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Abstract

:

The collapse of the tailing “Dam B1” of the Córrego do Feijão Mine (Brumadinho, Brasil) that occurred in January 2019 is considered a large socio-environmental flood-disaster where numerous people died and the local flora and fauna were seriously affected, including agricultural areas of the Paraopeba River. This study aims to map the land area affected by the flood by using multispectral satellite images. To pursue this aim, Level-2A multispectral images from the European Space Agency’s Sentinel-2 sensor were acquired before and after the tailing dam collapse in the period 2019–2021. The pre- and post-failure event analysis allowed us to evidence drastic changes in the vegetation rate, as well as in the nature of soils and surficial waters. The spectral signatures of the minerals composing the mining products allowed us to highlight the effective area covered by the flood and to investigate the evolution of land properties after the disaster. This technique opens the possibility for quickly classifying areas involved in floods, as well as obtaining significant information potentially useful for monitoring and planning the reclamation and restoration activities in similar cases worldwide, representing an additional tool for evaluating the environmental issues related to mining operations in large areas at high temporal resolution.
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1. Introduction


On the 25th of January 2019, the tailing dam called “Dam B1” of the Córrego do Feijão Mine (Brumadinho Iron Mine), one of the upstream iron tailing dams located around 9 km east of Brumadinho, Minas Gerais, Brazil, collapsed. The catastrophic failure was considered one of the largest environmental disasters in the world [1] and caused a huge flood consisting of more than 11 million m3 of mining waste spreading out about 10 km downhill, destroying mining offices, houses, roads and resulting in the tragic loss of 259 lives. The polluting flood quickly reached the Paraopeba River, a major tributary of the São Francisco River and one of the largest rivers in Brazil. The flood event decisively affected 249.5 thousand m2 of the surrounding area, seriously impacting the local flora and fauna and the Paraopeba River aquatic system, but also involving vegetation and agriculture areas [2,3]. As a result, human and social consequences, including water supply in the municipalities, tourism, and agriculture economy, were seriously compromised [1]. According to [1], the flood event has produced an increase in Paraopeba river turbidity levels due to the high amount of fine flood material, mainly composed of silt-clay particles and higher Fe and Mn content. The water analysis has indicated total heavy metal values up to 21 times above what is deemed acceptable, representing risks to the ecosystem [4]. The environmental impact after the Brumadinho dam disaster has also caused several issues in the surrounding lands. The presence of metals, including iron, aluminum, and manganese, was registered in the affected and unaffected soil samples with values above acceptable thresholds [5]. Even though Brumadinho tailing dam stability has been subject to local systematic monitoring, it collapsed only three years after the end of mining operations. This was due to water accumulation and infiltration through the dam, causing an increase of moisture contents and saturation of the tailings dam. In this contest, the acceleration of the seepage erosion and internal liquefaction processes caused the weakening of the structure of the dam and ending in collapse [3]. Investigation on surficial displacement and subsidence rate measuring during the period before the Dam B1 disaster (2016–2019) has been subjected to several studies based on remote sensing techniques and satellite data [3,6,7,8] such as Advanced Differential Interferometric Synthetic Aperture Radar (A-DInSAR) analysis. These investigations revealed that before the collapse, deformations of the body of the dam started on the eastern side and progressively developed with higher values in the central zone, in relation to anomalous rainy seasons [8].



The current study aims to map and assess land cover affected by the flood due to dam failure by using multispectral satellite data. Spectral sensing quickly allows for classifying materials exposed on the Earth’s surface based on their mineralogy and chemical properties [9,10], in this case making it easier to evaluate the effective area covered by the flood, and to investigate the evolution of land properties after the disaster [11,12,13,14,15]. To pursue this aim, we used Sentinel-2 images [16] obtained from the Europe Space Agency of the Copernicus Program. The potential of multispectral remote sensing, and, more specifically, the use of Sentinel-2 imagery, for geological applications and mine waste monitoring has been widely studied [17,18,19], mainly referring to the VNIR Sentinel-2 bands for the detection of ferric oxides and hydroxides. If compared to other multispectral satellites commonly used in the geology field, Sentinel-2 provides several relatively narrow bands in the VNIR region of the electromagnetic spectrum [18], i.e., band 4, band 8/8A, and band 9 of Sentinel-2 [17,18,19] (centered at 665 nm, 842/865 nm, and 940 nm, respectively) [16], which fit with the iron-bearing oxides and hydroxides diagnostic spectral features associated with the electronic transitions involving Fe3+ [20,21].



