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Abstract

:

Associated with the exploitation of metallic minerals in Europe during the 20th century, several mining areas were abandoned without adequate environmental intervention. Furthermore, these areas lack studies to characterize the impact of pollution on the hydrogeological system. The area surrounding the tungsten mine of Regoufe, in northern Portugal, is one such area exploited during the Second World War. The accumulation of sulfide-rich tailings may have caused an acid mine drainage (AMD), where the leaching processes caused by seepage water led to soil contamination, evidenced by its acid character and anomalous concentrations of some Potentially Toxic Elements (PTE) reported in previous studies. The present research proposes an innovative approach that seeks the integration of different geophysical techniques to characterize the impact of mining activity on the subsurface. Electrical resistivity (ER) and electromagnetic (EM) were used to measure subsurface electrical properties. In addition, seismic refraction and Multichannel Analysis of Surface Waves (MASW) were performed to characterize the geometry, depth, and geomechanical behavior of the soil and rock bodies. The integration of these techniques allowed the interpretation of hydrogeological sections and a 3D resistivity volume to gain insight into the distribution of potentially contaminating fluids and tailings material present in the mining valley.
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1. Introduction


Accompanying the extensive exploitation of mining resources in the northern part of Portugal, large areas of accumulation of waste materials from the extraction process were generated over several decades of the 20th century. Due to the lack of environmental intervention in the development and deactivation phases of the mines, these accumulations can cause significant contamination of the soil, water, and air around the mining areas [1,2,3,4]. In this sense, the present research work focuses on the Mining Area of Regoufe in the Arouca Council. These mines exploited quartz veins mineralized in tungsten and cassiterite, ceased their extractive activity in the late 1970s of the twentieth century, and the environmental intervention was almost null after mine closure.



There are several regions in Europe where mining activities in the past have had a major impact on the environment [5,6,7,8]. Many of these cases are associated with metalliferous mining deposits whose ores may contain abundant sulfides. The mining process allows these sulfides to be in direct contact with an oxygenated environment. Thus, during mining, there are a number of interventions, such as waste rock dams; waste rock piles; leachate piles; low-grade ore stockpiles; open pit floors and; and other rock excavations. When these sulfides are exposed to the atmosphere or oxygenated groundwater, these sulfides oxidize and produce acidic water rich in sulfates, heavy metals, and metalloids, generating a major cause of pollution in the mining industry known as “acid mine drainage” (AMD) [9]. From these deposits, high concentrations of metals and salts affect surface water, aquatic life, sediments, and groundwater. Often, DAM mines have a greater impact on groundwater than surface water, which can come from tailings dumps, tailings, contaminated soils, etc. [10,11]. These flows subsequently pass into aquifers, especially if the waste deposits are uncovered [12]. In the case of metalloids, they move slowly, creating different pH zones in the contamination plume [9].



The study area is close to the village of Regoufe, with crop and pastoral areas, as well as the insertion of the mining area in the geopark system in Portugal [13]. It is important to conduct characterization studies to assess the environmental impact left by the mining activity, being the main target of this project, the analysis of soils, subsoils, and groundwater in the area surrounding the mine. In this context, considering the application of mitigation or remediation measures, the focus of this research was the characterization of the hydrogeological system in the areas covered by the Regoufe mine. Using integrated geophysical techniques to try to establish the spatial distribution of contaminated areas in the subsurface and support these results with the surface physicochemical observations, allowing to strengthen of the proposed model.



The process of geophysical quantification has been very relevant for hydrogeological characterization in environmental studies [14,15]. It is increasingly widely accepted in the scientific community that the integration of results by combining different sources of information makes the geological model more robust and credible [16,17]. Given the high geological complexity and relatively little information that can be obtained by direct subsurface methods, it is increasingly imperative to obtain data from different sources to maximize information and develop a higher-resolution geological characterization [16]. Integration of subsurface geophysical data and laboratory analyses allowed us to establish relationships between the electrical properties of the subsurface and observations in both soil and water samples. The electrical properties are characterized by low conductivity in soils of coarse-grained gravel deposits, fine-grained deposits of quarzitic nature, and in the granitic substrate. In contrast, there is high conductivity in areas of water presence associated with interflow zones or as a response from the saturated zone. The geophysical integration using techniques such as seismic refraction and MASW allowed a better characterization of the thickness of the mine waste deposits and differentiation of the granitic zone with a major alteration and depth of the granitic substrate. In an attempt to understand the electrical behavior of hypothetical AMD, several scenarios were carried out in the laboratory using bottled water samples with higher mineralization than the samples collected from the mine drainage gallery. Integration of the ERT and EM electrical data reflects a central area of the mine valley with values of about 1000 Ωm, which are much higher when compared to higher mineralization scenarios from laboratory measurements. These results suggest a low probability of ionized water occurring and, therefore, low levels of underground water contamination. Finally, in order to characterize the mine waste deposits and the definition of the water table surface in the mine of Regoufe, four vertical sections, a 3D model of electrical resistivities, and a conceptual hydrogeological model were constructed.



