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Spatiotemporal evolution of mine tailings released in sand-bed rivers
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ABSTRACT
The dispersion and fate of mine tailings in riverine systems are studied through classical mor-
phodynamic evolution analysis. This paper develops a 1D sediment formulation to assess the
long-termspatiotemporal evolution and spreadingof a single iron-ore tailingspulsedeposited in
theParaopebaRiver (Brazil) in 2019. In this numerical analysis, sedimentdensity is usedas a surro-
gate to track the tailings along the river within the active layer and substrate. Based on observed
data, the Sorting Engelund-Hansen Equation (SEH) for sand-bed rivers was recalibrated, since
its parameters were based on large flume experiments and were limited to ambient sediment
material. The simulation results align with observed tailings spreading, showing bed aggrada-
tion in low-velocity zones, such as the pool upstream of the Igarapé spillway, a suitable location
for monitoring and control.The rapid bed degradation near the source zone (Ferro Carvão Creek
confluence) is explained, as this material easily entrains into suspension.
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1. Introduction

The continuous release of mine tailings into river sys-
tems has severely impacted river networks, causing
widespread environmental damage that extends for
hundreds of kilometres (Hudson-Edwards, 2016). For
instance, the Ok Tedi copper mine located in Papua
New Guinea is a well-known case where mine tailings
and rock material have been continuously released into
its headwaters since 1984 (Cui&Parker, 1999). Another
notable case is the persistent and long-termdischarge of
arsenic tailings into the Fourche River (South Dakota,
USA), spanning over a century (Marron, 1989).

Instantaneous releases of mine tailings have gained
worldwide attention due to the accidental spills into
water bodies, especially after three recent dam breach
incidents that occurred in the past decade. The first
incident occurred in 2014 at Mount Polley mine, where
approximately 25Mm3 of mine waste was released into
Quesnel Lake (Granger et al., 2022). The second inci-
dent took place on 5 November 2015, at the Fundão
tailings dam in Mariana (Minas Gerais, Brazil), releas-
ing around 43Mm3 of iron mine tailings (do Carmo
et al., 2017). This incident destroyed the town of Ben-
ito Rodrigues and caused environmental impacts that
extended over 670 km along the Doce River (Palu
& Julien, 2019). The third incident happened on 25 Jan-
uary 2019, near Brumadinho (MinasGerais, Brazil) and
caused environmental damage along the Ferro Carvão
Creek and Paraopeba River. According to Robertson
et al. (2019), around 9.7 Mm3 of tailings were released

from the Córrego do Feijão Iron Ore Mine (Barragem
B-1 or Dam B-I). These tailings travelled downhill and
reached the Paraopeba River, 10 km away from Dam
B-I, with an estimated volume of 1.6Mm3 (Laureano
et al., 2022).

These significant dam breach accidents have moti-
vated different researchers to implement and improve
numerical models as a tool to assess the potential
risk of tailings dam breaches worldwide. Commer-
cial and non-commercial models (FLOW-3D, FLO-2D,
DAN3D, HEC-RAS, EMBREA-MUD, Riverflow2D)
have been implemented, developed, validated and
adapted to simulate these dam breach accidents
(Ghahramani et al., 2022; Gibson et al., 2022; Lum-
broso et al., 2021; Martínez-Aranda et al., 2022; Wang
et al., 2020). However, less attention has been focused
on the transport characteristics of tailingsmaterials that
reach and move along watercourses.

Some previous efforts include the implementation
of one-dimensional (1D) numerical models to predict
the long- and short-term spreading of tailings in river-
ine systems. These models can be divided into two:
washload models and bed sediment models. The for-
mer treat the tailings as a dissolved contaminant, apply-
ing the advection-dispersion equation (ADE) with sink
or source terms that represent the transformation pro-
cesses affecting the tailings (Lindenschmidt et al., 2022;
Palu & Julien, 2019). The second type of model is
mainly based on three elements: (1) a sediment conser-
vation equation (i.e. Exner equation), (2) a formulation
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describing the interaction between the water column
and the riverbed (e.g. active layer theory), and (3) a
sediment transport equation to estimate the sediment
volume or sediment transport rates.

For the case of the tailings released into the
Doce River (due to the dam breach of the Fundão
dam), the plume of tailings was tracked by indi-
rectly measuring the suspended sediment concentra-
tions (SSC) along the river (CPRM-ANA, 2015). Palu
and Julien (2019) demonstrated that a calibrated one-
dimensional advection-dispersion equation (ADE) is a
suitable tool to represent the wave of suspended sedi-
ments that travelled along the river system right after
the accident. This tool allowed these researchers to
assess the peak concentrations expected for hypothet-
ical scenarios, such as the absence of water reservoirs
along the Doce River.

The second type of models has been implemented
to study and predict the spreading of the iron tailings
in the Paraopeba River by using the 1-D HEC-RAS
model (Vale & Potamos, 2020). As this model does
not consider sediment fractionswith different densities,
Salgado Terêncio et al. (2023) addressed this limita-
tion employing the RiverFLOW2D model to assess the
suspended sediment retention at a 6 m-height spillway
located in the Paraopeba River at the municipality of
Jautuba (Minas Gerais, Brazil). However, this model
does not include a stratigraphy module that can be
useful to evaluate the evolution of the sediment depo-
sition in low-velocity zones (e.g. upstream of the spill-
way). Keeping track of the sediments in the bed is
crucial.

To overcome previous limitations, herein we pro-
pose an approach to distinguish and trackmaterial with
different densities and fractions along riverine systems.
This approach enables us to track the iron tailings by
using the density of the sediments as a surrogate to
track and determine the location of iron tailings in
the Paraopeba River. Although current models (e.g.
Telemac, RiverFlow2D) can be used to determine the
spatial distribution density of the sediment material
in rivers, our approach introduces a mathematical for-
mulation that incorporates the rate of change of sedi-
ment density and the mean sediment size in the active
layer – factors often overlooked. Also, this mathemat-
ical formulation is developed based on the physical
phenomena seen in the fieldmeasurements taken along
the Paraopeba River. This mathematical formulation
is based on the active layer concept (Hirano, 1971),
the grain-size mass balance proposed by Parker (1991),
the exchange fractions proposed by Hoey and Fergu-
son (1994) and the stratigraphic model developed by
Viparelli et al. (2010).

Additionally, the previous numerical efforts were
performed assuming that the transport of tailings in
fluvial environments is analogous to that of the nat-
ural sediments (Berenbrock & Tranmer, 2008; Cui

& Parker, 1999). The presence of fine and dense tail-
ings results in modifications of the traditional total
bed sediment transport formulations since most of
themwere derived fromnatural sediments (e.g. Brown-
lie, 1981; Engelund&Hansen, 1967; Karim, 1981;Moli-
nas & Wu, 2010; C. T. Yang, 1973). To overcome this
limitation, this modelling effort includes the recalibra-
tion of the Sorting Engelund-Hansen (SEH) equation
(An et al., 2020; Naito et al., 2019) to estimate the
sand–tailings transport rates along the ParaopebaRiver.

In this study, we conduct a long-term numeri-
cal simulation to track iron-ore tailings along the
Paraopeba River by implementing the proposedmathe-
matical formulation alongside the calibrated SEH trans-
port equation. The simulation employs a representa-
tive, constant flow discharge condition (i.e. dominant
discharge) and uses sediment density as a surrogate
to track the location of the iron-ore tailings within
both the active layer and the substrate. This analy-
sis does not intend to provide a detailed representa-
tion of the riverbed and sediment density evolution
under historical conditions, as these are functions of
different factors such as the hydrology of the basin,
the water releases from the dammed tributaries, and
ongoing dredging operations to remove iron-ore tail-
ings near the Ferro-Carvão confluence in the Paraopeba
River.

The structure of this paper is as follows: In Section 2,
we describe the numerical model setup and dataset
used in this work. In Section 3, we present the
results and the analysis for simplified conditions in the
Paraopeba River. Finally, the conclusions of this study
are summarized in Section 4.

2. Methods

2.1. Site description

The course of the Paraopeba River runs about 510 km
in the N–NW direction from its headwaters (close to
the municipality of Cristiano Otoni) to its mouth in the
Três Marias Reservoir (municipality of Felixlândia) in
the state of Minas Gerais. Its drainage basin is approx-
imately 13,000 km2 with 35 municipalities and a pop-
ulation of about 1.3million people (IBGE, 2010). The
remnants of Dam B-I are located in a subbasin of a trib-
utary of the Paraopeba River, associated with the Ferro
Carvão Creek, whose drainage basin covers 32.8 km2

(CPRM, ANA, COPASA, & IGAM, 2019). The ini-
tial mound of iron tailings released in the Paraopeba
River extended over 6 km approximately, with its start-
ing point being around half a kilometre upstream of the
Ferro Carvão Creek confluence.

The study domain for this work corresponds to a
295 km subreach of the Paraopeba River starting from
the Melo Franco municipality (which is located 10 km
upstream of the Ferro Carvão Creek confluence) and
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Figure 1. Study domain, streamgages, core sampling and sediment measurement locations.

extending up to the Retiro Baixo Reservoir, situated at
the boundary between theCurvelo andPompéumunic-
ipalities (Figure 1). It is essential to highlight the pres-
ence of a 6.0m height spillway that was constructed to
withdraw water for the Igarapé Thermal Power Station
located in the municipality of Jatuba (47 km down-
stream of the Ferro Carvão Creek confluence). This
structure will hereafter be referred to as the spillway at
Igarapé.

