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Abstract: Mine waste constitutes one of the biggest environmental and management problems, both
due to its quantity and its danger when they are rich in toxic elements. There is a wide variety of
waste from the oxidation of ores in metal mining areas, both metal sulphide and other minerals. These
residues may be enriched in potentially toxic elements that can spread and contaminate ecosystems,
farmland and villages. This study has focused on the characterization and evaluation of residues
derived from metal-bearing mining waste in abandoned mining areas. Mineralogy and geochemical
characteristics were determined by XRD, WDXRF and TG-MS techniques. In addition, DIN 38414-54
leaching tests were carried out to assess the risk and mobility of potentially toxic elements. Silicates
and oxides were found as the main mineral groups, followed by sulphates. These tailings were
particularly enriched in Zn, Pb, As, Sb and Cd, while their leachates had high or extreme metal
content. Consequently, these mining wastes are considered toxic and hazardous, even for landfills.
Sulphides, as the primary source, and sulphates from their oxidation, were the main sources of
these pollutants. Sulphates, As, Zn, Cd and Cu determined the specific environmental impact of the
different tailing types, which were grouped into different clusters according to their mineralogy and
geochemistry. These results provided a better understanding of the environmental hazards associated
with the different types of metal mining waste in the area studied.

Keywords: abandoned metal mines; mine waste characterization; tailing typology; environmental
hazards; Cartagena-La Union mining area; Spain

1. Introduction

A wide variety of anthropogenic activities have negative impacts on the environmental
quality of their surroundings. Ore, gangue, industrial minerals, metal(loid)s, rock, loose
sediments, metallurgical slag and waste, roasted ore, ash and processing chemicals are all
components of metal mining waste. On average, for every tonne of metal ore mined, one
tonne of waste is generated [1]. Globally, it is estimated that mining activities generate
several billion tonnes of mining waste per year, a quantity comparable to the amount of
regolith and other materials mobilised annually by geological processes [2]. In this sense, it
is recognized that metal mining presents potential risks to environmental health [3]. More-
over, mining waste has become one of today’s major environmental concerns, constituting
a serious threat to ecosystems and the health of nearby populations [2,4,5].
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For many centuries, handling and management of mining liabilities have been a
minor issue, as they were often dumped in landfills close to the mine [6]. Due to the
depletion of mineral resources, profitability and /or environmental concerns, in most cases,
companies have abandoned mining sites leaving a degraded area with few environmental
restoration measures [5]. Other significant impacts of metal mining waste come from acid
mine drainage (AMD), which can affect both surface water bodies, through surface runoff,
and groundwater bodies. In these cases, the concentrations of sulphate and metal(loid)
increase, and there is a significant reduction in their pH values [7].

On countless occasions, the rehabilitation of old mining facilities has been incomplete
or inefficient, especially in the case of metal mining [8]. This represents a permanent poten-
tial risk for the population and the environment, insofar as its waste is rich in potentially
toxic elements (PTEs). At the European level, legislation has been introduced to minimise
these risks. In this context, the European Parliament and the Council drafted Directive
2006/21/EC [9] on the management of waste from extractive industries. This Directive
obliges Member States to carry out an inventory of decommissioned and/or abandoned
waste facilities for their restoration and minimize the risks associated with this waste.

Both locally and globally, waste generation by the extractive industry is not only an
environmental concern but also an economic one [10]. Recent research in this field proposes
to eliminate these risks, in addition to the structural risks posed by waste facilities, by
storing pre-treated waste in underground landfills [11]. Nevertheless, due to the enrichment
of metal mining waste in certain chemical elements of interest, in some cases, this waste
could be reused as a source of raw materials for further uses, e.g., in nanomedicine [12].
The revalorization of metal mining waste using new technologies is a promising strategy
for its quantitative reduction [13], as well as for the effective recovery of some elements
contained in these tailings [12]. In this sense, the goal of reusing industrial waste and
moving towards waste-free production is a trend that is likely to become the norm in the
medium to long term, both because of the need for mineral raw materials and the depletion
of their main deposits [10,14].

In response to this growing interest in this serious environmental problem, numerous
studies with different approaches have been undertaken. Some of them have focused on
assessing the environmental impacts of metal mining waste from different perspectives,
such as innovative approaches [15-17], dispersion mechanisms, etc. [18-20]. However, the
typology of mining waste generated is not usually considered when the risk assessment is
carried out in abandoned mining areas. It is known that each type of waste has a different
mineralogy and geochemistry [18]. They can contain high amounts of metals and metalloids
that tend to spread and contaminate the surrounding soil, water and atmosphere [21]. Even
s0, studies on the environmental impact and risks associated with the different types of
waste present in Mediterranean metal mining areas are scarce.

The oxidation of these metal mining wastes can generate intermediate species as a
result of the dissolution and recrystallisation of metal salts present in mine tailings [22]
and acid mine drainage [23] in the form of secondary or supergene minerals. These
secondary minerals consist of sulphate salts and oxides, clays and various hydrated salts,
carbonates, phosphates, arsenates and native elements [24]. Such supergene minerals are of
great environmental relevance in environmental studies due to their role in the dynamics
of potentially toxic elements (PTEs) in metal mining areas [23] and their function as a
stable sink for metal(loid) [1,25]. Depending on the formation processes followed for the
formation of secondary minerals [22,25], up to three groups of these supergene minerals
can be differentiated [26]. The first group would be those formed by precipitation from
acid sulphate waters rich in metallic salts from mining waters. A second group would be
formed as a consequence of the filtration of solutions enriched in these metallic salts in
mining waste, which give rise to consolidated crusts and hardpans. Additionally, a third
group would correspond to saline efflorescences that appear because of the deposition on
the surface of mining waste, rocks and soils of the metallic salts contained in the mine water
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and which are mobilised, either by evaporation during dry periods or by the exothermic
heat released during the oxidation of sulphides.

When addressing the management, restoration and risk reduction associated with the
mining environment liabilities is essential to assess the different types of waste and their
associated risks. The vast majority of mining waste is disposed of via land-based strategies,
although a significant amount is dumped directly into the sea [27], either intentionally [28]
or accidentally [29]. Traditionally, the degree of soil contamination has been determined by
measuring the total concentration of PTEs and comparing it with the respective geochemical
background of the elements in the natural soils of an area [30]. However, the mobility and
toxicity of these PTEs depend on several factors such as their origin, the mineralogy of
the secondary minerals and the chemical fraction to which these elements are associated,
soil properties and organic matter, to name a few [5,31]. Therefore, it may be of interest to
analyse some of these properties and estimate the mobile fraction present in their leachates.

The aim of this research is to characterise mining waste for a studied area, but also for
the first time a typification of the different types of tailings in a Mediterranean metal mining
area. It includes both the materials generated by the extractive activity itself and the waste
generated after the metallurgical treatment of the extracted mining materials deposited
both on land and at sea. In order to carry out this typification, several mineralogical,
geochemical and environmental aspects of each type of mining waste have been evaluated.
In the case of the former mining region of Cartagena—La Unidn, located in SE Spain, this
discharge into the sea was very frequent [32], both in the coastal lagoon of the Mar Menor
to the West [33] and in the Mediterranean Sea to the East [32,34]. It should be noted that
most of the environmental problems caused by these materials arise from the dissolution of
their pollutants in the AMD, so the study of their leachates is essential. In addition to the
mineralogical and geochemical studies, an attempt has been also made to determine the
origin of potentially toxic elements and the possible correlations between some parameters
associated with these residues. Knowledge of the behaviour and risks associated with
the PTEs of each different waste found in an abandoned metal mining area is necessary
to predict contaminant pathways and select the most appropriate management practices.
Lessons learned from this study provide a new understanding of the environmental im-
pact and risks associated with metal mining waste and its metal(loid) contamination on
surrounding populations and ecosystems.