The importance of understanding the hydrogeological system has been highlighted in abandoned mine sites in previous research [18,19], where the main objective was fundamentally mineral exploitation. Former mine areas where mining activity stopped without any remediation processes have been benefiting from hydrogeological modeling [19], and comprehension of the hydrogeological system has permitted to proposal mitigation work on tailings and galleries drainage sites. Despite the high uncertainty in regions of crystalline systems, this type of integrated modeling provides a basis for an unprecedented conceptual model in the Regoufe mining area, as well as future more detailed analyses of the hydrogeological system around the mining area. As well as defining appropriate environmental intervention work, such as soil remediation and treatment of potentially contaminated water.




2. Geological Setting


From the geotectonic point of view, the studied area integrates the western part of the region called the Central Iberian Zone, which occupies the central part of the Iberian Massif (Figure 1). The region comprises the domain associated with the stratigraphic subdivision initially known as the “Complexo Xisto-grauváquico” [20,21]. In the Precambrian or Lower Cambrian, during a distensive regime with sedimentation in a context of tectonic instability, a basin was established and allowed a powerful accumulation (8000–11,000 m) of siliciclastic materials [22,23]. The Hercynian Belt was formed in the late Upper Paleozoic due to the collision of two large continents, Laurassia and Gondwana, and smaller continental masses named Avalonia and Armorica [24,25,26,27]. This deformation results from the action of a more or less continuous succession of three tectonic phases followed by a final stage of the Hercynian orogeny of more brittle characteristics [28,29]. More recent research shows that the installation of most Hercynic granites is related to the 3rd deformation phase, where the granitic pluton of Regoufe has been dated to 280 ± 9 Ma by the Rb-Sr method [30].



The Regoufe granite is a small pluton with an outcrop extension of approximately 6 km2 with a slightly elongated circular geometry in an NW-SE direction. The granite presents a medium to coarse-grained porphyroid texture, mainly muscovitic, with the presence of scattered potassium feldspar megacrystals. The matrix is composed of feldspar, quartz, and muscovite showing a light color. The orientation of the feldspar megacrystals develops an NW-SE magmatic foliation which may suggest tectonic control during the installation of the granitic body. Tourmaline is a very common accessory with a few millimeters in length and black color; also, locally and dispersed, arsenopyrite crystals are observed surrounded by a halo of alteration [33]. The final stages of granitic intrusion were characterized by the circulation of hydrothermal fluids that allowed the precipitation of W-Sn minerals in quartz veins. These processes also produced the alteration of granite and metasedimentary rocks [34,35].



Analytical results show that the granite is extremely rich in Sn, W, Li, and Cs, rich in P, Ta, Rb, F, and U, about normal in Cu, Zn, and Nb, and low in Sr, Ti and Zr compared to global averages for granites low in calcium [31]. From the study by Sluijk [32], it was possible to conclude with respect to the mineralogy and geochemistry of the veins found there the following: Wolframite (Fe,Mn)WO4 is the most abundant mineral, being richer in Mn than in Fe. Cassiterite (SnO2) is developed in two generations, with crystals of different sizes. Several sulfides are also found, including arsenopyrite (FeAsS), pyrite (FeS2), and sphalerite (ZnS). Note that arsenopyrite is associated with cassiterite. In some very thin veins, the predominant sulfide is sphalerite. Pyrite is one of the last minerals to crystallize and is not very frequent, as well as bismuthinite. With respect to gangue, there are silicate minerals such as quartz, muscovite, beryl, and apatite. Supergene alteration products include scorodite, limonite, autunite and bindheimite [32,36].




3. Materials and Methods


The environmental impact assessment of the mining activity in Regoufe has been developed in several research works in the last 12 years. Several sources of geological, geochemical, and geophysical data have been obtained to determine the contamination potential and the affected areas [1,2,4,36,37,38]. Much of the information collected was interpreted for specific purposes, such as assessing the degree and type of contamination in surface water, soils, and organic matter. In the present work was considered the use of different geophysical techniques that address particular physical principles to complement the results of the diverse methodologies were considered, and thus mitigating the limitations in each of them and strengthen the results of the presented subsurface model (Figure 2).



Since geophysical techniques comprise the measurement of physical properties of the rock-fluid system, such as seismic wave propagation velocities, resistivity, or electrical conductivity of the materials, it is essential to correlate such geophysical properties with geological properties such as rock type or soil material, existing fluids, mineralogical content, etc. In this sense, the proposed methodology seeks to integrate data of higher vertical resolution given by soil samples to try to predict their behavior in areas with electrical profiles with subsoil information and to extrapolate in 3D based on the EM data as a controller of the regional variations observed. In this respect, the present work considered the resolution and working scale of the different tools, the ease of operation, and the time to collect the data. Based on direct measurements, it was used soil sampling in the field was used, and laboratory measurements of high vertical resolution (cm) and shallow depth of investigation (cm) were obtained. Then, their integration with ERT electrical profiles with greater depth of investigation (5 to 15 m), although with a lower vertical resolution (0.25 to 1.25 m); later, use of seismic information to validate the bedrock model thickness of the mine landfills bodies and perform a structural-constrained ERT inversion in order to improve the image of the different layer’s boundaries. Finally, these results were extrapolated in the area with the poorer vertical resolution data given by the electromagnetic EM technique (3 to 6 m) but with greater spatial coverage and used to obtain a regional framework of the subsurface geoelectrical behavior.




