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Abstract

:

Small-scale mining (SSM) is responsible for almost all the production of non-metallic minerals in the world and represents around 80% of the mining in Brazil. The lack of direct geological information increases the level of uncertainty associated with the exploratory process, compromises mine planning, limits mineral extraction, and contributes to maximizing environmental issues. In this research, near-surface geophysical methods, including Electrical Resistivity, Capacitive Resistivity, Ground Penetrating Radar (GPR), and Transient Electromagnetic (TEM), were applied to characterize a marble deposit in an SSM located in the Campos do Jordão region, São Paulo state, southeast Brazil. The geophysical methods used provide indirect information about the subsurface geology based on the contrast in electrical and electromagnetic properties. Resistivity results show the efficiency of locating marble deposits, as well as fracture zones. GPR profiles allowed for the investigation of the structural heterogeneities in the subsurface. Geophysical data and lithological information from drill holes were integrated into Micromine software and guided the development of a geological model and a conceptual pit model. The information inferred from the pit modeling allowed us to analyze the potential of the deposit and should be used to assist in developing sustainable mining planning. The results of this work demonstrate that the investment in geophysical research can support the modernization of an SSM and contribute to more sustainable and productive mining.
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1. Introduction


Small-scale mining (SSM) is characterized by the exploration of small-scale mineral deposits, which comprises a very diverse and significant portion of the global mining industry. It is estimated that between 15% and 20% of the production of minerals and metals worldwide is associated with SSM [1]. According to the Intergovernmental Forum on Mining, Minerals, Metals, and Sustainable Development (IGF), approximately 80% of the world’s sapphire production and about 20% of gold and diamond production come from SSM [2]. In Brazil, SSM is responsible for the entire production of ornamental rocks (e.g., marble, granite, slate, quartzite), gypsum, feldspar, calcite, plastic clays, mica, and tungsten, as well as for more than 90% of the production of sand, refractory clay, and tantalum [3].



SSM is usually characterized by relatively low productivity, application of rudimentary exploration techniques, limited investment, and significant environmental impact due to predatory exploration. A high rate of informality and precariousness of work are also characteristics associated with SSM [1,3,4].



The environmental problems resulting from mining are numerous and include the destruction of natural landscapes and, consequently, degradation of local fauna and flora, silting up of rivers, irregular disposal of waste and dangerous substances, atmospheric pollution, and pollution of water resources. Mining is essential for economic development; however, it also represents a threat to biodiversity. The development and execution of rational mining planning, which involves an environmental management plan to prevent, monitor, and recover areas affected by exploratory activity, is essential for mining to become sustainable [4,5,6].



The lack of investment in technical and scientific knowledge to modernize exploration methods constitutes an obstacle to the sustainable development of SSMs. The yield of ornamental rock mining is normally low; it is estimated that only around 20% of the total amount of rock extracted from quarries consists of marketable rock [7,8,9]. The low productivity observed in most SSM units is related mostly to the application of low-tech, polluting, and inefficient exploration techniques from an operational point of view [3,4,10]. The preliminary geological characterization is an essential step in the development of efficient and responsible mine planning from an economic and environmental perspective. Usually, when technical and scientific criteria are not used to guide mineral exploration, the following cycle is often observed: degradation of the local landscape, including changes in fauna, flora, and water resources; abandonment of the mining; and migration to other areas [5]. The lack of geological knowledge results in increasing environmental degradation limits the productive capacity of SSMs, and increases the level of uncertainty associated with the investment.



The application of non-invasive geophysical methods permits the indirect investigation of the subsurface geological structures of relatively large areas and, thus, can help in the preliminary geological characterization process of mineral deposits, usually saving resources and time when compared to direct investigation methods [11,12,13,14,15,16]. The integration of geophysical and geological data (i.e., drill holes) allows for the development of a more accurate geological model.



A geological model represents the structures in the subsurface, permits the location of the mineral of interest, and, thus, can be used to guide the mineral extraction process and estimate the extent and even the durability of a deposit. The integration of geophysical and geological data to create a pit model allows for the characterization of the mineral deposit in terms of physical (geometry and extension) and economic aspects [17,18,19].