The mean longitudinal slopes in this subreach range
from 0.04% to 0.07% with some bedrock outcrops and
cascades that control the vertical and lateral erosion of
the river.

2.2. Datasets

To define the initial and boundary conditions for our
numerical model, we used the sediment and flow dis-
charge datasets prior to and after the arrival of the
iron tailings into the Paraopeba River. The river con-
ditions prior to the arrival of the iron tailings were
assessed using the historical records from streamgages
operated by the Natural Water Agency of Brazil (Agên-
cia Nacional de Águas, ANA) and the Brazilian Power
Company of the State of Minas Gerais (Companhia
Energética de Minas Gerais, CEMIG). These records

contain time-series of stages and discharges, and only
two streamgages report suspended sediment measure-
ments (PonteNova do Paraopeba, and PortoMesquita).
To assess the conditions after the arrival of the iron
tailings, we used another dataset from multiple field
campaigns conducted along the river from a subreach
of the Paraopeba River that spans from 10 km upstream
of the confluence of the Ferro Carvão Creek (close to
the Melo Franco municipality) to the downstream end
of the Retiro Baixo Reservoir (Figure 1). These cam-
paigns conducted by Vale include flow measurements,
collection of sediment samples, and bathymetries at
10 different sites (P0 to P9). These in situ measure-
ments were complemented with laboratory analyses to
determine the granular size distribution (GSD), the sus-
pended sediment concentrations (SSC), and the density
of the bed material.

To characterize the substrate from the first 6 km
downstream of the Ferro Carvão Creek confluence,
we used a 3D representation model of the substrate
based on the information from multiple core sam-
ples and acoustic Doppler current profiler (ADCP)
bathymetries conducted in 2019, 2020 and 2021 (Vale
& Saga, 2021). Additionally, we considered in this study
a dataset from 26 core samples collected at sediment
bars and banks fromMelo Franco to right downstream
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(a) (b)

Figure 2. (a) Vertical profiles of density at six distinct locations along the reach from Melo Franco to downstream of the Igarapé
spillway (the location of this core samples is depicted in Figure 1; the negative sign corresponds to the distance upstream from Ferro
Carvão confluence, while positive values refer to downstream distances). (b) Correlation between density of core samples and the
amount of iron (Fe) and silicon dioxide (SiO2).

the spillway at Igarapé (Laureano et al., 2022; Vale
& Arcardis, 2020).

Likewise, for this study we used bathymetric survey
information conducted by Vale S.A. in February 2019,
October 2020 and September 2021. These surveys com-
bined ADCP data with cross-sectional measurements.
The 2019 survey was used in this work for the subreach
downstream of the spillway at Igarapé and the subreach
upstream of the Carvão confluence, while the 2020 sur-
veywas used for the subreach between the FerroCarvão
confluence and the spillway.

2.3. Tracking iron tailings

Based on the physicochemical characterization of 54
samples at six different locations from the core sam-
pling dataset conducted at the sediment bars and banks
(Figure 2a), we found high correlation between the con-
tent of iron and the density of the material (R2 = 0.98)
and amoderate correlation between the density and sil-
icon dioxide, SiO2 (Figure 2b). The reason for these
correlations is due to the high content of ferruginous
species where hematite, magnetite and goethite prevail
(92.7%), while the content of quartz is relatively low
(Robertson et al., 2019). This finding allows us to use
the density of the sand–tailings mixture as a surrogate
to track the iron-ore tailings along the river.

The sediment conservation equations proposed
herein are based on the active layer concept, originally
proposed by Hirano (1971). This approach divides the
bed into two main regions: an active layer and the
substrate layer. The substrate layer is viewed as the vol-
ume of material for which all sediment grains have a
null probability of entrainment into the water column,
conversely to the active layer (immediately beneath
the sediment-water flow interface) in which the prob-
ability of entrainment is uniform. When deposition

(aggradation) occurs, some material from the active
layer becomes part of the substrate. Conversely, during
erosion, the process is reversed, with substrate mate-
rial potentially being incorporated back into the active
layer. Therefore, sediment in the substrate can indeed
re-enter the water column during erosion. However,
this can only happen after the substrate material has
transitioned into the active layer. Once in the active
layer, the sediment particles can be entrained into the
water column with a uniform probability.

The one-dimensional (1D) sediment conservation
equation derivation is similar to the one reported by
Parker (1991, 2004). However, in this case, we con-
sidered the density variation in the control volume
(Figure 3). Thus, instead of writing these equations in
terms of volume rate per unit width, we rather work
with mass transport rate per unit width. Also, as the
bedrock controls the river vertically, we only considered
the layers above the elevation of the bedrock material,
ηb (Equation (1a)). The bedmaterialmass conservation
equation is given by:

∂

∂t

∫ η

ηb

ρ′
i f

′
i (1 − λp)�x dz = [

gTi|x − gTi|x+�x
]

(1a)

(1 − λp)
∂

∂t

∫ η

ηb

ρ′
i f

′
i dz = − ∂

∂x
gTi (1b)

where t denotes time; x is the streamwise direction
coordinate; z is the upward coordinate; λp is the poros-
ity; η is the channel bed elevation; ηb is the elevation of
the bedrock; gTi is the total mass transport rate per unit
width for ith fraction (gTi = qTiρi); and ρ′

i and f
′
i are the

density and volume fractions, respectively, defined as:

ρ′
i f

′
i (x, z, t) =

{
ρiFi(x, z, t), η − La < z < η

ρsifi(x, z), ηb < z ≤ η − La
(2)
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Figure 3. Active layer concept using two layers: active layer,
and substrate. The active layer has no sediment structure, and
its density for the ith fraction ρi and its sediment fraction Fi vary
over time. Conversely, the density in the substrate ρsi and the
corresponding fractions (fi) have no variation in time. Modified
from Hirano (1971).

where Fi and fi are the fractions in the active layer and
the substrate, respectively; La is the active layer thick-
ness; andρi andρsi are the density fractions in the active
layer and the substrate, respectively.

Considering the fractions and densities in the ith
fraction, we derive a 1D mass conservation equation
for different fractions and densities (Equation (3)). The
derivation of the following equations is included in
Appendix 1.

(1 − λp)

[
(Fiρi − ρIifIi)

∂La
∂t

+ ρIifIi
∂η

∂t
+ La

∂Fiρi
∂t

]

= −∂qTi
∂x

(3)

where ρlifli is the interfacial density exchange frac-
tion given by Equation (4), based on the original con-
cept proposed by Hoey and Ferguson (1994). This
term describes the sediment density exchange between
the active and substrate layers as the bed aggrades or
degrades (Equation (4)):

ρIifIi =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩
ρsifi,

∂η

∂t
< 0

αFiρi + (1 − α)

×piρi,j,
∂η

∂t
> 0

pi = gTi
gT

(4)

where α is a weight factor that ranges between 0 and 1.
The reason for choosing the Hoey and Fergu-

son (1994) approach is that during the deposition case
(i.e. ∂η/∂t > 0), the contribution to this exchange den-
sity fraction of the fractions of the active layer and the
sediment transport fractions can bemodified. The den-
sity peaks underneath the active layer in the vertical
profiles at all locations downstream of the confluence
(Figure 2a indicates a substantial contribution of the
sediment transport fractions to the substrate layers).

Thus, not all suspended sediment fractionsmix entirely
in the active layer since some fractions are pushed down
to the substrate. As a consequence, the 1 − α term is not
negligible.

Summing over all the fractions described in Equa-
tion (3), the evolution of the bed elevation is described
by Equation (5):

∂η

∂t
= − 1

ρI(1 − λp)

∂gT
∂x

−
(
ρa

ρI
− 1

)
∂La
∂t

− La
ρI

∂ρa

∂t
(5)

where ρI = ∑N
n=1 fIiρIi, and ρa = ∑

ρiFi.

2.3.1. Stratigraphy in the substrate
As the iron tailings deposited in the Paraopeba River
are subjected to significant aggradation and erosion
processes, this formulation effort incorporates a stratig-
raphy analysis to predict the spatiotemporal distribu-
tion of the iron tailings in the substrate. In lieu of
considering a homogeneous substrate, we use a strat-
ification approach in which the volume fi and density
ρsi fractions exhibit a vertical variation. The inclusion
of the density in the different layers is an extension of
the numerical method originally proposed by Vipar-
elli et al. (2010) in which the substrate is discretized
in multiple layers of uniform thickness, Ls, except at
the topmost layer (underneath the active layer) where
the thickness, Lb, varies according to the aggradation
and degradation processes that occur at each node or
cross-section j (Figure 4).