Below, we firstly describe the geology, mineralization, and spectral proprieties of the investigated areas. Then, a short description of the data and the multispectral images processing methods is followed by discussion and conclusions.




2. Geological Setting


The Córrego do Feijão mine is located along the ENE–WSW-striking Serra do Curral syncline in the northwest portion of the so-called Quadrilátero Ferrífero area, located on the southern border of the São Francisco craton in the central portion of the Minas Gerais State (northern Brazil) (Figure 1). The Serra do Curral is the host of several iron ore deposits where, together with the Córrego do Feijão mine, the mains are the West-, Central-, and East-Mine of the Usiminas mining complex, the Esperança, Jangada, and the now-exhausted Águas Claras ore deposits [22]. The geology of the Quadrilátero Ferrífero is characterized by the metavolcanic greenstone belt sequence of the Rio das Velhas Supergroup [23,24], and by the Archean granite-gneiss domes which border the metasedimentary units of the Minas Supergroup preserved as synclinal keels [25].



The Minas Supergroup (Siderian to Rhyacian) unconformably overlies the Rio das Velhas Supergroup and is divided into the Caraça, Itabira, Piracicaba, and Sabará Groups [23,26,27,28,29]. The Paleo- (Statherian) to Mesoproterozoic metasedimentary rocks Espinhaço Supergroup and the post-Minas intrusive rocks (i.e., the Borrachudo granite; [30,31] represent the younger sequences in the Quadrilátero Ferrífero area. Two orogenic events affected the area, (1) the Paleoproterozoic Transamazonian orogeny (2.1–1.9 Ga), which caused uplift of the crystalline basement and folding of the Rio das Velhas and Minas Supergroups, and (2) the Neoproterozoic Brasiliano orogeny (0.8–0.6 Ga), which resulted in complex structures superimposed to the previous deformation, leading to the development of a W-verging thrust belt, especially in the eastern portion of the Quadrilátero Ferrífero [22]. Metamorphic grades vary from west to east: greenschist-facies with martite-granoblastic hematite ores characterize the western domain (low-strain domain), while amphibolite-facies with microplaty and specular hematite ores occur in the central and NW parts (high-strain domain) [32,33,34].



High-grade hypogene and supergene iron ores are mostly hosted by the Cauê Formation itabirites (Neoarchean [29]; or Paleoproterozoic [35]), basal unit of the Itabira Group (Minas Supergroup), consisting of up to 300 m-thick metamorphosed BIFs with sericitic and dolomitic phyllites and marbles intercalations. The mineralization is mainly characterized by veins cross-cutting the above-mentioned metamorphosed iron formation (itabirite) of the Itabira Group [36].



Itabirites of the Quadrilátero Ferrífero have been divided into three different types: (1) quartz-itabirite, composed of recrystallized quartz and iron oxides in alternated bands [22,23,37]; (2) dolomite-itabirites, characterized by carbonates-rich layers with hematite micro-inclusions, iron oxides and less quartz [22,38]; and (3) amphibolite-itabirites, which are defined by red carbonates and/or iron oxides with less quartz, similar to the dolomite-itabirite, but they do contain disseminated amphiboles [23,34,39]. The supergene alteration, which occurred mainly in Paleogene, resulted in the development of a deep weathering profile where goethite is present as the main phase, occurring as alteration rims and porosity-filling replacing former iron oxides [22,25].