In this research, we aimed to demonstrate how the application of near-surface geophysical methods helps in the preliminary geological characterization and, thus, can contribute to a more sustainable and effective exploration of an SSM. In this context, the specific objectives were as follows: (1) apply electrical (Electrical Resistivity and Capacitive Resistivity) and electromagnetic (Ground Penetrating Radar and Transient Electromagnetic) methods to evaluate their potential to characterize a marble deposit; (2) integrate geological and geophysical data to obtain a 3D geological model of the deposit; and (3) develop a conceptual pit model to estimate the dimensions of the marble deposit and evaluate its economic potential.




2. Geology of the Study Area


This research was carried out in the area of the active quarry of Mineração Correa LTD, located in the northeast region of the São Paulo state, in the city of Campos do Jordão (Figure 1).



The study area is located in a Precambrian substrate called Embu Terrane, which consists of a tectonic compartment that is elongated in the NE–SW direction and comprises a Paleoproterozoic basement intruded by granites and metasedimentary cover, including gneisses, schists, quartzites, and marbles [20,21,22].



In this area, there is a contact between the outcropping marble and the Serra do Alto da Pedra granite, a product of magmatism that occurred between 590 Ma and 560 Ma [22,23]. The Serra do Alto da Pedra Granite is a leucocratic rock that extends in the Embu Terrane as a lenticular body. Apart from the quarry in operation, marble outcrops are not observed in the study area. Data from seven drill holes were made available by the mining company. The locations of these holes are indicated in Figure 1, and the lithological descriptions are presented in Table 1. As can be seen in Figure 1, the drill holes are concentrated in the northeast direction of the study area. The lithological data from the drillings indicate the occurrence of gneisses and marble.




3. Materials and Methods


3.1. Geophysical Methods


3.1.1. Electrical Resistivity


Electrical resistivity (ER) is a geophysical method in which artificially generated electrical currents are introduced into the subsurface, and measurements of potential differences are performed on the surface in order to map the distribution of the electrical resistivity [12].



To provide information on the electrical resistivity distribution of subsurface rocks, this method requires at least two pairs of electrodes: a pair of electrodes to inject a direct current or low-frequency alternating current, called current electrodes, and another pair of receiver electrodes in which measurements of potential difference are performed [11,12]. From the electric current (I) and potential difference (ΔV) data, apparent electrical resistivity (   ρ a   ) values are calculated using the following equation:


   ρ a  = k   Δ V  I   



(1)




where k is the geometric factor, defined as a function of the arrangement and spacing between the electrodes.



Two techniques for acquiring electrical resistivity data in the subsurface were used in this research: vertical electrical sounding (VES), used to investigate the vertical variation in electrical resistivity in one dimension (1D); and electrical resistivity tomography (ERT), which investigates the vertical and lateral variation (2D) of electrical resistivity in the subsurface [12,24].




3.1.2. Capacitive Resistivity


Capacitive resistivity (CR) is a method of electrical resistivity in which the coupling between sensors and the surface, as the nomenclature suggests, is capacitive. The CR equipment uses coaxial cables with a transmitter and receivers connected to a control unit. The transmitter injects an alternating current (AC) into two coaxial cables (transmitter dipole). The transmitted current is coupled to the surface by capacitance from the coaxial cable. The copper shield (conductor) acts as one plate of the capacitor, the ground surface as the other plate, and the insulating material that makes up the outer skeleton of the cable and separates them, functioning as a dielectric of the capacitor. The receivers are tuned to the transmitter frequency, measure the potential difference in the two cables connected to them (receiving dipole), and send the measured values to the console. Alternating current and the use of an operating frequency avoid interference from electrical cables and telluric currents [25,26,27].



The use of coaxial cables makes it possible for the CR method to be used on rigid surfaces (such as asphalt or other types of paving, frozen ground, etc.) and highly resistive media, the contexts in which the application of the ER method is limited [28]. Since there is no need to insert the electrodes into the ground, the data acquisition is continuous, which makes it simpler and faster.




3.1.3. Transient Electromagnetic (TEM)


The Transient Electromagnetic (TEM) method is used to investigate the vertical variation (1D) of electrical resistivity in the subsurface from the measurement of the decay of a secondary magnetic field [13,24].



