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Failure events in dams can be associated with processes in the dam body and in the foundation of the structure. If they are properly identified in early stages, corrective actions can take place, leading to a reduction in the risk of collapse and/or rupture of the dam. Most studies on dams are carried out on the body of the dam; however, problems associated with the foundation of the structure can also lead to loss of stability and subsequent ruptures. This study presents an analysis of the advantages and limitations of the use of seismic refraction in hydrogeological studies of fractured aquifers under pressure from large loads, specifically a dam in this case. Seismic refraction data were collected on an outcrop of fractured rock near a uranium storage dam foundation in southeastern Brazil. The results and interpretations were supported by a structural analysis performed through manual strike measurements collected with a Clark compass and an uncrewed aerial vehicle digital photogrammetry survey in an outcrop. The digital photogrammetric survey mapped the spatial distribution and orientation of the geological structures of the rock mass. Although the structural measurements performed through digital photogrammetry presented greater variability than the measurements collected from the compass, the maximum density of the fracture measurements obtained from both methods were similar and were corroborated by the regional and local fracture patterning. The integration of seismic refraction data with geotechnical and geological investigations allowed us to identify the positioning of structural lineaments in the rock mass and zones with a higher degree of rock alteration. The identification of highly fractured zones in the rock mass from such non-invasive investigations could be used to assist in decision making for structural reinforcements in the foundation of the dam to avoid the loss of stability at the foot of the dam from possible leaks or water flows from the reservoir.
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1 INTRODUCTION
Dams create artificial reservoirs for the accumulation of materials in a liquid or pasty state. These structures are built transverse to the flow direction of a watercourse and are classified in relation to the material used in the construction: earth, concrete, mining tailings and rockfill. The use of dams was crucial in the development of human history due to the need to store water, which can later be used for agriculture, domestic use, and energy generation (Kirchherr and Charles, 2016; Wu et al., 2019). Dams are also constructed to manage material from mineral exploration around the world (Schoenberger, 2016; Islam and Murakami, 2021). The number of dam investigation studies has grown considerably in recent years, especially in countries with a large mineral economy (Habel et al., 2020; Dimech et al., 2022; Chen et al., 2023). In Brazil, for example, one of the main mining countries in South America, there has been an increase in geophysical and geotechnical studies on dams after the recent ruptures of tailing dams (Koppe, 2021; Moreira et al., 2022). The growth in the number of studies may also be correlated with the global increase in catastrophic failures of mine tailings dams in recent years (Owen et al., 2020). In addition to human, social and economic losses, possible land and water contamination from the rupture of tailings dams motivate actions to prevent and control their failure (Lottermoser, 2010; Rotta et al., 2020).
Many dams, especially behind the large water reservoirs of the last century, were built without a complete understanding of the possible geotechnical problems that could occur in the foundations (Schuster, 2006). An older survey of 1,620 dam in Spain during 1799 and 1944 studied the main causes of the 308 ruptures of these structures in that period. It was observed that in 40% of the dam failures the problems were caused by deficiencies of the foundation (Jansen, 1983). More recently, a survey conducted by the Association of State Dam Safety Officials between 2010 and 2019 showed that foundation problems, including settlement and slope instability, caused about 30% of all dam failures in the U.S. (ASDSO, 2023). In concrete dams, 80% of ruptures were caused by overtopping or problems from internal erosion in the foundation (Zhang et al., 2016). One of the main problems in designing a dam is to provide sufficient stability to prevent the structure from sliding failure. The design can become complex when there are several weak structural planes in the dam foundation (Xuhua et al., 2008). The load of the stored material, complicated geology, and the weakening of the rock mass over the years are just some of the factors that motivate studies directed at the foundation of the dams (Asthana and Khare, 2022). In view of the complexity of the problem and the potentially catastrophic impact of dam failures, studies focused on obtaining geological and geotechnical information on the rock mass of dams’ foundation are important (Sari et al., 2020).