4. Results


4.1. Previous Studies on Water and Soil Samples


In the combined works of Correia [1] and Favas [37], physicochemical analyses (temperature, pH, Eh, and electrical conductivity (EC) of the water in Regoufe and surrounding areas were carried out. These studies conducted sampling campaigns at the exit points of the galleries, runoff from the tailings [1,36,37], and water lines along the mine [1]. The results obtained showed an acid character close to the neutrality of these waters, the most acidic those near the galleries and waste piles (pH 4.75–6.46 [1], in the case of water lines and downstream areas of the mine, the pH value is lower (5.35 in water lines) [1]. Further studies were conducted with regard to the water, Durães et al. [2] point out that it presents pH values close to neutrality, between 5.99 and 6.88 [2,4]. Durães [2] highlights the low values of PTE, i.e., Mn (1.04–13.6 µg/L), Zn (19.6–484 µg/L), Cd (0.04–9.45 μg/L) and As (0.78–206 µg/L). The work done jointly by Sousa [4] and Durães [2] included not only water but also soil analyses. The study covered the region around the mine and included agricultural areas near the village of Regoufe. In these studies, natural soils, agricultural soils, and waste materials were characterized as being acidic to very acidic [2,4]. Despite the characteristic of acidic soils, the electrical response is anomalous, obtaining very low values of conductivity (between 7.8–158 µS/cm). In addition, these authors make a statistical description highlighting the presence of Potentially Toxic Elements (PTE) with high values mainly of As and Cd, which are higher in the surrounding areas of the mine, especially in the quarry site, although in the surrounding agricultural areas, although lower, they also show high contamination levels.



Given these uncertainties regarding acidic soils/waters close to neutrality and the multiple scenarios of PTE enrichment of the surrounding soils, it is necessary to try to reproduce the actual contaminant transport mechanisms through integrated models that combine geochemical, geological, and geophysical information to evaluate the link between the contamination sources, the surface, and subsurface drainage network and the anomalous zones with deposition of pollutant elements. This type of study can lay the foundation for a hydrological fluid circulation model to apply similar methodologies in mining areas and assess their environmental impact, especially regarding water and soil resources.




4.2. Laboratory Electrical Resistivity Results


By taking advantage of the effect of the ionizing character present in water on the electrical properties, resistivity measurements were carried out in the laboratory with water obtained from mine galleries, bottled water, and mixtures of two different types of soil from the piles and saturated with the before mentioned fluids. The objective of this activity is, first, to establish ranges of minimum observable resistivity values. Second, to evaluate the effect of water type on measured electrical resistivities, and finally, to estimate the variation in electrical response between different soil types. With these parameters established, the goal is to attempt to reproduce hypothetical underground scenarios and thus evaluate the different electrical responses using the mined material.



For these analyses, two soil samples and one water sample were collected from the mine drainage gallery in February 2022 (Figure 3). In addition, bottled water samples were used: “Serra da Estrela” spring water and “Frize” mineral water, whose physicochemical characteristics provided by the bottling companies are shown in Table 1, where it is shown that the groundwater from the mine drainage gallery has the lowest mineralization. With regard to the resistivity values obtained, the following observations should be noted:




	
The mine drainage gallery water has significantly higher resistivities (441 Ωm) than bottled water with higher salt concentrations (“Frize,” 4 Ωm);



	
The mine drainage gallery water has slightly higher resistivities (441 Ωm) than the bottled water with low mineralization (“Serra da Estrela,” 298 Ωm);



	
In the cases with the two types of soil matrices (fines tailings and other inert ore materials) saturated with mine drainage gallery water, the resistivity response is equivalent and of the same order of magnitude (693 Ωm and 785 Ωm respectively);



	
For soil saturated with saline water (mineral water “Frize”), the resistivity values are quite low (31 and 29 Ωm for both soil types) compared to the responses of soil saturated with mine drainage gallery water (with a difference of one order of magnitude).
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Figure 3. Location of soil and water samples, electrical resistivity transverse profiles (ERT), electromagnetic stations (EM), and profiles used for seismic refraction and MASW analysis. 
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[image: Minerals 13 00055 g003]







[image: Table] 





Table 1. Chemical composition of waters used in the laboratory to measure the electrical resistivity of “Frize” mineral water, “Serra da Estrela” spring water, and water from a mine drainage gallery in Regoufe.






Table 1. Chemical composition of waters used in the laboratory to measure the electrical resistivity of “Frize” mineral water, “Serra da Estrela” spring water, and water from a mine drainage gallery in Regoufe.





	
Parameter

	
pH (20 °C)

	
SiO2

	
Cl−

	
F−

	
HCO3

	
Na+

	
Mg2+

	
Ca2+




	
Unit

	

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L

	
mg/L






	
Parametric value 1

	
6.5 ≤ pH ≤ 9.5

	
-

	
250

	
1.5

	
-

	
200

	
-

	
-




	
Frize

	
6.14 ± 0.23

	
3090 ± 340

	
122 ± 12

	
1.9 ± 0.5

	
2100 ± 250

	
635 ± 82

	
31.4 ± 5.2

	
106 ± 29




	
Serra da Estrela

	
5.8–7

	
17 ± 5.5

	
3.2 ± 0.9

	
-

	
16.5 ± 8

	
4.4 ± 1.1

	
-

	
2.7 ± 1.6




	
Mine drainage gallery 2

	
6.01

	
-

	
4.17

	
-

	
2.21

	
2.84

	
0.32

	
1.01








1 Parametric value according to the Directive (EU) 2020/2184 of the European Parliament and of the Council of 16 December 2020 on the quality of water intended for human consumption. 2 Sample taken on February 2022, data provided by Catarina Mansilha, personal communication, 2022.











