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The B1 dam failure at Córrego do Feijão mine in Brumadinho (Minas Gerais, Brazil) in January 2019 caused severe and long-lasting environmental impacts, particularly on the fluvial sediments of the Paraopeba River basin. Characterizing the geochemical signature of the iron tailings and, especially, distinguishing these materials from the river’s natural sediments remains a significant challenge. In this context, the present study investigates the geochemical signatures of major and minor elements in sediments affected by the tailings and proposes a set of geochemical indices capable of identifying the presence of tailings in impacted sediments. Six cores from a drilling program were extracted along the Paraopeba River bedload. A total of 54 samples were collected, and subsequently subjected to X-ray fluorescence analysis to determine the major and minor elements (Al2O3, CaO, Fe, MgO, Mn, P, SiO2, and TiO2). The main constituents in natural sediment samples were SiO2 and Al2O3, which together accounted for 52.7% to 96.6%, while Fe2O3 represented 1.1% to 42.7%. Conversely, in tailings samples, Fe2O3 concentrations ranged from 36.6% to 88.8%, followed by silica (8.4% to 34.4%) and alumina (0.87% to 19.1%). Fe2O3 levels were above 60% in most of the tailing’s samples. Natural sediment samples generally had higher TiO2, CaO, and MgO content than tailings samples, which, in turn, showed generally higher levels of MnO and P2O5. Based on the aforementioned data, we proposed two chemical compositional indices, IRS1 and IRS2, which are rapid and low-cost to calculate. Due to the compositional characteristics of tailings and sediments, IRS values spread on an opposite diagonally shape when dispersed on a binary IRS1 x IRS2 graph. The pair of indices was applied to stream sediment samples from the Paraopeba River, collected in 2019 as part of the Emergency Monitoring Program. The results indicated that samples classified as tailings were concentrated upstream of the UTE Igarapé reservoir spillway, reinforcing the importance of the reservoir in reducing the propagation of tailings along the Paraopeba River channel. Moreover, when the indices are applied to stream sediment samples collected in 2023 from affected areas where tailings have been subjected to dredging activities, low IRS1 and IRS2 values are observed. Thus, considering the large amount of data generated by the sediment monitoring activities in the Paraopeba River basin, the proposed indices serve as a graphical tool for tracking the dispersion of tailings on a spatial and temporal scale.
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1 Introduction


Mining has long been, and continues to be, a fundamental sector of economic activity, supplying essential raw materials for human development. However, the generation of mine tailings —comprising crushed rock debris and mineral processing fluids — has become one of the largest sources of industrial waste globally (1, 2). Tailings dams are necessary infrastructures in mining operations, yet their structural failures can result in severe and widespread environmental, economic, and human health consequences (3, 4).


Among the various environmental compartments affected by such disasters, river sediments are particularly impacted. These sediments serve as natural archives of catchment-scale environmental conditions, but the passage of tailings waves can bury or erode these records, disrupting sedimentary and geochemical dynamics (5, 6). Furthermore, as major geochemical reservoirs, river sediments play a crucial role in the long-term retention, mobilization, and redistribution of metals and other contaminants due to their adsorption, absorption, and desorption capacities (7–9). Understanding the alterations in sediment geochemistry following tailings dam failures is therefore essential for assessing environmental impacts, guiding monitoring efforts, and informing remediation strategies.


Widely found in the literature, sediment provenance studies have been performed with a range of purposes (e.g., sedimentary basin analysis, mineral and oil exploration, and contaminant dispersion and risk assessment). For environmental purposes, provenance studies may use different tracers, such as mineral content (10, 11), geochemical ratios and properties (9, 12), statistics of metal concentrations (13) and isotopic ratios (6, 14, 15). The term fingerprint is used when a particular property of a specific source can be used to relate it with sediments (or contaminants), and this approach has proven useful for aqueous system conservation and restoration (16, 17).


On January 25, 2019, the B1 Dam, located in the municipality of Brumadinho, Minas Gerais state of Brazil, collapsed. This failure generated a high-energy gravitational mass movement that flowed down the valley of Ferro-Carvão Creek before it reached the Paraopeba River (
Figure 1
), where the material was deposited as a low-energy mudflow (5). Once in the river channel, the tailings began to be transported downstream as washed, suspended and bedload materials, and local mixing with natural sediments also occurred. A comparison of the previous topography and the modified topography yielded an estimate of 9.7 Mm³ of total waste overflow (19). Approximately 8.1 Mm3 was deposited in the valley of Ferro-Carvão Creek, and 1.6 Mm3 settled into the Paraopeba River. In addition to socioeconomic impacts and those associated with fauna and flora, studies have indicated that the water quality and fluvial sediments in the Paraopeba River Basin were affected (12, 20, 21). On the other hand, studies have argued that the medium- and long-term impacts on Paraopeba River water and sediment quality are not as great as initially expected, given the geological background and previous land use within its catchment (22–24). Therefore, establishing a clear causal link between geochemical anomalies and the presence of tailings is mandatory for precise environmental impact assessment.
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Figure 1 | 
Location map of the study area in the state of Minas Gerais (MG), southeastern Brazil (A). The area is located in the Paraopeba River watershed, upper part of the São Francisco Basin (SFB) (B). The locations of the sediment cores sampled in 2019 are presented over the land use and land cover (C) layers of the area. Source: (C) modified from the MapBiomas Amazonia Project, 2022. M4, J1, J2 and J3 are sampling points from Silva et al. (18), the results of which are discussed later.




Pacheco et al. (25) highlights the importance of understanding the impacts resulting from tailings dam failures and emphasize the need for long-term environmental monitoring, noting that such efforts are uncommon due to their high cost. For the assessment of the impacts of tailings in the affected areas, a clear distinction between the sediments accumulated in the Paraopeba Basin before the collapse of the B1 dam and the tailings related to it is essential. Furthermore, it should be achieved in a fast, low-cost and precise approach to support the urgency and responsibility associated to the decision making during the restoration processes. Laureano et al. (11) aimed to differentiate between tailings and sediments based on textural, mineralogical, and physical characteristics. The results indicate that natural sediments deposited in the Paraopeba River predominantly consist of kaolinite, quartz, and quartz + hematite as the main mineral assemblages. In contrast, the tailings from the B1 dam are primarily composed of hematite, with occasional occurrences where hematite + kaolinite dominate.