3. Main Features of the Brumadinho Tailing Dam B1: Structure and Geochemical Characterization


The 86 m-high dam was built in 1976 by Ferteco Mineração using the upstream heightening method and was active until 2015 under operations conducted by Vale S/A. The upstream method consists of vertically building the dam, depositing the tailings through successive uphill accumulation [3,40]. The construction starts with an embankment where the tailings are discharged from the crest of the starter dam and form the first level. This is compacted and then used to form the foundation for subsequent levels of the wall as the dam is raised. As such, the crest of the dam moves upstream with each raising [40,41]. According to [41], the diffusion of this old type of dam is related to economic advantages, as it is the cheapest building method and occupies a smaller area compared to the conventional downstream model, resulting in constructing licenses being easier to obtain [3]. However, the upstream method is considered to be very dangerous and unsafe [40] due to the increasing instability after operation stoppage and dam deactivation [3]. The geochemical characterization of the waste material of the Córrego do Feijão mine released from the Brumadinho Dam B1 collapse [1] revealed that the iron ore tailings are composed, among other elements, of Fe (26.5 wt%), Al (1.1 wt%), Mn (0.5 wt%), and Ti (0.043 wt%), contained in fine particulate material characterized by ~30% sand and ~70% silt-clay fractions, products of the wet processing method used to classify and purify the iron ore. Mineralogical characterization carried out on iron ore tailing dams from similar mines within the Quadrilátero Ferrífero area (i.e., Fundão Dam, Samarco mining company; [42]) showed that the mine waste is composed mainly of quartz and hematite, as main phases, and kaolinite, goethite, and gibbsite present in minor amounts [42,43]. Fe-bearing phases (hematite/magnetite and associated goethite) are classified as ultrafine (about 76% of their particles occurring in the range between 37 μm and 6 μm) and free (up to 88% of the particles) material [43].




4. Methods of Study


The present study is based on multispectral products acquired by means of the Sentinel-2 Instrument (Multi-Spectral Instrument—MSI) of the European Space Agency [16]. The available images from 2019 to 2021 with cloud coverage <5% were processed. In particular, we focused on 11 January 2019, 14 August 2020, and 10 July 2021. The orthorectified Level-2A Bottom-Of-Atmosphere reflectance product was used. In order to obtain a map of the affected flooded areas, the images were selected, including the Minas Gerais mining district and covering a period before and after the “Dam B1” failure. The thirteen Sentinel-2 bands and their combinations in the visible, Near-Infrared (NIR), and Short-wave Infrared (SWIR) spectral domains served as proxies for identifying geologic features [10], mainly for studying the ferric iron in (hydr-)oxides. The Sentinel-2 data were very useful for studying the ferric oxides and hydroxides minerals because of their spectral absorption in the VNIR region (bands 6, 7, 8, and 8A), particularly regarding the band 8, centered at 842 nm (115 nm bandwidth) [10,17] (Figure 2). The bands were resampled to the spatial resolution of band B2 (10 m) so that all pixels of other bands with 20 × 20 m2 pixel size were used.



The main aim of the data processing techniques adopted in this study was to apply several steps for mapping the flood-affected zones. The work was carried out by using the Sentinel Application Platform (SNAP) developed by the European Space Agency (ESA) [44] and the tool Spectral Unmixing. The materials on the surface are characterized by their diagnostic spectral signatures, called endmembers, and the fractions of each material composing a mixed pixel refer to fractional abundances. The spectral unmixing tool uses the decomposition of reflectance source spectrum into endmembers selected [45]. The result of the spectral unmixing is a measure of the contribution of the individual endmember to the source spectrum. This measure is related to the endmember’s relative abundance. Through the identification in the pre-event map of materials of interest with a spectrally unique signature, which are the so-called principal elements, and of their endmember spectral signatures, the abundance maps were calculated. Therefore, if 30% of a pixel contains the endmember X, 20% of the pixel contains Y, and 50% of the pixel contains endmember Z, the spectrum for that pixel is composed of the sum of 0.30, 0.20, and 0.50 times the single spectra of relative endmembers X, Y, and Z. The fully constrained algorithm is used to obtain the sum of abundances equal to 1 (high abundance) and eliminate the values below zero (low abundance). An RGB color composite map can be produced, assigning the X, Y, and Z abundances, respectively red, green, blue.