Although investigations into dams have grown in the last decade, most studies have focused on investigating the body of the dam to identify leakage zones in compacted soil and mining tailings structures or detect cracks in the face of concrete, for example, (Maalouf et al., 2022; Oliveira et al., 2023; Srivastava et al., 2023). Many of these studies seek to identify zones of water percolation, which can alter the physical stability of the dam and lead to a failure of the structure (Sentenac et al., 2017; Camarero et al., 2019; Guireli Netto et al., 2020b; Arcila et al., 2021). However, other important areas of dams are less frequently investigated in detail, including the dam foundation or contact zones between different materials, such as the contact between soils and concrete used in earth and rockfill dams, tunnels and coastal levees (Liu et al., 2021) or between the concrete slab and the dam body of concrete-faced rockfill dams. The identification and monitoring of certain geological elements are also directly related to the stability of the dam. Faults, fractures, erosion channels or cavities sometimes cannot be completely removed from the foundation in rock masses prior to the construction of the dam (Fell et al., 2005). Deficiencies can facilitate the creation of voids and facilitate the flow of water and material carriage from the dam body at these points (Zhang et al., 2004). Geotechnical instruments such as piezometers, inclinometers, settlement gauges, water level and flow meters are often used, but usually provide point values strictly from the place where the instruments are installed (Fell et al., 2005). Geophysical methods, in contrast, can be a spatially exhaustive, non-invasive investigation alternative to complement such direct tools (Sastry and Chahar, 2019; Guireli Netto et al., 2020a; Guo et al., 2022). In addition to the well-established use of electrical methods on dams, there has been an increase in the use of seismic methods (Bedrosian et al., 2012; Guedes et al., 2023). Most methods have been performed in the top of the crest region and on the downstream slope of the dam to identify zones with compaction arising from soil disintegration due to water flow (Cardarelli et al., 2014; Guireli Netto et al., 2020b).
Between 1906 and 1939, the total world extraction of radium was about 1,000 g and that of uranium approximately 4,000 tons (t) (Yemel’yanov and Yevstyukhin, 1969), and the search for radioactive minerals was fostered mainly to supply the war industry and the production of nuclear energy (Eidemüller, 2021). By 1960, annual uranium oxide production in the U.S. reached 15,000 t, 13,000 t in Canada, more than 6,000 t in South Africa, 1,000 t in the Republic of Congo and Australia, and 750 t in France (Eidemüller, 2021). Nuclear power emerged as an important element of any sustainable solution to meet energy needs given increasing energy demand due to the growth of the global population and an increasing emphasis on low-carbon technologies (Wang et al., 2023), resulting in additional radioactive mineral mines in several countries. Besides the challenges linked to the decontamination and environmental recovery of facilities where radioactive materials have been discarded, mining has several environmental liabilities. These liabilities, such as dams, tailings piles, and radioisotope retention ponds, need to be monitored for physical integrity of the structure (Owen et al., 2020; Rotta et al., 2020).
The present study carried out a structural survey in a fractured rock mass near the foot of a radioactive material storage dam. Here, we used digital photogrammetry to determine where bedrock fractures were located near a dam using uncrewed aerial vehicle (UAV) images. Data were compared to manual strike measurements collected with a Clark compass at the outcrop, and seismic refraction tomography was collected close to rock mass of the dam foundation. Refraction seismic tomography is not a technique commonly used in studies of dam investigations, especially focusing on the foundation of the structure. This study looks to provide advantages and disadvantages in the evaluation of hydrogeological changes caused by the accumulation of large loads related to the material stored on fractured rock masses given integrated, non-invasive data. Identification of fracturing in dam foundations without the need for invasive investigations to the structure is desirable, especially in old structures where updated geotechnical information may be absent or in structures with high risk or consequences of rupture.
2 STUDY SITE
2.1 Location and historical use
This project explores a dam within the Industrial Mining Complex of Poços de Caldas, currently known as the Ore Treatment Unit, located in the southwest region of the State of Minas Gerais in the municipality of Caldas, Brazil, with an area of 15 km2 (Figure 1). The main activities carried out by the Industrial Mining Complex were the mining and processing of uranium ore. The Osamu Utsumi mine is part of the Industrial Mining Complex of Poços de Caldas and was the first mine to produce yellow cake (uranium concentrate) in Brazil, used as raw material to produce nuclear fuel. Mining activities at Osamu Utsumi mine began in 1977 with the opening of an open pit mine. The installation operated discontinuously until 1995, with a total production of 1030t U3O8 (Cipriani, 2002). Osamu Utsumi mine’s uranium processing and extraction plant was designed to treat approximately 750,000 t/year of ore. During the 11 years of operation, around 2.3 Mt of ore were mined (Filho, 2014). It was estimated that 94.5 Mt of rock and soil were removed during the operation of Ore Treatment Unit and that only 2% of that amount was sent to processing (Cipriani, 2002). The rest of the material, around 89 Mt, was disposed in open-air waste piles (Figure 1). The first waste dump was built in 1981. At the end of operations, the Osamu Utsumi mine had four waste dumps. In addition to this material, 2.1 tons of depleted ore were disposed in the tailings dam, after being crushed and leached at the processing plant (Geração controlada com destinação segura disposição total a seco, 2019, p.24).
