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ABSTRACT  
In mining environments, erosion and sediment transport can generate significant 

downstream impacts. A comprehensive understanding of these processes is therefore essential 

for designing effective control and mitigation strategies. This study examined sediment 

deposition dynamics in drainage channels within a mining area during a single rainfall event. 

The Modified Universal Soil Loss Equation (MUSLE), calibrated with drone-based 

photogrammetric data, was applied to estimate sediment yield in sub-basins of the Germano 

Dam catchment (Mariana, Minas Gerais), currently undergoing decommissioning. Surface 

runoff and sediment discharge were incorporated into a two-dimensional hydrodynamic model 

(RiverFlow2D®) to simulate flood routing and bedload transport throughout the channel 

network. Results indicated minimal sediment deposition during the 2-year return period event, 

except in the Chico Basin channels, where sediment input from the Germano Pit promoted 

accumulation. Overall, the study highlights the potential of integrating empirical models, 

numerical simulations, and geospatial technologies to assess siltation in hydraulic systems in 

mining areas, particularly under conditions where in situ monitoring is limited. 

Keywords: mining, MUSLE, sediment transport. 

Utilização da equação MUSLE calibrada por meio de imagens de 

drone para análise da dinâmica de sedimentos em área de mineração 

RESUMO 
Na mineração, a erosão e o transporte de sedimentos podem gerar impactos significativos 

em regiões a jusante e, por isso, a compreensão da dinâmica desses fenômenos é fundamental 
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para que sejam desenvolvidas medidas de controle e minimização nas áreas afetadas. Este 

trabalho analisou a dinâmica de deposição de sedimentos em canais de drenagem implantados 

em área de mineração, considerando um evento pluviométrico isolado. Para isso, foi utilizada 

a Equação Universal de Perda de Solos Modificada (MUSLE), calibrada a partir de dados 

obtidos por levantamentos aerofotogramétricos com drone, como forma de estimar a produção 

de sedimentos em sub-bacias da área de contribuição da Barragem do Germano (Mariana-MG), 

atualmente em processo de descaracterização. As vazões líquidas e sólidas foram integradas a 

um modelo hidrodinâmico bidimensional (RiverFlow2D®, permitindo simular o trânsito da 

cheia e o transporte de carga de fundo no sistema de canais. Os resultados indicaram baixa 

tendência geral de deposição de sedimentos para o evento analisado (Tempo de Retorno de 2 

anos), com destaque para acúmulo significativo nos canais da Bacia do Chico, área que 

atualmente recebe aporte expressivo da Cava do Germano. O trabalho aponta para o potencial 

de integração de diferentes ferramentas - modelagem empírica, simulação numérica e 

geotecnologias - na análise do assoreamento em sistemas hidráulicos de áreas mineradas diante 

da carência de dados medidos in situ. 

Palavras-chave: mineração, MUSLE, transporte de sedimentos. 

1. INTRODUCTION 

Erosion and sediment transport processes directly influence the functioning of riverine and 

channel systems, leading to geomorphological changes in the riverbed, degradation of water 

quality, siltation, and blockages – ultimately increasing the risk of flooding and overtopping, 

among other impacts (Silva et al., 2024). Understanding these processes is therefore essential 

for developing effective control and mitigation strategies. 

Although naturally occurring – such as through the action of water, wind, and gravity – 

these processes may be intensified by anthropogenic activities (García, 2007). In mining 

operations, vegetation removal coupled with extensive earthmoving activities makes the soil 

highly susceptible to accelerated erosion. In the absence of proper control measures, part of this 

material can be transported by surface runoff, negatively affecting downstream areas. 

Mathematical models of sediment transport have been employed to represent the physical 

processes governing erosion, transport, and deposition of particles (Jiang et al., 2025). These 

models consider factors such as flow dynamics (velocity, depth, and turbulence patterns), 

sediment properties (size, density, and grain size distribution), and flow–sediment interactions 

(sedimentation rate and incipient motion criteria). For these models to produce representative 

and reliable results, they must be parameterized or calibrated using in situ data. 

In mining areas, sediment generation typically occurs at high intensities over short periods, 

and sediment characteristics may vary significantly. However, in situ monitoring is often 

hindered by ongoing construction activities and restricted access to sampling points during 

rainfall events, due to lightning alerts that require site evacuation. Additionally, these basins 

are generally small, with short response times, often precluding monitoring teams from reaching 

sampling sites during peak flows. 