During aggradation, the magnitudes of fi,j,M and
ρsi,i,j,M at the topmost layer (M), are estimated based
on a mixture between the materials in the active layer
and the topmost layer of the substrate. In the case of
Lb > Ls, a new layer is created, and ρsi,i,j,Mfi,j,M is cal-
culated by estimating the weighted average of the new
and previous magnitudes based on Equation (6); oth-
erwise (i.e. Lb ≤ Ls), ρsi,i,j,Mfi,j,M is estimated according
to Equation (7), as follows:

ρsi,i,j,Mfi,j,M|t+�t

=
ρi,j,M−1fi,j,M−1[ηint,j − (Mj − 2)Ls]|t

+ [(Mj − 1)Ls − ηint,j]|tfIi,jρIi,j
Ls

(6)

ρsi,i,j,Mfi,j,M|t+�t

= ρi,j,Mfi,j,M[ηint,j − (Mj − 2)Ls]|t + δjρIi,jfIi,j
[ηint − (Mj − 2)Ls]|t + δj

(7)

δj = ηint,j|t+�t − ηint,j|t
where the subscript j indicates the nodes in the sub-
strate at control volume j; the subscript i refers to the
ith grain size fraction; ηint is the elevation of the inter-
face substrate layer; Mj refers to the number of verti-
cal nodes at cross-section j; ρIi,jfIi,j is estimated using
Equation (4); and�t is the time step.
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Figure 4. Representation of the stratigraphy changes for times t and t + n�t (where n is a large integer number). The nodes j and
j−1 represent the two cases of aggradation with and without the creation of a new layer, respectively; and the node j+ 1 is the
representation of the removal of the topmost layer for the degradation case. The subscript j denotes the nodes in the substrate at
control volume j, while the subscript k represents the vertical position of nodes within the substrate.

In case of degradation, fi,j,M and ρsi,i,j,M remain con-
stant and the elimination of vertical nodes k occurwhen
Lb < 0.

2.4. Implementation in the Paraopeba River

To evaluate the impact of the presence of iron tail-
ings along the Paraopeba River, we performed a long-
term analysis assuming the bathymetric conditions
measured in October 2020, which accounts for the
dredging operations performed near the Ferro Carvão
confluence to remove tailings from the river. A 1D
sediment transport and hydraulic model was imple-
mented along the study domain (Figure 1) to assess
long-term trends in the evolution of the spatiotempo-
ral distribution of iron tailings in the river. To esti-
mate sediment transport rates and river morphody-
namic evolution, a steady, gradually varied flow approx-
imation, numerically solved using the secant method
was implemented. This approach accounts for both
subcritical and supercritical flow regimes to estimate
hydraulic variables, including mean velocities, bed
shear stresses, shear velocities, and water depths, at
each cross-section and for every time step. The fric-
tion and local losses were included in this hydraulic
analysis. The former was calculated via average con-
veyance between cross-sections, and the latter by the
product between the head velocity difference and a
loss coefficient (C) with values of 0.1 and 0.3 for con-
traction and expansion, respectively (i.e. C|αupU2

up/2g
− αdowU2

dow/2g|).
The evolution of the bed elevation was estimated

based on Equation (5). Herein, two representative
diameters and densities for the iron tailings and for
the ambient sand were considered. Under this simpli-
fication, it is possible to demonstrate (see derivation in
AppendixA) that the rates of change ∂La/∂t and ∂ρa/∂t
can be estimated as a function of the rate of change frac-
tion of the ambient sand Fs, ∂Fs/∂t (Equations (8), (9),

and (10)), as follows:
∂La
∂t

= 0.3La ln(2)(ψs − ψT)
∂Fs
∂t

(8)

∂ρa

∂t
= ∂Fs

∂t
(ρs − ρT) (9)

ρs
∂Fs
∂t

= 1
(1 − λp)La

[
−∂gTs
∂x

+ ρsfIs
ρI

∂gT
∂x

]

×
[

1
(1 + K1)+ (1 + K2)− 1

]
(10)

where:

K1 = 0.3 ln(2)(ψs − ψT)

(
Fs − fIs

ρa

ρI

)
,

K2 = −fIs
(ρs − ρT)

ρI

where ρT is the representative iron tailings density,
ρs representative density of the ambient sand, ψs =
log2 Ds, ψT = log2 DT , fIs is the interfacial fraction
exchange for ambient sand, and Fs is the volumetric
fraction of the ambient sand in the active layer.

One can demonstrate that K2 = 0 if we assume
∂ρa/∂t = 0, or that K1 = 0 if ∂La/∂t = 0. Further-
more, if both ∂La/∂t and ∂ρa/∂t = 0, then K1 and K2
are equal to zero.

Equations (5), (8), (9) and (10) are the governing
equations that are used in this study to determine the
spatio-temporal evolution of the iron tailings and the
riverbed elevation along the Paraopeba River. These
equations were solved numerically by developing a
Python code that employs a finite volume method with
an explicit numerical scheme. The hydraulic variables
required to solve the previous equations were estimated
at each time step and all cross-sections through a steady,
and gradually-varied flow approximation.

2.4.1. Sediment transport equation
One of the most widely used sediment transport equa-
tions for sand-bed rivers is the Engelund–Hansen
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equation (Engelund & Hansen, 1967). This single-
diameter equation has been successfully tested in rivers
and flumes (Garcia, 2008), and it has been extended
for sediment mixtures by Naito et al. (2019) and An
et al. (2020), for sand-silt and sand-bed rivers, respec-
tively. This SEH is expressed as:

N∗
i = Ai(τ

∗
i )

Bi (11)

with:

Ai = a
(
Di

Dsg

)b
, Bi = c

(
Di

Dsg

)d

where a, b, c and d are calibration parameters;N∗
i is the

dimensionless sediment transport rate in the grain size
ith range (Equation (12));Di is the ith grain size diame-
ter;Dsg is the geometric mean size; and τ ∗

i is the Shields
number in the grain size ith range (Equation (13)):

N∗
i = Cf RgqTfi

u3∗Fi
(12)

τ ∗
i = τb

ρgRDi
(13)

where fi is the volume fraction in the ith grain size of the
total bed material load; Fi is the volume fraction in the
ith grain size of the active layer; u∗ is the shear velocity;
g is the acceleration of gravity;R denotes the submerged
specific gravity of the sediment R = (ρsed − ρw)/ρw
(where ρw is the water density and ρsed is the sediment
density); qT is the volumetric sediment transport rate
of total bed material per unit width; τb is the bed shear
stress; τ ∗

i is the dimensionless bed shear stress for the
ith grain size; and Cf is a dimensionless bed friction
coefficient.

2.4.2. Calibration of the SEH relation
The calibration parameters of the SEH equation (An
et al., 2020) were determined using the dataset of Guy,
Simons and Richardson collected in two recirculat-
ing flumes at the hydraulics laboratory of Colorado
State University (Guy et al., 1966). As this equation
was obtained for controlled laboratory conditions, we
decided to calibrate the parameters for the conditions
of the Paraopeba River as this river has considerable
anthropogenic pressures that differ from the natural
sediment regime of the river (Calazans et al., 2018;
IGAM, 2010, 2013).

For the ParaopebaRiver analysis, we utilized twodis-
tinct datasets representing conditions before and after
the accidental release of the tailings. For pre-arrival
conditions, we used historical records from the Porto
Mesquita streamgage (CEMIG 40865001), which pro-
vide monthly data from 1978 to 2012, including flow
discharge, water temperature, grain size distribution
(GSD) of both suspended sediment and bed material
(Figure 5), mean velocity, hydraulic width and sus-
pended sediment concentration (SSC). For post-arrival

conditions, we relied on field measurements conducted
byVale at the locations shown in Figure 1. Both datasets
were used to calibrate the SEH equation as they include
a range of mixtures from pure ambient sand to pure
tailings, reflecting various sand–tailings fractions and
densities.

The calibration of the SEH equation for the
Paraopeba River conditions is based upon the sus-
pended sediment measurements, as the sediment mea-
surements from the field campaigns after the accident
revealed that the bedload transport rates are negligible
compared with the suspended sediment loads.

The Fi values were estimated based on theGSDmea-
surements in the bed and for fractions up to 2.0mm, as
this is the maximum size reported for the suspended
material. The fi values were calculated based on the
common diameters found both in the bed and in sus-
pension, as these diameters are responsible for the
morphologic changes in the river. The GSDs for this
condition were obtained by renormalizing the GSD of
the bed material for sizes between the washload diam-
eter to a diameter of 2.0mm. Following the method-
ology proposed by An et al. (2020), the renormalized
curves were fitted to the cumulative distribution func-
tion (CDF), assuming that they satisfy a Gaussian dis-
tribution (see red lines in Figure 5). For this analysis,
values of fi < 0.005 were discarded because the lognor-
mal distribution becomes less applicable for extremely
small values. This issue arises because the finest and
coarsest tails of the grain size distribution (GSD) are not
well-represented by the lognormal distribution. This
distribution is often used to model GSDs because it
tends to fit well with the bulk of the data, particu-
larly for medium-sized grains. Sediment grain sizes,
often exhibit a skewed distribution where most grains
fall within a certain size range, with fewer grains in
the very fine or very coarse categories. The lognormal
distribution is effective in capturing this skewness for
most of the distribution. However, the tails of the dis-
tribution, representing the finest and coarsest grains,
might not be as well captured by a lognormal distribu-
tion. In these regions, the actual grain size distribution
might deviate from the lognormal assumption, leading
to inaccuracies.

The submerged specific gravity (R) plays an essen-
tial role in this calibration as it allows us to determine
the presence of tailings in the sediment bed. For pre-
accident conditions, a bed density of 2650 kgm−3 was
assumed for all sediment records at the Porto Mesquita
streamgage. For the remaining sediment measurement
sites, we used the R measured at these sites. The fric-
tion slopes at all sites were estimated by performing a
1D-hydraulic analysis in a steady-state condition and
considering the hydraulic measurements and the cross-
section surveys conducted during the field campaigns.