The secondary magnetic field is generated by induction from the variation over time of the primary magnetic field. This method uses a source with direct current, which transmits a pulse, and the measurements are performed when the current is turned off, that is, in the absence of the primary field. In this way, in the TEM method, the signal recorded as a function of time is associated with the electromagnetic response induced in the subsurface. The diffusion time of the induced electrical currents is a function of the electrical resistivity of the materials [24]. Voltage curves are converted into apparent electrical resistivity (   ρ a   ) according to the following equation [29]:


   ρ a  =    k 1   M   2 3      V    ( t )     2 3     t   5 3       



(2)




where k1 = μ05/3M/20π, μ0 = 4π × 10 −7 H/m; M is the magnetic moment; V(t) is the normalized voltage measured by a receiver coil, and t is the time.




3.1.4. Ground Penetration Radar (GPR)


Ground Penetrating Radar (GPR) is a geophysical method that uses high-frequency electromagnetic waves, typically between 10 MHz and 2600 MHz, to investigate objects and geological structures in the subsurface. As a result of the frequency range employed, GPR is characterized as a high-resolution electromagnetic method for near-surface geophysical investigations [30,31].



The physical principle of the GPR method is the transmission and reflection of electromagnetic waves. Reflection and diffraction of electromagnetic waves occur at interfaces that separate materials with contrasting electrical properties. At flat interfaces that separate two media with different dielectric permittivity values and/or electrical conductivity, the electromagnetic signal is partially reflected and refracted. The electromagnetic signal reflected toward the surface is recorded as a function of the two-way travel time by a receiving antenna also located on the surface [24,30].





3.2. Acquisition and Processing of Geophysical Data


3.2.1. Electrical Resistivity


VES and ERT data were acquired using Syscal Pro equipment (Iris Instrument, Orléans, France). The ERT data were acquired with a dipole–dipole array in five subareas: lines 1; 2; 3; 4; and 5, which comprise the access roads to the marble quarry (Figure 1).



Table 2 presents the details of the ER, CR, and GPR data acquisition. In lines 1, 2, and 5, the ERT data were acquired with two spacing of current electrodes (AB electrodes), 10 m and 20 m. In lines 3 and 4, the ERT data were acquired with AB electrode spacings of 5 m and 10 m. Two VESs were acquired: one on Line 1 and another on Line 5. The two VESs were performed with the maximum current electrode spacing of 300 m and with a Schlumberger array.



The ERT data were inverted using the RES2DINV software version 3.4 (Geotomo Software). In order to obtain resistivity models that combined the best lateral resolution and the greatest capacity for in-depth investigation, the data acquired in each line with different electrode spacings were combined and submitted to a single inversion process. The VESs data were inverted with the IPI2WIN software version 7.01.03 (Geoscan-M LTD, Moscow, Russia).




3.2.2. Capacitive Resistivity


Six CR profiles were acquired on Line 1 (Figure 2) with the OhmMapper equipment (Geometrics Inc., San Jose, CA, USA). Three profiles were acquired with transmitter and receiver dipoles with 5 m length and three profiles with 10 m long dipoles. The length of the rope used in the acquisitions was 2.5 m, 5 m, and 10 m.



The combined inversion of apparent resistivity data was acquired using 5 m and 10 m dipoles, and 2.5 m, 5.0 m, and 10 m rope spacing was performed in the RES2DINV software, and a 5% change in mean square error (RMS) at each iteration was defined as the limit in the inversion.




3.2.3. TEM


Three TEM soundings were acquired in the study area (Figure 1). The soundings were acquired using a central loop array, and the soundings TEM 01, TEM 02, and TEM 03 had sides with lengths of 70 m, 60 m, and 55 m, respectively. We used a TEM57-MK2 current transmitter, a 3D receiving coil, and the PROTEM-D recorder (Geonics Limited, Mississauga, ON, Canada).