2. Materials and Methods
2.1. Study Area and Sampling

The study area was an abandoned mining sited in the district of Cartagena-La Union
(Region of Murcia (SE Spain) with an overall extension of about 50 km? (Figure 1). The
mining area studied is extended to the Betic Cordillera from the NE and f, within a coastal
mountain system lying in the SE. It is located between the Mediterranean Sea to the
south, the Mar Menor coastal lagoon to the north and the agricultural plain of “Campo
de Cartagena” to the north and west. Geologically speaking, the inner domain is the
Betic Cordillera which has two superimposed geological units formed by thick layers
of carbonate interlayers interbedded with detritic series [35,36]. These units show an
increasing degree of metamorphism from top to bottom with units undergoing strong
tectonic folding between the Late Oligocene-Early Miocene and a subsequent extensional
collapse during the Middle-Late Miocene [37,38]. The oldest and deepest unit is the Nevado-
Fildbride complex, consisting of a series of medium-grade metamorphic rocks. On the
other hand, the most superficial one is the Alpujarride unit, whose materials show a lower
degree of metamorphism than that of the lower layer.



Land 2023, 12, 499

4 0f 23

+ Sample

I Gossan

Bl Molten slag

I Open-pit spoils
Post-flot. (land)
Post-flot. (sea)

I Gravity-conc. spoils

[ Pre-conc. wastes

Campo de
Cartagena

Mediterranean Sea

o

Figure 1. Sampling points (SP) sited in the study area (SE Spain). SP1-SP7: within the mining area;
SP8: in the control area.

During the Upper Miocene, this area suffered a series of calc-alkaline and shoshonitic
volcanic episodes that generated powerful hydrothermal processes, where the water from
deep areas with dissolved minerals was subjected to strong pressures and high tempera-
tures. Thus, the minerals precipitated in faults and breccias, giving rise to veins enriched in
metallic minerals [35]. This resulted in volcanic rocks of andesite, dacite and rhyolite type,
generating important deposits of Pb and Ag (galena), Zn (sphalerite) and Sn, with a very
important presence of pyrite (Fe) [39], while in the adjacent marine sedimentary basins,
there was strong sedimentation [40]. The mineral complexes present in these mountains
also include quartzites, mica schists, schists and limestone rocks [18,36].

The climate in this area is described as “steppe or sub-desert Mediterranean” according
to the Koppen climate system. It is characterised by average annual temperatures above
18 °C, winters with mild average temperatures above 10 °C and hot summers with average
temperatures above 26 °C [41]. On the other hand, the average annual rainfall is less than
300 mm, with rainfall basically concentrated in autumn and spring [41].

However, the most relevant fact is that these mountains are rich in metallic sulphide
deposits, mainly Fe, Pb and Zn, which have been exploited for almost 2500 years [35]. The
dispersion of the neglected materials led to a massive mobilisation of different metal(loid)s.
This prolonged mining activity has generated a large volume of different types of mining
waste, approximately 360 million tons of rocks were mobilized [18], with approximately
175 Mm? of waste deposited on land (onshore) occupying an effective surface area of
approximately 9 km? [18]. In the study area, part of the mining waste was deposited in
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Portman Bay, in the Mediterranean Sea. Additionally, about 60 Mm?> were discharged into
the Mediterranean Sea (offshore) [32,34] and an equivalent amount into the coastal lagoon
of the Mar Menor (offshore) [33]. Portman Bay is considered one of the hottest spots for
metal pollution both in the Mediterranean [28] and worldwide [29,33].

To obtain a representative sample of the different types of mining waste in this area,
seven mining sites were considered that cover the most characteristic waste of this mining
area [18]. In addition, a control area was selected in an agricultural area located 15 km away
from the metal mining area (Figure 2). From a soil science point of view, all these mining
materials would correspond to spolic Technosols developed on mining and metallurgical
wastes, while the control soil could be classified as a typic calcaric Regosol or haplic
Calcisol [42]. In this study, the dominant type of waste typology in each of the sampling
points (SP) was the following: SP1: open-pit tailings; SP2: post-flotation tailings (land-
based); SP3: post-flotation tailings (sea-based); SP4: gravity concentration tailings, SP5:
gossan/alteration zone, SP6: pre-concentration tailings, SP7: molten slag zone and SP8:
control soil. This control area corresponded to agricultural soil located 15 km from the
mining area.

Figure 2. Images of the different sampling points (SP) considered in this study: (a) open-pit tail-
ings (SP1), (b) post-flotation tailings (land-based) (SP2), (c) post-flotation tailings (sea-based) (SP3),
(d) gravity concentration tailings (SP4), (e) gossan/alteration zone (SP5), (f) pre-concentration tailings
(SP6), (g) molten slag zone (SP7) and (h) control soil (SP8).

Sampling consisted of collecting the top layer of surface residues from the surface of
different mining tailings and the soil of the control area. At each of the eight sampling
points (Figure 2), 5 kg of composite samples of mining waste or soils were collected because
of mixing and homogenising 10 sub-samples per sample. These samples were transported
to the lab in plastic bags for storage. Once in the lab, 500 g of the homogenised samples
were crushed to reduce the size of the waste or soil aggregates, which were finally ground
with a disc mill to obtain 100 g of fine samples. Using a mortar and pestle, materials were
fully ground by hand until they had a final particle size of less than 100 um after being
air-dried for 24 h to prevent peak broadening and amorphousness in geochemical and
mineralogical analyses.

2.2. Analysis of the Mineralogy of the Soils and Waste Studied

The mineralogy of the powder from the waste and soil samples was investigated using
a Bruker D8 Advance instrument (Bruker Corporation, Billerica, MA, USA). This device
has a 2° window with CuK radiation generated at 40 kV and 30 mA, and a one-dimensional
detector. To minimise possible peak broadening and amorphousness, the soil and residue
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samples were gently crushed by hand after air-drying with a pestle and mortar. Powder
samples were rotated at 30 rpm and stepped scanned from 5 to 70° in 26 at 0.05° stepping
intervals. A plastic sample container with a rear loading mechanism was used to hold
the prepared samples. The samples were dried at room temperature for 24 h to prevent
peak broadening and amorphousness, and then meticulously hand-pulverized in a mortar
until the final particle size was less than 100 um [1]. The primary crystalline phases of the
waste and soils were identified using XRD patterns (DIFFRAC.EVA 3.0, Bruker AXS, 2012;
PDF-4 + powder diffraction file database, ICDD, 2013).

To estimate the stability, HyO content, organic matter content, SO3 content and the
presence of non-mineral phases in these soils and wastes, a thermogravimetry coupled
with mass spectrometry (TG-MS) analysis was performed. A Mettler Toledo TGA /DSC
1HT (Mettler Toledo, Kiisnacht, Switzerland) was used for these analyses under oxygen gas.
The loss steps that occurred were investigated by thermogravimetry coupled with mass
spectrometry while heating this powder from 30 to 1075 °C. For each soil and/or mine
waste, the sum of the decomposition profiles of each of its component elements provided
its final thermogram. Since the diffraction powder of the prevailing crystalline states varied
in each case, a computed amorphousness is also presented.

2.3. Elemental Analysis of Waste and Soils Studied

Following a procedure similar to the one explained in the previous section, the samples
were processed for wavelength-dispersive X-ray fluorescence spectrometry (WDXREF),
although this technique is only effective for elements with Z > 8. Since there is a lack of
satisfactory certified reference materials with metal concentrations in the same range as
the residues and soils investigated in this research, a non-standard approach was used to
evaluate the reported spectra. For the elemental study of these samples, 10 g of soil or waste
was taken to form granules by pressing. Due to the difficulty in aggregating the samples,
about 0.8 g of a binding agent, made by taking 4 mL of a solution of n-butylmethacrylate
synthetic resin diluted in acetone in a w/v ratio of 1:5 (Elvacite 2044, Lucite International,
Tenn., USA), was added to each sample. Elemental analysis of the samples was performed
using a commercial X-ray fluorescence spectrometer, the Bruker S4 Pioneer (Bruker AXS
GmbH, Karlsruhe, Germany). The analyses of the obtained spectra were carried out using
the commercial Bruker-AXS and Socabim SpectraPLUS software, EVA 1.7 (Bruker AXS
GmbH, Karlsruhe, Germany, 2006).