Given these constraints and the persistent lack of hydrosedimentological monitoring, it has 

become common practice to adopt sediment yield estimates ranging from 300 m³ ha-1 year-1 to 

600 m³ ha-1 year-1 (USEPA, 1976). The use of models such as the Universal Soil Loss Equation 

(USLE) has demonstrated that such values are appropriate for annual estimates in mining areas 

(Brito et al., 2022; Gomes, 2012). However, references that specifically address sediment 

generation associated with isolated rainfall events in mining areas remain scarce. 

The Modified Universal Soil Loss Equation (MUSLE) has been widely used to estimate 

soil loss and sediment yield associated with individual rainfall–runoff events in basins under 
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diverse environmental conditions (Machado et al., 2009; Mantovani et al., 2018; Nunes et al., 

2022). Derived from the USLE, originally developed for agricultural applications (Carvalho, 

2008), the MUSLE was designed to calculate soil loss for specific surface runoff events, 

incorporating the energy associated with runoff rather than relying solely on rainfall energy, as 

in the original USLE (Kinnell and Risse, 1998). This modification makes the MUSLE more 

suitable for short-term erosion events and for scenarios where surface runoff is a determining 

factor. 

In light of the above, this study aims to qualitatively analyze sediment deposition dynamics 

associated with an isolated rainfall event in a channel system located within a mining area. For 

this purpose, a mathematical model of sediment transport was employed, with sediment yield 

estimated using the MUSLE. Due to the absence of in situ monitoring data, the model was 

parameterized using estimated sediment detachment values derived from the MUSLE 

calibrated with data obtained from drone imagery. 

2. MATERIAL AND METHODS 

2.1. Study area context 

The Germano Dam, owned by Samarco Mineração, is located in the municipality of 

Mariana, in the state of Minas Gerais (Brazil), and is undergoing a decommissioning process. 

This includes, among other actions, topographic regrading of the reservoir area and the area 

immediately upstream – known as the Chico Basin – to prevent the formation of a water body, 

and the construction of a drainage channel system designed to collect surface runoff from the 

dam’s contributing basins and direct it downstream of the geotechnical structure. The 

embankment slopes are graded toward the drainage system, ensuring that all precipitation 

falling directly on the embankments is directed into the channels. Figure 1 shows the study area 

along with the layout of the decommissioning engineering design. 

 
Figure 1. Location of the Germano Dam and its engineering decommissioning design. 
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The Germano Dam reservoir and Chico Basin channel system was designed to 

accommodate the peak flow associated with the Probable Maximum Precipitation (PMP). With 

a trapezoidal cross-section, the channels feature wide bases and gentle longitudinal slopes, 

which help reduce flow velocities. 

2.2. Drone-derived data 

As described in Section 2.3, part of the methodological procedure included the use of drone 

imagery for mapping the study area. All flights were conducted by the mining company, which 

also provided the operational flight parameters used in the preparation of this article. 

For the generation of orthomosaics, a fixed-wing eBee Plus drone equipped with a high-

resolution RGB camera model S.O.D.A. 10.6 was used. Flights were conducted following a 

regular grid pattern with parallel flight lines at an average altitude of approximately 120 m 

above the takeoff point, in compliance with current national regulations (ANAC, 2023; Brasil, 

2023). This configuration resulted in a mean Ground Sampling Distance (GSD) of 8.0 cm/pixel. 

The total surveyed area was approximately 3.33 km², with an average acquisition of 244 

images per campaign. Mission planning and flight control were carried out using the eMotion 

software. 

To ensure both planimetric and altimetric positional accuracy of the orthomosaic, the Post-

Processed Kinematic (PPK) positioning technique was employed (Brasil, 2016; Santos et al., 

2016). The eMotion software was used for both flight planning and execution, including post-

processing correction of image coordinates. Photogrammetric processing was performed using 

Pix4Dmapper, which applies the Structure from Motion (SfM) method for three-dimensional 

surface reconstruction (Magalhães and Moura, 2021). 

Despite the spatial consistency of the obtained results, some inherent limitations of the 

technique must be considered. The camera viewing angle may affect reconstruction quality in 

areas with very steep slopes or near-vertical surfaces. Furthermore, the estimation of small 

mobilized volumes may approach the order of magnitude of the method’s vertical accuracy, 

requiring caution when interpreting subtle volumetric variations (Magalhães, 2021). 