However, the geochemical characterization of these different materials is necessary to add additional criteria for their individualization. This is particularly relevant because there is evidence of local mixing between these two components. In this work, we present the results of whole-rock analysis of major and minor elements in tailings and sediments and develop a pair of geochemical indices that are calculated from these data that are capable of distinguishing natural sediments from tailings released from the B1 Dam. A graphical dispersion tool is also suggested to enhance visualization in terms of geochemical concentrations and provenience and spatiotemporal evolution, as sediments and tailings are influenced by fluvial processes.






2 Study area


The Paraopeba River, a major tributary of the São Francisco River, is an important Brazilian waterway. The watershed is elongated, spanning approximately 537 km in length and covering an area of 12,091 km². It encompasses 48 municipalities home to more than one million inhabitants (26). Economic activities include mining, metallurgy, and agriculture. These sectors, and hydropower plants for energy generation, constitute the primary consumers of water from the Paraopeba River (27).


The watershed features a complex geological setting that evolved mostly during the Archean and Paleoproterozoic eras of Precambrian Earth’s history. Mafic and ultramafic rocks belonging to the Archean Rio das Velhas greenstone occur in the higher sectors of the Paraopeba River basin (28). Paleoproterozoic metasedimentary units such as quartzites, phyllites, dolomites and banded iron formation belonging to the Minas Supergroup crop out in the higher and middle course sectors (29). Neoproterozoic sedimentary cover belonging to the Bambuí Group comprises the substrate in the lower sector (30). The crystalline basement is composed of tonalitic to granitic polydeformed gneissic rocks throughout the upper and middle sectors of the basin (31).


The Paraopeba watershed is located in the Iron Quadrangle (32), a classic mining province rich in diverse mineral deposits, where mining activities have been documented since the 17th century, during the Brazilian colonial period. The abundance of metallic ores is attributed to the occurrence of low-grade metamorphic processes coupled with intense hydrothermal activity (32). After historical cycles of gold extraction, large iron deposits related to Precambrian banded iron formations (itabirites), predominantly composed of iron oxides (e.g., hematite and magnetite) and quartz (33), became the dominant exploited ore.


In this context, the geochemical assessment of sediments from the Paraopeba River must consider both the geological context and the history of human occupation (34).


The B1 dam iron tailings were studied prior to the B1 dam collapse by Gomes (35). He demonstrated that they were essentially composed of hematite and quartz, in addition to kaolinite and gibbsite in smaller proportions, and defined the average chemical composition of the tailings as being dominated by iron oxide (48%) and silica (20.6%), followed by aluminum and manganese oxides (2.5% and 1.0%, respectively). Importantly, the mineral beneficiation processes at the Córrego do Feijão mine did not involve metallurgical or concentration processes; only physical segregation associated with grain size reduction was performed. Hence, the main mineralogical and chemical characteristics of the tailings were inherited from the iron ores without subtraction or addition of other components.


The B1 dam collapse caused profound and long-lasting changes in the Paraopeba River basin, affecting various environmental, hydrological, and social aspects. Among the main environmental impacts are the contamination of sediments and water, alterations to fluvial morphology, and the reduction of the river’s self-purification capacity. Analyses of specific density and mineral content data (11) and Fe/Al and Mn/Al ratios (12) have demonstrated that the influence of tailings in bedload sediment is geographically restricted to the reach between the mouth of Ferro-Carvão creek and the weir built over the main channel near the Igarapé Thermoelectric Plant (
Figure 1
). This few-meter-high spillway deaccelerates sediment transport and slows tailing propagation below the thermoelectric dam (36–38 39).






3 Materials and methods





3.1 Sampling


A vibracorer sampling device was employed to collect bottom sediments and/or tailings from the river channel during the 2019 dry season. The drilling was conducted using a 5-meter-long, 3-inch-diameter stainless steel vibracoring system. To minimize material loss during core retrieval—especially of finer-grained fractions such as clay and silt—a catcher device was installed at the base of the corer.


The study area includes a nonaffected sampling point located upstream from the Ferro-Carvão creek mouth on the Paraopeba River (M2 in 
Figure 1
). Fifty-four samples were selected from 6 cores following the Brazilian National Guide for Sampling and Sample Preservation (40). Samples were crushed to a particle size of less than 1.00 mm, quartered, pulverized, dried at 100°C, and subsequently submitted for analysis. Core logs, sample descriptions and mineral content can be found at Laureano et al. (11).






3.2 X-ray fluorescence


The concentrations of major and minor elements (Al2O3, CaO, Fe, MgO, Mn, P, SiO2, and TiO2) were determined using wavelength-dispersive X-ray fluorescence (WD-XRF) spectroscopy. Analyses were conducted on a PANalytical Axios Minerals sequential XRF spectrometer, operating at 2.4 kW of power, and equipped with a Rhodium (Rh) anode X-ray tube (maximum voltage: 60 kV; maximum current: 50 mA; window thickness: 75 μm Be). Both flow and scintillation detectors were used during measurements. All analyses were performed at the Vale Mineral Development Center (CDM) in Minas Gerais, Brazil. For the purpose of this research, the concentrations of Fe, Mn and P were stoichiometrically converted to their oxide forms, Fe2O3, MnO and P2O5, respectively.






3.3 Density


The true density of samples was measured by a helium gas displacement ultra-pycnometer (Quantachrome Instruments ULTRAPYC 1200e). This analysis considers only the mass of solid constituents, excluding voids or pores within the material.