[image: Figure 1]FIGURE 1 | Overview of Ore Treatment Unit, including (A) locations of the tailings storage dam, (B) outcrop used for structural data acquisition and the seismic acquisition lines in the study area where (C) shows the rock mass outcropped in detail, scale: 1.77 m high. Datum: Sirgas, 2000.
2.2 Characteristics of the radioactive material storage dam
The tailings storage dam in this study is located in the southeast region of the mine (Figure 1). The dam was built in the early 1980s and has a real volume capacity of 1 million m3. During the operation phase, approximately 4.8 TBq (130 Ci) of 238U, 15 TBq (405 Ci) of 226Ra and 4.2 TBq (112 Ci) of 228Ra were discharged into its reservoir. Since 1995, after the closure of Ore Treatment Unit operations, the reservoir has not received tailings. The most recent studies showed that the dam stores around 2.1 tons of depleted ore (Geração controlada com destinação segura disposição total a seco, 2019, p.24). This material was crushed and leached at the processing plant and the result was waste with low uranium content. The reservoir also stores 0.1 tons of solid fraction from the treatment of marginal waters. The liquid effluent from the processing plant was treated and the resulting solids were released in the form of pulp in the tailings basin (Geração controlada com destinação segura disposição total a seco, 2019, p.24).
The dam body consists of a compacted rockfill massif and a clayey core inclined upstream (Figure 2). The 435-m long structure has a curved axis with a 380-m radius, with concavity facing downstream, and two building levels visible downstream and a 42 m maximum height (Figures 1, 2). The dam has a system of filters and transitions between the clayey core and the upstream and downstream rockfills, both connected to a horizontal drainage mat (Figure 2). This hydraulic system captures the water percolated by the dam body and foundation and transports it downstream in a controlled manner, where it is collected through passage boxes and sent to a system of baffles. During a few years of operation, the dam had a tulip-type spillway. This structure was connected to a concrete gallery installed under the dam body. Water was transported downstream through free-flowing concrete pipes (old spillway in blue in Figure 2) (Arcila et al., 2021). The inactivated structure was concreted for waterproofing. However, the existence of water stored inside this hydraulic structure that can infiltrate the rock mass of the foundation cannot be ruled out.
[image: Figure 2]FIGURE 2 | Schematic of the cross-section of the tailings dam of the Osamu Utsumi mine with details of the geometry and materials used in the construction of the dam.
3 GEOLOGICAL AND GEOTECHNICAL CONTEXT OF OSAMU UTSUMI MINE
The geological context of the site is strongly influenced by Poços de Caldas Plateau. The plateau is inserted between the limits of the States of São Paulo and Minas Gerais and has the shape of a dome, which has on its edges escarpments of faults. This fracturing pattern was observed in the crystalline bedrock (Figure 3; Biondi, 1976). The Poços de Caldas Plateau has two large fault systems with predominant directions N40E and N60W (Fraenkel et al., 1985). Faults and fractures occur throughout the alkaline complex and extend through the country rocks with the same predominant directions (Almeida Filho and Paradella, 1977; Magno Júnior, 1985). This orientation of fracturing is observed throughout the Plateau. Thus, the structural context of the Osamu Utsumi mine is the main control on the hydrogeology in the area. The two large systems of deep faults favored the percolation and infiltration of water in the rock massif (Fraenkel et al., 1985).
[image: Figure 3]FIGURE 3 | (A) Geological map of the Osamu Utsumi mine pit area. (B) Geological-geotechnical section of the mine pit in the NW-SE direction obtained from core drillings conducted before the start of mining operations (Instituto de Pesquisas Tecnológicas – IPT, 1977).
The first geological-geotechnical mapping of the mining area was carried out by the Institute of Technological Research of the state of São Paulo (Instituto de Pesquisas Tecnológicas – IPT, 1977) and aimed to determine the spatial distribution of the strata along the area of the mine pit, as well as to determine the physical properties of these geological materials. The geotechnical description was based on drill core samples, geophysical prospecting and laboratory tests of materials in the Osamu Utsumi mine pit. Three primary lithologies found were classified.
• Alluvium: deposits consisting mostly of clay minerals and gravel with organic matter. Restricted to the valleys in the mine area.
• Alkaline rock soil: feldspathic and clayey soil, resulting from alteration of the local rock under physical and chemical weathering.
• Bedrock: consisting of alkaline rocks of tinguaite, foiaite and breccia types, with varying fracturing and integrity.