The calibration of the SEH is based on Equa-
tions (11) and (12), which, in this case, represent
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Figure 5. GSD for bedmaterial, suspended sediment and suspended sediment that is found in the bed. Dash lines are themeanGSD.

the simulated and the observed data, respectively.
The calibration parameters were determined via the
shuffled complex evolution (SCE-UA) method (Duan
et al., 1992) as is an efficient and global optimiza-
tion algorithm that is widely used for calibrating con-
ceptual models (Muttil & Jayawardena, 2008; Vrugt
et al., 2003). Each set of parameters was evaluated
according to an objective function. In this case, the
best set of parameters was obtained by minimizing the
Kling–Gupta efficiency equation (KGE, Equation (14),
Gupta et al., 2009). A perfect agreement is reached
when KGE = 1 or 1−KGE = 0. As the observed data
span over four orders of magnitude, different trans-
formations were evaluated (e.g. square root, inverse,
logarithm) before estimating the objective function
(1−KGE) to give more prominence to low values. For
this case, the logarithmic transformation was selected
as it led to the greatest minimization of the objec-
tive function and also the measured values differ from
zero:

KGE = 1−
√
(r− 1)2 +

(
σsim

σobs
− 1

)2
+

(
μsim

μobs
− 1

)2

(14)

where r is the Pearson correlation coefficient between
observed and simulated data; σsim and σobs are the stan-
dard deviation of the simulated and observed data,
respectively; and μsim and μobs are the mean values of
the simulated and observed data, respectively.

The calibrated parameters obtained via SCE-UA
were a = 0.0323, b = −1.466, c = 1.603 and d = 0.094.
These parameters minimize the objective function,
resulting in 1−KGE = 0.59. Similar calibrated param-
eters and objective function values were obtained when
using other methods such as cuckoo search algorithm

(X. S. Yang & Deb, 2009), sequential least squares pro-
gramming (Kraft, 1988), and ‘brute force’ with uniform
distribution (Appendix 4).

Although there is a considerable dispersion between
the observed and predicted N∗

i and q∗
i values, the cali-

bration performed via the SCE-UAmethod is relatively
accurate in representing the observed data (Figure 6). A
complementary analysis about the reasons for the dis-
persion of the data and a comparison with the original
SEHequation proposed byAn et al. (2020) can be found
in Appendix 4.

2.4.3. Boundary conditions
To study the long-term evolution of the iron tailings
in the river, we used a constant dominant discharge
that herein refers to a steady flow condition that would
transport the mean total sediment load if kept con-
stant over time (Appendix 3 outlines the methodol-
ogy for the estimation of the dominant discharge). A
constant flow rate of 116.9m3 s−1 and a mean annual
sediment load of 0.21Mton day−1 are the upstream
boundary conditions estimated based on the historical
flow rates records from the streamgage Alberto Flo-
res (4074000) and the sediment measurements taken
at site P0 (Figure 1). At the downstream end, we set
a water surface elevation equal to 616.0m, which is
the maximum normal water elevation in the Retiro
Baixo Reservoir (Soares Sobrinho & Graça, 2009). We
could have chosen as the downstream boundary condi-
tion any value between the minimal operational eleva-
tion (602.3m) and the maximum operational elevation
(617m) in the reservoir, without having any influence
on the hydraulic results along the river for the dominant
discharge condition. This is due to the significant con-
trol exerted by bedrock outcrops, particularly near the
headwaters of the Retiro Baixo Reservoir, as indicated
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(a) (b)

Figure 6. Comparison between observed and simulated values. (a) Dimensionless sediment transport rate Ni ; (b) dimensionless
sediment transport rate per unit width for the diameter in the ith range size, qi .

Table 1. Flow discharges used in the hydraulic and sediment
transport model.

Reach Q (m3 s−1)

Melo Franco (−10 km) – Confluence Betim River
(+45.8 km)

116.9

Confluence Betim River (+45.8 km) – Confluence Macacos
Creek (+177.8 km)

165.9

Confluence Macacos Creek (+177.8 km) – Porto Mesquita
(+241.0 km)

200.0

Porto Mesquita (+241.0 km) – upstream Retiro Baixo
Reservoir (+295.0 km)

205.5

Note: Positive sign corresponds todistancesdownstreamof the FerroCarvão
confluence, while negative sign refers to upstream distances.

in the longitudinal profile from the spillway at Igarapé
to the Retiro Baixo Reservoir (Figure A5).

The contribution of the tributaries were considered
by dividing the domain in four different subreaches. A
constant flow rate was assigned at each subreach based
on the dominant discharges at the upstream end of each
subreach (Table 1), according to the streamgage records
and the drainage area at each subreach. Based on the
historical records reported at the streamgages, themean
annual sediment loads remained constant for the entire
domain, for the conditions before the accident. This
might be due to the dammed tributaries, the dredging
operations along the river, and the presence of hydraulic
structures (i.e. spillways). Therefore, for the purposes of
analysing dominant discharge conditions, the sediment
input from the tributaries can be considered negligible
(mean annual sediment loads along the river are in the
order of 0.2 year−1, Table A2).

2.4.4. Model geometry
In this modelling effort, the river geometry was sim-
plified by adopting a rectangular cross-section with
varying widths. These widths were derived from a 1D
steady-state hydraulic analysis, based on a fixed-bed
assumption and real cross-sections obtained from a
bathymetric survey conducted in October 2020. The
hydraulic analysis accounted for both subcritical and

supercritical flow regimes and the hydraulic variables
were determined numerically using the secant method.

The simplified rectangular cross-section, with its
variable widths, was implemented in the movable-bed
model to determine the spatio-temporal evolution of
the riverbed and the transport of iron tailings along
the river. We did not consider floodplains because, in
the upper part of the domain, the river flows through
a valley with mild slopes where floodplains are limited.
Although there are floodplains in the lower course, the
dominant discharge stages were lower than the bankfull
stages.

Due to the high variability in both bathymetry and
sediment composition near the confluence, we selected
a finer cell size (dx) of 40m in this area to capture
detailed changes accurately. For regions extending 6 km
downstream to the Igarapé spillway, we opted for a
cell size of 350 m, anticipating moderate changes in
river morphology and sediment composition. For the
reach downstream of the Igarapé spillway, we selected
a dx of 500m, as the bathymetry in that reach is repre-
sented by cross-sections spaced 1 to 2 km apart, and the
bathymetric surveys and sediment measurements indi-
cate that this subreach is less likely to be significantly
affected due to the presence of the spillway at Igarapé.
Additional cells were defined at bedrock rapids and at
the spillway at Igarapé as vertical erosion is controlled
at these locations.

The time step chosen for the morphological calcu-
lation �t was based on the stability of the numeri-
cal scheme and the maximum erosion or aggradation
allowed in each time step. For this analysis, the max-
imum erosion allowed in one time step was set to be
equal to the substrate layer thickness (Ls = 0.20m).
We also ensure that there are no numerical instabili-
ties at the flow discharge transitions across the various
subreaches, which could otherwise result in severe bed
scouring. For the following months after the accident,
we used 0.5min as the time step, as the sediment was
moving relatively fast at locations close to the Ferro
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Carvão confluence. As the river morphology and sed-
iment fractions approached equilibrium, we progres-
sively increased the time step. In these more stable
conditions, we utilized a time step of 30 min.

2.4.5. Hydraulic and sediment parameters
The Cf values were estimated based on the resistance
relations expressed in terms of power laws and on the
composite roughness kc, which includes the effect of the
grain friction and form drag (Equation (15)):

Cf =
[(

Rh
kc

)1/6
]−2

(15)

where Cf is the friction coefficient, and Rh is the
hydraulic radius.

For the first iteration, the kc is estimated based on
the calibrated Manning’s nc values that were estimated
assuming fixed-bed conditions along the river (Vale
& Potamos, 2020). In the subsequent iterations, these
values are updated as the hydraulic and sediment con-
ditions change.

We selected two representative diameters that rep-
resent the natural sediment and the iron tailings in the
river assuming a porosity equal to 0.35. The character-
ization of the measurements along the river shows that
the natural bed material is mainly medium sand with
a Dsg around 0.35mm. For the iron tailings, we chose a
diameter of 0.10mm that is based on themeasurements
taken inside the Córrego do Feijão Dam-I before the
accident (Figure 7). The density measurements right
after the accident show measured density values up to
5000 kg m−3. However, a mineralogical analysis per-
formed with core samples along the river reported that
density values of iron tailings range between 3200 to
4500 kg m−3, while the natural sediment values range
from 2570 to 3550 kg m−3 (Arcadis & Vale, 2021; Lau-
reano et al., 2022). Herein we considered two repre-
sentative densities: 2810 kg m−3 and 3960 kg m−3 for
the natural sediment and the iron tailings, respectively.
For the natural sand, we selected 62.5μm as the cut-off
size for the wash loadmaterial and 48.5μm for the iron
tailings. The latter value is estimated as the equivalent
grain size withR = 2.96 that gives the same fall velocity
estimated for the cut-off size for the natural sand.

