehabilitation of anthropostructures caused by mining is in line
with the trends mentioned in the international and national literature. The analyses carried out
focused on the state of the closure and greening of the settling ponds, used for the storage of the
tailings flotsam resulting from mining activities. The geomorphological assessment of solutions for
the functional reintegration and landscaping of land systems in mountain areas affected by mining
is a contemporary need, whose applicability has both immediate and long-term effects.

3.1. The Impact of Mining on Mountain Territorial Systems

The mining sector in Romania’s mountain area has occupied large land areas that have
undergone profound transformations as a result of excavation works in quarries, storage of tailings
in tailings ponds, underground mining, construction of access roads, construction of mining
platforms and dams. Depending on the extent of anthropogenic interventions associated with the
increase in the degree of entropy and the destruction of the internal self-sustainability of mountain
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territorial systems, over time important categories of land have been taken out of agricultural,
forestry or other uses, requiring urgent post-exploitation sustainable eco-rehabilitation works.

In 1989 Romania recorded the maximum extension of mining activity, the mining sector
constituting a way of life for 10% of the active population [59]. Since 1999, through the application of
the Mine Closure and Ecological Mining Programme, according to H.G. no. 418/1999 and
CONVERSMIN (by H.G. 1158/2004), the closure and conservation of more than 550 mining
operations, together with a number of about 30 preparation plants, have been carried out. At present,
all mining units where iron ore, non-ferrous, light metals or precious metals were mined have been
closed, with the exception of the copper deposits at Rosia Poieni (S.C. Cuprumin Abrud).

Industrial mining activities generate an impact that affects both the long-term demographic
component of mining areas (through displacement of settlements and vulnerability of human
communities [60], changes in the spatial dynamics of population flows [61], affecting the health and
well-being of inhabitants) and the quality of environmental factors.

The work associated with the specific nature of mining (discovery, transport, extraction of useful
minerals, storage of waste material) is highly destructive and has repercussions on the mountain
habitat and local fauna. A series of negative effects with a high impact and persistence on valuable
natural environments is thus produced, which makes ecosystems containing rare flora and fauna
species or protected elements vulnerable [62-66].

In the processing and storage stages of mining waste, in most cases no preventive measures were
taken due to the lack of a legislative framework, and as a result most of the sites currently closed
down have a significant impact on the health of the population and biodiversity [67], mainly due to
settling ponds and tailings ponds, together with former processing facilities. There is a lack of a clear
methodology for the remediation of contaminated land and polluted groundwater, which has major
implications for the implementation of sustainable remediation of contaminated sites.

Mining activities are responsible for the pollution of soil and groundwater with a wide variety
of pollutants, especially cyanides, heavy metals (Zn, Cu, Fe, Ni, Mg), sulphate ions, hydrocarbons,
colloidal compounds, carbonates and oxides, causing local damage and even destruction of aquatic
bios in mountain waters up to long distances from industrial mining perimeters (25-30 km). As stated
in the National Strategy and National Action Plan for the Management of Contaminated Sites in
Romania “heavy metal contamination can only be remedied after assessing the acidification potential
of deposited rocks and encapsulating areas with acidification potential” [68]. In Romania there are
1183 contaminated/potentially contaminated sites [69].

The amplification of the negative impact of mining activities on mountain environmental
systems is closely linked to a series of factors that describe the characteristics and extent of the effects
produced by mining (methods and technologies used, type of mining (surface, underground) and
duration of mining, but also to the physical and geographical characteristics of the territory
(geomorphic factors, hydro-climatic factors, edaphic factors).

The extractive industry provides many of the basic raw materials needed for economic activity
and for raising the level of development of society. There are, however, situations where industrial-
mining plans and projects may conflict with the regulatory-legislative framework responsible for
nature conservation and in particular with EU directives on birds and habitats. Thus, the analysis
carried out in the investigated mountain area identified 60 points of ecological conflict, corresponding
to the presence within Natura 2000 sites of areas affected by mining works, which have not been
ecologically protected. A higher density was reported in the northern region of the Apuseni
Mountains (ROSPA0115: Crisului Repede gorge - Valea ladului), the southern Banat Mountains
(ROSCI0206: Portile de Fier) and in the central group of the Eastern Carpathians (ROSPA0133:
Calimani Mountains and ROSPA0082: Bodoc-Baraolt Mountains). When assessing the potential
impact of extractive activities on mountain ecosystems it is important to specify that this impact refers
not only to the extraction site itself, but also to other secondary works and associated facilities, such
as: clearing, earthworks, access roads, conveyor belts, crushers, fuel and chemical storage sites,
extraction residues and plant platforms.
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In the Report on the Inventory and Visual Inspection of Landfills and Settling Ponds in Romania
(2017), 29 counties were identified as having industrial waste landfills on their territory (Figure 4),
respectively: Alba, Arad, Arges, Bacdu, Bihor, Bistrita-Nasdud, Brasov, Buzdu, Caras-Severin, Cluj,
Constanta, Covasna, Dambovita, Dolj, Galati, Gorj, Harghita, Hunedoara, Maramures, Mehedinti,
Mures, Neamt, Prahova, Sélaj, Satu Mare, Suceava, Timis, Tulcea and Valcea. Of these, 25 counties
(out of 27) belong to the mountain area, while no industrial landfills were identified in Sibiu and
Vrancea counties [70] (Figure 5).