Many lineaments were observed, highlighted by the existence of structural lows that developed in the NW and NE directions. Such lineaments, mainly those in the NE direction, coincided with the areas of greatest alteration of the rock mass. Outcrops were observed near the foot of the dam, as well as the presence of boulders. The shallow presence of the rock mass was used to evaluate the ability of seismic refraction tomography to identify changes associated with the rock mass under the dam.
4 METHODS
4.1 Seismic refraction tomography (SRT)
Seismic surveys were carried out on the downstream slope of the dam body and in the region of the dam foot (Figure 1A). In the field, seismic waves were generated using a sledgehammer and data were collected using a 24-channel Geode (Geometrics) seismograph. Geophones with a resonant frequency of 10 Hz were used. As this is a shallow investigation (a few meters deep), the relationship between the depth and the wavelength of the method is crucial for determining the frequencies of the geophones that will provide high-quality responses in the field (Foti et al., 2003). The characteristics of the array (length and position of the lines) and the spacing between the geophones were chosen to obtain the best possible data coverage along the entirety of the lines (Foti et al., 2018). The first arrivals of the P-wave on line 1, for example, show that it was possible to take readings on all geophones when a shot was made at the 9.5 m position. This condition was considered in all acquisition lines (Supplementary Figure S1). Each acquisition line carried out on the berms was 92 m long (Figure 1; lines 1 and 2). The spacing between the geophones was 4 m. The acquisition line carried out at the foot of the downstream slope was half the length of those on the berm (Figure 1, line 3), so a smaller spacing between the geophones was adopted (2 m). The same criterion was adopted in the acquisition on line 4, which was close to the contact zone between dam body and the natural relief; it was 25 m long and had a spacing between the geophones of 1 m (Figure 1, line 4).
Seismic refraction data were processed in Rayfract (by Intelligent Resources Inc.). Geotechnical and engineering geology studies that analyzed seismic refraction data using Rayfract showed that it is feasible to map boulders and rock blocks in compacted soil massifs, especially in acquisition lines with high resolution (Sari et al., 2020; Benjumea et al., 2021). The characteristics of the line acquisition were inserted into the software, such as the initial position of the geophones, the spacing between them, the trigger delay and the topographic details of each geophone. After that, the arrival of the waves in each shot were picked manually for each geophone. The software generated a graph (time versus distance), where we could observe whether the measurements were coherent (Supplementary Figure S2). The software’s seismic refraction tomography processing then uses the Wavepath Eikonal Traveltime (WET) inversion method of Schuster and Quintus-Bosz (1993), which use the Fresnel volume approach to model propagation of first-break energy in a physically meaningful way (Zelt et al., 2013). WET can be considered an optimized version of the Generalized Reciprocal Method (GRM) algorithm. Rather than using a constant separation of the receiver provided by the user throughout the profile, WET automatically estimates the separation of the local receiver in each geophone from the angles of the direct and reverse waves (Lecomte et al., 2000). Thus, the separation of the receivers obtained may vary laterally along the profile, which explains the success of studies on steep slopes (Capizzi and Martorana, 2014; Tomás et al., 2018). WET inversion was performed on all acquisition lines individually. After the manual determination of the first arrival times of the P-waves and insertion of the acquisition parameters, iterations were performed from the initial model. The highest root-mean-squared error was 1.17 m (line 1) and the lowest was 0.40 m (line 4). Both were satisfactory and showed reliability in data processing. In addition to the low error associated with the model, the software provides a map of the areas of coverage of the seismic rays in relation to depth (Supplementary Figure S3). In all lines the coverage was good. Finally, the result was a tomographic section with P-wave velocities (Vp) obtained from each acquisition.
4.2 Structural surveys: compass and uncrewed aerial vehicle
Structural data were collected from an outcrop located near the foot of the uranium tailings storage dam (Figure 1A). The outcrop is approximately 60 m long and 4 m high and was chosen because the alkaline rock, exposed to physical-chemical weathering, showed well-marked fracturing at sub-horizontal and vertical dip angles (Figure 1B). In addition, regional and local geological surveys carried out in previous studies in the mining area have shown that the rock mass of the foundation was composed of the same lithology as this outcrop. Structural measurements were collected from traditional surveying using a compass and uncrewed aerial vehicle (popularly called a drone). Compass measurements were taken along the entire outcrop at different points with a Clar stratum compass, model GEKOM-PRO, produced by the German company Breithaupt.