The TEM data were acquired at the three operating frequencies of the transmitter: 30 Hz; 7.5 Hz; and 3 Hz. The inversion of the apparent resistivity data was performed using the IX1D software, version 3.60 (Interpex Ltd., Golden, CO, USA). The inversion results for the 30 Hz frequency presented a better signal/noise ratio. We analyzed the inversion with three different models using smooth, few, and equivalent layers.



The smooth layer model was used to guide the development of a geoelectric model with few layers. The equivalence analysis allows for reducing the ambiguity associated with the few-layers model.




3.2.4. GPR


GPR data were acquired with an unshielded MLF (multi-low frequency) antenna with 40 MHz frequency and a SIR 4000 control unit (Geophysical Survey Systems (GSSI) Inc., Mississauga, ON, Canada).



In lines 1, 2, 3, 4, and 5, GPR profiles were acquired superimposed on the ER profiles (Table 2; Figure 1) in the same direction and length. GPR profiles were processed using RADAN 7 software (GSSI). The main steps used in data processing were zero-time correction, frequency filters (bandpass 20–70 MHz), temporal background removal filter, spatial stacking filter (Stacking 5 scans), linear gain, and time-to-depth conversion.



To convert from time to depth, we assumed a radar wave velocity of 0.106 m ns−1 (relative dielectric permittivity equal to 8). GPR profiles acquired on fractured marble blocks at the mining front were used to estimate the wave velocity [32]. The RADAN 7 software (version 7.6) allows for the propagation speed of the electromagnetic wave to be obtained interactively by adjusting a synthetic hyperbolic curve to the real hyperbola observed in the radargram.





3.3. Geological and Conceptual Pit Models


Mining planning consists of a dynamic mine operation plan developed based on geological, geotechnical, and economic criteria, which should determine the appropriate mining sequencing for rational exploration of the deposit and, thus, optimize the production in the short and long term [19,33,34]. Preliminary geological characterization is an essential step in the development of sustainable mining planning. From the geological characterization of the deposit, it is possible to estimate the relative amount of ore and waste to be extracted, as well as to investigate the economic potential [35,36,37].



Figure 3 presents a flowchart with the main steps of the workflow used to develop the geological model and the conceptual pit model of the marble deposit. The interpretation of the electrical resistivity models of each sub-area, the lithological data from drill holes, and the topography provided by the mining company were loaded and georeferenced in the Micromine software version 22.5.491.4, where they were used to model the surface topography and build a geologic model for the marble deposit.



In this research, a conceptual pit model was developed in order to exemplify how the geological characterization of the deposit provides quantitative data that allow for a preliminary analysis of the economic potential and the dimension of environmental impact associated with the deposit and, thus, can assist in the development of a rational mining plan: efficient and sustainable from an environmental and economic point of view. To obtain the pit model, we used information provided by the mining company regarding the average density of marble (approximately 2.85 t/m3), average costs of extracting the overburden, costs of extracting and processing marble, as well as the average sale price of blocks. To determine the limits of the pit, the Micromine software uses the Lerchs–Grossmann algorithm [38].





4. Results and Interpretation


4.1. Geophysical Characterization


4.1.1. Line 1


Line 1 comprises the segment of an access road located around the quarry (Figure 2). Figure 4 presents the geoelectric models with topography correction of the ER (Figure 4a) and CR (Figure 4b) results. The geophysical acquisitions on Line 1 allowed us to correlate the geophysical responses and the marble deposit. It is noted that there is an excellent correspondence between the most surficial structures characterized by a horizon of high resistivity and the occurrence of marbles, as well as a zone of low resistivity related to fractures, probably filled with water.



The ER inversion results of the data acquired with 10 m and 20 m spacing between the current electrodes allowed for investigating the electrical resistivity distribution up to approximately 55 m in depth (Figure 4a). On the other hand, the CR inversion results of the data acquired with dipole lengths of 5 m and 10 m (and rope lengths of 2.5 m, 5 m, and 10 m) allowed for obtaining a depth of investigation of 6 m (Figure 4b). The limited depth of investigation of the CR method shows that it is recommended to investigate more surficial layers.