These results first indicate, as expected, a decrease in resistivity as ionic concentrations in the fluid solutions increase. In addition, the observation that there is a strong effect of the ionizing capacity of the waters on the samples of the soil-fluid system, decreasing up to one order of magnitude the observed resistivities, as noted in the case of groundwater with high ionic content.




4.3. Electrical Resistivity Traverse Profiles (ERT)


The electrical profiles used in this study combine different surveys carried out between 2017 and 2022 in different seasons of the year (Figure 3). The PE1 (Figure 4) and PE2 (Appendix A) profiles are the longest and deepest in this study, and 48 electrodes were used arranged using Wenner-type geometry with spacings of 2 m for the PE1 profile and 1.25 m for the PE2 profile. Both PE1 and PE2 covered a more extensive zone in the western and northeastern parts of the mining area, respectively. The remaining profiles are shorter and shallower, as their purpose was to assess the potential for contamination in the gallery areas and mine tailings zones with spacing between 1.5 and 3 m and lengths between 22.5 and 45 m. These profiles were conducted to evaluate soils in pile zones (PE3, PE8, PE9, and PE10, Appendix A and Appendix B), zones near gallery exits (PE5, Appendix A), reference zones with an outcropping of granitic zones (PE7, Appendix B) and disposal of materials in zones relatively far from the galleries (PE6, Appendix B).



In general, the results of the profiles performed in the acquisition campaigns present results that show some more resistive zones near the surface and notably with lower resistivities in the deeper levels (Figure 4). This behavior is to be expected considering the existence of watercourses in the valleys and gallery areas, which cause the dissolution of the residual material of the tailings, making them an excellent electrolytic conductor. On the other hand, the areas closer to the surface, with disaggregated material and low moisture content, are poor conductors.



In particular, profiles PE2 and PE7 clearly show highly resistive zones that tend to become more resistive at deeper levels (4 m in PE7 and 9 m in PE2). This observation is consistent with the existence of granite outcrops in the northeastern part of profile PE2 and extending southward beyond the extent of profile PE7. Since the effect of weathering is greatest at the surface, it can be interpreted that at deeper levels, the granite is less altered, and therefore there are fewer pore spaces containing electrolytes, which justifies the increased resistivity. Similar examples of granites in the equivalent geological context in Portugal are referred to, characterizing zones of the granitic substrate with little fracturing in zones with resistivities higher than 3000 Ωm [39].



In the case of the profiles in the central part of the valley or in the areas close to the galleries, the influence of the presence of water is remarkable. As observed in the laboratory tests, the electrical response is mainly conditioned by water saturation, so in the cases of profiles PE3, PE5, PE8, and PE9, it was not possible to differentiate the material present in the subsurface and it was only possible to analyze the results with respect to the groundwater ionic potential. As an example, the profile PE1 shows three intervals with quite distinct electrical responses observed. A shallow zone (depths below 5 m), where the northern zone appears less resistive consistent with a heterogeneous zone with the presence of coarse gravels (relatively high resistivity between 12,000 and 21,000 Ωm) and finer sediments with low permeability and high-water saturation (resistivity between 3000 to 7000 Ωm) (Figure 4). At the same time, the southern zone presents fine material, with good sorting and high permeability, with high electrical resistivity (between 25,000 and 65,000 Ωm). An intermediate zone (depths between 5 m to 11 m) shows lower resistivity than the shallow zone and are interpreted as higher water saturation levels (between 4000 and 25,000 Ωm) is probably associated with the non-saturated zone. Finally, a deeper interval, with the lowest resistivity range (between 1000 and 4000 Ωm) is likely associated with the saturated zone.




4.4. Integration of Electrical Resistivity Data (Laboratory Data and Field Profiles ERT)


The resistivity values observed in the deeper zones of the electrical profiles are relatively higher (2000–3000 Ωm) than the waste material with mine drainage gallery water-saturated measured in the laboratory (700 Ωm). Still, these values are much lower than the minimum values of a saturated granite (4500 Ωm) according to Telford [40], so the reported values (between 2000 and 3000 Ωm) can be considered as due to a weathered and saturated granitic rock or a saturated conglomerate (2000 Ωm) as described in the same study [40]. Saprolites, according to Palacky [41], are highly weathered granitic rocks presenting much lower values (below 200 Ωm), and therefore the zones observed in this range (2000–3000 Ωm) can be considered granites with a low degree of alteration. In this sense, it is interpreted that the deeper zones should present either water-saturated quarry material (mechanically equivalent to a conglomerate or gravel) or a slightly weathered, water-saturated granite.



When compared, the resistivity values obtained in the laboratory for saline water (commercial “Frize” water) are an order of magnitude lower (30 Ωm) than that observed in the electrical profiles (minima of 400 Ωm in profile PE10, in the others, minima of 2000 Ωm). These results indicate a rather low probability of occurrence of saturated soils with acidic water in the studied area.