A total of 20 measurements were collected for each family of fractures. Due to the dimensions of the outcrop and the number of samples scattered along the rock mass, we expected these measurements to provide a representative sample of the structural behavior of this study location (Figure 1C). The photogrammetric survey was carried out with the Mavic Air drone, model CP.PT.00000165.01, produced by DJI. The drone technical specifications are presented in Table 1. A manual flight was performed in which the drone stops in the air to capture the image and then moves to the next spot to acquire the next image, instead of taking images while moving at an assigned flight height and speed. This procedure reduces the chance of having motion-blurred images. Variable oblique views of the outcrop were preferred to provide better point-cloud resolution and avoid occlusion. The objective in applying the two techniques for acquiring the orientation of fractures and faults was to compare the viability and limitations of indirect data collection such as UAV digital photogrammetry surveys to “hard” data. UAV have been applied in several geological-geotechnical studies of structural mapping of fractured rocks; however, studies proving the compatibility of UAV surveys and traditional structural surveys (using a stratum compass) are still necessary and important (Salvini et al., 2017; Albarelli et al., 2021; Junaid et al., 2022).
TABLE 1 | Technical specifications drone Mavic Air.
[image: Table 1]The on-board UAV GNSS provided georeferenced images in the WGS 84 coordinate system, allowing the reconstruction of a scaled and orientated 3D model described below (section 5.1). The vertical Datum used was Imbituba, located in the state of Santa Catarina, Brazil. To increase the accuracy of the geolocation of the 3D model, a Trimble Pathfinder 85,340-00 GNSS was used to acquire ten ground control points coordinates during the field work via absolute positioning measurements in the static mode during 5 min for each ground control point. The ground control points coordinates collected were post processed to increase their accuracy using a free online service provided by the Brazilian Institute of Geography and Statistics. This service uses a program called Canadian Spatial Reference System Precise Point Positioning developed by Geodetic Survey Division of Natural Resources of Canada in which the final post-processed coordinates are referenced to the Geocentric Reference System for the Americas - SIRGAS2000 and to the International Terrestrial Reference Frame. The post-processed coordinates of the ground control points ranged from 0.80 m to 2.20 m accuracy for the planimetric (x, y) position and from 1.92 m to 4.55 m accuracy in the altimetric (z) position.
4.2.1 Digital photogrammetry and point cloud generation
A total of 108 images taken by the UAV were used in the photogrammetric software Pix4D mapper version 4.6.4 for the 3D digital model reconstruction of the outcrop as a densified point cloud (Supplementary Figure S4) and textured mesh (Figure 4); the latter is commonly called a digital outcrop model. The standard processing parameters of the 3D model template provided by the software was used to allow a reasonably fast processing time and reliable quality of the point cloud. Moreover, seven ground control points collected in the field campaign were inserted in the model to improve the relative (measurements) and absolute (georeferencing) accuracy of the model reconstruction and three ground control points were used independently as check points to access the absolute accuracy. The main objective of using a 3D model of the outcrop was not to accurately georeference it on the terrain, but rather to acquire structural measurements of fractures comparable with the traditional geological compass.
[image: Figure 4]FIGURE 4 | Digital outcrop model obtained from digital photogrammetry.
Because the altimetric (z) precision of the ground control points and checkpoints obtained after the post processing (1.92 m–4.55 m) did not correspond to the reality of the terrain, where horizontal variability was close to zero, the z coordinates inserted for the model reconstruction were all the same to better represent the actual physiographic conditions of the terrain. The densified point cloud has approximately 5 million points, a ground sampling distance of 1.9 mm/pixel, point spacing of less than 1 mm and an average point density of 336,809 points/m3. This pixel size of 1.9 x 1.9 represents 3.61 square millimeters, which we consider a high spatial resolution for digital outcrop characterization (Albarelli et al., 2021; Junaid et al., 2022). The results from the model absolute accuracy are presented in Table 2.
TABLE 2 | Model absolute accuracy.
[image: Table 2]4.2.2 Discontinuity extraction
The discontinuities on the surface of the outcrop were manually mapped in the point cloud using the Compass plugin (Thiele et al., 2017) in the open-source software CloudCompare v2.12.4 (2023). The Trace tool uses a least-cost path algorithm to automatically connect traces between a start and end point picked by the user (Supplementary Figure S5), and then estimates the orientation of a best-fitting plane to the mapped trace (Supplementary Figure S6). The basic principle of least-cost path analysis is to determine the best interaction routes or corridors on a graph by equalizing cells and pairs of adjacent cells with nodes and arcs (Mundeli and Shirabe, 2021). The software uses an optimized implementation of Dijkstra’s algorithm. From five cost functions (Colour Brightness, Colour Similarity, Gradient, Curvature, for example,) different structures and types of geological data, such as fractures and faults, can be mapped (Thiele et al., 2017; Nesbit et al., 2018). The Plane tool allows us to measure surface orientations by applying a least-squares best-fitting plane on a point picked by the user, in this case on the surface of the slope. A total of 61 discontinuities traces and 61 planes on the surface of the outcrop were digitally mapped and measured (Supplementary Figure S8). This number of measurements allowed for a statistical comparison with the measurements collected by the compass. The collected measurements were exported in a table and inserted into OpenStereo (Grohmann and Campanha, 2010).