2.3. Methodological sequence 

To support the development of the Germano Dam decommissioning engineering design, 

hydrological and hydrodynamic simulations were previously conducted using the 

RiverFlow2D® model. 

Developed by Hydronia LLC, RiverFlow2D® is a two-dimensional hydraulic model based 

on volume conservation, solving the shallow water equations derived from the vertical 

integration of the Navier–Stokes equations. It is also classified as a distributed hydrological 

model, as it accounts for the spatial variability of parameters in rainfall-runoff modeling, and 

enables integrated assessment of flow dynamics through a mesh composed of elements that 

incorporates factors such as ground surface elevation, precipitation, soil infiltration parameters, 

and flow resistance coefficients. The mesh may also include hydraulic structures such as 

channels, culverts, and bridges. RiverFlow2D® includes eight modules, one of which is 

dedicated to sediment transport modeling. 

In this context, the coupled hydrological–hydraulic model enabled the simulation of flood 

routing within the Germano Dam contributing basin, as well as flood propagation through the 

designed drainage channel system. Given the substantial sediment yield expected from the basin 

and the low slope of the channels, it became relevant to assess the hydraulic performance of the 

surface drainage system while incorporating sediment transport effects. 

The study was structured into four main stages, as illustrated in Figure 2. 
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Figure 2. Flowchart of the study methodology. 

Step 1: the liquid discharges were obtained from the hydrological model employed in the 

executive design project for the Germano Dam decommissioning. A 2-year return period was 

adopted, representing more frequent flood events and, therefore, those with greater potential to 

cause sediment accumulation within the surface drainage channels. The critical duration (4-h) 

of the 2-year return period event was considered for the Germano Dam catchment. This means 

that, for a 2-year event, the 4-h duration produces the highest peak discharge at the basin outlet. 

The model used a 1-minute time step and simulated an 8-h rainfall–runoff event. As a 

result of the hydrological simulation performed in Step 1, hydrographs were generated for all 

sub-basins represented in Figure 3. These hydrographs were then used as upstream boundary 

conditions in the model implemented in Step 4. 

Step 2: between January 2021 and January 2023, four drone-based aerial photogrammetric 

surveys were conducted on the Germano Pit wall. These surveys made it possible to estimate 

the volume of sediment detached between each acquisition date. This volume was also 

estimated using the Modified Universal Soil Loss Equation (MUSLE), represented by Equation 

1: 

𝑌 = 11,8 . (𝑄 . 𝑞𝑝)0,56. 𝐾. 𝐿𝑆. 𝐶. 𝑃              (1) 

Where: Y is the estimated soil loss (sediment yield) from a rainfall event (in tons); Q is the 

runoff volume from the rainfall event (in m³); qp is the peak runoff rate (in m³/s); K is the soil 

erodibility factor; LS is the topographic factor, accounting for slope length and steepness; C is 

the crop management factor; P is the support practice factor. 

The MUSLE was then calibrated to determine an appropriate empirical coefficient (in 

place of the default value of 11.8) that would yield sediment accumulation estimates consistent 

with those observed in the drone-based surveys, thereby adapting the equation to the specific 

conditions of the study area. 

Step 3: The MUSLE equation calibrated in Step 2 was then applied to estimate the solid 

discharge from the remaining sub-basins contributing to the channel system (Figure 3). 
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Figure 3. Schematic representation of the calibrated MUSLE application and the sub-

basins considered. 

Each parameter of the MUSLE was determined following the approach adopted by Nunes 

et al. (2022), based on the original formulation proposed by Williams (1975), as detailed below. 

The empirical coefficient was calibrated to a value of 6.30, replacing the original default 

value of 11.8; runoff volume (Q) was calculated by multiplying the area of each sub-basin by 

the effective precipitation determined by the NRCS method; peak discharge (qp) was obtained 

by multiplying the area of each sub-basin by the effective precipitation and dividing the result 

by the time to peak of the hydrograph, which corresponds to 60% of the time of concentration. 

The time of concentration was calculated using the equation proposed by Watt and Chow 

(1985), as cited in Nunes et al. (2022), based on the length of the main channel and the average 

slope of the sub-basins; K factor was determined according to hydrologic soil groups, based on 

Nunes et al. (2022); CP factor (C × P) was derived from the land use types and hydrologic soil 

groups, following Nunes et al. (2022); LS factor represents the topographic factor and was 

calculated using the “LS factor” algorithm available in the SAGA plugin of QGIS. 