4.5. Electromagnetic Surveying Results (EM)


In the development of the present research, a device manufactured by Geonics Lmt, EM31 series, was used, which is considered a dual coil moving source device with wide use in environmental engineering. The EM31 device is calibrated to measure the correct conductivity when the subsoil is uniform so that if layers with different electrical properties exist, the equipment will read an intermediate value. The procedure comprises EM field measurement of the vertical component (dV) and the horizontal component (dH).



Relative EC maps are shown in Figure 5a for the horizontal dH (investigation depth to 3 m) and Figure 5b for the vertical dV (investigation depth to 6 m) components, respectively. These results can be used to obtain relative conductivity measurements and to observe the trend of the hydrogeological background. Both maps show a relative increase in conductivities in the southern and eastern parts of the study area. The southwestern areas, when compared to other areas of the mine, correspond to fine residues composed of quartz. In the case of the more superficial intervals (less than 3 m deep), they may present humified organic matter (HOM). The reduced EC may be due to both the presence of this HOM and the high hydraulic conductivity, as both factors reduce the water content. At the deeper levels (between 3 and 6 m), the material will be hydrophilic, but the high hydraulic conductivity facilitates vertical percolation, so the moisture content will also tend to be reduced, showing values of relatively low EC, slightly higher than at the more superficial levels. When comparing the electrical results in granitic zones and coarse debris material, it is not possible to discriminate these responses in the EM data (for both dV and dH).



The dH horizontal conductivity map shows more heterogeneity, which is an expected result due to the greater influence of soil or rock types and less influence of groundwater, contrary to the case of the dV vertical conductivity map where the influence of the wetland is greater, as is notable in the southern, eastern and northeastern zones in the dV vertical conductivity map (zones in blue).




4.6. Seismic Surveying Results


Regarding the seismic survey in the Regoufe mining area, two profiles were performed in order to obtain information about compressional and shear wave velocity distribution using refracted waves and surface waves. Both profiles were performed in the central region of the mine, specifically in the valley area with an accumulation of coarse gravel and fine material (Figure 3). The objective of these profiles was to evaluate the possibility of obtaining the thickness of the rejected material, detect the depth of the water table and analyze the mechanical behavior of the seismic waves in order to detect possible lithological contacts. For this survey, the following equipment was used: a 24-channel seismograph, a metal plate, a sledgehammer that acts as a seismic source, a trigger, and a tape measure to establish the location of the shots and detectors. The 12 detectors, 4.5 Hz geophones, were interspersed every 5 m, with the first detector placed 2.5 m from the first shot. For the seismic refraction analysis, several shots were taken and placed at 0 m, 15 m, 30 m, 45 m, and 60 m. For the MASW analysis was used the same data was acquired for the seismic refraction analysis, taking only those shots located at 0 m and 60 m from each seismic profile.



4.6.1. Seismic Refraction Results


The results for seismic profiles PS1 and PS2 are illustrated in Figure 6A,C, respectively. Seismic waves with different velocities were identified, i.e., direct waves (red lines), two refraction interfaces in the case of profile PS1 (green and blue lines), and only one refraction interface in the case of profile PS2 (green lines). Once the velocity selection is validated, an initial 2D model of layers along the profile is generated. From this initial velocity model, a tomographic inversion process is performed in order to obtain a 2D profile, which honors the arrival time data and minimizes the errors for the constructed grid. In this case, 10 layers and a maximum depth of the PS1 profile of 20 m and for the PS2 profile of 12 m were defined. The p-wave velocity modeling results for profiles PE1 and PE2 are illustrated in Figure 6B,D, respectively.




4.6.2. Multi-Channel Analysis of Surface Waves Results (MASW)


Based on the surface wave analysis, the MASW method was applied to analyze the shear wave velocity of the more superficial layers in the central valley area with mound deposits at Regoufe (Figure 3). First, an analysis of the seismic records corresponding to the shots located at 0 m and 60 m from each seismic profile was performed. The seismic data are converted from the time-distance domain to the frequency-phase velocity domain through Fourier transforms or “apparent velocity spectra” (Figure 7A).



For profiles PS1 and PS2, two dispersion curves are obtained for both the source at 0 m and 60 m. In the last step, the vertical “s” wave velocity profiles are obtained by inversion modeling based on the data and optimizing the initial layer model. In this process, the following parameters are set: the number of layers and the maximum depth of the model. Figure 7B shows the 1D model results from MASW, particularly “s” wave velocity for 0 and 60 m of profile PS1, as well as “p” wave velocities (obtained from the seismic refraction inversion model). For comparison purposes and to evaluate the subsoil mechanically, an estimation of Young’s modulus E was carried out based on the “p” and “s” wave velocity data (extracted from seismic refraction and MASW inversion models, respectively), as well as the density of the material. In the case of density, values taken from the literature [40] were used. In this case, 2 gr/cc for the mine landfill soil and 2.6 gr/cc for the granitic substrate.



The inversion models of the MASW data corroborate, on the one hand, the results obtained by the seismic refraction in relation to the thickness of the mine landfill soil, i.e., approximately 4 to 6 m (average shear wave velocity “Vs” of 254 m/s for PS1 and 215 m/s for the PS2 profile). From Young’s modulus curves, it is possible to observe the changes related to the interface between the mine landfill soil and the granitic substrate when compared to the shear-wave velocities. The soil composed mainly of coarse-grained gravel reflects average values of 0.31 GPa for the PS1 profile and 0.25 for the PS2 profile. On the other hand, the granitic soil shows a gradual increase in this parameter in both profiles. However, from a depth of 15 m in both profiles, a change in slope is observed from an area with a significant increase in this parameter to an area with a low increment relative to deeper levels. This change in Young’s modulus is interpreted as the transition from a more weathered (and therefore more ductile) granite to a zone with a stiffer granitic substrate (less fractured or less altered than the overlying zone) and, therefore, more homogeneous.