5 RESULTS AND DISCUSSION
5.1 Structural geological analysis: digital photogrammetry and compass surveys
The structural analysis of the study area was performed from UAV and compass surveys, focusing on the main fracture families and the bedding plane orientation. The fracture families were defined according to the dipping angles: high-dip-angle (>60°) and low-dip-angle (<60°) fractures. The structural data were plotted on a stereogram for analysis and comparison of UAV and compass surveys (Figure 5). Although the UAV data showed greater variability than the compass surveys, the positioning of the maximum density obtained in both surveys are similar and thus suggests reliability of the data measured indirectly using UAV (Figure 5). The high-dip-angle fractures obtained with UAV survey presented a maximum density of 308° for the dip direction. This measurement is corroborated by a regional pattern of faults that shows a dip direction of 290° (Camarero et al., 2021) and NE-SW strike (Almeida Filho and Paradella, 1977; Fraenkel et al., 1985; Almeida, 1986), as well by the local measurements of 290° and 270° obtained in the open pit SE and NE wall of the Osamu Utsumi mine, respectively, from a compass survey by Camarero et al. (2021). The low-dip-angle fractures obtained with UAV presented a maximum density of 197° for the dip direction, corroborated with another regional fault system of NW-SE strike (Almeida Filho and Paradella, 1977; Fraenkel et al., 1985; Almeida, 1986) and local measurements of 200° for dip direction obtained in the open pit NW wall of the Osamu Utsumi mine from a compass survey by Camarero et al. (2021).
[image: Figure 5]FIGURE 5 | Stereograms for analysis and comparison of UAV and compass surveys.
5.2 Bedrock fracture strikes and the results of seismic refraction tomography
Seismic methods generate elastic waves that propagate in the physical environment (Schuck and Lange, 2007). Elastic waves are driven by strain energy pulses and have distinct speeds and propagation modes in solid and fluid media (Carcione et al., 2018). The propagation of seismic waves underground is directly related to the geology (Stokoe and Santamarina, 2000; Foti, 2005). The lithology, controlled by its mineralogical composition, is influenced by the degree of compaction, cementation, amount of clay, and disposition and texture of the grains, all of which will affect the propagation of seismic waves (Khandelwal, 2012). Other factors such as the degree of alteration and fracturing of the rock also influence the propagation of seismic waves (Berryman, 2007; Lei, 2022). The result from seismic data is an image of the subsurface, which can include geological layers and stratigraphic variations, top of bedrock, and the water level, for example, (Schuck and Lange, 2007; Stark, 2008).
The bedrock fracture strike measurements were fundamental to interpreting the seismic refraction tomography (SRT). The SRT performed on the outcrop near the foot of the dam shows three Vp layers (Figure 6). The most superficial layer, with Vp values up to 1,700 m/s, is consistent with the typical soil found in drillings carried out in the area (marked by the dashed black line in Figure 6). The soil layer is about a meter thick. Under the soil layer, higher values of Vp are observed that vary between 2,700 m/s and 5,400 m/s and are consistent with the values of rock masses (Capizzi and Martorana, 2014; Tomás et al., 2018). The historical geological mapping in the mining area (mine pit and pre-installation of the dam) indicated the presence of rock at 1,271 m. Different degrees of alteration were mapped in this mine pit area and resulted in different rock quality designations (Instituto de Pesquisas Tecnológicas – IPT, 1977; Fraenkel et al., 1985). The main factor related to the different degrees of alteration was the variations of the degrees of fracturing. Fracturing facilitates the flow of water in the rock and thus alteration and variation in the seismic velocity values. Results of the seismic refraction tomography showed variations of Vp values precisely at the depths associated with the presence of weathered rock (Figure 6).
[image: Figure 6]FIGURE 6 | Structural survey and seismic refraction in the outcrop of rock mass from Line 4. Fractures with high dip angle in the outcrop are traced in red.