The bed sediment measurements taken upstream of
the Ferro Carvão confluence show that the wash load
component is negligible. However, the bed measure-
ments collected at P1, in March 2019, show a consid-
erable amount of tailings that include diameters within
the wash load sizes. As this paper aims to study themix-
ing and bed evolution of the iron tailings material, we
removed the wash load fraction of the tailings as this
material is transported in the water column and would
not have a significant influence on the morphological
changes of the river.

Figure 7. GSDs of tailings and natural bed sediment measured
at site P0 along with the wash load cut-off sizes for tailings
and natural sand. Grey curves represent the GSDmeasurements
at Dam-I before the accident, while bisque curves are the bed
measurements taken at P0.

2.4.6. Active layer thickness and bedforms
The thickness of the active layer is difficult to define;
however, it is common to assume that it scales
with the geometry of bedforms or the water depth
(Karim & Kennedy, 1982; Rahuel et al., 1989; Wright
& Parker, 2005). Although no bedforms were measured
during the field campaigns, dunes, ripples, and flatbeds
are expected according to the Shields–Vanoni–Parker
river diagram (Garcia, 2008; Parker, 2004) shown in
Figure 8. These predictors suggest that dunes are the
predominant bedform along the river; however, ripples
and flatbed are expected at locations close to the conflu-
ence with the Ferro Carvão Creek (P1 and P2), as the
sediment–tailings mixture is smaller and denser than
the natural sediment.

Bedrock outcrops have been identified at a few loca-
tions with drastic elevation drops that lead to local flow
acceleration and erosion control. When the bedrock is
exposed, the development of bedforms is unfeasible,
and the numericalmodel treatment allows the sediment
material to bypass the cell, impeding any erosion (only
deposition). The sediment transport capacity at this cell
does not consider the surrounding cells to avoid any
instability propagation due to bedrock exposure. For
cases without bedrock exposure, it is assumed that the
thickness of the active layer scales with the dune height
according to Equation (16) (Julien & Klaassen, 1995):

La = αD�dune = αD

[
ξH

(
Dsg

H

)0.3
]

(16)

whereH is the water depth, αD is a constant that ranges
between 0.4 and 8.0,�dune denotes the dune height; and
ξ is a constant that ranges between 0.8 and 8.0.

2.4.7. Initial conditions
The initial bed elevations along the study domain are
based on the thalweg of the river according to the
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Figure 8. Bedforms expected at measurement sites along the Paraopeba River according to Shields-Vanoni-Parker diagram (Gar-
cia, 2008; Parker, 2004). Positive sign indicates distance downstream the confluence with the Ferro Carvão Creek while negative sign
indicates distance upstream the confluence.

bathymetry obtained in October 2020, which indirectly
includes the dredging operations performed in the sur-
roundings of the Ferro Carvão confluence. The initial
density and volume fractions at each cross-sectionmust
be defined at the active layer and at all nodes within
the substrate. As some of the mining material has been
transported downstream,we use the bedmeasurements
to determine the bulk densities in the active layer as ini-
tial conditions for our simulations. The densities along
the river are determined by linear interpolation based
on the values at the measurement sites, except in the
first 6 km, where we assume that the bed is coveredwith
iron tailings (i.e. FT = 1, Fs = 0).

The initial conditions in the substrate were based on
the core sampling and bathymetries along the first 6 km.
Based on these measurements, Vale and Saga (2021)
constructed a 3D solid representation to approximately
determine the thickness of the tailingsmaterial, the nat-
ural sand, and the saprolite. We used this thickness to
determine the sand and sediment fractions within the
substrate for this first 6 km. The substrate elsewherewas
assumed to be composed mainly of sand (i.e. FT = 0,
Fs = 1). A schematic profile of the initial conditions
for the subreach between the confluence of the Ferro
Carvão Creek to the spillway next to the Igarapé Power
Plant is represented in Figure 9.

3. Results and discussion

The results described in this section are for a long-term
condition in which the density and bed evolution of the
sediment bed are simulated for a representative flow
discharge condition that would transport the annual
sediment load (i.e. dominant discharge). Therefore, we
are not trying to represent the historical conditions as

the flow discharges are a function of the hydrology of
the basin and the water releases from reservoirs located
in tributaries of the Paraopeba River.

3.1. SEH equation

Since the iron-ore tailings are finer than the ambi-
ent sediment, their presence temporarily makes the
grain size distribution (GSD) of the riverbed finer and
more uniform. This results in the bed material being
transported in suspension becoming finer than the
suspended material before the arrival of the tailings.
Depending on the presence of iron tailings, this con-
dition can lead to a fining effect, resembling the char-
acteristics of a silt-bed river (e.g. Yellow River, China).
The observed data (collected at all sediment measure-
ment locations along the Paraopeba River, Figure 1)
clearly demonstrates this fining trend, which shows
a riverbed fining as the dimensionless shear stress
increases (Figure 10). According to Naito et al. (2019),
this behaviour contrasts with what is typically observed
in gravel-bed rivers.

For rivers like the Yellow River, the exponents b and
d are negative due to the fining of the suspended load
(Naito et al., 2019). Although a fining effect is occurring
in the Paraopeba River, it will not fully reach the condi-
tion of a silt-bed river. However, this fining effect causes
the coefficient b to become negative, while d becomes
positive, albeit very close to zero.Overall, this condition
results in higher N∗

i values using the model developed
here compared to those calculated using the formula of
An et al. (2020) (Figure A2a). Consequently, this leads
to increased suspended sediment transport rates due
to the high entrainment rates into the water column
caused by the fining effect of the riverbed (Figure A2b).
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Figure 9. Schematic profile that represent the initial conditions for the reach between Ferro Carvão to the spillway at Igarapé Power
Station.

Figure 10. Dimensionless shear stress versus geometric mean
grain size.

3.2. Bed evolution

As bedrock outcrops vertically control the erosion in
the Paraopeba River, the current analysis focuses on
the Ferro Carvão Creek confluence, as this zone is
prone to erosion due to the volume of tailings that were
deposited in this area after the dam breach incident.
Likewise, this analysis focuses on the pool upstream of
the spillway at the Igarapé Power Plant, as the eroded
and mobilized iron tailings tend to be temporarily
deposited in low-velocity zones.

The simulation results show a rapid erosion of the
iron tailings for the first years at the Ferro Carvão Creek
confluence, with relatively constant and almost imper-
ceptible changes after the fifth year (Figure 11a). On
the other hand, the pool upstream of the Igarapé spill-
way is prone for the tailings to deposit as low flow

velocities are induced by the backwater curve gener-
ated by this structure. After the pool is filled with the
sand–tailings mixture, minor changes are expected in
the bed elevations along the pool (Figures 11b). The
sediment–tailings mixture enters this slowly moving
zone that decreases the ability of the river to move sed-
iment at the same rate that was moving upstream of
the pool. It is expected that the sand–tailings mixture
would be maintained upstream of the spillway until
this mixture reaches its crest in approximately 17 years.
This is only an approximate estimate since the domi-
nant discharge is used and not the actual flow discharge
conditions.

This bed evolution analysis does not aim to cap-
ture the actual changes of the bathymetry because the
real bed evolution is a function of the flow discharges
conveyed by the river and the dredging operations
that are conducted in the zone adjacent to the Ferro
Carvão confluence. These variable flow discharges dif-
fer from the constant flow dominant discharge; thus,
we would not expect to reproduce the observed bed
evolution. Herein we are considering a virtual flow dis-
charge (flow dominant discharge) that would provide
the mean annual sediment load in the long term. In
the same manner, although we consider the effects of
dredging operations by using a bathymetry performed
in October 2020 (20 months after the accident), we
cannot consider subsequent dredging operations in the
current analysis.

The evolution of the rating curves at the Alberto
Flores streamgage (Figure 12), located 1 km upstream
of the Ferro Carvão confluence, shows evidence of the
rapid erosion predicted in the simulation results and
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(a) (b)

Figure 11. Relative bed changes basedon initial bed elevation (bathymetryOctober 2020). Negative numbers indicate erosionwhile
positive ones correspond to aggradation. (a) Ferro Carvão confluence. (b) Igarapé Pool.

Figure 12. Evolution of the rating curves before and after the accident at streamgageAlberto Flores (ANA 4074000). Note: this figure
is based on data reported by ANA (Agência Nacional de Águas, Brazilian Water Agency) at this streamgage.

the survey bathymetries performed after the arrival of
the iron-ore tailings (Figure 11). This erosion plus the
dredging operations conducted in this zone have almost
restored the hydraulic conditions in this area of the
river, as the rating curve measured by ANA in Decem-
ber 2021 (green line) is close to the onemeasured before
the dam breach (black line).

The rating curvesmeasured after the accident show a
rapid increase of thewater surface elevations in the river
(at Alberto Flores streamgage) due to the large deposit
of iron tailings formed after the dam breach. This tail-
ings deposit blocked the river flow and created a back-
water curve extending up to theAlmorreimasCascades,
located 1.7 km upstream of the Ferro Carvão conflu-
ence (Figure A4). The multiple topographic surveys
and the simulation results demonstrate that once the
river passes over this mound, the flow accelerates due
to the steep longitudinal slopes, easing the entrainment
of this material into the water column and rapidly erod-
ing the tailingsmound. This continuous erosion and the
dredging operations decrease the longitudinal slopes
of the iron tailings deposit and, thus, the sediment
transport capacity of the river. The restoration of the
hydraulic conditions at the Alberto Flores streamgage
was achieved in less than one year (Figure 12), despite

the considerable volume of iron tailings that remain in
the bed according to the core sampling performed in
the first 6 km downstream of the Ferro Carvão Creek
confluence (Vale & Saga, 2021). This rapid hydraulic
restorationwas achieved due to the pool-riffle sequence
of the Paraopeba River, in which the hydraulic condi-
tions at the Alberto Flores streamgage are controlled
mainly by a riffle located upstream of the Ferro Carvão
confluence (Figure A4).