For the aim of this work, after the visual analysis of the pre-failure dam image, acquired on the 11 January 2019, we selected as possible principal elements: water, vegetation, and the tailing dams and mining areas (Figure 1 and Figure 2), and the spectral signatures sampled from them were considered to be endmember data for the Spectral Unmixing tool.
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Figure 1. Study area. The red zones are the principal elements (see Section 4 below). 






Figure 1. Study area. The red zones are the principal elements (see Section 4 below).



[image: Remotesensing 14 01501 g001]





Generally, water is characterized by only reflection in the visible light range, with almost no reflection in the near-infrared range. However, the reflectance may increase between 400 and 1000 nm with turbidity showing maxima between 400 and 700 nm, and 800 nm for highly turbid waters [46]. Vegetation is generally characterized by an absorption caused by the chlorophyll in the blue range (450–550 nm), a high reflectance in the near-infrared region (~865 nm), and strong water absorption in the mid-infrared region [47].



The tailing dams and mining areas have the spectral signatures of the ferric oxides and hydroxides. The spectral properties of iron-bearing oxide/hydroxide (i.e., hematite and goethite) have been studied in detail by several authors [21,48]. Hematite and goethite are characterized by diagnostic absorption features in the Visible Near InfraRed (VNIR) region of the electromagnetic spectrum, in the range between 450 nm and 1200 nm, due to electronic processes involving Fe3+ octahedrally bonded to ligands of oxygen (hematite α-Fe2O3) or oxygen and hydroxyl (goethite—α-FeO(OH)) [21]. Specifically, goethite generally exhibits the main spectral absorption ~940 nm, related to energy level changes in the valence electrons (Crystal Field Absorption features—CFA) [20]. Minor absorption features are at 480 nm and 670 nm (Charge Transfer Feature—CTS) [20], and the water-related bands occur close to 1400 nm and 1900 nm. On the other hand, the major CFA feature appears shifted to shorter wavelengths for hematite, occurring at typically ~880 nm [21]. Absorption position displacements to longer wavelengths of the main Fe-bearing oxides/hydroxides feature (~14 nm; [49]) are due to compositional variations related to Al3+ substitution for Fe3+ iron. In the present case study, tailing dams and mining area spectral properties resulted comparably to the hematite signature from the official USGS spectral library [50], detectable through the absorption feature in band 8 of Sentinel-2 (centered in 842 nm), which itself is commonly used to investigate all the iron oxides and hydroxides, i.e., Ferric oxides and hydroxides [17,18,19] (Figure 2).



Thus, only water, vegetation, ferric oxides, and hydroxides were considered as valuable endmembers for mapping the most relevant features occurring in the study area.
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Figure 2. The spectral properties of principal elements sampled in the pre-event image. The black line is the official USGS hematite signature [50] compared to Sentinel-2 bands (from B1 to B12) [16]. 
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5. Results


Figure 3 shows the thematic maps in the Brumadinho mining district during the pre-and post-failure event, revealing the relative abundances of selected endmember spectral signatures, i.e., ferric oxides and hydroxides, vegetation, and water. The maps have been characterized using a grayscale color, where the low value indicates that the endmembers are not present, while greater values reveal where the endmembers are present. The water maps allowed for detecting water bodies present in the area, such as the river and the dam, corresponding to the principal elements in Figure 1 and Figure 2. The temporal evolution of vegetation shows a different spectral response due to the decreasing of vegetated areas. The ferric oxides and hydroxides maps display the distribution of open-pit iron mine areas only in 2019, whereas in the years 2020 and 2021 they show an increase of white in the zones where the flood occurred.