The total number of inventoried tailings pits in mountain counties was 1030, of which 994 are
mining sites. The counties with the highest number are Suceava county (224) and Maramures (180).
A number of 141 ponds were located near protected natural areas and 35 tailings ponds were declared
unstable. As regards the situation of the settling ponds, a number of 17 mountain counties were
identified as having settling ponds on their administrative territory. The total number of inventoried
settling ponds was 108, of which 31 are in the vicinity of protected natural areas and 15 ponds were
in operation/active/operational [71].
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3.2. Sustainable Reconstruction and Rehabilitation of Abandoned Mining Sites in the Apuseni Mountains

The mining of non-ferrous ores, particularly gold-silver ores, has been practiced in the Apuseni
Mountains for over two millennia, mining activity being quasi-continuous since pre-Roman times in
several mining groups, which has left a number of industrial-extractive (mining) areas that justify the
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need to implement appropriate measures to reintroduce them into the productive ecological and
economic circuit, in accordance with the provisions of the legislative framework in force (Figure 6).
Following the analysis carried out by Kernel density calculation, two main mining hotspots were
highlighted (Figure 7), with a southern, i.e. central-eastern location within the Apuseni Mountains
and a secondary one, located in the north-western part (Padurea Craiului Mountains).
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Figure 7. Kernel density of mining sites in the Apuseni Mountains.

The investigated territory presents, in terms of the altitudinal distribution of the 49 identified
mining sites, an altitudinal range between 202 m (TUA Zam) and 1347 m (TUA Poieni). The largest
share of mining sites (23%) is in the hypsometric range of 600-700 m, while the lowest number of
mining sites, only 8% of the total, is located at altitudes between 1000-1347 m. Therefore, from the
point of view of the distribution of mining sites by altitude, the analyzed territory does not present
restrictive conditions in terms of suitability for ecological reconstruction works.
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The slope, talus and watershed surface gradients in the region under analysis are conditioned
by the specificity of the stripping processes, the structural-petrographic typology, the degree of
evolution of the relief forms and the dynamics induced by mining activities on the different types of
mountain geomorphostructures. When the influence of declivity is combined with that of horizontal
fragmentation, relief amplitude, slope exposure, climatic conditions and the degree of anthropogenic
intervention, these parameters can condition the propagation of risk factors for mining-affected
perimeters in mountain areas.

The morphometric analysis of the distribution of mining sites through the slope index reveals a
percentage distribution by slope categories with geomorphological significance on the way the
current processes are carried out at the anthropostructural level in the investigated area. Thus, 12%
of the total sites have a slope between 0-2°, 6% between 2.01-5°, 16% between 5.01-15°, 35% between
15.01-35°, 21% between 35.01-55° and 10% between 55.01-64.72° (maximum value - Poieni ATU). It
should be noted that most of the mining sites in the Apuseni Mountains (56%) are located on very
steep and steep slopes, which translates from a morphodynamic point of view into a high
susceptibility to complex stripping processes (landslides, mudflows, intense gullies, gravitropic
displacements of materials in dry state — tumbles and landslides), which are closely related to
geological, climatic, hydrological, soil-phyto-geographical and anthropogenic factors. This aspect
maintains relatively restrictive conditions in terms of ecological reconstruction and redevelopment
of areas affected by mining.

The exposure/orientation of the slopes is a factor that induces differences in the duration of solar
insolation depending on the slope, thus generating different heat regimes, which will influence the
soil moisture content and, through cumulative effects, the quality of the vegetation cover, soil
characteristics, the types of morphodynamic processes that take place and land use.