3.4 Data analysis


The results obtained were statistically processed in Excel on the Windows 10 operating system. Boxplots, scatterplots, and Pearson correlation analyses were performed in Excel. Ternary diagrams were created using RStudio software, through specific functions provided by the ggtern package (41).







4 Results





4.1 Geochemical characteristics of tailings and natural sediments


Multiproxy analysis of mineralogical data conducted by Laureano et al. (11) demonstrated that tailings and natural sediments can be distinguished by different proportions of hematite, quartz, and kaolinite. The whole-rock geochemical analyses of major and minor elements in the natural sediment samples and tailings, which were previously classified in the aforementioned study, are presented in 
Table 1
.



Table 1 | 
Whole-rock chemical analyses and true density of tailings and natural sediments from the Paraopeba River, 2019 drilling campaign (data from 11).





	Core

	Interval

	Class

	Al2O3


	CaO

	Fe2O3


	MgO

	MnO

	P2O5


	SiO2


	TiO2


	LOI

	True Density




	(cm)

	(%)

	(%)

	(%)

	(%)

	(%)

	(%)

	(%)

	(%)

	(%)

	(g/cm³)






	M2-01
	01-04
	Natural
	26.30
	0.36
	17.44
	0.49
	0.37
	0.17
	39.86
	0.97
	14.94
	2.57



	M2-02
	20-30
	Natural
	26.79
	0.34
	17.65
	0.48
	0.42
	0.17
	39.02
	0.93
	14.78
	2.69



	M2-03
	40-48
	Natural
	20.29
	0.31
	19.10
	0.42
	0.36
	0.14
	48.67
	0.86
	10.75
	2.77



	M2-04
	60-68
	Natural
	18.12
	0.27
	19.90
	0.40
	0.43
	0.16
	50.06
	0.80
	10.22
	2.77



	M2-05
	84-90
	Natural
	6.41
	0.18
	14.85
	0.26
	0.09
	0.05
	74.12
	0.61
	2.64
	2.82



	M2-06
	100-106
	Natural
	9.57
	0.16
	24.87
	0.35
	0.16
	0.06
	59.91
	0.72
	4.36
	2.95



	M2-07
	120-126
	Natural
	5.43
	0.14
	29.27
	0.24
	0.13
	0.05
	61.71
	0.54
	2.37
	3.05



	M2-08
	140-146
	Natural
	10.07
	0.13
	41.10
	0.21
	0.34
	0.07
	42.61
	0.63
	5.30
	3.23



	M2-09
	160-166
	Natural
	4.18
	0.11
	11.86
	0.15
	0.09
	0.03
	80.65
	0.42
	1.72
	2.81



	M2-10
	184-190
	Natural
	2.47
	0.09
	1.10
	0.10
	0.01
	0.01
	94.06
	0.19
	0.75
	2.68



	P3-01
	04-10
	Tailing
	2.20
	0.06
	72.85
	< 0.033
	0.35
	0.09
	22.38
	0.10
	1.62
	4.04



	P3-02
	24-30
	Tailing
	2.88
	0.07
	67.87
	< 0.033
	0.35
	0.09
	26.66
	0.13
	1.79
	3.89



	P3-03
	44-48
	Tailing
	1.82
	0.05
	76.73
	< 0.033
	0.33
	0.08
	19.18
	0.10
	1.37
	4.21



	P3-04
	60-64
	Tailing
	0.94
	0.04
	83.93
	< 0.033
	0.32
	0.08
	13.47
	0.08
	1.04
	4.36



	P3-05
	86-90
	Tailing
	5.91
	0.09
	63.40
	0.09
	1.49
	0.23
	23.92
	0.20
	4.71
	3.78



	P3-06
	106-110
	Tailing
	3.15
	0.07
	62.56
	< 0.033
	0.59
	0.12
	30.46
	0.14
	2.59
	3.75



	P3-07
	124-130
	Tailing
	4.81
	0.09
	60.45
	0.08
	1.13
	0.20
	28.85
	0.16
	4.17
	3.69



	P8-01
	04-08
	Tailing
	3.55
	0.08
	74.67
	< 0.033
	0.70
	0.13
	17.58
	0.14
	2.82
	4.13



	P8-02
	12-16
	Tailing
	0.87
	0.05
	88.72
	< 0.033
	0.41
	0.08
	8.44
	0.07
	1.17
	4.67



	P8-03
	26-30
	Tailing
	5.85
	0.10
	62.75
	0.07
	1.58
	0.26
	24.38
	0.18
	4.78
	3.80



	P8-04
	44-50
	Tailing
	6.83
	0.11
	63.39
	0.11
	1.79
	0.29
	22.31
	0.21
	5.42
	3.76



	P8-05
	66-72
	Tailing
	11.30
	0.14
	62.37
	0.22
	3.38
	0.52
	13.03
	0.32
	9.16
	3.68



	P8-06
	86-92
	Tailing
	11.29
	0.14
	62.62
	0.23
	3.42
	0.56
	12.24
	0.31
	9.57
	3.68



	P8-07
	98-104
	Natural
	17.04
	0.24
	20.56
	0.43
	0.31
	0.17
	51.27
	0.75
	9.52
	2.81



	P8-08
	108-114
	Natural
	9.27
	0.21
	24.15
	0.30
	0.21
	0.09
	60.22
	0.82
	4.69
	2.94



	P8-09
	130-134
	Natural
	5.25
	0.17
	5.32
	0.20
	0.07
	0.04
	84.71
	0.33
	1.65
	2.71



	P8-10
	150-156
	Natural
	14.22
	0.31
	16.85
	0.38
	0.26
	0.12
	57.70
	0.69
	9.60
	2.73



	P16-01
	04-10
	Tailing
	10.48
	0.15
	57.58
	0.20
	1.87
	0.29
	22.39
	0.32
	7.28
	3.55



	P16-02
	14-20
	Tailing
	8.86
	0.12
	63.95
	0.15
	2.34
	0.36
	16.99
	0.27
	7.15
	3.73