After calculating soil loss for each sub-basin, it was necessary to apply an adjustment factor 

to ensure that the sediment volume produced by a discrete rainfall event would match the total 

sediment volume estimated for the same event over time. 

As a result of applying the MUSLE in Step 3, solid discharge hydrographs were generated 

for all sub-basins represented in Figure 3. These were subsequently used, along with the liquid 

discharge hydrographs, as upstream boundary conditions in the model developed in Step 4. 

Step 4: a hydrodynamic simulation of flow through the channels was carried out using the 

sediment transport module of the RiverFlow2D® model. The computational mesh was 

restricted to the channel boundaries, as shown in Figure 4(a). 

For the upstream boundary condition, several channel inlets were defined, to which the 

liquid and solid discharge hydrographs were assigned for each sub-basin shown in Figure 3. 

For the downstream boundary condition, the rating curve of the channel located at the outlet of 

the Germano Dam basin was applied. The configuration of hydraulic structures and soil 

roughness parameters was defined based on the hydrological model from Step 1. 
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Figure 4. Computational mesh used in the hydrodynamic simulation (a) and cover materials (b). 

2.4. Sediment transport model 

Sediment transport is commonly classified based on the transport mode: bed load refers to 

the movement of larger particles that roll, slide, or bounce along the channel bed due to the 

force of the flow, while suspended load involves finer particles, such as silt and clay, that remain 

suspended within the water column. In this study, bed load transport was evaluated, as it 

represents the sediment fraction with the greatest potential for deposition within the channel 

system. Among the various sediment transport equations available in RiverFlow2D®, the 

Meyer-Peter & Müller (MPM) equation, developed in 1948, was selected. The MPM 

formulation is one of the most widely used for estimating bed load transport (Kuriqi et al., 2019; 

Sidiropoulos et al., 2021). It is based on the concept of shear stress and assumes that sediment 

transport occurs when the shear stress exerted by flowing water on the bed exceeds a critical 

threshold. The MPM formulation is expressed according to Equation 2. 

𝑞𝑏 = 𝑘 . (𝜏 − 𝜏𝑐)1,5              (2)       

Where: qb is the bed load transport rate (sediment discharge per unit width); τ is the shear 

stress exerted by flowing water on the bed; τc is the critical shear stress required to initiate 

sediment motion (calculated using the Shields parameter); and k is an empirical coefficient. 

This formula is particularly applicable to sandy and gravelly sediments under conditions 

of uniform flow (Meyer-Peter and Müller, 1948), which corresponds to the predominant 

sediment characteristics observed in the Germano Dam and Chico Basin channel system. 

To solve the sediment transport equation implemented in the RiverFlow2D® model, it is 

necessary to define the geotechnical parameters for each type of surface material present within 

the drainage system's area of influence and contributing zone. These parameters were 

determined based on existing laboratory test data. The different types of materials considered 

are illustrated in Figure 4(b) and include: Germano Pit: natural terrain composed of saprolite 

along the pit walls, and filtered sandy tailings deposited both within the pit and along the 

embankments; Chico Basin: filtered sandy tailings used in embankments and waste material 

from adjacent area (Pinheirinho); Germano Dam reservoir: waste material sourced from Alegria 

Sul Mine applied in the Auxiliary Dike and Bay 3, as well as material from Pinheirinho 

excavation, used in the areas of Sela Tulipa and Selinha; adjacent areas to the above structures: 

Pinheirinho waste material, as these natural terrains are geologically similar to the Pinheirinho 

region. 
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The parameters adopted for each sediment type are listed in Table 1. Due to the variability 

of laboratory results for each material, average values were used in the model. For the Shields 

parameter (critical shear stress coefficient), the model’s default value of 0.047 was retained. 

Table 1. Geotechnical parameters for each sediment type. 

Parameters/ 

Sediment type 

Class 1 Class 2 Class 3 Class 4 Class 5 

Filtered sandy 

tailings 

Saprolite 

R0 

Saprolite 

R1 

Alegria Sul Mine 

waste 

Pinheirinho 

waste 

Mass density (kg 

m-3) 
2,750 3,060 2,960 3,300 2,900 

D50 (mm) 0.052 – 0.075 0.01 – 0.05 
0.045 – 

0.15 
0.06 – 0.9 0.011 – 0.72 

Porosity 0.33 – 0.41 0.33 – 0.42 0.25 – 0.49 0.35 – 0.41 0.44 – 0.55 

Shields parameter 0.047 0.047 0.047 0.047 0.047 

Friction angle (°) 32 23 24 31 30 

3. RESULTS AND DISCUSSION 

3.1. MUSLE calibration 

The MUSLE was calibrated to determine an appropriate multiplicative factor (replacing 

the original 11.8) that would yield sediment detachment estimates from the Germano Pit wall 

consistent with drone-based photogrammetry surveys, thus adapting the equation to the study 

area conditions. The calibration process resulted in a factor of 6.30, with a percent error of about 