In the meantime, to carry out a semi-quantitative evaluation, a previous assessment of
the CO, and H,O content was performed using the loss on ignition (LOI) method coupled
with TG-MS analysis, complemented with CHN analysis (LECO 628 Series, LECO Corp.,
St. Joseph, MI, USA), which made it possible to obtain an estimate of the H, N and C values
in these samples.

Additionally, the enrichment of some of the PTEs present in mining waste was anal-
ysed according to the index known as the enrichment factor (EF) [43,44]:

EF= [metal(loid) in soil /residue mg/kg]/[metal(loid) soil background mg/kg]

2.4. Leaching Tests of the Waste and Soils under Study

Once the mineralogical and elemental characteristics of the soil and waste samples had
been analysed, these same samples were processed by a DIN 38414-54 leaching test [45].
From them, some physicochemical variables such as total dissolved solids (TDS), electrical
conductivity (EC) and pH were measured, as well as the concentration of the most relevant
metal(loid)s (Zn, Cd, As, Pb, Cu, Sb and Ni) and ions (Ca?*, Mg?*, K*, Na*, SO42~,
NO;~ and CI7) by ICP-MS (Agilent 7900 ICP-MS, Agilent Technologies, Japan) and ion
chromatography (Metrohm 850 Professional IC, Metrohm, Switzerland), respectively. For
the leaching tests, 5 g of soil/waste were taken and dissolved by shaking in 50 mL of
purified water in polypropylene tubes for 1 full day. After this process, the sample was
processed for 24 h using a membrane with a pore size of 0.45 um.
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Furthermore, the leachates were studied using a Ficklin diagram [46] to analyse their
chemical variability and origins [47]. For this purpose, the most common PTEs (Pb, Zn,
Cd, As, Cu and Ni) in these studied materials were considered. In any case, it is to be
expected that the different geological substrates will show distinct geochemical signatures
of their own. These signatures are composed of the relative concentrations of each of these
elements, in such a way as to assist in their characterization.

2.5. Statistical Analyses

This statistical study was applied to seven mining wastes plus one agricultural soil
used as a control and its leachates. The parameters included the PTEs evaluated by WDXRF
analysis (Pb, Zn, Cd, As, Cu and Ni) and the major groups of minerals detected by XRD
in these materials (silicates, oxides, carbonates, sulphates, sulphides). In addition, several
parameters associated with the mining waste and control soils and their leachates have
been considered, including H,O, O.M., pH, EC, Cl~ and SO42~. The statistical application
IBM SPSS version 26 (IBM, NY, USA) was used to perform a multivariate analysis of the
collected data.

The Kolmogorov-Smirnov test was used to determine whether the data were normally
distributed. Given the non-normality of the data, Spearman’s rank correlation coefficient
analysis was developed for each pair of variables, with statistical significance at the 0.01 and
0.05 levels. Consequently, non-parametric tests were used to analyse these data [48]. Addi-
tionally, to differentiate between the human and natural origins of the materials studied,
and to understand the relationships between variables, a principal component analysis
(PCA) with a Varimax rotation and a z-transformation was carried out. As a preliminary
step, an analysis of the adequacy of the data matrix was carried out by analysing the com-
munality values, Bartlett’s test of sphericity and the Kaiser-Meyer—Olkin (KMO) test [49,50].
After the elimination of the minor variables, a varimax rotation and z-transformation were
performed to reduce the dimensions of the standardised variables to other principal compo-
nents [49]. Finally, an agglomerative cluster analysis was carried out to establish a hierarchy
between the different types of waste based on the available dataset.

3. Results and Discussion
3.1. Mineralogy of the Waste and Soils Studied

The mineral phases and crystalline percentage of the samples, in soils and metal mining
waste, were studied and identified by XRD and relative intensity ratio (RIR) approach,
respectively (Table 1). Additional studies by TG-MS provided semi-quantitative values for
H,0, O.M., SO3 and residue content (Table 1). The main mineral categories found in soils
and waste were silicates (24-83%, average 53%), oxides (0-62%, averaging 36%), sulphates
(1-20% in mining waste and 0% in control soil), sulphides (weakly present in four mining
waste samples and absent in agricultural soils) and carbonates (present only in one waste
sample (11%) and control soil (29%)). The most common minerals were chlorite (silicate)
and quartz (oxides). The measured amorphousness ranged from 15 to 40%, with an average
of 23%.

This analysis revealed a different mineral composition for each type of waste and soil.
In this sense, silicates were the main mineral component of the land-based post-flotation
residues (83%), the molten slag zone (82%) and the sea-based post-flotation residues (67%).
In addition, in the open pit and pre-concentration tailings, the majority consisted of equal
parts silicates (51 and 50%, respectively) and oxides (49% in both cases). In the case of
gravity concentration and gossan/alteration zone tailings, the most important mineral
component was oxides (62 and 49%, respectively), followed by silicates (33 and 31%,
respectively) and sulphates (5 and 20%, respectively). In the case of residues from the
molten slag zone, sulphates also contributed a major mineral component (12%), while
sulphides accounted for 6% of the total mineral components. To complete this description,
the post-flotation residues (offshore) comprised 11% carbonates and 3% sulphides. Finally,
in the control soil, the most frequent mineral groups were oxides, which contributed about
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47% of the total minerals. Likewise, silicates and carbonates, with 24% and 29%, respectively,
were the other major mineral groups. Taking into account the different mineral species
found in the soils and tailings, the most common mineral in the post-flotation tailings
and soil-based pre-concentration tailings was chlorite, where this mineral represented up
to 61% and 46% of the total, respectively. Another important mineral was quartz, which
accounted for 56, 48 and 48% of the gravity concentration tailings, open-pit tailings and
pre-concentration tailings, respectively. These results are consistent with the geological
background described for this area [7,18,35].

Table 1. Mineral phases identified by XRD in soils and mining waste. Semi-quantitative values (% by
weight). SP1-SP8: different sampling points. n.d.: not detected.

MINERAL GENERAL FORMULA SP1 SpP2 SP3 SP4 SP5 SP6 SP7 SP8
Silicates 51 83 67 33 31 50 82 24
Chlorite (Mg,Fe)3(5i,Al)4019(OH), - (Mg, Fe)3(OH)g 34 61 30 13 n.d. 46 9

Muscovite KAl (AlSi3O19(OH,F), 16 6 17 16 n.d. 2 6 12

Talc Mg35isO19(OH), n.d. n.d. 6 4 21 n.d. n.d. n.d.
Kaolinite Al,SipO5(0OH), n.d. 16 10 nd. nd. 2 nd. nd.

Montmorillonite (Na,Ca)3(AlL,Mg)»5i4010(OH), nH,O n.d. n.d. n.d. n.d. 6 n.d. n.d. 3

Greenalite (Fe?* ,Fe3*), 3Si,05(0OH), 1 n.d. 4 nd. 4 nd. nd. nd.
Fayalite Fe,Si0y n.d. n.d. n.d. n.d. n.d. n.d. 76 n.d.

Oxides 49 11 18 62 49 49 nd. 47
Quartz Si0, 48 11 12 56 30 48 n.d. 47
Goethite FeO(OH) 1 n.d. 2 3 15 1 n.d. n.d.
Magnetite Fe;0y4 <1 <1 2 2 n.d. <1 n.d. n.d.
Hematite Fe, O3 n.d. n.d. 1 1 4 n.d. n.d. n.d.
Rutile TiO, n.d. n.d. 1 n.d. n.d. n.d. n.d. n.d.
Carbonates n.d. n.d. 11 nd. nd. nd. nd. 29
Calcite CaCOs3 n.d. n.d. 5 n.d. n.d. n.d. n.d. 24
Dolomite CaMg(CO3), n.d. n.d. 2 nd. nd. nd. nd. 5
Siderite FeCOj3 n.d. n.d. 4 n.d. n.d. n.d. n.d. n.d.
Sulphates 1 6 1 5 20 1 12 n.d.
Gypsum CaS04-2(H,0O) <1 5 1 1 9 <1 n.d. n.d.
Anglesite PbSO,4 n.d. n.d. n.d. n.d. 6 n.d. 5 n.d.