	P16-03
	24-30
	Tailing
	12.57
	0.17
	59.93
	0.25
	3.47
	0.55
	13.34
	0.35
	10.23
	3.63



	P16-04
	34-40
	Natural
	25.93
	0.31
	20.50
	0.50
	0.44
	0.17
	38.27
	0.94
	13.93
	2.79



	P16-05
	54-60
	Natural
	21.36
	0.34
	23.26
	0.41
	0.56
	0.20
	41.62
	0.83
	12.49
	2.84



	P16-06
	74-80
	Natural
	16.35
	0.26
	20.83
	0.42
	0.31
	0.12
	52.81
	0.71
	8.84
	2.84



	P16-07
	94-100
	Natural
	14.64
	0.24
	19.12
	0.39
	0.27
	0.11
	57.06
	0.69
	8.17
	2.82



	P16-08
	114-120
	Natural
	19.36
	0.27
	24.06
	0.41
	0.44
	0.16
	44.20
	0.67
	11.15
	2.88



	P19-01
	04-08
	Tailing
	8.96
	0.16
	49.47
	0.14
	0.93
	0.18
	34.40
	0.32
	5.61
	3.41



	P19-02
	16-20
	Tailing
	11.46
	0.19
	45.82
	0.22
	1.60
	0.28
	32.76
	0.42
	7.42
	3.33



	P19-03
	28-32
	Tailing
	9.61
	0.13
	58.84
	0.17
	2.14
	0.35
	21.54
	0.31
	7.20
	3.66



	P19-04
	40-44
	Tailing
	11.98
	0.19
	55.18
	0.22
	3.18
	0.51
	19.49
	0.36
	9.41
	3.56



	P19-05
	50-54
	Tailing
	12.76
	0.25
	53.92
	0.24
	3.04
	0.50
	19.45
	0.37
	10.05
	3.50



	P19-06
	60-64
	Natural
	7.36
	0.23
	17.65
	0.23
	0.40
	0.10
	68.77
	0.55
	3.83
	2.88



	P19-07
	74-78
	Natural
	7.95
	0.25
	13.63
	0.22
	0.11
	0.07
	72.48
	0.57
	3.56
	2.82



	P19-08
	88-92
	Natural
	6.52
	0.19
	10.66
	0.18
	0.06
	0.05
	78.20
	0.42
	2.46
	2.77



	P19-09
	100-106
	Natural
	22.44
	0.17
	10.65
	0.43
	0.36
	0.08
	51.90
	0.97
	11.22
	2.71



	P19-10
	110-116
	Natural
	24.07
	0.16
	10.49
	0.40
	0.41
	0.09
	51.89
	0.96
	11.53
	2.71



	P22-01
	0-10
	Tailing
	19.07
	0.28
	36.64
	0.34
	1.21
	0.26
	31.38
	0.66
	11.48
	3.05



	P22-02
	10-20
	Tailing
	17.64
	0.26
	38.48
	0.30
	1.29
	0.27
	30.21
	0.63
	11.36
	3.11



	P22-03
	30-38
	Natural
	22.56
	0.34
	20.79
	0.42
	0.49
	0.20
	42.59
	0.88
	12.64
	2.80



	P22-04
	54-62
	Natural
	24.15
	0.31
	19.72
	0.40
	0.46
	0.21
	41.75
	0.87
	12.59
	2.79



	P22-05
	74-80
	Natural
	19.98
	0.29
	20.80
	0.41
	0.37
	0.16
	47.42
	0.86
	10.36
	2.85



	P22-06
	90-98
	Natural
	25.24
	0.32
	20.02
	0.44
	0.49
	0.28
	39.05
	0.84
	13.98
	2.78



	P22-07
	114-120
	Natural
	24.50
	0.37
	19.25
	0.46
	0.45
	0.18
	42.05
	0.94
	12.58
	2.81



	P22-08
	130-136
	Natural
	24.68
	0.30
	20.46
	0.41
	0.40
	0.19
	40.88
	0.93
	12.69
	2.82



	P22-09
	150-154
	Natural
	9.52
	0.20
	22.05
	0.30
	0.15
	0.08
	61.78
	0.78
	4.69
	2.93










There is a remarkable contrast in chemical composition between the sediments and tailings, with the former being generally enriched in Al2O3, SiO2, CaO, MgO, and TiO2 and impoverished in Fe2O3 and, to a minor degree, in MnO and P2O5, compared with the tailings, which have markedly higher true density values than the sediments. The loss on ignition (LOI) values ranged from 0.75% to 14.9% in the natural sediment samples and from 1.0 to 11.5% in the tailings samples (
Table 1
). From upstream to downstream in the Paraopeba River, the Fe2O3 contents of the tailings samples tended to decrease, with an increase in SiO2 and, most importantly, Al2O3 as the Al-silicate content in the sample increased.


The values of Fe2O3 and true density allow a clear separation between tailings and sediments, as shown by a graphical analysis of the dispersion of true density data as a function of the concentration of Fe2O3 (
Figure 2
) obtained for the global set of tailings and natural sediment samples. Pearson’s correlation coefficients (R) were obtained using a confidence limit of a=95%. A moderate linear adjustment (R2 = 0.63), according to Newbold’s (1995) criterion, was found between these 2 variables for the natural sediment samples, whereas a strong linear correlation (R2 = 0.98) was observed for the tailing samples.


[image: Scatter plot showing the relationship between Fe₂O₃ percentage and density (g/cm³). Blue circles represent natural sediments with an R² value of 0.634, while orange circles represent tailings with an R² value of 0.9802. Density increases with Fe₂O₃ for both datasets.]
Figure 2 | 
Data dispersion of true density versus Fe2O3 concentration for natural sediments and B1 tailings.




For a clear distinction of sediments and tailings, as required for restoration purposes of the impacted area, it is crucial, from a compositional perspective, to define the signatures of the studied materials, with a focus on their chemical constituents and the relationships between them, with the aim of determining those capable of acting as traceable materials (42). In this sense, considering that the tailings from B1 and natural sediments have mineralogical compositions that are clearly distinct from each other in most of the studied samples, a strong contrast in the chemical compositions of the sediments and tailings should also be expected, as observed in 
Table 1
.