4.7. Integration of Seismic and Electrical Methods


In order to improve the geoelectrical image obtained with the conventional ERT methodology, this study used a geophysical process called structure-controlled inversion [42]. The particular case of this investigation involves the use of strong events associated with the top of the consolidated rock (bedrock), identified by seismic refraction and thus structurally delimiting the inversion of electrical resistivity data associated with the aquifer. The methodology and input information for the structure-controlled resistivity modeling is illustrated in Figure 8. From the estimated layer thicknesses observed in the seismic refraction in profile PS1 (Figure 8A), together with the measurement of apparent electrical resistivities in profile PE10 (Figure 8B) and topographic information (Figure 8C), the structure-controlled resistivity inversion modeling was performed (Figure 8D). The layers were divided from the profile shown in Figure 8A as “Interface 1” and “Interface 2”, which represent the boundaries where the largest p-wave velocity contrasts were observed.



The results of the structure-controlled inversion improved the conventional inversion process (Figure 9) since the boundaries in the latter appear blurred out and with low resolution (Figure 9A) so that the electrical properties of the layers can appear shifted and with smoother values.



As a result of the inversion, the difference in the electrical properties of the surface layer can be observed more clearly, with the presence of a greater heterogeneity with coarse gravels interspersed with intervals of finer material (Figure 9B). Incidentally, the relative decrease in resistivities in the zones of finer material to the south is still noticeable. While at the deeper levels (between 640 and 635 m a.s.l.), a more homogeneous zone is observed, which is interpreted as the unsaturated zone (resistivities of 4000 Ωm). This model also shows more clearly a flatter interface at approximately 635 m a.s.l., where resistivities decrease strongly (between 90 and 200 Ωm). These results indicate a significant reduction in resistivities compared to the previous modeling and compared to the rest of the profiles where highly saturated zones are interpreted (near the galleries with a minimum of 2000 Ωm; see Figure 4). Furthermore, if compared to the results observed in the laboratory, where mineralized water was used, the values are close to highly ionized zones which suggest a potential zone of polluted water concentration in the deeper levels of this profile. Durães et al. [2] suggest in their work the possibility of migration of potentially contaminating PTE elements to deeper levels product of the leaching of tailings materials, and highlight the possibility of precipitation of metals contained in acidic waters in the form of sulfates, which are good conductors of electricity.



One of the limitations of this type of methodology is its conditioning on the interpretation of layer boundaries, so these results, which suggest a higher ionic concentration than reported in conventional models, must be corroborated with other electrical profiles or by applying other techniques such as electrical induction methods. Nevertheless, this methodology shows how the integration of seismic refraction results and resistivity profile data can help to better clarify lithological heterogeneities and to obtain a better resolution and definition of possible contaminated zones in the subsurface.




4.8. Hydrogeological Conceptual Model and Representative Sections


In mountain areas, the development of groundwater distribution and circulation models—based on geology, geomorphology soil, climate, land use, and human activities—is a difficult task, even when relevant data are available [43,44,45,46,47,48]. However, a conceptual hydrogeological model is proposed for the Regoufe mining area considering information from field observations, aerial image interpretation, and subsurface geophysical measurements. It is important to note that the purpose of this study is not to generate a detailed hydrogeological conceptual model since that alone would be material for a separate project, but rather to provide a preliminary proposal of the hydrogeological system functioning based on subsurface geophysical and surface geology observations. This conceptual model will provide a starting point for future projects involving soil remediation and water treatment processes in areas affected by mining activities.



The hydrogeological conceptual model encompasses the unsaturated zone and the water table aquifer (Figure 10). Porous circulation media occur in the pedological soil and in the mining waste piles, whereas fractured circulation media correspond to the unweathered granite, and, finally, mixed circulation media occur in the weathered granite.



The mining waste piles were interpreted as the material of the highest hydraulic conductivity, while the weathered granite and the unweathered granite were interpreted as the material of intermediate and lowest hydraulic conductivity, respectively.



The depth to the water table varies with time and with the topographic position: (i) it is shallower during the wet season and deeper during the dry season; (ii) it is shallower in the valley bottom and deeper in the hilltops.



In the unsaturated zone, the circulation is mainly vertical, as water infiltrates and percolates until the water table. Yet, at the interface between geological materials of contrasting hydraulic conductivity, namely, between the weathered and the unweathered granite, interflow may occur during the wet season and originate in intermittent springs and streams. Except for the driest part of the year, the groundwater flow supplies part of the streamflow in a typical gaining stream context, whereas another part of the streamflow is supplied by the mine drainage galleries. Indeed, the existence of mine gallery systems tends to drain the rock massif and increase the streamflow in the surrounding region.