Plumbojarosite PbFeg(S04)4(OH)12 n.d. n.d. n.d. 4 5 n.d. 7 n.d.
Jarosite KFe3(SO4)2(OH)g <1 1 n.d. n.d. n.d. 1 n.d. n.d.

Sulphides n.d. n.d. 3 0 n.d. 0 6 n.d.

Sphalerite ZnS n.d. n.d. 2 n.d. n.d. <1 n.d. n.d.

Pyrite FeS, n.d. n.d. 1 n.d. n.d. n.d. n.d. n.d.

Pyrrhotite Feq_x S n.d. n.d. n.d. <1 n.d. n.d. n.d. n.d.

Galena PbS n.d. n.d. n.d. n.d. n.d. n.d. 6 n.d.
Computed Amorphousness (%) 20 17 15 25 26 40 22 20

Regarding the control or agricultural soil, the most relevant minerals were quartz
(47%), followed by calcite (24%), confirming a different pattern from that shown by mineral
residues from the mining area.

Furthermore, when performing a thermogravimetric analysis coupled to mass spec-
trometry (Table 2), the whole mixture of minerals that make up each of the studied soil and
waste samples was subjected to heating from 30 to 1075 °C. In carrying out this process,
the different stages of loss were examined so that the sum of the decomposition profile of
each component formed the final thermogram. It should be noted that these geological
materials were composed of silicates, oxides, carbonates, sulphates and sulphides, as well
as organic matter.
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Table 2. Thermogravimetric analysis coupled with mass spectrometry of the different types of soils
and mining waste samples. O.M.: organic matter; Inor. CO;: inorganic CO,. H,O, organic matter,
inorganic CO;,, SO3 and residue are given in %, while the temperature range is given in °C.

Sample SP1 SpP2 SP3 Sr4 SP5 SPeé Sp7 SP8
H,O 6.49 13.25 4.83 11.44 10.32 5.82 2.02 6.33
T. range 30-628 30-687 30-554 30-465 30-658 30-717 30-366 30-1075
O.M. 0 0.17 0 0.27 0.13 0.21 0.02 1.82
T. range - 176-687 - 200-490 194-658 176-598 30-366 237-569
Inor. CO, 0.93 0 6.05 0 0 0.03 0 10.6
T. range 628-984 - 554-1075 - - 598-717 - 569-1075
SO3 0.16 8.89 0 0.86 247 24 0 0

T. range 984-1075 687-1075 - 776-1075 658-1075 717-1075 - -
Residue 92.42 77.69 89.12 87.43 87.08 91.54 97.96 81.25

After heating the samples, three main effluent gases appeared. Depending on the
availability of water (free, crystalline and constituent) and organic matter, water loss
(dehydration) took place mainly in the thermal range of 30-717 °C in different stages.
According to the presence of organic matter and carbonates, the loss of carbon dioxide
(decarbonisation) occurred mainly in the thermal range 176-984 °C in various phases.
Finally, the loss of sulphur trioxide (desulphation) happened in the thermal range of
658-1075 °C and even higher, showing the existence of metal sulphides and sulphates. The
values of the losses for H,O, organic matter and SO3 as well as the residual content are
given in Table 2.

The average water content of the samples was 7.56%, ranging from 2.02 to 13.25%.
The temperature range of the dewatering process varied between 30 and 717 °C in the case
of the mining waste, reaching up to 1075 °C for the natural soil sample. Organic matter
was found in all samples, except SP1 and SP3, and ranged from 0.13 to 1.82%, with an
average of 0.11% in the mining waste samples, which contrasts with the value of 1.82 for
the agricultural soil. In this case, the temperature range varied between 176 and 687 °C for
the mining waste samples and between 237 and 569 °C for the control.

Regarding inorganic CO,, this fraction was only found in samples SP1, SP3, SP6 and
SP8. Their values ranged from 0 to 6.05%, with an average of 1% for the mining waste
samples, a value that contrasts with the 10.6% of the agricultural soil studied. Despite the
average value for the mining waste samples being 1%, most of them presented inorganic
CO;, values close to zero or almost non-existent. These results are not consistent with
the large amount of inorganic carbon found in mining waste deposited in the sea, where
the high concentration of carbonate-enriched minerals (Table 1) probably distorted this
average. The temperature range of the inorganic CO, removal process varied between
554 and 1075 °C for the samples considered.

Subsequently, the loss of sulphur trioxide (desulphation) was analysed. Five of the
mining waste samples had SO3 concentrations ranging between 0.16 and 8.89%, with an
average of 2.11% for mining waste samples as a whole. The temperature range of the
desulphation process, or SO3 removal, ranged from 658 to 1075 °C for the mining waste
samples studied.

Finally, the total calcination of the samples left a residue that ranged from 77.69 to
97.96%, with an average of 89.03% for mining waste samples and 81.25% for control soils.
The composition of this residue is mainly, oxides and silicates. In this sense, the waste
that reached the highest residual value was molten slag probably due to many sulphides,
mostly galena, found in the waste products (Table 1).

It is important to note that these mining and metallurgical wastes contain sulphides,
sulphates (found in all types of waste), oxides and hydroxides, in varying amounts depend-
ing on the meteorization level of the mined minerals and the materials discarded at each
landfill site. This high diversity of minerals in the soils and mine waste is consistent with
the results shown by other authors for other mining areas [1,51]. In summary, the mining
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waste samples can be distinguished from the control soil by their low presence of organic
matter, inorganic CO; and sulphur trioxide, largely confirmed by XRD tests.

3.2. Results of the Elemental Analysis of the Waste and Soils Studied

Besides the mineralogy, the elemental composition of the soil and waste samples
studied was analysed (Table 3). For this, the ignition weight loss was evaluated by TG-MS
to obtain a more precise evaluation of element concentration. When analysing the WDXRF
results, only those values with intensities that were three times higher than the statistical
background of the sample were considered.

Table 3. Geochemistry of the soils and waste studied by WDXRF and TG-MS (wt.%). SP1-SP8:
different sampling points. n.d.: not detected.

SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8
H 0.270 0.960 0.403 1.280 0.837 0.590 0.909 0.439
C n.d. n.d. 2.241 0.944 n.d. n.d. n.d. 4.552
(@] 51.260 47.390 43.740 46.560 42.800 48.220 43.550 50.250
NA 0.053 1.250 0.727 0.220 0.161 0.077 0.209 0.376
MG 1.528 1.751 2.522 2.045 1.679 3.705 2.128 1.737
AL 3.949 9.676 2.830 2.590 3.164 8.104 2.710 6.713
SI 36.510 14.200 13.660 10.850 14.400 22.370 11.430 17.790
P 0.032 0.143 0.041 0.029 0.051 0.086 0.030 0.135
S 0.249 4.423 0.896 3.553 1.080 1.150 3.791 0.061
CL 0.008 1.720 0.433 0.034 0.016 0.009 0.037 0.021
K 0.123 1.050 0.225 0.184 0.070 0.515 0.198 2.227
CA 0.053 3.325 2.112 1.223 1.211 0.120 1.326 12.070
TI 0.108 0.223 0.175 0.120 0.235 0.354 0.131 0.338
\% n.d. 0.010 0.005 0.004 0.007 0.011 0.004 0.009
CR 0.003 0.008 0.004 0.004 0.007 0.007 0.004 0.007
MN 0.132 0.067 1.005 0.643 1.023 0.180 0.710 0.064
FE 5.522 11.550 27.040 25.840 29.520 13.830 28.490 3.044
CcO 0.001 n.d. 0.004 0.005 0.005 0.003 0.004 0.001
NI n.d. 0.002 0.003 n.d. 0.004 0.004 n.d. 0.004
CcU 0.002 0.026 0.012 0.024 0.018 0.005 0.027 0.005
ZN 0.099 0.600 1.054 1.322 0.705 0.482 1.472 0.010
GA n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.001
AS n.d. 0.039 0.082 0.062 0.193 0.019 0.068 n.d.
BR n.d. 0.005 n.d. n.d. n.d. n.d. n.d. 0.001
RB n.d. 0.006 n.d. 0.002 0.002 0.002 0.003 0.008
SR n.d. 0.028 0.006 0.003 0.004 0.002 0.003 0.040
Y n.d. 0.005 n.d. n.d. n.d. n.d. n.d. n.d.
ZR 0.013 0.006 0.004 0.002 0.004 0.015 n.d. 0.018
NB n.d. 0.001 n.d. n.d. n.d. 0.001 n.d. 0.001
AG n.d. n.d. n.d. 0.006 n.d. n.d. 0.007 n.d.
CD n.d. n.d. n.d. 0.006 n.d. n.d. 0.007 n.d.
SN n.d. 0.005 n.d. n.d. n.d. n.d. n.d. n.d.
SB n.d. n.d. 0.011 0.010 0.022 n.d. 0.011 n.d.
BA n.d. 0.003 0.012 n.d. n.d. 0.005 n.d. 0.032
PB 0.008 1.520 0.743 2.428 2.778 0.126 2.740 0.006