An RGB color composite map was produced, assigning the ferric oxides and hydroxides, vegetation, and water abundances, respectively red, green, and blue. This process was applied for post-event satellite images, using the same training dataset as before (i.e., pre-event image). In the RGB maps (Figure 4), the red-colored ferric oxides and hydroxides-zones allow for better highlighting of the shape of the flooded areas in 2020 and 2021 (post-event) images. In all the images, most of the considered area is covered by vegetation, but in the post-event periods (2020 and 2021), it is possible to observe a decreasing vegetative rate in flood-affected zones. Four zones have been identified as flood-affected zones where a clear change in the soil nature is noted. It is worth pointing out that areas 1, 2, and 3 in the top, center, and bottom of the flooded area were characterized by an increase in the abundance of ferric oxides and hydroxides. In the 4th area, it is possible to detect pixels changing in the riverbed (R) and riverside (RS). Figure 4 shows how in 2020 the affected area was distinguished by an increase in red pixels that are not present in 2019, while a decrease is observed in 2021. Figure 5 shows the mean spectral signatures of the flood-affected zones. The graphs are distinguished for the years 2019, 2020, and 2021, and shown respectively in red, black, green, blue, and orange. It has to be noted that the flood-affected 4th zone was divided into two mean spectra signatures obtained by the riverbed (R) and riverside (RS) features.



In 2019 (Figure 5A), in the Flood-affected zones 1,2,3, and RS, the spectra are characterized by a visible absorption band of about 0.56 µm, corresponding to the chlorophyll peak [51] and evidencing healthier vegetation. The R spectrum was similar to the water signature with absorption from the mid-infrared region forward. After the flood event, 2020 and 2021 spectra change. In particular, in 2020 (Figure 5B), it is possible to note the main spectral absorption ~0.84 µm in the VNIR region characteristic of the ferric oxides and hydroxides [10] that decrease in 2021 (Figure 5C). Figure 5B,C show in blue that the spectral signature achieved in 2020 and 2021 corresponded to the riverbed area, where it is possible to note light absorption in the VNIR region characteristic of the ferric oxides and hydroxides, and an increase in SWIR domains.




6. Discussion


As reported by [3], the Brumadinho flood that occurred in January 2019 resulted in a massive loss of local vegetation and agricultural areas comprising 49% and 24% of the areas most affected by the floods. The dam failure provoked fatalities and infrastructure damage, as well as considerable environmental aftermaths, all of which are still present. This paper aimed to use the potential of multispectral Sentinel-2 data (MSI) to map the flood-affected zones one and two years after the disaster to remotely detect possible signatures still existing in the area. The Spectral Unmixing tool, using the different spectral responses of each material, allowed us to identify areas, called Flood-affected zones, where the ferric oxide and hydroxide signatures were observed.



Satellite Multispectral data have been recently used [52] for studying the Brumadinho dam collapse. Syifa et al. [52], by using artificial intelligence techniques based on the Landsat-8 and Sentinel-2 scenes, defined the pixel classification for the pre-and post-dam failure. The maps produced by using satellite data [52] allowed to divide the study area into seven and five classes, respectively, from the Landsat-8 and the Sentinel-2. [52] used the artificial intelligence classification to differentiate the flood area from other land cover types that could be negatively influenced by the input source data. Differing from [52], we considered for our study a longer time interval (2019, 2020, 2021), and we used the specific spectral signatures of exposed materials (Figure 5). With this study, four areas were selected within the mining district, based on the ferric oxide and hydroxide impacts. Considering that the images were acquired in January, August, and July, the general decrease of the vegetation cover in the district from 2019 to 2021 could be associated with the seasons. However, the influence of ferric oxides and hydroxides related to the dam collapse does not depend on the seasonal vegetation rate.