The seismic results obtained in the outcrop area were compared with the visual fractures observed in the field. The position of fractures in outcrop matched vertical seismic anomalies in the SRT section (a-a'; Figure 6). The layer with Vp values of 3,950 m/s, interpreted as weathered rock in the study and supported by geological drillings carried out in the area, showed an increase in thickness close to the position of the fractures (Figure 6). This result suggests that fractures may facilitate the percolation of water inside the rock, and that alteration of the rock by chemical weathering results in decreased seismic wave velocity values. In dams that store radioisotopes, as is the case of the present study, mapping fractures via seismic helps us to map preferential pathway and thus possible contamination. Although it is not possible to confirm the percolation of contaminants with geophysics alone, the identification of the different degrees of fracturing of the rock may help in siting groundwater monitoring wells where geochemical tests to explore leakage scenarios could be conducted.
The seismic refraction tomography results obtained in the lines made in the body of the dam downstream showed Vp values consistent with the materials used for the construction of the dam. Line 1, performed on the highest berm (first berm; Figure 1A) and farther away from the rock mass, showed shallow Vp values up to 1,700 m/s, associated with the compacted soil of the dam body. Increases in Vp values were also observed with increasing depth until reaching a value close to 5,200 m/s, consistent with the less weathered rock (Figure 7). Due to the topographic variation of the terrain, there was an increase in the thickness of the bedrock as there was a separation of the region of contact of the abutment with the natural relief. The orientation of the seismic layer was consistent with the outcrop surface direction and angle of dip. This interpretation was corroborated by cuttings from a borehole located on the right abutment of the dam. At a depth of 10 m, fragments of rock were observed in this well (Figure 7A). The identification in this variability in thickness may assist in the construction of geological-geotechnical models in monitoring studies of such engineering projects.
[image: Figure 7]FIGURE 7 | (A) Results of seismic refraction obtained in Line 1 of dam body, geological description of cuttings from a borehole and structural survey. (B) Profile of the inactive shaft spillway on Line 1 and the seismic refraction result.
5.3 Location of inactive hydraulic structures in the dam foundation
An anomalous response was identified in Line 1 between the distances of 30 m and 35 m in the seismic refraction tomography section (rectangle in blue in Figure 7A). The seismic layer at this location widened and curved. After the 40 m position in the seismic refraction tomography section, the strata returned to horizontal. Through the historical record of the operational and maintenance activities carried out on the dam, it was observed that at this point the old spillway, currently deactivated, crossed the section horizontally and in depth (Figure 7B). Identification of the presence and positioning of a hydraulic structure within the body or foundation of dams through non-invasive methodologies is desirable in dam maintenance studies. The deterioration process of internal structures, such as gates and valves, as well as the presence of erosion in the foundation, can compromise the stability of the dam. The lack of maintenance of the hydraulic structure can lead to leaks, infiltrations, and slides, triggering dam failure and jeopardizing adjacent communities and environmental resources. The hydraulic structure was filled with cement, so the elastic differences between the cement and rock were sufficient to cause variations in the seismic velocity. In civil engineering, soil and rock-concrete interfaces are generally considered potentially vulnerable zones. Deformation and failure can easily appear at these interfaces, progress under various loads, and induce engineering safety risks such as shear failure and risk of structure slippage (Jiang et al., 2021).
The seismic response related to the presence of the hydraulic structure at this depth showed that the acquisition was capable of identifying small changes in the composition of the material inside the dam associated with the elastic changes of the different materials. The section with the quantity of seismic rays in Line 1 exhibited an anomalous behavior similar to the behavior of Line 3 (Supplementary Figure S8), which will be presented next. In both cases, hydraulic elements (inactive spillway) and geological elements (boulders) were identified at these depths and influenced the behavior of seismic waves in the medium. This behavior was not observed in the results of Line 2, for example, which did not show peak values in seismic rays at specific depths. The distribution of seismic rays at depth showed a considerable number of seismic rays even at 1,277 m, below the location of the inactive drainage system (Supplementary Figure S8). The results of the seismic refraction tomography did not identify anomalies under the depth of the rock-concrete interfaces, which are the inactive concrete spillway and the bedrock. It is not possible to affirm that there are no deformations in this contact; however, the distribution of seismic rays at depth showed a considerable number of seismic rays even at 1,277 m, below the location of the inactive drainage system (Supplementary Figure S8), which supports this conclusion.
5.4 Possible influence of the saturated-sand filter on the propagation of the compressional wave
Line 2, carried out on the lowest berm (2a berm; Figure 1A) and close to the rock mass, also showed results consistent with the typical section of the dam (Figure 8). Between the distances of 0-15 m, the SRT section shows a horizontal seismic layer with no large variations in the Vp values and values consistent with weathered rock. At distances of 20 m and 35 m, according to the section of the dam, a 4-m thick saturated-sand filter was installed to release water at a depth of 9 m. This horizontal structure is composed of sand and observed in the SRT. Seismic strata with Vp values close to 1,450 m/s and 1,700 m/s showed increased thickness at this depth (Figure 8).