Following previous research [20], the elements present in the minerals of the mine
waste samples can be divided into three different element fractions in the soil and mine
waste samples. Without considering basic elements such as O, H and C, a major fraction val-
ues ranged between 10 and 100%, a minor one had concentrations of its elements between
0.1 and 10%, and finally a micro-fraction with minimum concentrations in the range of
1 to 1000 ppm. Within the major fraction, Si and Fe stood out, with concentrations ranging
between 10.8 and 36.5% and 5.5 and 29.5%, respectively. The minor fraction included
the following elements P (0-0.1%), As (0-0.2%), Ti (0.1-0.4%), Mn (0.1-1%), K (0.1-1.1%),
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Na (0.1-1.3%), Zn (0.1-1.5%), CI (0-1.7%), Pb (0-2.8%), Ca (0.1-3.3%), S (0.3—4.4%), Mg
(1.5-3.7%) and Al (2.6-9.7%). Finally, the micro-fraction comprised elements such as the
following: Ga (below the detection limit), Nb (<12 ppm), Ni (<36 ppm), Y (<47 ppm), Co
(<51 ppm), Br (<52 ppm), Sn (<54 ppm), Rb (<64 ppm), Cd (<65 ppm), Ag (<70 ppm), Cr
(<80 ppm), V (<110 ppm), Ba (<120 ppm), Zr (<154 ppm), Sb (<220 ppm), Cu (<268 ppm)
and Sr (<284 ppm). In the case of the control soil, the elements that were in the different
fractions and arranged in increasing concentrations were Si and Ca in the major fraction;
Fe, Ti, Al, Na, K, Mg and P in the minor fraction, and Zn, Pb, As, Cd, Cu, Mn, Ag, Ni, Cr,
Sn, Sr, Br, Co, Zr, Rb, V, Ga, Nb, Y, Sb, Ba, S and Cl were found within the micro-fraction.
The presence of elements such as As, Mn, Zn, Pb and Al, as well as other elements such
as Ni, Co, Br, Sn, Cd, Ag, Cr, Zr, Sb, Cu and Sr in the micro-fraction of the waste, is
noteworthy. Mining residues are often easily erodible and weatherable materials, which
means that they are highly susceptible to contributing potentially toxic elements to the
environment. These findings are consistent with the geochemistry reported for this area by
other authors [7,8,15-19,24].

Using dry combustion, C, H and N were quantitatively analysed. A 100 mg dust
sample was incinerated at 950 °C in excess oxygen. Using the soil standard Leco 502-062,
calibration curves were generated. The resulting data are compiled in Table 4.

Table 4. CHN analysis by dry combustion of the soils and metal mining wastes considered in this
study. SP1-SP8: different sampling points. n.d.: not detected.

Sample C (%) H (%) N (%)
SP1 n.d. 0.27 n.d.
SP2 n.d. 0.95 0.04
SP3 2.24 0.40 n.d.
SP4 n.d. 0.90 n.d.
SP5 n.d. 0.83 n.d.
SP6 n.d. 0.59 n.d.
SP7 n.d. 0.21 n.d.
SP8 4.55 0.44 0.15

It should be noted that sphalerite (ZnS) is the main geological source of Zn and Cd
both globally [52] and in the study area [36]. In addition, since the study area is a heavily
weathered former mining area, Zn and Cd were also present in the form of oxides and
other mineral phases enriched in these elements, as reflected in the mineralogical and
geochemical studies presented here (Tables 1 and 3). This behaviour should be extended to
the rest of the elements studied, which will be equally affected by weathering and oxidation
processes due to the mining-metallurgical processes.

In terms of carbon, only post-flotation tailings (sea-based) and agricultural soil were
within the range of validity of the calibration, both rich in carbonates. In the case of
agricultural soils, this carbon came from both the organic fraction and the carbonates
present in the soils, whereas in the post-flotation tailings of marine origin, this carbon was
mostly inorganic due to carbonates in the form of calcite, dolomite and siderite present in
the waste products (Table 1).

Regarding hydrogen, the highest concentrations of this element were detected in
the post-flotation tailings (land-based), in the gravity concentration tailings and in the
samples from the gossan/alteration zone. Finally, nitrogen was only detected in very low
amounts in the post-flotation tailings (land-based) as well as in the control soil, indicating
the occurrence of microbial activity.

Taking into account the local background levels of the surface soils in the area [53], the
enrichment factors (EF) of the considered mining residues were evaluated (Table 5). Low-
enriched samples (EF < 10) corresponded to Ni, Cr and Co. On the other hand, moderately
enriched residues (10 < EF < 100) were only found for Cu, and finally samples with a strong
enrichment (EF > 100) corresponded in some cases to Cd, in most of the mining waste types



Land 2023, 12, 499

12 0f 23

to As and Sb, but especially to Zn and Pb. This proves that the mining waste still contained
significant amounts of metal(loid)s in its structure.

Table 5. Metal(loid) enrichment factors of mining waste in relation to local background levels in local
soils. SP1-SP8: different sampling points. n.d.: this data is not available because this element was
not detected.

Sample Zn Pb Cd Ni Cu As Sb Cr Co
SP1 24 8 n.d. n.d. 1 n.d. n.d. 1 1
SP2 146 1689 n.d. 1 20 56 n.d. 2 n.d.
SP3 257 826 n.d. 1 9 117 138 1 5
SP4 322 2698 200 n.d. 18 88 125 1 5
SP5 172 3087 nd. 2 14 276 275 2 6
SP6 118 140 n.d. 2 4 27 n.d. 2 4
SP7 359 3044 217 n.d. 21 98 138 4 4
SP8 1 1 1 1 1 1 1 1 1

Based on the overall enrichment factor of each waste type, it can be concluded that
post-flotation tailings (land-based), gravity concentration tailings, the gossan/alteration
zone and the molten slag zone showed the highest contamination levels, followed by
post-flotation tailings (sea-based) by some distance. On the other hand, pre-concentration
tailings and, finally, open-pit tailings showed the lowest level of pollution of all the mine
waste considered.

3.3. Leaching Test Results

Table 6 shows the results of the leaching tests conducted on the tailings and the control
soil. This table also comprises the leaching limit values (LLV) in accordance with the
European Council Decision 2003/33/EC [54], which establishes standards and practices for
the acceptance of residues in landfills (L/S = 10 L/kg; leachate produced according to DIN
38414-54 [45]), as well as the regulatory levels for pH and EC [46,54].

Although Pb is one of the most common elements found in the study area, its leaching
values are low (Table 6). This can be explained by the low solubility of this metal [30].
However, its solubility could increase due to soil characteristics, such as high acidity and
the development of Pb-organic compounds [55]. Together with the presence of anglesite
in some mine residues (Table 1), a mineral that may also contribute to increased lead
solubility [56], these factors could partly explain the relatively high Pb leachates from SP7
(Table 6).