On flat/quasi-horizontal topographical surfaces, only 8% of the total number of mining sites
were identified, the largest share (42%) being favorable locations (sunny slopes - SW and semi-sunny
- W) for carrying out vegetation regeneration works on the slopes. On the shaded (N, NE) and semi-
shaded (E, NW) slopes are spread 41% of the mining sites, in this case being a higher degree of
vulnerability to superficial landslides, solifluction and disaggregation, because a large part of the
runoff from the transitional periods of the year (spring/autumn) take place on the frozen surface of
the ground.

Following the analyzes carried out on the abandoned mining sites in the Apuseni Mountains, it
was found that they lend themselves to the implementation of two types of reconstruction
technologies used in the post-exploitation eco-rehabilitation process. We are talking about the
technologies of purification and monitoring of the mining environment pollution and the
technologies of recycling-reuse of the waste from the extractive industry, but also from the
rehabilitation of the lands affected by their storage. The rehabilitation of areas occupied by deposits
of solid mining residues requires the realization, in a first stage, of a mine redevelopment, which
must create the necessary conditions for the regeneration of soil fertility and the cultivation of plants
or conditions for constructive purposes, and in another stage of a biological redevelopment, which
consists of the environmental recovery of the surfaces of the deposits.

The landscaping stages of the mining sites in the Apuseni Mountains require a partial or total
realization, depending on the final destination of the tailings ponds. Environmental rehabilitation
involves establishing a final goal for the future use of the land, and in this sense the technique used
in the process of ecological reconstruction is considered to have achieved its goal if the site becomes
an ecosystem with its own structure, which is able to function by self-maintenance and develop over
time through specific self-regulation mechanisms.

The application of recycling-reuse technologies offers the possibility of recycling waste through
re-mining works, i.e. the recovery of the content of precious metals or other useful mineral substances
left in the body of tailings ponds and settling ponds due to the use of less efficient previous
technologies. At the same time, re-mining represents an alternative applicable in the case of many
mining operations in Romania, which can reduce or eliminate the large amounts of tailings stored in
the form of settling and tailings ponds in the mountain area (Figure 8).
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The concentration of remediation costs of various abandoned mining sites must be approached
from a wider framework, which must necessarily be aimed towards a sustainable development of
territorial systems. Therefore, the action directions must lead to the identification and application of
creative solutions for the amplification of the value potential through changes at the level of the
policies and fiscal incentives offered in this regard.

In accordance with the National Strategy and the National Action Plan for the Management of
contaminated Sites in Romania, the problem of contaminated sites that require urgent intervention
had to be solved by 2020, and this action should be continued, in the long term, until 2050.

The redevelopment of spaces affected by mining activities must be seen as a component of
integrated development strategies and can be defined as the methodical remodeling of areas with
stopped industrial-mining activities, taking public interests into account. By means of post-mining
reconstruction plans, greening and sustainable redevelopment, it is necessary to recreate the previous
economic potential of the territory, adapted to the current conditions of use (Figure 9). Following the
analysis carried out on the abandoned mining sites in the mountain area, it is found that the territorial
reconversion and reuse of the areas affected by mining constitute both a regional and a national
priority. The most compatible ways of reusing lands affected by industrial-mining activities in the
case of abandoned sites in the Apuseni Mountains aim at reconversion into agricultural areas,
fisheries, forest areas, recreational areas, adventure parks, sports fields, mining museums,
architectural-mining reserves, geological parks, waste dumps [72-76], industrial parks, mine galleries
set up for tourist purposes, photovoltaic parks and reserve habitats.

Correlation of Directive 2006/21/EC with the EU Circular Economy Package
and the inclusion of an annual target for the mining waste treatment

1. Prevention of environmental degradation

Sustainable
management

2. Possibilities of valorization through
- reprocessing (remining)
of mining waste

3. Ecological rehabilitation/final disposal of
waste

Resources: feldspars, heavy metals, semi-metals (tellurium),
noble metals, etc.

Raw materials for construction materials: concrete, conder

Valorization

of mining
deposits

Figure 8. Solutions regarding the economic circularization of mining waste from the mountain
environment.

Figure 9. Greening of the Gura Rosiei settling pond (work stages: 2008-2023).
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The most frequent design and execution deficiencies reported in the processes of ecological
reconstruction and territorial rehabilitation of abandoned mining sites are related to the lack of re-
profiling works of long and steep dump slopes, the use of simple waterproofing membranes, without
honeycomb, three-dimensional structure (geo-cells, geo-grids) and the choice of some of the most
economic methods of greening, by covering with vegetation. We can also mention those related to
the low thickness of the applied soil state (15 cm), the failure to carry out the integrated monitoring
of the spatial-functional reintegration processes of the mining sites, as well as the lack of an
integrative vision of the rehabilitation process of abandoned mining sites, with long-term ecological,
social, economic and cultural impact.