Thus, a comparison of the chemical compositions of such materials, presented below, was performed to identify potential tracer elements for distinguishing tailings and sediments on the basis of the whole-rock major and minor element data. The variations in all the analyzed whole-rock parameters of the samples of natural sediments and tailings are compared on the basis of boxplot diagrams (43) (
Figure 3
), and 
Table 2
 shows basic statistical data.


[image: Box plots compare the percentage composition of various oxides in natural sediments and tailings. Each plot represents a different compound: SiO₂, Fe₂O₃, Al₂O₃, MnO, TiO₂, MgO, CaO, and P₂O₅. Natural sediments are shown in brown, and tailings in light yellow. The plots display median, quartiles, and outliers for each sample group.]
Figure 3 | 
Major and minor element concentration boxplots of natural sediments from the Paraopeba River and B1 tailings (Nsediment = 31; N tailing = 23).





Table 2 | 
Basic statistical parameters of the whole-rock data (Nsediment = 31; Ntailings = 23).





	Element

	Class

	Mean

	StanDev

	Min

	Q1

	Median

	Q3

	Max






	Al2O3

	Sediment
	15.87
	7.94
	2.47
	7.95
	17.04
	24.07
	26.79



	Tailing
	8.03
	5.14
	0.87
	3.15
	8.86
	11.46
	19.07



	CaO
	Sediment
	0.24
	0.08
	0.09
	0.17
	0.25
	0.31
	0.37



	Tailing
	0.13
	0.07
	0.04
	0.07
	0.12
	0.17
	0.28



	Fe2O3

	Sediment
	18.64
	7.19
	1.10
	14.85
	19.72
	20.83
	41.10



	Tailing
	61.83
	12.61
	36.64
	55.18
	62.56
	67.87
	88.72



	MgO
	Sediment
	0.35
	0.11
	0.10
	0.24
	0.40
	0.42
	0.50



	Tailing
	0.14
	0.10
	0.03
	0.03
	0.14
	0.22
	0.34



	MnO
	Sediment
	0.31
	0.15
	0.01
	0.15
	0.36
	0.43
	0.56



	Tailing
	1.61
	1.09
	0.32
	0.59
	1.49
	2.34
	3.47



	P2O5

	Sediment
	0.12
	0.06
	0.01
	0.07
	0.12
	0.17
	0.28



	Tailing
	0.27
	0.16
	0.08
	0.12
	0.26
	0.36
	0.56



	SiO2

	Sediment
	55.40
	15.21
	38.27
	42.05
	51.88
	61.78
	94.06



	Tailing
	21.95
	7.22
	8.44
	16.99
	22.31
	28.85
	34.40



	TiO2

	Sediment
	0.73
	0.20
	0.19
	0.61
	0.78
	0.88
	0.97



	Tailing
	0.27
	0.16
	0.07
	0.14
	0.27
	0.35
	0.66










Fe2O3 and SiO2 - According to 
Table 1
; 
Figure 3
, the concentrations of Fe2O3 in the tailings samples were almost universally higher than those in the natural sediment samples. Except for the maximum content (41%) recorded in sample M2-08, the iron concentrations (1.1% to 29.3%) in the natural sediments are below the concentration range (36.6% to 88.8%) observed in the tailings. Conversely, all the silica concentrations (38.3% - 94.1%) in the natural sediment are higher than the concentration range (8.4% - 30.4%) observed in the tailings. These findings highlight the notable difference in iron oxide mineral contents between the tailings and the natural sediments, as described by Laureano et al. (11). Therefore, the Fe2O3 and SiO2 contents are considered potential tracers for distinguishing between tailings from B1 and natural sediments from the Paraopeba River.


Al2O3 – Compared to the SiO2 concentrations, the Al2O3 concentrations did not exhibit a similar sum effect of mineralogical composition. Despite the median value (8.0%) in the tailing samples being approximately half the median value (15.9%) in the natural sediments (
Figure 3
), the Al2O3 concentration range from P25 (8.6%) – P75 (23.4%) overlapped most of the range observed in the natural sediments [i.e., from the minimum value (2.5%) to P75 (23.4%)]. Therefore, Al2O3 can only be considered a possible tracer for distinguishing tailings from natural sediments if it is combined with other components, including SiO2.


MnO - MnO concentrations are generally higher and show significantly greater variability in tailings (0.32% to 3.46%) than in natural sediments (0.01 to 0.56%) (
Table 2
, 
Figure 3
). The first concentration quartile in the tailings samples (0.32% to 0.59%) partially overlap with the third and fourth quartiles (0.36% to 0.56%) in the natural sediments. Owing to the relatively small overlap between the concentrations of tailings and natural sediments, if combined with other elements from whole-rock analysis, Mn is considered a potential tracer for distinguishing tailings and sediments.


In addition to the variations in the modal contents of kaolinite, quartz and hematite in tailings and sediments, which resulted in a robust mineralogical fingerprint for the distinction of these materials, Laureano et al. (11) also suggested the modal contents of Mn oxides as tailings indicators. However, Mn oxides also occur as an accessory mineral in natural sediments. For this reason, the Mn contents are not always conclusive, and Mn is considered here as a potential chemical tracer for the separation of tailings and sediments, as are the other minor elements, Ti, Ca, Mg, and P.


CaO and MgO – The CaO values obtained via total rock analysis ranged from 0.09% to 0.37% in the natural sediments and from 0.04% to 0.28% in the tailings samples (
Table 2
). Similarly, the MgO concentrations ranged from 0.10% to 0.50% and from 0.02% to 0.34%, respectively. These results revealed a significant overlap between the different element concentrations. In both cases, at least 50% of the concentrations in the natural sediments overlapped with the corresponding concentrations in the tailings (
Figures 3
, 
4
). Owing to these overlaps, Ca and Mg alone do not constitute good chemical tracers for distinguishing natural sediments from tailings.