The European Council Decision 2003/33/EC specifies three sets for the disposal
of waste in landfills [54,57]. Group 1 establishes the threshold limits for acceptance of
hazardous waste at dumps for the disposal of hazardous waste. In turn, group 2 establishes
the threshold values for the acceptance of waste at landfills for non-hazardous waste
disposal. Finally, group 3 specified the acceptance limits for the disposal of waste in
inert waste dumps. In this regard, it was found that only post-flotation tailings (sea-
based) met the waste acceptance criteria for landfill, in addition to open-pit tailings and
pre-concentration tailings. Gravity concentration tailings were the most harmful wastes
followed by post-flotation tailings (land-based) and the molten slag zone and to a lesser
extent the gossan/alteration zone. All of them showed limitations for landfilling. Regarding
the elements and anions that most affected the storage of these residues in landfills, the
vast majority of the restrictions were due to the presence of Cd, Zn and Pb, and anions
such as SO42~ and C1~ that are associated with set 3 of LLVs for the acceptance of waste in
landfills. In addition, pH and TDS are the most limiting physicochemical parameters for
the disposal of mining waste in landfill.
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Table 6. Leaching test results for soils and waste samples. SP1-SP8: different sampling points.
n.d.: not detected. EC = electrical conductivity (expressed in mS/cm). TDS = total dissolved solids
(expressed in g/kg). SO4%>~ and Cl~ (expressed in g/kg). Zn, Pb, Cd, Ni, Cu, As and Sb expressed
in mg/kg. Lim. val.: indicate the limit values of the WHO guidelines for drinking water quality.
Factor: ratio of the average parameter obtained in the leaching tests to that of the WHO guidelines
for drinking water. The three sets of leaching limit values (LLVs) for waste reception at landfills are
provided. Values outside the WHO limit values for drinking water quality are highlighted in bold,
while values outside the LLV set 1, set 2 and set 3 are indicated by *, ** and ***, respectively.

pH EC TDS 50,2 cl- Zn Pb cd Ni Cu As Sb
P1 587 056 04 03 2001 31 0.016 0.007 0001 <0001 <0001 <0.001
SP2 6.3 9.2 74% pgwm 17y 5 e 0.077 0.068** 0005 0003 0001 0001
SP3 7.1 18 12 04 0.30 < 0.005 0.001 0001 0004 0008  0.009
SP4 5.5% 53 g2 g 0.02 2 2.584 %+ L L460 0.066 0.001 0002 <0001
SP5 6.1 25 16 1.5 %4 <0.01 2 0.884 0.041 0010 <0001 0002  <0.001
SP6 55 08 05 0.4 <0.01 1 0.010 0.020 0002 <0001 0001 <0001
SP7 42+ 06 0.4 03 0.01 36 %4 3.934 ** 0.031 0051 0019 0003 0.0
SP8 74 05 0.4 <01 0.01 nd. 0.007 nd. 0003 0012 0005 0001
Average 6.0 27 2.0 124%% 026  1975** 0940  0204*** 0017 0005 0003  0.002
Lim.val 6595 25 06 05 025 3 0.01 0.003 0.07 2 0.01 0.02
Factor - 1 4 3 1 7 107 78 03 0.002 0.2 0.1
Set 1 - - 100 50 25 200 50 1 40 100 25 5
Set 2 613 50 60 20 15 50 10 0.1 10 50 2 07
Set3 - - 4 1 038 4 05 0.04 0.4 2 05 0.06

In summary, it could be concluded that depending on the degree of compliance
with the criteria for the acceptance of waste in landfills, the approximate classification
of the different types of mining waste would obey the following order, from highest to
lowest degree of compliance: post-flotation tailings (sea-based) > open-pit tailings > pre-
concentration tailings >> gossan/alteration zone >> molten slag zone > post-flotation
tailings (land-based) >> gravity concentration tailings.

On another level, in relation to the WHO drinking water guidelines [58], the “Factor”
row of Table 6 shows the enrichment factors for each element in the leachate of the studied
mining waste in comparison to the WHO recommendations. According to these values, for
each litre of leachate generated by these tailings, up to 107 litres of drinking water could
be contaminated. In this respect, gravity concentration tailings and post-flotation tailings
(land-based), but also the gossan/alteration zone, the molten slag zone and open-pit tailings
on a second level, and on a lower level, pre-concentration tailings and post-flotation tailings
(sea-based) are wastes that can cause significant contamination of freshwater bodies. When
analysing the relationship between the average value obtained for the different parameters
in the leaching tests carried out and the limit values assigned by the WHO guidelines for
drinking water [58], the values of Pb stand out with a level 107 times above the values of
the WHO guidelines for drinking water, and of Cd with a value up to 78 times above this
limit established to consider the water as drinkable (Table 6). To a lesser extent, this factor
is also notable for parameters such as Zn, TDS and S0,%, with values between seven and
three times higher than those established in the corresponding regulations.

Summarising all the above, as regards the impact of these residues on the quality of
freshwater bodies, the level of impact is classified in the following order, from highest to lowest
impact: gravity concentration tailings > post-flotation tailings (land-based) >> gossan/alteration
zone > molten slag zone > open-pit tailings >> pre-concentration tailings > post-flotation tailings
(sea-based). Furthermore, the relationship between the parameters considered in the waste
leachates studied and their corresponding WHO limit values for drinking water, in decreasing
order, is as follows: Pb >> Cd >>> Zn > TDS > 8042* >EC=Cl">Ni>As>Sb>Cu.

In a complementary way to the above, a classification was made using a Ficklin
diagram [46] (Figure 3). This analysis was performed with the values obtained from the
sum of metal(loid)s and the pH of the leachates of the studied mining waste according
to the leaching test DIN 38414-54 [45]. Summarising all this, it could be concluded that
most of these leachates could be considered as high or extreme-metal content solutions,
while only post-flotation tailings (sea-based) and tailings from open-pit mining could be



Land 2023, 12, 499

14 of 23

categorised as low-metal content leachates. According to this diagram (Figure 3), the
leachates from the different tailings were grouped into different categories in this diagram.
In this respect, only gravity tailings could be considered extreme-metal-acid solutions,
while only the pre-concentration tailings and the molten slag residues could be considered
high-metal-acid solutions. On the other hand, gossan/alteration and post-flotation tailings
(land-based) could be considered high-metal-quasi-neutral solutions. Finally, only post-
flotation (sea-based) tailings and open-pit mining tailings could be considered low-metal-
near-neutral solutions.

100000
Ultra-acid High-acid
Ultra-metal Ultra-metal
10000
Near-neutral
1000 Ultra-acid High-acid Acid Extreme-metal
= Extreme-metal Extreme- Extreme-metal
=0 atz
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Figure 3. Ficklin diagram showing the categories of leachates from the different soils and mining
waste considered in this study based on their metal content according to the WHO guidelines for
drinking water.

Based on these findings, it can be considered that these leaching solutions can cause
significant impacts on the environmental quality of water bodies and soils in the vicinity of
these mine tailings, which corroborates the risks calculated according to the WHO guide
limits [58].

3.4. Statistical Relationships between the Different Parameters Considered

A relevant issue in assessing the chemical and geochemical behaviour of different
types of mining waste is to reveal both the relationships between the different parameters
and between the parameters and the types of mining waste. The innovative approach
proposed in this section is to evaluate by correlation analysis and agglomerative cluster
analysis on the basis of mineralogical and geochemical data in order to achieve a typification
of these tailings into groups with more or less similar environmental behaviour.

First of all, the Kolmogorov—Smirnov normality test shows that the data are non-
normally distributed in the waste and soil samples. Due to this non-normal character of the
data, statistical analyses performed included Spearman’s correlation coefficient to assess
the robustness of a monotonic relationship in paired data (Table 7). Significant correlations
at the 0.01 and 0.05 levels between values are shown in bold.
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Table 7. Spearman’s rank correlation coefficient between anions, metal(loid)s, groups of minerals and properties of soils and metal mining waste (M) and their
leachates (D). Significant correlations at the 0.05 (*) and 0.01 (**) levels are shown in bold. M = mineral solid form; D = dissolved in leachates; } M = sum of the
metal(loid)s considered; Sil. = silicate minerals; Ox. = oxide minerals; Car. = carbonate minerals, Sulfa. = sulphate minerals; Sulfi. = sulphide minerals.