Figure 5 displays the mean spectral signatures, extracted in the selected zones, as a function of the wavelength band of the satellite. It is possible to notice that one year after the dam failure, the influence of ferric oxides and hydroxides is well defined in all the spectra (Figure 5B), where it is possible to note the ferric oxides and hydroxides absorption feature centered in 833 nm. In 2021, the ferric oxide and hydroxide impact continues to be highlighted by a weak absorption. Spectra collected in the riverbed (Figure 5A) are characterized by spectral properties which may be associated with water turbidity in the visible region. According to [53], the effects of turbidity, due to suspended particles in surface waters, occur in the band range between 700 and 800 nm. Indeed, in 2019, it is possible to note a reflectance maximum at the same wavelength values, diagnostic of turbidity, while in 2020 and 2021 the ferric oxides and hydroxides absorption is notable (Figure 5B,C), suggesting that waste material still occurs in the river. According to [54], the clay minerals in soils show diagnostic absorption features in the shortwave-infrared domain (SWIR), and their reflectance spectra exhibit OH-H2O-related absorptions approximately around 1400 nm and 1900 nm, and Al-OH absorption near 2200 nm, the latter covered by Sentinel-2 in band 12 (2100–2280 nm) [55]. In Figure 5, the signatures obtained in 2020 and 2021 show a spectral absorption feature in the SWIR region, which may be related to clay minerals occurring in the waste material. Indeed, the latter could be associated with the presence of kaolinite composing the silty-clayey fractions of the tailing dam material that after the failure moved in the flood and affected the surrounding areas. This observation is consistent with the mineralogical and geochemical composition of the tailing dam materials, discussed in previous studies on the Córrego do Feijão mine [1] and other tailing dams in the Quadrilatero Ferrifero area (e.g., Fundão Dam, Samarco mining company) [42,43]. According to Almeida et al. [42], hematite occurs as the main phase in the mine waste of the Fundão Dam, followed by goethite, kaolinite, and gibbsite, in line with Vergilio et al. [1], who observed Fe concentrations up to 26.5 wt% and Al up to 1.1 wt% for the fine waste material of the Córrego do Feijão mine. As Sentinel 2 cannot accurately detect the clay mineral content due to the low spectral resolution in the SWIR region, it did not allow us to make use of this observation to produce specific clay distribution maps.




7. Conclusions


In this paper, a multispectral approach was used to determine affected areas by the flood generated after the Brumadinho dam collapsed, which, in 2019, caused the release of tons of toxic sludge, flooding an area of around 5 km2 and affecting the water quality of the Paraopeba River, a major tributary of the São Francisco River. The spectral analysis allowed us to characterize and highlight the flood-affected zones, as the materials released show a spectral behavior comparable to ferric oxides and hydroxides, which are well described by the VNIR bands of the Sentinel-2 Multispectral instrument. By using the Spectral Unmixing tool, the absorption features of the mining products, vegetation, and water were recognized, and land cover maps were produced.



The methodology uses a linear approach to obtain the relative abundance of each material considered. The results achieved were displayed through RGB composite maps which were useful, on the one hand, for quickly detecting the flood-affected zones where the ferric oxides and hydroxides spectra proprieties were noticed; on the other hand, it allowed for evaluating the long-term spectral variations to investigate the temporal evolution of soils after the event.



The method based on multispectral bands of the Sentinel-2 data has proved to be an extremely useful tool for mapping flooded areas. In addition, it allows for obtaining significant information deemed potentially useful for monitoring lands affected by floods related to tailing dam collapse and planning post activities management. To support the study and better examine the environmental impact as essentially as possible, it might be necessary to carry out soil sampling of the flood-affected zones.
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Figure 3. The relative abundance maps of water, ferric oxides and hydroxides, and vegetation endmembers, at different periods. 
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Figure 4. The RGB true color on left, the RGB (ferric oxides and hydroxides, vegetation, water) composites with endmember abundances on right. The white boxes are the flood-affected zones selected. 
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Figure 5. Mean spectral signatures obtained by flood-affected zones 1st, 2nd, 3rd and 4th (divided the riverbed (R) and riverside (RS) features) in 2019 (A), 2020 (B), 2021 (C). 
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