[image: Two triangular plots labeled A and B illustrate mineral compositions. Plot A shows SiO₂, Al₂O₃, and Fe₂O₃ percentages, with markers for Qtz, Qtz + Hm, >Kln, Kln, and Hm. Plot B displays 10×(CaO + MgO + TiO₂), Al₂O₃, and Fe₂O₃ percentages, using similar markers. Light blue areas represent natural samples, and pink areas indicate tailings.]
Figure 4 | 

(A) Ternary diagram of SiO2 × Al2O3 × Fe2O3: whole-rock composition (
Table 1
) vs. modal mineral content (11); (B) Ternary diagram 10*(CaO+MgO+TiO2) × 10*MnO × Fe2O3: whole-rock composition (
Table 1
) vs. modal mineral composition (11).




TiO2 – TiO2 also shows significant overlap in concentration ranges between the natural sediments and tailings. The upper quartile of TiO2 concentrations from the tailings was superimposed up to approximately the concentration of the natural sediment sample P30 (
Figure 3
). Hence, Ti alone also does not present a satisfactory potential tracer for natural sediments, especially tailings, considering the whole-rock composition.


P2O5 – P2O5 also show significant overlap between natural sediments and tailings. The first and second quartiles (0.08% to 0.26%) of the tailings contents overlap with the second quartile to the maximum value (i.e., 0.07% to 0.28% P2O5) of the sediment contents (
Figure 3
). Consequently, P2O5 does not show satisfactory potential for use as a tailings tracer.


In the ternary diagram of Fe–Si–Al (
Figure 4A
), the natural sediment and tailings samples plot in two clearly distinct fields because of the contrasting enrichments of Fe2O3 in the tailing samples and silica in the natural sediments. The relationship between the chemical composition and dominant mineralogical phases of the analyzed samples is evident (
Figure 4A
). The highest concentrations of SiO2 correspond to natural sediments composed predominantly of quartz (Qz) associated with or not associated with hematite (Qz+Hm). The samples with high concentrations of Fe2O3 are tailing samples dominated by Fe oxides (Hm and Hm>). Finally, the samples with relatively high concentrations of Al2O3 and moderate contents of Fe2O3 and SiO2 are mostly natural sediments and have high modal contents of kaolinite.


Unlike other minor elements, such as Ca, Mg, and Ti, which are typically associated with the natural sediment mineral composition, Mn has been used as a tracer for tailings present in water and sediments after the B1 dam failure (25). The possibility of using oxides of minor elements as discriminants between natural sediments and tailings was evaluated by constructing the diagram 10*MnO – 10*(CaO + MgO + TiO2) – Fe2O3 (
Figure 4B
). A 10-fold factor was applied to Mn and (CaO + MgO + TiO2) for better resolution in the diagram. The compositional difference between tailings and natural sediments is also evident in that plot, with the natural sediments being enriched in (CaO + MgO + TiO2) and generally impoverished in MnO compared with the tailing samples. The relationship between chemical composition and dominant modal mineralogy can be observed in 
Figure 4B
. Notably, the samples enriched in kaolinite, mostly natural sediments, are also enriched in MnO.


The data points representing natural sediments and tailings samples are concentrated in two distinct fields, indicating a compositional contrast between the natural sediments and the tailings. Higher concentrations and greater dispersion of (CaO+MgO+TiO2) characterize natural sediments, whereas compared with the natural sediment samples, the tailings samples are characterized by higher contents and greater variability of MnO and Fe2O3.






4.2 Tailings–sediments indices (IRS from the acronym in Portuguese: Índice Rejeito-Sedimento)


As a function of the results presented in the previous sections, two ratios were considered for distinguishing between tailings and sediments in the study area: (i) Fe2O3 concentrations versus Al2O3 and SiO2 concentrations and (ii) MnO concentrations versus TiO2, CaO, and MgO concentrations (
Table 1
). Below, Equations 1, 2 are proposed with the objective of numerically identifying and summarizing the chemical contrasts between tailings samples originating from B1 and the natural sediment samples from the Paraopeba River, enabling the distinction of these materials.
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In Equations 1, 2, either elementary concentrations or oxides can be used. Equations 1, 2 were applied to the 2019 dataset (
Table 1
). According to Equations 1, 2, the higher the relative concentrations of Fe and Mn are, the higher the values of the IRS1 and IRS2 indices are, respectively, with the maximum value tending to 1 (
Table 3
). On the other hand, higher concentrations of 
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 result in lower IRS1 and IRS2 indices, with the minimum value tending to zero. Consequently, the tailings samples have relatively high IRS1 values of 0.24 to 0.79 and IRS2 values of 0.44 to 0.82 (
Table 3
), whereas the natural sediments have maximum IRS1 and IRS2 values of 0.24 and 0.25, respectively. The IRS1 values range from 0.004 to 0.24 in the natural sediment samples and from 0.24 to 0.79 in the tailings samples. The medians are 0.11 and 0.47, respectively. Similarly, the IRS2 values range from 0.03 to 0.25 in the natural sediment samples and from 0.44 to 0.82 in the samples. The medians are 0.16 and 0.74, respectively. The distributions of the IRS1 and IRS2 populations are shown in 
Figure 5
. For both indices, there is essentially no overlap between the populations corresponding to the samples interpreted as natural sediments and tailings. This is consistent with the mineralogical and density contrasts observed between these two materials (11).



Table 3 | 
Basic statistics of the tailings and natural sediment indices (samples from the 2019 drilling campaign).