The hydrogeological profile creation process represents the final phase of the soil and subsurface survey. It combines the integration of information from field observations and geophysical results into sections of electrical, seismic, and electromagnetic data. In the absence of piezometric information, groundwater level data in wells, quantified porosity, and permeability information, the hydrogeological conceptual model represented in the following sections is highly interpretive and requires further research to be corroborated. However, as in many disciplines of Geosciences, the uncertainties inherent in such interpretations seek to be mitigated by the integration of different geophysical techniques and the use of analogous geological models, which will be explained in the following paragraphs.



In order to obtain a representative image of the mining area; four hydrogeological sections were made. Three of them are perpendicular to the axis of the valley where the mine is located (sections “A,” “B,” and “C”), and one section is parallel to the axis located in the central zone (section “D”), limited to the southern zone, where most of the mine waste deposits are located, the main objective of this work. Figure 11 illustrates the location of the hydrogeological sections and the electrical resistivity profiles.



An example of the methodology is summarized in the workflow, and results are related in Section “D” (Figure 12). This section is one of the most important sections of the complex. It ran parallel to the valley axis and was defined from the largest amount of information available in the center of the valley and perpendicular to sections “B” and “C”. In particular, this key section allowed the integration of information from both seismic profiles PS1 and PS2, as well as the electrical profiles PE3, PE5, PE8, PE9, and PE10. It should be noted that, as well as the 2D “p” wave velocity profiles extracted from the seismic estimates, the “s” wave velocity and Young’s modulus (E) were also obtained, as explained in previous paragraphs. Similarly, following the same steps and based on the nearest geophysical and geological data available were constructed sections “A,” “B,” and “C,” as illustrated in Figure 13.



The hydrogeological interpretation considers the observations made in terms of the electrical and seismic responses of the subsoil and groundwater. With respect to the tailings material, a large deposit is expected on the slopes and valleys of the mining area.



In general, in geological terms and following analogous models [49], given the proximity of wetlands, a greater degree of alteration of the granitic body is expected towards the valleys due to greater contact with meteoric waters. Given the lack of seismic information in most of the area, the electrical profiles and their integration with soil thickness estimates from the seismic profiles PS1 and PS2 were used as a basis. The arrangement of fault and fracture planes is hypothetical, so the orientation of faults and fractures must be further validated with field studies to corroborate their geometric arrangement. Figure 12A shows the data corresponding to the electrical profiles as well as their subsurface interpretation in terms of soil type and interpreted water levels. Figure 12B shows the 2D seismic data of the compressional wave velocities (Vp) and Young’s modulus (E) profile at the center of the corresponding seismic profiles.



One of the most important pieces of information that can be extracted from this profile corresponds to the thickness data of the mine landfill soils, obtained from the seismic refraction information and corroborated with the MASW results. From this interpretation, an adjustment was made to the thicknesses in the remaining sections of the area, considering that the waste deposits could have an equivalent thickness in the other sections. Obviously, this is a rather conservative assumption, and future prospecting could improve the prediction in other areas (west and northeast of the mining area). Regarding the interpretation of the transition zone from weathered granite to harder bedrock, Young’s modulus was used, being equivalent in terms of depths in these profiles (15 m depth) (Figure 12B,C). Note that given the low quality of the MASW results, this interpretation should be considered with caution, and other techniques should be used for verification combined with these interpretations.



By integrating the information of possible water table depths obtained from the electrical profiles, the superficial run-off elevation, and the p-wave seismic information, it is observed that there is a good correlation at deep levels, which are interpreted as corresponding to the water table in this area (approximately 643 m a.s.l.). One of these observations is evident when comparing seismic sections PS1 and PS2 acquired on the same date, and therefore without seasonality effects on the water table (Figure 12B). In the deeper section, the change in compressional-wave velocity (Vp) from 1800 m/s to 2400 m/s is at about 640 m a.s.l. elevation. While the PS1 section, this change occurs slightly higher and at a consistently higher water table (645 m a.s.l.). It should be noted that in sediments of this nature, the air-water interface has a strong impact on the “p” wave, so it is often used to estimate the water table. In comparison, the velocity of the “s” wave remains unaffected by the presence of water and is but well affected by the mechanical parameters of the rock/soil. From this information and considering the highly water-saturated profiles (PE8, PE3, and PE5), the water table was defined for the wet season, and the results of the seismic information and profiles PE9 and PE10 as the levels corresponding to the dry season (Figure 12D).





5. Discussion


Finally, to visualize the spatial variations and correlate the observations highlighted here, a 3D model was made by means of interpolation techniques based on the resistivity data from the profiles and bounded by the topographic surface obtained from the digital terrain model (DME) (Figure 14). In order to keep the heterogeneities associated with this area, and as only data was available on the resistivity profiles, an Inverse Distance Anisotropic algorithm was used. The model shows the zones of higher resistivity in the higher zones, mainly associated with the granitic substrate, decreasing towards the central part of the valley. In the southeast area, a wetter and less resistive zone is interpreted. However, these zones were not evaluated and present a high uncertainty.



As for the hydrogeological model, the geometry of the water table assumes the conditions of a crystalline rock mass, low permeability and porosity, with a pronounced anisotropy due to the preferential orientation of faults and fractures, typical of this type of system. Thus, the phreatic surface, as discussed in the theoretical background of this chapter, is expected to be close to the surface and increasingly higher in the upper part of the massif and lower towards the valley areas until it reaches the discharge areas on the slopes. Since the galleries act as a strong drainage area, it is expected that in the areas close to the galleries, the water table will deepen. When we move away towards the granitic massif to the west, the phreatic surface rises. These observations are consistent with the EM data that was observed higher conductivities toward the east (Figure 5), where fewer galleries and consequently less drainage is interpreted as a closer water table in this zone. In the 3D electrical resistivity model, the blue-violet areas stand out, which are less resistive and therefore have a greater capacity for ionization. These are considered to be the areas with the greatest potential for contamination.