The marble deposit is related to higher values of electrical resistivity. The fracture zone observed in the field (Figure 4c) separates two marble blocks partially outcropping on the mining front. According to the geoelectric resistivity model, it is inferred that the outcropping marble blocks extend to approximately 55 m in depth (Figure 4a). It is also observed that the marble body that partially emerges from the west side of the profile presents a lateral continuity and is located below a weathering soil with thickness varying between 5 m and 20 m.



Figure 5 shows the observed data and the geoelectric model of the VES 1 located around the 50 m position on Line 1 (Figure 4). The results complemented the 2D geoelectric model of Line 1 (Figure 4a). Note the presence of two geoelectric horizons with high resistivity in the VES 1 model. The first horizon is characterized by a resistivity of 3500 Ωm and is located below the surficial soil layer. The small thickness of this horizon suggests the occurrence of a crystalline boulder. The second horizon has a resistivity of ~4670 Ωm and has about 17 m thickness, which suggests that it is related to the marble.



Figure 6 shows the GPR profile of Line 1. The surficial (up to 10 m depth) lateral variation in electrical properties observed in Figure 4 was not observed in the GPR results in Figure 6 because the 40 MHz antenna wavelength does not have the resolution to characterize thin layers.



The accentuated irregularity and the presence of many rock fragments in the soil were probably the factors that contributed to the GPR data recorded in this line being extremely noisy, and, therefore, even after processing, no contrast related to the marble deposit could be observed.




4.1.2. Line 2


Figure 7 shows the geophysical results of Line 2 and the location of drill holes (Figure 1). Similar to the result for Line 1, Figure 7a shows that the most electrical resistive horizons coincide with the depths at which the lithologies of the drill holes indicate the transition from gneiss to marble. A low resistivity observed in the model is probably related to a fracture zone filled with water. The mean squared error of the fit between the observed data and the inverted model was 19.8%, which, despite being considered high, provided an excellent correlation with the lithological data from the drill holes.



Figure 7b shows the 40 MHz GPR profile. A clear chaotic reflection zone with high amplitude is observed from the 160 m position, which extends to approximately 17 m depth. Comparing the results obtained from the two geophysical methods, it is noted that the zone in which the abrupt vertical and lateral variation in the GPR signal corresponds with the resistivity model to the transition zone from gneiss to marble observed near the surface at the position of approximately 160 m.



The GPR profile is also characterized by a zone with no reflection below approximately 3 m depth that is probably related to the low electrical resistivity soil, as seen in Figure 7a. There is also a reflector between the positions of 40 m and 80 m and from 5 m to 10 m of depth (black arrow in Figure 7b) that can be related to a fracture zone, as observed in the electrical profile (Figure 7a).



Based on the integration of ER and GPR results, we interpreted that fracture zones are associated with strong resistivity contrasts and hyperbolic reflection patterns in horizontal and vertical directions. Moreover, homogeneous rocks are associated with continuous resistivity and smooth reflections [14,15,16,39].




4.1.3. Line 3


Figure 8 shows the geophysical results of Line 3 and the location of a drill hole (Figure 1). In Figure 8a, the most electrical resistive horizons show a good correlation with the lithology of the drill hole located close to the 70 m position, coinciding with the presence of the marble. The model shows a geoelectric horizon characterized by low resistivity (<100 Ωm), which may be related to the presence of fracture zones filled with water on the marble layer. Regarding the marble, the highest resistivity values observed occur from ~23 m depth, which suggests the presence of more homogeneous rocks at greater depths.



Figure 8b shows the 40 MHz GPR profile of Line 3. In this profile, a strong reflection is observed between the 40 m and 80 m positions, varying between ~11 m and 20 m depths. The reflection zone shows a good correlation with the low-resistivity zone observed in the resistivity model in Figure 8a. The GPR profile also shows a zone with no reflections up to about 10 m depth along the entire profile. The absence of reflections in the shallow zone may be related to the presence of water-saturated soil and/or more conductive rocks, as suggested in the resistivity model (Figure 8a).




4.1.4. Line 4


Figure 9 shows the geophysical results for Line 4 (Figure 1). In the resistivity model (Figure 9a), a zone of low resistivity is observed up to the 52 m position, followed by an anomalous region characterized by rocks of high electrical resistivity between the 52 m and 100 m positions. The GPR profile (Figure 9b) shows a clear spatial variation constituted by two anomalous regions: one characterized by the absence of reflection up to the 52 m position; and another one by a chaotic reflection pattern between the 52 and 100 m positions that extends to about 15 m depth.