	Material type

	Index

	Minimum

	P10

	P25

	Median

	P75

	P90

	Maximum






	Natural sediments
	IRS1
	0.004
	0.05
	0.07
	0.11
	0.12
	0.14
	0.24



	IRS2
	0.028
	0.07
	0.1
	0.16
	0.2
	0.22
	0.25



	Tailings
	IRS1
	0.24
	0.28
	0.42
	0.47
	0.54
	0.65
	0.79



	IRS2
	0.44
	0.51
	0.64
	0.74
	0.78
	0.8
	0.82










[image: Box plots labeled A and B compare IRS1 and IRS2 measurements in natural sediments and tailings. Plot A shows higher values for tailings, while plot B shows similar patterns but with slightly higher measurements in tailings for IRS2.]
Figure 5 | 
Distribution of IRS1 (A) and IRS2 (B) values, elementary concentrations. Data from the 2019 drilling program (
Table 1
).




In an IRS1 versus IRS2 scatterplot (
Figure 6
) based on the chemical data (
Table 1
) associated with dominant mineralogical phases (11), the combined effect of relatively higher contents of [Fe] versus [Si] and [Al] in the IRS1 index and the relatively higher contents of [Mn] versus [Ti], [Ca], and [Mg] in the IRS2 index resulted in a diagonal distribution of the natural sediments and tailings samples. The IRS1 and IRS2 values for the natural sediments generally plot in the first quadrant, close to the origin. Data from the tailings samples are distributed far from the natural sample data and plot generally in the third quadrant. The lines of separation between the four fields were defined arbitrarily in the diagram, following the best data adjustment (
Figure 6
).


[image: Scatter plot showing IRS2 versus IRS1. Blue circles represent natural sediments clustered in the lower left corner. Yellow diamonds represent tailings spread out across the higher IRS1 range. Specific samples labeled include kn+hm and hm. Legend at the bottom indicates natural sediments as blue and tailings as yellow.]
Figure 6 | 
IRS1 x IRS2 (elementary concentrations) dispersion graph for natural sediments from the Paraopeba River and transported tailings from the B1 dam. The gray area indicates the uncertainty zone with possibly mixed samples of both materials. Data from the 2019 drilling program (
Table 1
).




Despite the remarkable separation between most of the tailings and natural sediment samples, an uncertainty zone (shaded) was created in 
Figure 6
. In this zone, the values of IRS1 and IRS2 between samples of the different materials are very close. Samples of both the natural sediment (M2-08) and the tailings (P22-01) share an IRS1 value of 0.24. Sample P22-02, with an IRS1 value of 0.26, which was correlated with the tailings, also plots in this uncertainty zone. Sample M2–08 has a density ​​and Fe2O3 concentration close to the lower limits of these parameters observed in the tailings (
Table 1
); however, this sample has an IRS2 index that is consistent with that of natural sediments (
Figure 6
). Samples P22–01 and P22–02 have Fe2O3 and Al2O3 contents, respectively, which are lower and higher than the dominant values in the tailings. These discrepancies can be explained by the presence of high modal kaolinite in these samples (
Figures 4A, B
). High modal kaolinite generally implies enrichment in MnO (44), which was observed in these samples (
Table 1
; 
Figure 4B
) and is a characteristic feature of tailings. Given the aforementioned aspects, the lower threshold of IRS1 in the tailings and the higher threshold of IRS2 in the natural sediments serve as benchmarks for discussing the feasibility of utilizing the defined indices for distinguishing between natural sediments and tailings.







5 Discussion


The results presented above indicate that the IRS1 and IRS2 indices perform satisfactorily in distinguishing between natural sediments and tailings deposited in the Paraopeba River, based on sediment core samples. However, considering the existence of several studies focused on the characterization of Paraopeba River sediments affected by the tailings, the objective of this section is to evaluate the applicability of the IRS1 and IRS2 indices to independent datasets and to discuss the specific characteristics observed in each case.


The indices were applied to stream sediments from the Paraopeba River sampled during 2019, within the scope of the Emergency Monitoring Program (45). The objective was to test whether the indices are able to distinguish samples associated with tailings from those derived from unaffected natural sediments (
Figure 7
).


[image: Scatter plot showing IRS1 versus IRS2 values. Pink diamonds represent UTE Igarapé Upstream samples, and green crosses represent UTE Igarapé Downstream samples. The plot is divided into regions labeled “Natural Sediments” and “Tailings.” Most downstream points cluster in the “Natural Sediments” area, while more upstream points disperse in the “Tailings” area.]
Figure 7 | 
Diagram of IRS1 versus IRS2 (elementary concentrations) for samples collected along the Igarapé UTE adapted from Arcadis (45).




The IRS graphical tool revealed that the samples collected upstream of the UTE (Thermal power plant) Igarapé spillway presented high values of IRS1 and IRS2 and spread within the tailing field. On the other hand, the samples collected downstream of the spillway presented lower indices values and were mostly distributed in the first quadrant, indicating a geochemical resemblance to natural sediments.


Several authors have shown the importance of the spillway in tailings propagation (36–39). Different approaches have shown that it has deaccelerated sediment transport and slowed the propagation of tailings downstream of the dam. One should also account for the tailings’ density, which ranges from 3.11 to 4.67 g/cm3 and is considerably greater than that of natural sediments (11). This helps promote tailings deposition behind the spillway, hindering their advance downstream.


The data from the other three sampling points deserve special attention; all of them plot in the natural sediment field despite being located upstream of the spillway (
Figure 7
). PT-52 presents a coherent result with its spatial context since it is located upstream of the Ferro Carvão creek mouth and constitutes a reference for stream sediment quality monitoring. Its IRS1 × IRS2 position reflects its provenance as sediment not affected by tailings. On the other hand, PT-01 and PT-03 are located in a river sector that has been impacted by tailings, but they are clearly under the influence of a dredging system built to remove mining waste from the river. It is plausible to assume that their IRS1 x IRS2 positions reflect the renewal of the active bedload strata.


PT04 and PT48 plot within the uncertainty area of the diagram (
Figure 7
), which remains to be explained. They are located downstream but not far from the spillway, and their IRS1 × IRS2 positions probably reflect a mixing effect corresponding to tailing samples enriched in kaolinite (11) because of the high content of Mn but lower Fe concentration in relation to Si (
Figures 4A, B
).