Restoring the areas affected by mining involves the return to the economic circuit of the
degraded lands from the mining industry. The soil decontamination process includes excavation
works and redepositing of the excavated contaminated material in warehouses provided with
protective barriers such as waterproof rubber tires/honeycomb type geo-cells and clay layer. New
deposits must be covered with clay, geo-membranes/geo-composites with drainage micropipes and
topsoil to prevent infiltration. The stabilization of the slopes through re-profiling, cylindering and
covering with geo-synthetic materials must be completed with the provision of all conditions for
vegetation regeneration [77], and the contaminated underground water requires pumping and
purification. For the abandoned mining sites in the Apuseni Mountains area, there are numerous
surfaces affected by degradation and pollution processes that present a wide variety, in terms of
provenance and conditions offered, for different types of alternatives regarding the achievement of
both a sustainable reconstruction and a spatial-functional and resilient reintegration.

Mining from the Apuseni Mountains left its mark on the mountainous environment of the
North-East Metalliferous Mountains region, due to the richness of the subsoil in non-ferrous ores
(gold, silver, copper, zing, lead), but it also left a rich and valuable identity-cultural heritage [78-81].
The oldest mining town in Romania, Rosia Montana, documented in 131 AD, is currently one of the
most important archaeological sites of ancient mining in Europe. The existent cultural landscape of
universal value, recently entered in the UNESCO World Heritage List, indicates the undeniable fact
that in this case tourism must be the “engine” of future development.

4. Discussion and Conclusions

Recent research has indicated that ecological restoration, as a practice, endeavors to achieve a
degree of native ecosystem recuperation in response to disturbances that span from degradation to
total ecosystem annihilation [39,82]. Within this expansive field, a specialized sub-discipline has
evolved, concentrating exclusively on the restoration of landscapes post-mining. This focus separates
post-mine rehabilitation from other restoration endeavors, attributing to the significant disturbance
levels encountered. Consequently, recovery goals tend to favor the establishment of novel or hybrid
ecosystems, comprising both native and non-native species, to ensure an acceptable degree of
stability and ecosystem functionality [30,83].

Nowadays, governments worldwide acknowledge the significance of post-mining rehabilitation
in accordance with the principles of ecological sustainability, implementing specific legislation that
is striving for best practices and key elements such as: financial guarantees, gradual restoration and
objectives that are safe and non-polluting [84-89]. Even if today mine rehabilitation is an integrated
part of the mine life-cycle, in the past, the insufficient legislative framework and the absence of
suitable financial instruments caused the appearance of abandoned mine lands, identified in almost
all regions known for their mining industry [90], a fact also present in Romania. The talk about
abandoned mining sites” rehabilitation is more extensive and intense because of the difficulties
encountered concerning the absence of clearly defined responsibilities, of standards and criteria for
rehabilitation, the high costs involved and the lack of funds, given the ceasing of mining economic
activity [90,91]. Several factors must be considered when evaluating an abandoned or inactive mine
site for rehabilitation. These factors encompass the site's age, its environmental impact, public health
and safety concerns, social implications, government support availability, and the community's
dedication to the rehabilitation endeavor [91].
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The results of our study reveal substantial ecological disturbances and intricate socio-economic
challenges in the regions around these deserted mining sites from the Romanian Carpathians.
Moreover, the findings advocate for the adoption of innovative, holistic, and sustainability-focused
measures to convert mining-impacted territories into resourceful and enduring environments
catering to human necessities. The industrial-mining activity in Romania had, before 1989, an intense
pace of development, being based on the unsustainable exploitation of non-energy and energy
mineral resources. The socio-economic and political transformations that occurred later require the
urgent finding of theoretically grounded solutions with local applicability for the re-greening and
rehabilitation of mountain regions with environmental dysfunctions and imbalances. All of this must
be aimed at restoring the long-term equilibrium, both in the areas directly affected by mining
activities and in the neighboring areas.