The region with no radar reflection coincides with the region of low resistivity related to the presence of clayey soil and/or fractures zone with water, which causes attenuation in the GPR signal. On the other hand, the region characterized by chaotic reflections coincides with the region of higher resistivity that may be related to the presence of marble and/or gneiss. To validate the geophysical results, we suggested to drill two holes at positions of 40 m and 65 m.




4.1.5. Line 5


Figure 10 shows the geophysical results of Line 5 (Figure 1). The results suggest a layer of soil with a thickness varying from 3 m to 8 m, followed by a layer of fractured rocks constituted by gneisses and/or marble, varying between the positions of 40 m and 140 m and extending to approximately 50 m depth. From the position of 140 m and a depth of ~35 m, the resistivity model suggests a gradation toward a medium with high resistivity that could be related to the occurrence of marble and/or gneiss. To investigate this hypothesis, more resistivity data and drill holes would be needed.



In the GPR profile (Figure 10b), there is a chaotic pattern of reflections from 3 m depth, especially between the 50 m and 170 m positions. Diffraction hyperbolas can be observed up to approximately 25 m depth. Note that the region characterized by chaotic reflections corresponds to a zone with a strong resistivity contrast (Figure 10a), corroborating the interpretation that this region comprises a fracture zone.



Figure 11 shows the VES 2 result located at the 80 m position on Line 5 (Figure 10). There is a geoelectric horizon with high resistivity, around 550 Ωm and 10 m thickness, below a surficial layer of soil and/or fractured rock. The small thickness of this horizon suggests the occurrence of a crystalline rock package limited by fracture zones. The low resistivity of the subsequent geoelectric horizons suggests the presence of a fracture zone filled with water.



Regarding the correlation between ER and GPR data, it is noted that on Line 2 (Figure 7) and Line 4 (Figure 9), the marble deposits are shallower, and that is why the GPR and ERT results have a good correlation. On the other hand, on Line 3 (Figure 8) and Line 5 (Figure 10), the conductive soil layers are thicker, which tends to attenuate the radar signal; however, the ER and GPR results are still consistent. The only exception is Line 1, where the GPR result (Figure 6) is noisy, and there is a poor correlation with the geoelectrical results (Figure 4).




4.1.6. TEM Soundings


Figure 12 shows the geoelectric models of the TEM soundings 01, 02, and 03 (Figure 1). The geoelectric models of equivalence for the TEM 01 and TEM 02 soundings (Figure 12a,b) comprise two well-defined layers: a horizon with high resistivity that extends to about 350 m and 400 m depth; and a horizon with low resistivity. The horizon characterized by high resistivity, corresponding to the first layer, may be related to a marble and/or gneiss package. On the other hand, the zone of low resistivity associated with the second layer suggests the presence of a fracture zone with water. To verify the occurrence of marble near the TEM 01 and TEM 02 soundings, new drill holes are recommended in this area.



Figure 12c shows the resistivity models associated with the TEM 03 sounding. The equivalence model suggests three well-defined geoelectric horizons. The first is related to a layer with high electrical resistivity, around 500 Ωm with about 110 m thickness. The second horizon is characterized by a layer of low resistivity, varying between 20 Ωm and 30 Ωm, with the base extending to approximately 220 m depth. The top of the third geoelectric horizon is again related to the presence of a more resistive layer at ~200 m depth. Lithological information from drill holes near the TEM 03 sounding and resistivity models for Lines 2, 3, and 4 indicate that the first horizon of high resistivity is probably related to the presence of marble.