[image: Figure 8]FIGURE 8 | Results obtained in Line 2 of the dam body with anomalous behavior highlighted in red.
It was not possible to state that the observed seismic anomalies are related only to the presence of the saturated filter or physical changes in the material of the contact zone between the dam body and the rock foundation, such as compaction deficiencies. The vertical seismic anomalies observed in line 2 did not have the same pattern as the anomalies interpreted in the seismic refraction tomography section of the outcrop. The seismic response with values greater than 5,200 m/s from the elevation of 1,260 m, interpreted as alkaline rock, did not show vertical anomalies as were seen in the results observed in the seismic tests of the outcrop. Regardless, the identification of altered areas in the contact between the body and the foundation of the dam that may compromise the physical integrity of the structure are important in monitoring of the dam at this interface (compacted soil and rock foundation), which is important for the stability of the structure.
5.5 Presence of boulders in the dam’s foundation and the refraction seismic response
The acquisition line located at the foot of the downstream slope (Line 3; Figure 1A) was carried out in an area with a thin layer of soil. Among all the acquisition lines performed, Line 3 is the closest to the alkaline rock. During data acquisition, the presence of rock blocks of different dimensions between the foot of the dam and the natural relief (left abutment) was observed (white arrows in Figure 9), and these rock blocks were identified in the SRT near an elevation of 1,260 m with Vp values between 3,250 m/s and 3,950 m/s (Figure 9). The presence of rock blocks near the rock mass of the dam foundation is not desirable in dam engineering projects; they are considered defective materials in the rock massif. In the present study, the rock blocks are arranged between the compacted soil layer and weathered rock, and may influence the compaction of the material and act as a facilitating agent in the development of preferential water flow paths. The layer with Vp values of 3,950 m/s, consistent with weathered rock, showed an increase in thickness in the contact of the dam and the natural relief (Figure 9), which might suggest possible saturation, water flow, or material alteration.
[image: Figure 9]FIGURE 9 | Results obtained at the foot of the slope downstream of the dam on Line 3. Two anomalies can be seen near a depth of 5 m.
6 CONCLUSION
The environmental liabilities arising from mining activity are diverse. Mining tailings storage structures need to be monitored and investigated for physical integrity. Geophysical methods provide non-invasive ways to extrapolate beyond the traditional geotechnical instruments applied in dams. The integration of the different methodologies proposed allowed us to analyze the feasibility of using structural mapping by photogrammetry and to compare this mapping with the results from seismic refraction to observe increases in fracturing in the dam foundation mass. The methodology presented here can be applied to other dams and tailings piles to map zones of concern from alteration of the rock mass of the foundation to positioning of fractures. In our work, we found that.
(1) The strike of fractures obtained indirectly from the UAV showed greater variability than the compass-based measurements. However, the maximum fracture density estimated was similar for both measurements. This result shows the potential reliability and utility of UAV-based monitoring of rock masses in environments at risk of human exposure such as massifs of mining slopes with risk of falling blocks or dams with high risk of rupture.
(2) The seismic results obtained in the rock mass outcrop near the foot of the dam (Line 4) showed vertical, linear anomalies consistent with the positioning of the high dip-angle fracture family, although it was not sensitive variations from the family of low-angle fractures. However, in one of the lines made on the dam’s berm (Line 1), the dip angle of the seismic stratum was consistent with the direction and angle of dip of the bedrock in the study region. The visualization of fracturing of the foundation rock mass may help in the identification of leaks. This information is crucial for decision-making in environmental monitoring and recovery projects.
(3) In all SRT sections performed on the body and foot of the dam (Lines 2 and 3), variations in depth were observed linked to the degree of fracturing of the rock, and we additionally mapped an inactive spillway and blocks of rock at the foot of the dam that could compromise the physical integrity of the dam. The results can assist in the construction of geological-geotechnical models in engineering studies.
(4) Seismic refraction, although not commonly applied in dam engineering studies, is a non-invasive alternative to assess the degree of fracturing of rock masses of dam foundations consistent with corrobatory measurements. In addition to mapping the degree of fracturing it had utility in identifying hydraulic structures and geological elements, specifically inactive spillways and rock blocks. The identification of hydraulic and geological structures that alter the physical integrity of the dam without the need for invasive investigations that might alter the compaction of the materials in the dam body are important, especially in dams and tailings piles that present a high risk of rupture.
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