NiM CuM ZnM As M Cd_M Pb_M YM_ M Sil. Ox. Car.  Sulfa. Sulfi. pH EC Ni_D Cu_D Zn_D As_ D Cd_D Pb_D YM_D Cl- SO42~ TDS oM
Ni_M 1.00 -039 —-041 0.22 —-0.37 —0.25 —0.40 —043 0.23 0.44 0.11 —0.30 0.46 —-0.29 —-0.54 —-0.09 -0.53 0.19 —0.43 —0.48 —0.56 —0.15 —0.36 —0.29 0.46
Cu_M 1.00 0.79 * 0.46 0.68 0.88 ** 0.88 ** 0.45 —0.49 —0.44 0.61 0.40 —0.45 0.65 0.67 0.26 0.53 —0.03 0.40 0.69 0.59 0.42 0.65 0.62 —0.36
Zn_ M 1.00 0.44  0.91** 0.77 * 0.87* 039 —040 —043 042 0.66 -056 022 077* 0.27 0.64 0.23 0.47 0.80 * 0.70 —0.04 0.38 0.18 —0.52
As_ M 1.00 0.56 0.73 * 0.58 —0.11 —0.04 —0.31 0.87 ** 0.14 —0.08 0.12 0.15 -0.15  0.05 0.13 0.04 0.25 0.06 —0.10 0.22 0.05 —0.37
Cd_M 1.00 0.83 * 0.92**  0.08 —0.18 -0.30 0.56 0.61 —-0.53 001 0.84** 0.33 0.68 0.22 0.51 0.87 ** 0.75 * —0.33 0.31 —0.03 —0.35
Pb_M 1.00 0.96 ** 0.15 —0.23 —0.48 0.85** 0.37 —0.52 0.37 0.70 0.19 0.53 —0.09 0.40 0.76 * 0.59 0.05 0.53 0.33 —0.38
YM_M 1.00 0.19 —0.26 —0.44 0.71* 0.50 —0.61 0.29 0.85** 0.31 0.67 —0.02 0.50 0.89 ** 0.74 * —0.05 0.50 0.25 —0.37
Sil. 1.00 —0.90 ** —0.40 0.01 0.61 —-037 033 0.01 0.31 —0.17 0.03 —0.33 0.20 —0.08 0.58 —0.05 0.30 —0.56
Ox. 1.00 0.08 —0.16 —076*  0.21 —0.18  0.00 —-0.60 026 —-0.32 046 —0.26 0.15 —0.50 0.20 -0.17 0.29
Car. 1.00 041 -0.07 072* —036 —032 0.39 —0.27 0.64 —0.22 —0.34 —0.29 —0.16 —0.41 —0.30 0.89 **
Sulfa. 1.00 0.22 —0.38 0.16 0.31 0.11 0.09 —-0.17 —-0.01 0.48 0.15 —0.02 0.22 0.11 —0.31
Sulfi. 1.00 —048 —0.28 0.38 075* 0.06 042 —021 0.64 0.21 —0.15 —0.35 —0.31 —0.30
pH 1.00 0.05 —0.64 —025 —042 054 —0.21 —0.78 * —0.53 0.20 —0.11 0.08 0.55
EC 1.00 0.17 —-033 030 -0.23 038 —0.01 0.23 0.84**  0.85**  1.00 ** —0.25
Ni_D 1.00 0.31 0.92 ** —-0.10 0.77 * 0.92 ** 0.97 ** —0.23 0.53 0.16 —0.17
Cu_D 1.00 0.00 0.36 —0.26 0.55 0.14 —0.12 —0.40 —0.30 0.34
Zn_D 1.00 —0.12 0.95 ** 0.69 0.99 ** —0.18 0.70 0.30 —0.11
As D 1.00 —0.14 —0.07 —0.11 —0.10 —0.30 —0.23 0.27
Cd_D 1.00 0.45 0.89 **  —0.13 0.78 * 0.38 —0.05
Pb_D 1.00 0.80 * —0.27 0.25 —0.03 —0.24
YM_D 1.00 —0.21 0.63 0.24 —0.14
Cl~ 1.00 0.43 0.85 ** —0.14
S0,2— 100  0.84*  —0.20
TDS 1.00 —-0.17
oM
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The occurrence of a significant correlation between different elements could result
from the same source [59]. When studying the correlations between PTEs, minerals and
properties, some correlations have been found (Table 7). The sum of elements in solid form
appears highly correlated with the presence of Pb, Zn, Cd and Cu in their mineral form. In
turn, the correlations between elements in their solid form such as Cu and Pb, as well as
between Zn and Cd show very high values. Equally significant are those between the solid
phases for Cu and Zn, Zn and Pb, Cd and Pb, and As and Pb, although the significance
level was lower. In relation to the soluble forms present in the leachates, the sum of all the
elements considered seems to be highly correlated with the presence of Zn, Ni and Cd, and
to a lesser extent with that of Pb, which may be due to the lower solubility of the latter
metal. Likewise, the relationships between the soluble forms of Ni with those of Zn and Pb,
as well as those of Zn with Cd, are highly significant, while Ni and Cd are also correlated,
but to a lesser extent.

Numerous studies have shown strong relationships between minerals and their major
(Zn, Pb, etc.) and trace elements (Cd, As, etc.), like those found in this study [60,61]. It has
been reported for this geological setting, Cu appears associated with mineable minerals,
such as galena (PbS), as metallic impurities of primary minerals [36]. Therefore, this can
explain the high correlation detected for Cu and Pb. In turn, when understanding the
relationship between Zn and Cd, it must be considered that they are chemically similar
elements, which often allows substitution between them in minerals [62]. In fact, previous
studies have already observed a significant correlation between both elements within the
sulphide mining area studied [63,64]. The similar electronic configuration, as well as their
common dissolution from secondary minerals, explains the similar geochemical behaviour
of these elements in mining environments [65]. It should be noted that sphalerite (ZnS) is
the main geological source of Zn and Cd both globally [52] and in the study area [36].

Cd is found in significant amounts in many Pb/Zn mine tailings [6,62,66]. Like others
such as Mn and Cr, Ni has been described for the study area as impurities of metallic
sulphides such as sphalerite [67]. For its part, As is associated with sulphide ores of Pb,
Zn and Cu [68] and, consequently, it can pollute soils and sediments during mining and
smelting activities [69]. For the geological setting of this study, As and Cu, at least in part,
are associated with pyrites, which are very abundant in this area [67]. Acid mine drainage
in metal sulphide mining areas generates significant leaching of concentrated metal ions
such as Zn, Pb and Cu among others [70], so these results coincide with those found by
other authors for this area [15,63]. It is worth mentioning that the most harmful heavy
metals for the environment, are Cd and Pb, in addition to Hg [29].

Respecting, the mineral groups considered, sulphates were significantly correlated
with the solid phases of As and Pb, and to a lesser extent with the sum of elements evaluated.
A good correlation was also found between sulphides and soluble Cu. The significant
negative correlations between the oxides with silicates and sulphides are also noteworthy,
while the carbonates show a good correlation with pH, which is very high with organic
matter. The properties such as electrical conductivity and total dissolved solutes show a
total correlation between themselves and a high correlation with Cl1~ and SO42~.

It is known that the mineralogical composition, dissolution and oxidation processes
are determining factors in the geochemical and environmental risks associated with metallic
mine waste [22,28,61,71]. As for pH, this parameter is only correlated with carbonates,
without correlation with the concentration of the elements considered, unlike other similar
cases [72]. The good correlation between pH and organic matter must be related to the best
conditions for plants and microbiota in non-acidic soils, which correspond to the presence
of carbonates in this mining area [64].

Different tools can be used to determine if the origin of the studied materials is natural
or anthropogenic. In this sense, a good way to detect possible relationships between the
different types of mining waste is the use of statistical tools such as principal component
analysis (PCA) [22,61]. Consequently, in a complementary way to the correlation analysis,
a PCA analysis was carried out to detect the mineralogical processes and relationships
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between the parameters within the studied mining waste (Table 8, Figure 4). To achieve a
high correspondence between each variable studied with a single principal component, a
Varimax rotation with Kaiser normalisation was performed. PCA is a mathematical process
that involves computing the covariance matrix, removing elements that only slightly modify
the datasets, and automatically scaling the values to produce new parameters [1].

Table 8. Principal component analysis with extracted components and total variance explained.