To provide an explanation for the predicted rapid
erosion of this material within the first 6 km, we con-
ducted an analysis of the entrainment of this non-fluvial
material from the bed to the water column. Although
the simulation results and the topographic surveys indi-
cate a high mobility of the iron tailings in the down-
stream direction, it is crucial to consider that the sizes
of this non-fluvialmaterial are finer than riverbedmate-
rial and comparable with the thickness of the viscous
sublayer. Therefore, the iron-ore tailings can be totally
or partially immersed into this sublayer requiring high
turbulence intensities and bottom shear stresses to
be entrained into suspension (Rojas-Aguirre & Gar-
cia, 2025). To determine the flow conditions conducive
to entrainment, we used the bathymetry survey con-
ducted in September 2021, as it includes a stratigraphic
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Figure 13. Threshold for entrainment for the tailings andambi-
ent sand assuming representative diameters.

analysis based on core sampling taken for the first
6 km downstream of the Ferro Carvão confluence (Vale
& Saga, 2021).

According to Nino et al. (2003), the threshold that
triggers the entrainment of sediment from the bed into
suspension is a function of the Reynolds particle num-
ber, Rep (Figure 13). For the representative diameter
for the iron tailings (i.e. D = 0.10mm), the flow in
the river must be capable of reaching values of at least
u∗/vs = 2.81 to entrain the tailings into the water col-
umn. This threshold is higher than the one obtained for
the natural sand (u∗/vs = 0.40), leading to a condition

Figure 14. Analysis for entrainment of tailings in the first 6 km downstream the Ferro Carvão Creek. We considered three flows:
the flow equal to or exceeded 95% of the time according to the records at streamgage Alberto Flores (16.7m3 s−1), the mean flow
discharge (61.4m3 s−1), and the dominant flowdischarge (116.9m3 s−1). (a)Water surface elevations and bed profile for bathymetry
2021. (b) Froude number. (c) u∗/vs along with the threshold for entrainment of tailings into suspension.

in which higher turbulence intensities are required for
the representative tailings diameter to be entrained in
comparison with the ones required for the representa-
tive diameter of natural sand.

Based on the formulation proposed by Nino et al.
(2003) and a steady-state hydraulic analysis assuming
fixed-bed conditions, it was found that for the first
6 km downstream of the Ferro Carvão Creek conflu-
ence, the river has enough capacity to entrain the iron
tailings into the water column, regardless of the stream-
flow magnitude (i.e. flow equal to or exceeded 95%
of the time, the mean flow discharge, and dominant
flow discharge). The majority of the u∗/vs values sur-
pass the threshold for tailings entrainmentwhich can be
observed in the dashed red line depicted in Figure 14c.
During low streamflows, we can expect high entrain-
ment in the riffles zones as the flow tends to go to a
critical regime leading to highmagnitudes of u∗/vs. On
the other hand, deposition is expected in pool zones
as the values of u∗/vs are lower than the threshold for
entrainment of tailings.

3.3. Density and size evolution

As the sediment density is our surrogate to track
the transport and dispersion of the iron tailings in
the river, we evaluate the spatiotemporal evolution
of the bulk density in the active layer, as we assumed
that the material within this layer interacts with the
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Figure 15. Spatio-temporal evolution of mean geometry size Dsg and specific gravity (Sp = ρs/ρw) within the active layer. Pure
tailings and pure sand are represented with Sp of 3.96 and 2.81, respectively, while the mixture of these materials has Sp that fall
within this range.
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Figure 16. Spatio-temporal evolution of the density of the riverbed material based on observed data. Note: this figure was created
using the dataset from field sediment campaigns conducted by Vale at the ten measurement locations depicted in Figure 1.

water column and is prone to move in the downstream
direction.

Figure 15 represents the spreading of the mixture of
sand–iron tailings along the river, based on the evolu-
tion of the sediment density and geometric diameter
within the active layer. The iron tailings in the active
layer rapidly interact and mix with the natural sed-
iment material, in the reach from the Ferro Carvão
confluence to upstream of the spillway. Although we
are not aiming to represent the historical conditions
in the river, the simulation results are consistent with
the general pattern of the spatiotemporal evolution
of the density of the riverbed material measured at
the sediment measurement locations. This suggests a
high level of dissipation of iron tailings discharged into
the river, primarily due to their mixing with ambi-
ent sand and the burial of some material within the

substrate. Furthermore, a significant portion of the
non-washload component of the iron tailings remains
trapped upstream of the spillway at Igarapé (Figure 16),
which aligns with the findings of previous studies by
Salgado Terêncio et al. (2023).

The long-term simulation results of the riverbed
sizes and density evolution along the pool upstream
of the spillway predicts a change in its stratigraphy
caused by the backwater effects developed by the struc-
ture (Figure 17). The low velocities in this zone imply
low bed shear stresses that decelerate the sediment
transport rates compared to other river zones. The
simulated stratigraphy analysis along the pool predicts
that fractions of iron tailings would be buried, and a
downstream lightening process (Viparelli et al., 2015)
would occur since the denser materials would remain
in the pool and the lighter sediment (i.e. with low



JOURNAL OF HYDRAULIC RESEARCH 79

Figure 17. Evolution of Dsg in the substrate in the pool upstream of the spillway at Igarapé. The flow direction is towards the left.

Figure 18. Evolution of Dsg in the substrate in close to the Ferro Carvão confluence. The flow direction is towards the left.

iron content) would reach the crest of the spillway.
Therefore, the pool upstream of the spillway acts as
a settling tank controlling the spreading of the coarse
iron tailings downstream of the structure. Due to the
substantial accumulation of material upstream of the
structure, simulations indicate that the sediment pass-
ing through it would consist of less than 5% iron tail-
ings by volume (i.e. 95% sand). At distances beyond
63 km downstream of the Ferro Carvão Creek conflu-
ence, the presence of these tailings would be nearly
undetectable.

Despite the previous result, this trapping effect
upstream of the spillway might differ from what is
expected to occur in large streamflow events. Given
the high propensity of tailings to be entrained into the

water column, large events would have the potential
to move the sand–tailings mixture beyond the spillway
at Igarapé. Thus, to provide a more accurate repre-
sentation of sediment movement in this low-velocity
zone, we recommend implementing a depth-averaged
sediment conservation equation for suspended sedi-
ment in future studies. Additionally, instead of estimat-
ing sediment transport using a total sediment trans-
port equation, we suggest adopting a suspended sed-
iment transport equation, as bed load rates are neg-
ligible compared to suspended sediment loads. This
equation would specifically account for the entrain-
ment of iron tailings into the water column. We also
recommend conducting suspended sediment measure-
ments throughout the water column using acoustic
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or optical devices to analyse the vertical distribution
of concentration and particle size (Pedocchi & Gar-
cía, 2006).

On the other hand, the sediment bed evolution at
the zone close to the Ferro Carvão Creek shows a rapid
bed erosion of the iron tailings that is reflected in an
increase in the mean sediment diameters in the sub-
strate and in the riverbed (i.e. decrease in the specific
gravity) due to the rapid mobility of the iron-tailings in
the downstream direction (Figure 18). Although some
vestiges of the tailings tend to be trapped in lower lay-
ers within the substrate, most of the eroded material is
transported in the downstream direction and deposited
in low-velocity zones.

Future efforts to improve the accuracy of previous
simulation results involve incorporatingmore size frac-
tions of the sand–tailings mixture in the numerical
model. This is particularly crucial due to the hetero-
geneous size of the iron tailings that were accidentally
released in the Paraopeba River. This size heterogene-
ity might cause particles to move at different velocities
based on their size. Small particles are carried further
downstream than the heavier ones , producing a down-
stream fining effect (Blom et al., 2016; Paola et al., 1992;
Wright & Parker, 2005).

4. Conclusions

In this study, formulations based on the active layer
concept are proposed to assesswatercourses that receive
material with densities differing from those of the
ambient sediment. Using these formulations and a
recalibrated SEH equation that accounts for vary-
ing sediment sizes and densities, we developed a 1D
hydraulic and sediment transport numerical model for
the Paraopeba River (Brazil). This model assesses the
long-term stratigraphic and morphodynamic evolu-
tion caused by a single iron tailings pulse accidentally
released into the river. By assuming a dominant flow
discharge (i.e. a virtual flow capable of transporting the
mean sediment load of the river over a year), we deter-
mined the long-term evolution of the pulse of iron-ore
tailings along the river. Sediment density was used as a
surrogate to track this material within the active layer
and substrate, enabling us to capture its dispersion and
fate along the river.