-0.24%. This calibrated factor was subsequently applied in the MUSLE to estimate sediment 

yield in the other sub-basins that contribute to the drainage channels. Table 2 shows the values 

of remaining slipped and transported material mapped by drone surveys, and those computed 

using both the uncalibrated and calibrated MUSLE. 

Table 2. MUSLE calibration results for the Germano Pit wall. 

Date 
Remaining slipped and transported material 

Drone Multiplicative factor 11.8 Multiplicative factor 6.3 

3/23/2022 385,900 950,750 507,600 

7/27/2022 412,420 986,290 526,580 

1/17/2023 1,029,390 1,477,940 789,070 

Sum 1,827,710 3,414,980 1,823,250 

Error 86.84% -0.24% 

3.2. Flow and sediment dynamics 

Using the liquid discharge hydrographs, along with the MUSLE calibration and the 

resulting solid discharge hydrographs for the sub-basins of interest, a hydrodynamic simulation 

of sediment transport was carried out in the channels. 

Figures 5 and 6 present the maps of maximum flow velocity and maximum flow depth, 

respectively, within the channel system. 
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Figure 5. Maximum flow velocity within the drainage channels. 

 
Figure 6. Maximum flow depth within the drainage channels. 
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The inflow discharges used in the hydro-sedimentological model correspond to the 2-year 

return period event and, therefore, represent more frequent flood scenarios. In general, for a 2-

year return period event, the flow velocities within the channel system were low, with values 

around 1.5 m s-1 in the main channel, reaching up to 2.5 m s-1 in isolated locations. In the 

secondary channels, maximum velocities ranged between 0.5 and 1.0 m s-1, due to the gentle 

slopes. Likewise, since the simulated event represents a high-frequency occurrence and the 

channels were designed for the PMP event, the maximum flow depths observed in the 

simulation were low compared to the channel dimensions. The greatest depths, ranging from 

0.80 to 1.00 m, were observed in the main channel of the Chico Basin, where 25 to 30% of the 

channel cross-section was obstructed by sediment deposits. 

Figure 7 presents the map of maximum sediment deposition along the drainage channels. 

 
Figure 7. Maximum sediment deposition along the drainage system. 

Overall, the 2-year return period rainfall event contributed minimally to sediment 

generation in the less anthropized sub-basins (located in the west and south) and in the reservoir 

embankment, which is characterized by very low slopes. As a result, only limited sediment 

deposition was observed in the channels receiving flow from these areas. 

Conversely, the Chico Basin channels exhibited a marked tendency for sediment 

accumulation, primarily due to their low longitudinal slopes and the greater sediment load 

currently received from the Germano Pit Basin. 

Field observations corroborate the model’s results, revealing substantial sediment 

deposition in the Chico Basin channels, particularly in the main channel, which receives the 

largest contribution from the Germano Pit. 
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Additionally, the upstream channel segments – though to a lesser extent – also tended to 

accumulate sediment. According to the model, maximum deposition in these areas ranged from 

1.00 to 2.00 m. This pattern results from flow originating in steeper areas encountering wide, 

low-slope channels, which reduces velocity and promotes particle settling. 

4. CONCLUSIONS 

The calibrated MUSLE, adjusted with sediment transport data from drone-based surveys 

of the Germano Pit wall, enabled more realistic estimates of sediment generation in the study 

area. Sediment transport modeling within the Germano Dam reservoir and Chico Basin 

drainage channels provided valuable insights into the spatial patterns of sediment accumulation 

under the occurrence of a recurring flood event. It should be noted, however, that the results are 

qualitative in nature. For more frequent rainfall events, the model indicated a generally low 

tendency for sediment accumulation across the channel system. The Chico Basin, which 

receives the entirety of the surface runoff from the Germano Pit, exhibited the greatest potential 

for sediment buildup. 

Finally, this study highlights the potential of integrating empirical and numerical models 

calibrated with geotechnologies, to assess sedimentation risks in hydraulic structures located in 

mining areas. 
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