The IRS1 vs. IRS2 diagram was also applied to test sediments sampled by Silva et al. (18) within the Paraopeba River channel (
Figure 8
). Those samples were collected downstream (samples J1, J2, and J3, with J3 being closest to the impact site and J1 being the farthest from it) and upstream (samples M4.1 and M4.2) from the confluence of Ferro Carvão Creek (
Figure 1
). The authors considered the concentrations of Mn in the downstream samples elevated and assumed them to be influences of tailings from the B1 dam. On the other hand, the sediments sampled upstream from Ferro Carvão Creek presented relatively low concentrations of Fe and Mn and were considered representative of natural sediments. They concluded that samples J1, J2, and J3 were impacted by tailings.


[image: Scatter plot with IRS1 and IRS2 axes showing two groups: “Natural Sediments” with points clustered near the bottom-left and “Tailings” in a shaded area extending vertically. Data points J1, J2, J3, M4.1, and M4.2 are represented in different colors.]
Figure 8 | 
IRS1 vs. IRS2 (elementary concentrations) plot for samples from the area of confluence between Ferro do Carvão Creek and the Paraopeba River. Chemical data from Silva et al. (18).




According to their IRS values, all five samples analyzed by Silva et al. (18) plot in the natural sediment field, including those sampled in the affected area (
Figure 1
). Samples J1, J2, and J3 have Fe2O3 and MnO concentrations ranging from 16.2% to 29.2% for Fe2O3 and 0.2% to 0.3% for MnO (
Table 4
), which are lower than the minimum values obtained for the tailings samples in this study (
Table 2
). These concentrations result in low values for IRS1 and IRS2, thereby justifying the classification of these samples as natural sediments according to the indices. As discussed before, renewing of the active bedload layer has been noted since 2019 because of fluvial dynamics and dredging in most proximal river trenches. Silva et al. (18) collected samples four years after the B1 dam collapsed and neglected dredging activities. Four years is enough time to mix and/or cover tailings deposits, calling into question the assumption that tailings samples are still there be sampled.



Table 4 | 
Whole-rock chemical analyses of sediments from the Paraopeba River by Silva et al. (18).





	Sample

	SiO2

	Fe2O3

	Al2O3

	K2O

	MgO

	MnO

	CaO

	Na2O

	P2O5

	LOI






	J1
	53.7
	29.2
	9.6
	0.8
	0.3
	0.2
	0.2
	0.2
	0.1
	5.2



	J2
	52.1
	23.6
	12.5
	0.9
	0.4
	0.3
	0.2
	0.2
	0.1
	8.8



	J3
	63.5
	16.2
	11.0
	1.1
	0.4
	0.2
	0.3
	0.3
	0.1
	6.1



	M4.1
	71.7
	18.2
	4.9
	0.8
	0.3
	0.1
	0.2
	0.2
	0.1
	2.6



	M4.2
	89.9
	5.8
	2.2
	0.7
	0.1
	0.1
	0.1
	0.2
	0.03
	0.8










The indices are also suitable for testing the identification of tailings in overbank locations after flood events. Tailings and tailings-derived contaminants can deposit and accumulate in floodplains after mine dams burst (46–48). Recent work has attempted to assess the environmental effect of the presence of iron mine tailings on soils in an alluvial context (49–51), but it would be valuable to have a geochemical signature capable of revealing the presence of tailings in the environment instead of relying only on visual descriptions in the field. Macklin et al. (47) argued that because of natural availability and historical mining activities, major accidents occur where the background levels of metals and contaminants are already high.


Dos Reis et al. (8) observed that anomalous metal concentrations in a section affected by tailings are primarily related to the regional geological context. Similarly, Quaresma et al. (52) observed the enrichment of fine particles, increased turbidity, and elevated metal concentrations on the southeastern Brazilian continental shelf following the collapse of a dam in Minas Gerais state, Brazil. Although they reported changes in grain size composition and metal enrichment, the authors also noted pre-existing contributions prior to the event, which, according to them, complicates the distinction between post-collapse deposits and natural sediments. This finding reinforces the importance of developing geochemical indices capable of distinguishing natural sediments from tailings, based on a fast and low-cost methodology. Furthermore, because sediment quality guideline values are rare worldwide, understanding the mineral content and geochemical baseline is a key factor for the success of environmental investigations and restoration efforts.






6 Conclusions


In addition to differences in modal mineralogy and density, there is a marked chemical contrast between the natural sediments of the Paraopeba River and the tailings released by the B1 dam collapse. These compositional differences provide an opportunity to assess the presence and distribution of tailings within the alluvial sediments. This is especially relevant in contexts where the geological setting and the legacy of long-term mining activities have already contributed to elevated background levels of metals and other potentially toxic elements, making it challenging to clearly recognize and quantify the specific impacts of the dam failure on sediment composition.


The IRS1 and IRS2 indices developed in this study have demonstrated a strong ability to distinguish tailings from natural sediment samples within the Paraopeba River basin. One of the key strengths of these indices lies in their derivation from a simple and low-cost analytical methodology — X-ray fluorescence (XRF) — which is widely available in commercial laboratories around the world. This accessibility makes the approach easily applicable in various environmental assessment scenarios globally.


Unlike traditional sediment quality assessments, which typically rely on the determination of trace element concentrations, the methodology proposed in this study focuses on differences in mineralogical composition and major oxide contents. This approach is particularly suitable for scenarios involving tailings dam failures, where one of the main concerns is monitoring the physical dispersion of tailings along the river course, rather than solely assessing trace metal contamination.


While there are other robust and well-established techniques available in the literature for sediment characterization, the IRS indices offer the added advantage of rapid calculation from routine XRF data, allowing for fast and reliable distinction between sediment classes. This provides timely and actionable information to support environmental impact assessments and decision-making processes.


Given the large volume of data typically generated by monitoring programs associated with dam decommissioning or failure response, the IRS indices — along with the graphical tools developed in this study — hold significant potential for tracking tailings dispersion both spatially and temporally across affected river systems.
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