The results from the numerical model show that
the evolution of the material density in the active layer
aligns with the overall trend of observed density mea-
surements in the riverbed. This suggest that a signif-
icant portion of the non-washload component of the
iron tailings has not moved further downstream of the
spillway at Igarapé (Figure 16). Consequently, the pool
upstream of the spillway at Igarapé offers a suitable
location to effectively monitor and control the spread-
ing of the iron tailings in the streamwise direction,
as this structure acts as a hydraulic control section in

the river by creating a backwater curve and enhancing
deposition.

Overall the proposed model is also able to explain
the rapid bed evolution seen in the zone close to the
Ferro Carvão confluence. The entrainment analysis
performed in the area close to the tailings source reveals
that the iron tailings are constantly in motion as the
river has enough capacity to entrain them into thewater
column since the entrainment threshold is easily sur-
passed, regardless of the magnitude of the streamflow.
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Notation

a,b,c,d calibration parameters for SEH equation (–)
Cf dimensionless bed friction coefficient (–)
Di sediment size in the ith grain size (m)
Dsg geometric mean size (m)
fi volume fraction in the ith grain size in the

substrate (–)
fs volume fraction of the ambient sand in the

substrate (–)
fT volume fraction of the iron-ore tailings in the

substrate (–)
fIi interfacial exchange fraction in the ith grain

size (–)
fIs interfacial exchange fraction of the ambient

sand (–)
fIT interfacial exchange fraction of the iron-ore

tailings (–)
Fi volume fraction in the ith grain size in the

active layer (–)
Fs volume fraction of the ambient sand in the

active layer (–)
FT volume fraction of the iron-ore tailings in the

active layer (–)
g acceleration of gravity (m s−2)
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gT total mass transport rate per unit width (kg
m−1 s−1)

gTi total mass transport rate per unit width for ith
grain size (kg m−1 s−1)

H water depth (m)
kc composite roughness (m)
La active layer thickness (m)
N∗
i dimensionless sediment transport rate in the

ith grain size (–)
qT volumetric sediment transport rate of total

bed material per unit width (m2 s−1)
R submerged specific gravity of the sediment (–)
Rh hydraulic Radius (m)
Rep Reynolds particle number (–)
u∗ shear velocity (m s−1)
t time (s)
vs settling velocity (m s−1)
x streamwise direction coordinate (–)
αD weighting factor to estimate the active layer

thickness (–)
�t time step (s)
�dune dune height (m)
λp sediment porosity (–)
ρa bulk density in the active layer (kg m−3)
ρI bulk density at the interface substrate-active

layer (kg m−3)
ρi density in the active later in the ith grain size

(kg m−3)
ρs ambient sand density (kg m−3)
ρT iron-ore tailings density (kg m−3)
ρw water density (kg m−3)
ρlifli interfacial density exchange in the ith fraction

(kg m−3)
Sp specific gravity (–)
τb bed shear stress (kg m−1 s−2)
τ ∗
i dimensionless bed shear stress in the ith grain

size (–)
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Appendices

Appendix 1. Derivation of equation that
describes the evolution of density in the active
layer

For the control volume defined in Figure 3 (Section 2.3),
the 1D sediment conservation equation in terms of mass
transport rate per unit width, is defined as:

∂

∂t

∫ η

0
ρ′
i f

′
i (1 − λp)�x dz

= [
ρi−inqTi|x − ρi−outqTi|x+�x

]
(A1)

(1 − λp)
∂

∂t

∫ η

0
ρif ′i dz = − ∂

∂x
gTi (A2)

The control volume is divided into two regions: active layer
and substrate layer, for which the volume (f ′i ) and density
fractions (ρ′

i ) in the ith grain size are defined as:

f ′i(x, z, t) =
{
Fi(x, z, t), η − La < z < η

fTi(x, z), ηb < z ≤ η − La
(A3)

ρ′
i(x, z, t) =

{
ρi(x, z, t), η − La < z < η

ρsi(x, z), ηb < z ≤ η − La
(A4)

Based on the previous definitions, the integral in Equa-
tion (A2) can be defined and evaluated as:

∂

∂t

∫ η

ηb

ρ′
i f

′
i dz = ∂

∂t

(∫ η−La

ηb

ρ′
i f

′
i dz +

∫ η

η−La
ρ′
i f

′
i dz

)

∂

∂t

∫ η

ηb

ρ′
i f

′
i dz = ∂

∂t

(
ρ′
i f

′
i z

∣∣∣η−La

ηb
+ ρ′

i f
′
i z

∣∣∣η
η−La

)

∂

∂t

∫ η

ηb

ρ′
i f

′
i dz = ∂

∂t
(
ρIifIi(η − La)+ ρiFiLa

)
(A5)

The previous equation can be rewritten as:
∂

∂t

∫ η

0
ρ′
i f

′
i dz = (Fiρi − ρIifIi)

∂La
∂t

+ ρIifIi
∂η

∂t
+ La

∂Fiρi
∂t
(A6)

Substituting Equation (A6) into Equation (A2) we get:

(1 − λp)

[
(Fiρi − ρIifIi)

∂La
∂t

+ ρIifIi
∂η

∂t
+ La

∂Fiρi
∂t

]

= −∂gTi
∂x

. (A7)

The total mass transport rate gT , the bulk density ρa and the
bulk density for the interfacial exchange ρI can be calculated
as the summation of all the fractions:

gT =
N∑

n=1
gTi, ρI =

N∑
n=1

fIiρIi, ρa =
N∑

n=1
Fiρi (A8)

Based on the previous relations and with some algebra
manipulation, Equation (A7) turns into the form:

∂η

∂t
= − 1

ρI(1 − λp)

∂gT
∂x

−
(
ρa

ρI
− 1

)
∂La
∂t

− La
ρI

∂ρa

∂t
(A9)

Appendix 2. Simplified equations for the
Paraopeba river

In our analysis, we consider only two sediment fractions: iron
tailings and ambient sand. We define Fs as the fraction of
ambient sand and FT as the fraction of iron tailings, with their
relationship given by:

Fs = 1 − FT (A10)

Considering only these two sediment fractions, and only
two representative densities for each fraction, the density
within the active layer is calculated based on Equation (A8)
as follows:

ρa = ρsFs + ρTFT (A11)

whereρs andρT are the densities of the ambient sand and iron
tailings, respectively. Based on Equations (A10) and (A11),
the rate of change of the density in the active layer (∂ρa/∂t)
can be written as:

∂ρa

∂t
= ∂Fs

∂t
(ρs − ρT) (A12)

As ∂η/∂t is also a function of the rate of change of the thick-
ness of the active layer, we use the equation proposed by Julien
and Klaassen (1995) to determine this rate (Equation (A13)):

La = αD�dune = αD�dune = αDξH
(
Dsg

H

)0.3
(A13)
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Figure A1. Flow duration curves (FDC) and suspended sediment duration curves (SSDC) for streamgages at Ponte da Taquara, Belo
Vale, Ponto Novo do Paraopeba, and Alberto Flores. Positive and negative signs denote distances upstream and downstream of the
Ferro Carvão Creek confluence, respectively.

Consequently, the rate of change of La is estimated as follows:

∂La
∂t

= αDξ

[
0.7

Dsg

H0.3
∂H
∂t

+ 0.3
H0.7

D0.7
sg

∂Dsg

∂t

]
(A14)

As we are considering a steady-state flow condition, the pre-
vious equation can be simplified as:

∂La
∂t

= 0.3αDξ
H0.7

D0.7
sg

∂Dsg

∂t
(A15)

To determine ∂Dsg/∂t, we use the definition of Dsg :

Dsg = 2ψ̄ , ψ̄ =
N∑

n=1
ψiFi (A16)

Based on the previous definition, and taking into considera-
tion the two fractions considered in this study, it is possible
to determine the rate of change of Dsg as:

∂Dsg

∂t
= Dsg ln(2)(ψs − ψT)

∂Fs
∂t

(A17)

where ψs = log2 Ds, and ψT = log2 DT . Substituting Equa-
tion (A17) into Equation (A15) and with some algebra
manipulation, Equation (A15) turns into:

∂La
∂t

= 0.3La ln(2)(ψs − ψT)
∂Fs
∂t

(A18)

Substituting Equations (A18) and (A12) into Equation (A9)
yields:

∂η

∂t
= − 1

ρI(1 − λp)

∂gT
∂x

−
[
0.3La ln(2)(ψs − ψT)

×
(
ρa

ρI
− 1

)
+ La
ρI
(ρs − ρT)

]
∂Fs
∂t

(A19)

Assuming ρT = ρIT , ρs = ρIs, and substituting Equa-
tions (A18), (A19) into (A7), we obtain:

(1 − λp)

[(
Fsρs − ρsfI1

) (
0.3La ln(2)(ψs − ψT)

∂Fs
∂t

)

+ ρsfIs
(

− 1
ρI(1 − λp)

∂gT
∂x

− 0.3La ln(2)

× (ψs − ψT)

(
ρa

ρI
− 1

)
∂Fs
∂t

− La
ρI
(ρs − ρT)

∂Fs
∂t

)
+ Laρs

∂Fs
∂t

]
= −∂gTs

∂x
(A20)

After some mathematical manipulation it is possible to solve
for ∂Fs/∂t:

ρs
∂Fs
∂t

= 1
(1 − λp)La

[
−∂gTs
∂x

+ ρsfIs
ρI

∂gT
∂x

]

×
[

1
(1 + K1)+ (1 + K2)− 1

]
(A21)

where:

K1 = 0.3 ln(2)(ψs − ψT)

(
Fs − fIs

ρa

ρI

)
,

K2 = −fIs
(ρs − ρT)

ρI

Appendix 3. Mean annual sediment discharge
and dominant discharge

This appendix outlines the methodology in this work to esti-
mate the mean annual sediment discharge and dominant
discharge. The inputs to estimate these morphological flows
are as follows:

• Flow duration curve (FDC): This curve is constructed
from extensive flow time series, including morpholog-
ically representative discharge events with high return
periods. It is recommended to have a fine time resolution
(i.e preferably hourly). The FDCs and the sediment load
duration curves for the streamgages reported are shown
in Figure A1.