4.2. Geological and Conceptual Pit Models


Figure 13 presents the geological model associated with the topographic surface for the marble deposit built from the integration of geophysical results (resistivity profiles, VESs, and TEM soundings) and lithology from drill holes (Table 1). The limits and continuity of marble deposit were defined as follows:




	
The continuity of the marble deposit was inferred from resistivity profiles (Line 2 starts at the end of Line 1; Line 4 crosses Line 2, and Line 3 crosses Line 4) and the drill-hole data (H01, H03, H04B, H04C, and H06);



	
The active quarry (see Figure 2b and Figure 13) was included in the geological model based on the topographic surface;



	
The maximum depth of the resistive layer to the east was defined based on Line 1 ER profiles (~55 m, Figure 4a);



	
The portion of the marble body to the west in the Line 1 resistivity profile had its maximum depth limited by VES1 (~35 m, Figure 5);



	
The top of the marble extending from Line 2 was defined based on the top of the most resistive layer from the resistivity profile (Figure 7a) and borehole data in that area (Figure 1);



	
Finally, the maximum depth of the marble deposit (80 m) that extends from Line 2 was defined based on drill hole H03 (Table 1).








The information about the marble deposit inferred from the geophysical and geological data was used to develop a pit model. Table 3 presents the mass and volume values, as well as the waste/ore ratio (Strip ratio) and the net present value (NPV) associated with the conceptual pit model of the marble deposit. The net present value was calculated from net revenue and production and beneficiation costs [19,34,36].



Based on the pit modeling, we estimated a possible extraction of 2,344,525 tons of marble and 5,374,650 tons of waste. According to the data in Table 3, the estimated net revenue associated with the exploration of the marble deposit is very promising. Even considering an uncertainty of around 50% in the calculation of the inferred reserve, the marble deposit studied has a very significant economic potential. The estimated data demonstrate that making investments in geological and geophysical research to prove the inferred mineral reserve is strongly recommended.



Near-surface geophysical methods present an excellent cost/benefit, and, as demonstrated in this work, the integration with lithological data allows us to characterize large subsurface areas [13,24]. Additionally, it can be noted that the acquisition of geophysical data allows for optimizing and reducing the costs associated with drill holes. Geological knowledge not only optimizes mining production but also contributes to minimizing environmental degradation because it can guide the mining to areas where the presence of the mineral of interest is proven [4,5,7,39].





5. Conclusions


The application of geophysical methods enabled the preliminary geological characterization of the marble deposit. The resistivity method allowed for locating the marble and fracture zones up to tens of meters. The GPR profiles located structural discontinuities in the marble in the subsurface. The TEM soundings allowed for investigating a depth of hundreds of meters and contributed to estimating the lateral continuity and the vertical limit of the marble.



Our results demonstrate the effectiveness of using electric and electromagnetic near-surface geophysical methods in the exploration of ornamental rocks. Based on the contrast in electromagnetic properties, these non-invasive methods permit the characterization of structures of interest in the subsurface, including mapping the ornamental rock body and locating structural discontinuities and saturated zones. However, since geophysical methods are indirect, direct geological information is necessary to validate the results.



Geophysical methods combined with lithological information from drill holes allowed for mapping the marble deposit in an SSM. These results demonstrate how the application of geophysical methods in mining can guide exploratory studies to areas where there is a greater probability of occurrence of the mineral of interest and, therefore, can contribute both to optimizing the production and reducing the environmental impact.



The geological model and the conceptual pit model provided relevant information about the deposit, such as the marble mass and volume, which allowed us to evaluate the investment. The net revenue estimated from the inferred reserve indicated that the studied marble deposit had significant economic potential. The initial estimates regarding the amount of waste are relevant for the development of sustainable mining planning, which must include a management and reuse plan for the waste, as well as a recovery plan for the affected areas after the mining is finished.



The results of this work demonstrate that the investment in geophysical research can support the modernization of an SSM and contribute to a more sustainable and productive mining activity.
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Figure 1. Map of the study area showing the location of the geophysical measurements and drill holes. 
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Figure 2. Marble mining: (a) map; and (b) photo showing the location of Line 1 where Electrical Resistivity, Capacitive Resistivity, and GPR data were acquired. 
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Figure 3. Flowchart with the main steps of the workflow used to develop the geological model and the conceptual pit model of the marble deposit. 
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Figure 4. Line 1 geoelectric model: (a) electrical resistivity; (b) capacitive resistivity; and (c) photo of the quarry front showing a subvertical fracture zone. 
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Figure 5. VES 1 electrical resistivity model. 
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Figure 6. GPR 40 MHz profile of Line 1. 
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Figure 7. Line 2: (a) Resistivity model; and (b) GPR 40 MHz profile. The lithological information from drill holes H04C, H04B, and H03 are shown superimposed on the Resistivity model (a). The black arrows in (b) indicate overlapping hyperbolic reflections related to fracture zones. 
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Figure 8. Line 3: (a) Resistivity model; and (b) GPR 40 MHz profile. The black arrow indicates a possible fracture zone. 
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Figure 9. Line 4: (a) Resistivity model; and (b) GPR 40 MHz profile. The black arrow indicates a possible fracture zone. 