6. Conclusions


Integration of subsurface geophysical data and laboratory analyses allowed us to establish relationships between the electrical properties of the subsurface and observations in field soil and water samples. The electrical properties are characterized by low conductivity in soils of coarse-grained gravel deposits, fine-grained deposits of quartzitic nature, and in the granitic substrate. Conversely, high conductivity exists in areas of high-water saturation associated with subsurface flow zones or as a response from the phreatic surface.



Geophysical integration using techniques such as seismic refraction and MASW allowed better characterization of the thickness of the mine waste deposits, differentiation of the granitic zone of major alteration, and depth of the unweathered granitic substrate. In addition to the definition of the phreatic surface in the central valley. As part of the objectives of this project, electrical conductivity (EM) and electrical resistivity (ERT) maps were generated. In the case of EM, the maps appear to reflect a higher elevation of the phreatic surface on the eastern side of the mine valley. In contrast to the western area, where the conductivity is relatively lower. In the latter region, this phenomenon may be associated with higher drainage due to the large number of tunnels and galleries present. While the resistivity maps (ERT) reflect a central area of the mine valley with values of about 1000 Ωm. These values, compared to the laboratory analysis using mineralized water, are much higher, indicating a low probability of occurrence of ionized water and, therefore, low levels of contamination.



Four hydrogeological sections, a 3D model of electrical resistivities, and a conceptual hydrogeological model were constructed to characterize the mine waste deposits and hypothetical water tables. Despite the high uncertainty in regions of crystalline systems, this type of integrated modeling provides a basis for future, more detailed analyses of the hydrogeological system around the mining area. In addition to defining appropriate environmental intervention work, such as soil remediation and treatment of potentially contaminated water.
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Figure A1. True electrical resistivity profiles (ERT) transverse to the valley axis. (A1) Profile PE2, which corresponds to the magnified image of the SE part of profile PE2 at the same scale as profile PE5 for easy comparison and interpretation. (A2) Profile PE2; (B) Profile PE5; (C) Profile PE3; (D) Profile PE8. For location, look at Figure 3. 
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Figure A2. True electrical resistivity profiles (ERT) parallel to the mountain slopes. (A) Profile PE4, (B1) PE10 region, which corresponds to the magnified image of the SW part of PE10 at the same scale as profile PE4 for easy comparison and interpretation; (B2) Profile PE10; (C) Profile PE9; (D) Profile PE6; (E) Profile PE7. For the location, look at Figure 3. 
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Figure 1. Geological sketch of the Central Iberian Zone modified with the location of the study area and its geological map, modified from [31,32]. 
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Figure 2. Integrated methodology of geophysical methods proposed in this study. 
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Figure 4. Interpreted Electrical Resistivity Profile (ERT) PE 1. Look at Figure 3 for profile location. 
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Figure 5. Relative electrical conductivity (EC) maps for: (a) Horizontal component dH (research depth to 3 m); (b) Vertical component dV (mS/m) (research depth up to 6 m). 
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Figure 6. Graphs of travel time vs distance and refracted branches velocities for (A) Seismic profile PS1; (C) Seismic profile PS2. P-wave velocity model obtained by the tomographic inversion process for (B) Profile PS1; (D) Profile PS2. 
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Figure 7. MASW results analysis in the PS1 profile (shots at 0m and 60 m): (A) Apparent velocity spectra and fundamental mode velocity selection (shot at 60 m); (B) P-wave (from seismic refraction) and S-wave (MASW) velocity curves; (C) Young’s modulus “E” curves and its geomechanical interpretation. 
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Figure 8. Input data and methodology used to perform an inversion of the structurally-constrained ERT inversion. (A) Definition of interfaces 1 and 2 with higher p-wave velocity contrast. (B) Input data of apparent resistivity (C) Topographic information and (D) Result of Profile PS1 using structurally-constrained ERT inversion. 
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Figure 9. Results of the resistivity inversion of profile PE10 using (A) the conventional methodology and (B) the structure-controlled methodology. 
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Figure 10. A hydrogeological conceptual model for the Regoufe mining area. 
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Figure 11. Location of hydrogeological sections and electrical profiles in a 3D overview with aerial photography extracted from Google Earth. 
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Figure 12. Hydrogeological interpretation process in Section “D” (see map location in Figure 9): (A) Data used and calibrated with surface observations (ERT profiles); (B) Seismic profiles results for PS1 and PS2 profiles (2D “p” wave velocity model and average Young’s Modulus E); (C) Geological interpretation; (D) Hydrogeological interpretation. 
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Figure 13. Geological and hydrogeological sections for wet and dry seasons respectively for (A) Section “A;” (B) Section “B;” (C) Section “C”. (See map location in Figure 11). 
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[image: Minerals 13 00055 g013]







[image: Minerals 13 00055 g014 550] 





Figure 14. 3D visualization of the model of electrical resistivities and interpreted geological sections. 
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