• The relationship between flow discharge and sediment
flow discharge can be established either through a rat-
ing curve based on observed data or a sediment trans-
port equation (e.g. Engelund–Hansen, Brownlie, Cruick-
shank–Maza). In this case we used the rating curves devel-
oped by Vale at streamgages Ponte Novo do Paraopeba.
For Porto Mesquita and at Melo Franco (P0, see Figure 1),
we developed a discharge-sediment load rating curve
based on the dataset developed by Vale and the historical
data reported by CEMIG.

• Cut-off size for wash load: In this analysis, we excluded
the wash load fractions since they do not play a role in the
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Figure A2. Comparison between simulation results using the calibration parameters determined by An et al. (2020) and by the SCE
method (Table A3). (a) Dimensionless sediment transport rate Ni . (b) Dimensionless sediment transport rate per unit width for the
diameter in the ith range size, qi . Boxplots are displayed within arbitrary regular-spacing bins.

Table A1. Steps to calculate mean total sediment discharge.

Columns I – II Column III Column IV Column V Column VI
Flow range Qi [l3s−1] Flow average Qi [l3s−1] Frequency fi % Sediment discharge Qsi [l3s−1] Qsi ∗ fi [l3s−1]

Lower limit Higher limit

QN−1 QN Qn fn Qsn Qsn ∗ fn
QN−2 QN−1 Qn−1 fn−1 Qsn−1 Qsn−1 ∗ fn−1

...
...

...
...

...
Q1 Q2 Q1 f1 Qs1 Qs1 ∗ f1

Qs = ∑N
i=1 Qsi ∗ fi

morphological changes. Commonly for sand-bed rivers,
the cut-off size is 62.5μm.

Based on the previous inputs, we have estimated the dom-
inant discharge using the information provided in Table A1.

• Column I and II: the flow records are discretized in dif-
ferent classes. Column I and Column II are the lower and
upper limits at each class.

• Column III: corresponds to the mean flow at each class.
• Column IV: this is the frequency of flow rates associated

with each class. It is estimated as the difference between
the frequencies for the upper and lower limits.

• Column V: these values come from a rating curve devel-
oped frommeasurements or a sediment transport relation.

• Column VI: the product between Columns IV and V and
represents the sediment flow contribution at each class.

The sum of Column VI represents the mean annual sed-
iment discharge (Qs). The dominant discharge is the flow
average value (inColumn III) that is associatedwith themean
annual sediment discharge, Qs.

Due to the limited historical records in the river before
the accident, this mean annual sediment load was calculated
at three different locations that are shown in Table A2.

Appendix 4. Sediment transport equation

A.1. Comparative analysis of calibrated
equation in relation to An et al. (2020)
equation

Herein we compare the outcome of the SEH by using the
calibrated parameters determined by An et al. (2020) and

those calibrated in this study (Table A3). To perform this
comparison, we used the dataset from the Paraopeba River.
The comparison of the dimensionless parameters depicted in
Figure A2a shows that theN∗

i values estimated by the param-
eters proposed by An et al. (2020) tend to be larger than
those proposed in this study whenN∗

i ∼ 0.05, and lower oth-
erwise. However, the qi scatter plot reveals a propensity for
lower values when we consider the equation proposed by An
et al. (2020) (Figure A2b).

The previous calibrated parameters and objective func-
tion values are comparable across different optimization
methods, including sequential least squares programming
(Kraft, 1988), cuckoo search algorithm (X. S. Yang & Deb,
2009), and the ‘ brute force’ method with uniform distribu-
tion (Table A4).

The sediment transport rate differences between the study
conducted byAn et al. (2020) and this studymay be attributed
to variations in laboratory conditions (Guy et al., 1966)
used to calibrate the SEH equation proposed by An
et al. (2020) and the actual conditions in the Paraopeba River.
These differences can be ascribed to various anthropogenic
pressures:

• Sand mining: This is a common activity along the river
and across its basin to meet the construction demands in
the metropolitan area of Belo Horizonte (IGAM, 2010).

• Dammed tributaries: Three reservoirs were built to
supply water for the Belo Horizonte metropolitan area
(Manso River, Serra Azul, and Vargem das Flores).

• Inline structures:Upstreamof the Retiro BaixoReservoir,
two spillways create a headpond for electricity generation
(Salto do Paraopeba Run of the River and Igarapé). The
coarse material tends to be retained upstream of these
structures (de Carvalho et al., 2021).
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Figure A3. Identifiability andparametric sensitivity analysis for the EngelundHansenmodel formixtures. Left: Identifiability analysis
for each parameter via dotty plots (the best set of parameters is represented in red dots). Right: regional sensitivity analysis for each
parameter in cumulative frequency distribution form.

Table A2. Mean annual sediment load and dominant discharge along the Paraopeba River.

Location
Mean annual sediment
load (Mton day−1)

Dominant
Discharge (m3 s−1)

Flow time series
source Sediment sources

Melo Franco (−10 km) 0.21 116.9 Alberto Flores (1963–2020) Rating curve at Melo Franco P0
Ponte Novo do Paraopeba
(+50 km)

0.24 165.9 Ponte Novo do Paraopeba
(1938–2018)

Ponte Novo do Paraopeba
(1938–2018)

Porto Mesquita 0.25 205.5 Porto Mesquita (1977–2019) Porto Mesquita (1977–2019)

Table A3. Calibrated parameters from the recalibrated SEH
equation and from An et al. (2020).

SCE-UA An et al. (2020)

a 0.0323 0.037
b −1.466 0.445
c 1.6031 0.876
d 0.0941 −0.348
1-KGE 0.589 0.833

• Sand–tailingsmixtures: The insertion of the iron tailings
in this riverine system changes the GSD and density of the
bed material as it mixes with the natural sediment.

• Bedrock outcrops: Although this item does not corre-
spond to anthropogenic pressure, the river is controlled
laterally and vertically by bedrock outcrops that dif-
fer from the laboratory conditions described by Guy
et al. (1966).

A.2. Sensitivity analysis

Identifiability and sensitivity analyses were performed with
the SEH equation calibrated in this study. These analyses
are conducted via dotty plots and regional sensitivity anal-
ysis (RSA, Freer et al., 1996) by using a uniform distribu-
tion sampling parameter space (Figure A3). Ten thousand

realizations are evaluated, and each set of parameters is plot-
ted against the objective function, 1−KGE (dotty plots). The
red dots represent the best set of parameters obtained by
the SCE-UA algorithm. Uniform scatter points denote low
sensitivity to the objective function, while high sensitivity is
represented by a clear minimum on the dotty plot. Likewise,
the RSA indicates low sensitivity when the ten cumulative
functions are parallel and close to each other. This qualitative
analysis showed that the sensitive and identifiable param-
eters are a, c and d. The latter two were expected to be
sensitive as they associated with the power parameter (Bi) in
Equation (11). b is the less sensitive parameter, and it can take
the same value found by An et al. (2020).

Appendix 5. 1D Hydraulic analysis assuming
fix bed

The morphology of the Paraopeba River is characterized by
a pool-riffle sequence in which the bedrock outcrops con-
trol the vertical and lateral erosion in the river. A steady
state 1-D hydraulic analysis, assuming fix bed (using the real
cross-sections frombathymetry performed in February 2019)
show that high flows tend to maintain a more uniform slope
and diminish the effect of these morphological sequences
in which the flow tends to be critical or near-critical
(Figure A4).
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Table A4. Calibrated parameters using different optimization methods.

Method/parameters a b c d 1-KGE

SCE-UA 0.0323 −1.466 1.6031 0.0941 0.58582
Cuckoo search algorithm 0.0329 −1.327 1.6105 0.0659 0.58611
Sequential least squares programming 0.0323 −1.383 1.6165 0.0739 0.58589
‘Brute force’ uniform distribution 0.0353 −1.630 1.7505 0.2352 0.5922

Figure A4. Hydraulic vertical profile and Froudenumber fromMelo Franco to the spillway at Igarapé for a steady-state flowcondition
assumingflowdominant discharge (116.9m3 s−1) andmeanannual flowdischarge (61.4m3 s−1, basedon theflowdischarge records
at Alberto Flores streamgage). This analysis is conducted for a fixed-bed condition using a bathymetry conducted in February 2019.

Figure A5. Hydraulic vertical profile and Froude number from the spillway at Igarapé to the Headwaters of Retiro Baixo Reservoir for
a steady-state flow condition assuming flowdominant discharge (116.9m3 s−1) andmean annual flowdischarge (61.4m3 s−1, based
on the flow discharge records at Alberto Flores streamgage). This analysis is conducted for a fixed-bed condition using a bathymetry
conducted in February 2019.
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