The information and data necessary for the characterization of abandoned mining sites were
collected both on the basis of the elements relevant and appropriate to the thematic context on which
the research was based, as well as through sampling and regional validation. The methodological-
logical system of analysis of the process of ecological reconstruction of mining sites highlights a series
of specific research methods, which allow the extraction of objective and real results with the role of
creating the optimal framework for action in order to reintegrate the territory spatially and
functionally. Thus, the investigation of landscape recovery and reconstruction methods were carried
out both by applying specific methods of geographical research and by using interdisciplinary
procedural resources, with an innovative character, connected to the current realities of the territory.

In the current context, the implementation of new industrial eco-cycles, landscape rehabilitation
and integrated reconstruction of abandoned mining sites and degraded areas due to industrial-
mining activities is required. Although the inventory of mining waste deposits was carried out at the
national level (in 2017), it is imperative to continue the actions of their identification, expertise and
monitoring, as well as the implementation of good practices, in accordance with the provisions of the
European normative-legislative framework. The forms of intervention must be based on rigorous
analyzes in terms of differentiated application in relation to local and regional territorial specificities,
because they will have a series of implications in the social-economic plan as well (valuation of the
local workforce by creating jobs, redefining activities in the context of the circular economy, the
reconsideration of economic cycles based on the concept of eco-efficiency and the development of
alternative economic activities).

Both by developing the integrated model of territorial reconversion, adapted to the social,
economic, cultural and environmental needs of the community [92], and by identifying alternative
solutions to capitalize on the endogenous potential, the result of this research proves its usefulness
especially within the actions of sustainable spatial planning in mountain territorial systems affected
by mining. In essence, several criteria were followed to evaluate the risk factors for mining sites in
the mountain area, extracting those variables that express the number of anthropogenic
geomorphostructures, the favoring factors that can amplify the negative effects of anthropogenic-
mining action, their degree of stability depending on the geotechnical arrangements, the possibility
of triggering related geomorphological processes with destructive potential and the identification of
optimal solutions for the reintegration of degraded post-exploitation surfaces.

Therefore, our answer to the first research question, based on the results of the analysis carried
out, confirms that there are all the necessary prerequisites for achieving the environmental
rebalancing of abandoned mining sites in the mountain area and ensuring optimal functionality in
terms of environmental sustainability. In order to reduce and eliminate the risks associated with
tailings ponds, settling ponds, underground galleries and quarries (material detachments and gravity
movements, accidental discharges of acidic waters, pollution with toxic substances, degradation of
the landscape and biodiversity) resulting from long mining processes in the Apuseni Mountains,
there is a need for ecological rehabilitation and reconstruction measures adapted to the insertion
environment.

The answer to the second research question lies in the fact that in order to ensure the most
appropriate ecological rehabilitation, a holistic approach to the perimeters affected by mining is
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mandatory. This conclusion is based on the need to provide an integrated monitoring both at the
level of the territorial components, of the relationships and vulnerable structures inside the mining
sites, as well as regarding the assessment of positional risks in the vicinity. The integrated sustainable
management of post-exploitation eco-rehabilitation mining sites is a procedure that must be extended
to all perimeters in the mountain area where industrial-extractive and processing activities took
place, with the objective of promoting a development strategy based on the sustainable rehabilitation
of all environmental components (relief, soils, waters, biodiversity, landscape) to ensure long-term
ecological reconstruction and spatial-functional reintegration of territorial systems in the productive
economic circuit.

The ecological reconstruction and rehabilitation of the areas affected by mining must gather the
acceptance of all interested parties (territorial-administrative institutions, businesses, local
community) and be carried out in accordance with the national and regional strategic development
objectives. A difficult situation is represented by the uncertain legal regime of the lands on which
closure and greening works are carried out or regarding the execution of the modernization works
of the mine water treatment stations located in the patrimony of the Ministry of Economy.

Certainly, our study has some limitations. We do not claim that our findings could be
generalized for other mountain areas worldwide which have passed similar post-mining sites
problems. However, we consider that the outcomes of our study could be further developed by
gaining an insight into the post-mining areas through interviews and surveys with the people living
in mountain mining areas.

Several recommendations resulted from the analysis carried out, both for the state institutions,
which are responsible for managing the problems of abandoned mining sites, and for the specialists
in the mining field. First of all, there is a need to revise the legislation in the field of mining waste
deposits and reassess them from the point of view of risks, but also of the potential to recover the
valuable minerals contained within.

Top of Form

The second recommendation relates to the need to clarify the legal regime of the lands on which
the mining waste is located, because delaying this action can compromise the greening works already
carried out. The third recommendation refers to the reconsideration of the forms of valorization of
the cultural heritage of mining exploitations with sustained activity, both in terms of tourism and in
the context of the development of the circular economy.
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