Total Variance Explained

Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings
Component % of % of % of
Total o Cumulative % Total oo Cumulative % Total oo Cumulative %
Variance Variance Variance
1 4.536 64.795 64.795 4.536 64.795 64.795 3.064 43.769 43.769
2 1.539 21.983 86.778 1.539 21.983 86.778 3.011 43.009 86.778
3 0.449 6.411 93.188
4 0.322 4.600 97.788
5 0.115 1.648 99.436
6 0.034 0.486 99.922
7 0.005 0.078 100.000
10
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Figure 4. Principal component analysis plot with Varimax rotation of sulphate minerals (Sulpha) and
potentially toxic elements in solid form (Ni_M, Cu_M, Zn_M, As_M, Cd_M, Pb_M). The red circle
corresponds to Component 1, while the blue circle corresponds to Component 2.

In light of the PCA analysis (Table 8, Figure 4), it was possible to determine up to two
factors with eigenvalues greater than 1, denoted as Component 1 and Component 2, which
explained 86.778% of the total variance. Component 1 accounted for 64.795% of the total
variance, mainly due to As, with a loading of 0.942, and sulphates, with a loading of 0.927.

The presence of As is mainly associated with pyrite (FeS2), a very abundant mineral in
this area [36]. On the other hand, sulphates are usually secondary minerals resulting from
the oxidation of primary sulphides, very common in this mining area [71]. Furthermore,
Component 2 explained 21.983% of the total variance and loaded on Zn (0.842), Cd (0.768)
and Cu (0.760). These elements are associated with mineable minerals such as sphalerite
(ZnS), for Zn and Cd, and galena (PbS) for Cu as a primary mineral impurity [36]. Together
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with pyrite, sphalerite and galena are the most common sulphides in this area [36], with a
high presence of Zn, Cd and Cu associated with them [6,36,52,62-65].

To find similarities between the geochemical behaviour of the different types of mining
waste and soils, a hierarchical cluster analysis of all the results obtained was conducted.
This analysis was translated into a hierarchical dendrogram to graphically visualise these
possible similarities (Figure 5). To correct the distortion produced by the outliers and
considering the Tukey’s transformation ladder, the correction of the positive asymmetries
detected in the data was carried out by means of square root transformations. This analysis
shows the existence of two main groups of residues (Figure 5). The first group includes open-
pit tailings, post-flotation tailings (sea-based), the gossan/alteration zone, pre-concentration
tailings and the molten slag zone. In turn, the second group includes post-flotation tailings
(land-based) and gravity concentration tailings.

0 5 10 15 20 25

SP1 1

L
J

SP7 7

SP8

SP3 3 J
SPS 5

[=2)

Figure 5. Hierarchical cluster analysis dendrogram (Ward’s cluster algorithm; distances: Euclidean
squared) for all soils and mining waste datasets. The ordinate axis indicates the different types of
mining waste, and the abscissa axis shows the distance between the merged clusters.

Cluster analysis of soils and mining waste revealed several interesting linkages be-
tween elements. Seven types of waste and the natural soil used as a control were compared
to find similarities mainly in terms of their geochemical values. The result of the clus-
ter analysis is presented in the form of a dendrogram (Figure 5). Similar results refer to
those with similar chemical and geochemical behaviour. The dendrogram was made using
Ward’s method to define similarities and dissimilarities between soils and residues. The
constructed dendrogram showed two large distinct clusters with four groups formed.

Open-pit tailings (SP1), the molten slag zone (SP7) and pre-concentration tailings (SP6)
show good similarity and clump together in one cluster, while the post-flotation (sea-based)
tailings (SP3) and the gossan/alteration zone (SP5) are grouped in another. Within this
first large cluster, the control soil (SP8) is isolated in an exclusive group. The first group
in relation to the control soil and these two groups in relation to each other showed a
close relationship in the first of the main clusters. On the other hand, the post-flotation
(land-based) tailings (SP2) and the gravity concentration tailings (SP4) were grouped in the
fourth group forming the second cluster, not showing a close similarity with the rest of the
groups in the dendrogram.
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These results revealed proximity in the geochemical behaviour of the older (gravity)
and more modern (post-flotation land-based) tailings. However, when these post-flotation
tailings were deposited at sea, their behaviour was more similar to that of the residues from
the mineral/gossan alteration zone than to that of the same tailings deposited on land. The
other types of mining waste showed similar behaviour to each other, while the natural soil
exhibited its own geochemical dynamics.

4. Conclusions

On a local scale in a Mediterranean metal mining area, the mineralogical, geochemical
and environmental characterisation of different types of tailings was addressed. In addition,
an innovative typification of these residues was carried out in order to determine their
different behaviours and environmental impact. Although there have been numerous
previous studies on mining waste in this area, none of them have carried out a typification
of these tailings. This typification of the different types of metal mining waste in the studied
area was carried out by means of a correlation analysis and an agglomerative cluster
analysis that provided interrelationships and a hierarchy between the different types of
waste according to their mineralogy, geochemistry and associated environmental risks.

The most common mineral groups found in the studied mining waste were, in decreasing
abundance: silicates >> oxides >> sulphates >> sulphides >> carbonates. This corresponds to
the presence of two dominant minerals, chlorite, which is a silicate, and secondarily an oxide
such as quartz. When analysing mineral geochemistry, the major fraction includes Si and
Fe, the minor fraction Al>Mg >S>Ca>Pb>Cl>Zn>Na>K>Mn>Ti>As>P and
the micro-fraction Sr > Cu > Sb > Zr > Ba > V > Cr > Ag > Ni > Nb. The dominant mineral
group and the most important metal(loid) fraction differed between each type of mining
waste considered.

The use of enrichment factors was a very useful tool to assess the different levels
of pollution of each type of mining waste. According to this enrichment factor, the post-
flotation tailings (land-based), the gravity concentration tailings, the gossan/alteration zone
and the molten slag zone had the highest levels of contamination. In any case, these data
reveal that mining waste still contains significant quantities of metal(loid)s to be considered
toxic and hazardous waste.

Due to their high Cd, Zn and Pb content, but also S042-,Cl, pH and TDS, the gravity
concentration tailings, post-flotation tailings (land-based), the molten slag zone and the
gossan/alteration zone showed the main limitations for landfilling. On the other hand,
only post-flotation tailings (sea-based), open-pit tailings and pre-concentration tailings,
with some limitations, met the residues acceptance criteria for landfilling. In addition,
some of these mining wastes may be hazardous to water quality. Gravity concentration
tailings, post-flotation tailings (land-based), the gossan/alteration zone, the molten slag
zone, open-pit tailings, pre-concentration tailings and post-flotation tailings (sea-based)
are wastes that can cause significant contamination of freshwater bodies due to their Pb,
Cd, Zn, TDS and SO42~ content. With the exception of post-flotation (sea-based) tailings,
virtually all of these leachates can be considered high- or extreme-metal content solutions.
Based on all this evidence, it seems that different risks and characteristics are associated
with each type of waste. This differential toxicity between the different types of waste
could be considered one of the main aspects to be taken into account when addressing the
management of abandoned metal mines.

For this geological setting, mineable minerals such as galena, sphalerite and pyrite
are the main source of the studied PTEs. These minerals are therefore the source of
contamination of soils and sediments in the area once they are mined and oxidised to
sulphate and other mineral phases. The geochemical behaviour of the different types of
tailing has been determined mainly by As and sulphates, but also by Zn, Cd and Cuto a
lesser extent. Considering all the parameters studied, the dynamics of the different types
of tailings have allowed us to separate them into several groups with a homogeneous
internal response.
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All these results could be positive and useful for better management of this metal
mining area. Although these results on the environmental hazards associated with the
different types of metal mining waste studied are mainly significant at the local level, some
of the considerations and methodologies included here could be applicable to other mining
areas around the world. Finally, even though these results are a snapshot of the current
state, they could help to better prioritize each type of mining within a future restoration
and/or management programme for this mining area. In the future, methodologies such as
the one used in this research could be used and improved to obtain more accurate technical
criteria for a better understanding of the functioning and problems of metal mining areas.
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