Figure 9. Line 4: (a) Resistivity model; and (b) GPR 40 MHz profile. The black arrow indicates a possible fracture zone.



[image: Remotesensing 16 01147 g009]







[image: Remotesensing 16 01147 g010] 





Figure 10. Line 5: (a) Resistivity model; and (b) GPR 40 MHz profile. The black arrows indicate possible fracture zones. 
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Figure 11. VES 2 resistivity model. 
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Figure 12. Resistivity model of soundings (a) TEM 01, (b) TEM 02, and (c) TEM 03. On the left side are adjustment curves between observed and calculated data. On the right side are models resulting from the inversion. 
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Figure 13. Geological model associated with the topographic surface of the marble deposit. 
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Table 1. Lithological information from drill holes (Figure 1).
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Drill Holes

	
Depth (m)

	
Description






	
H01

	
0 to 11.0

	
Soil




	
11.0 to 43.4

	
Marble




	
H03

	
0 to 1.0

	
Soil




	
1.0 to 3.2

	
Leucocratic gneiss




	
3.2 to 26.4

	
Migmatized gneiss




	
26.4 to 80.0

	
Marble




	
H04A

	
0 to 12.0

	
Soil




	
H04B

	
0 to 10.0

	
Soil




	
10.0 to 16.9

	
Marble




	
H04C

	
0 to 3.5

	
Soil




	
3.5 to 12.5

	
Marble




	
H05

	
0 to 10.0

	
Soil




	
H06

	
0 to 1.9

	
Soil




	
1.9 to 10.1

	
Marble











 





Table 2. Summary of data acquisition parameters for Electrical Resistivity (ER), Capacitive Resistivity (CR), and Ground Penetrating Radar (GPR).






Table 2. Summary of data acquisition parameters for Electrical Resistivity (ER), Capacitive Resistivity (CR), and Ground Penetrating Radar (GPR).





	
Lines (Length)

	
Electrical Resistivity

	
Capacitive Resistivity

	
GPR






	
Line 1 (200 m)

	
Two ERT profiles:

	
Six profiles:

Three with Tx and Rx dipoles distance of 5 m.

Three with Tx and Rx dipoles distance of 10 m.

Non-conductive rope of 2.5 m, 5 m, and 10 m lengths (variable parameter in the set of 3 profiles).

	
One GPR profile with 40 MHz antenna.




	
AB = 10 m and 20 m.




	
One VES with max. AB/2 = 150 m.




	
Line 2 (200 m)

	
Two ERT profiles:

	

	
One GPR profile with 40 MHz antenna.




	
AB = 10 m and 20 m.




	
Line 3 (100 m)

	
Two ERT profiles:

	

	
One GPR profile with 40 MHz antenna.




	
AB = 5 m and 10 m.




	
Line 4 (100 m)

	
Two ERT profiles:

	

	
One GPR profile with 40 MHz antenna.




	
AB = 5 m and 10 m.




	
Line 5 (200 m)

	
Two ERT profiles:

	

	
One GPR profile with 40 MHz antenna.




	
AB = 10 m and20 m.




	
One VES with max. AB/2 = 150 m.











 





Table 3. Marble and waste mass and volume values, strip ratio, and net present value based on the pit model.
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	Item
	Value





	Mass of marble (t)
	2,344,525



	Volume of Marble (m3)
	822,640



	Mass of waste (t)
	5,374,650



	Volume of waste (m3)
	1,990,611



	Strip Ratio
	2.44



	NPV (R$)
	2,250,921,566
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