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INTRODUCTION
Buoyant river plumes are typical coastal fea-

tures transitioning the continental runoff into 
shelf waters. These surface-advected sub-me-
soscale and mesoscale structures are generally 

characterized by, first, more intense motion in re-
sponse to external forcing as compared to ambi-
ent coastal circulation and, second, stronger strati-
fication that leads to reduced mixing between the 
surface layer and deeper waters (Garvine, 1984; 
Garvine, 1995; Cole and Hetland, 2015; Mazzini 
and Chant, 2016; Fisher et al., 2018; Mazzini et 
al., 2019). As a result, buoyant river plumes can ef-
fectively transport large volumes of freshwater, ter-
rigenous sediments, nutrients, carbon, litter, and 
anthropogenic pollutants from tens to hundreds © 2022 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.
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This study is focused on the fate of a large volume of mine slurry discharged from the Doce River (DR) to the 
coastal ocean after the worst environmental disaster in Brazilian which occurred in November 2015. We used 
Eulerian (ROMS) and Lagrangian (STRiPE) numerical models, as well as satellite remote sensing data, to study 
the spreading and seafloor accumulation of fine river-borne sediments during the initial six months following the 
disaster. We show that the regions of intense sediment accumulation were determined by spreading patterns of 
the surface-advected DR plume. The river discharge rate governed the plume surface area, while its position 
depended on local wind forcing conditions. The spreading of sediments carried by the DR plume was dominated by 
southward transport caused by prevailing upwelling-favorable northeasterly winds during the study period. Under 
high discharge conditions, river-borne sediments were transported over 100 km southward from the DR mouth 
and reached the outer shelf. In contrast, sediments were arrested near the mouth during drought periods and 
remained on the inner shelf. As a result, fine river-borne sediments accumulated on the seafloor, mainly in the 
large shallow shelf area southward from the DR mouth. Conversely, only a small fraction of residue was deposited 
northward. Thus, the Environmental Protection Area (EPA) of Costa das Algas, located 40 km southward from the 
DR, potentially exhibited more susceptibility to sediment arrival. On the other hand, their influence on Abrolhos 
Marine National Park, located 200 km northeastward from the DR mouth, was presumably minimal.
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of kilometers away from the river mouths. Hence, 
they influence water quality, bottom morphology, 
biological productivity, and food webs in broad 
coastal areas (Wright, 1977; Milliman and Syvitski, 
1992; Jickells, 1998; Rabalais et al., 2002; Wang, 
2006; Reifel et al., 2009; Borges and Gyphens, 
2010). As just stated, river water can contain sus-
pended and/or dissolved toxic pollutants (e.g., 
heavy metals, persistent organic pollutants, pes-
ticides, plastic litter) which are discharged to the 
sea and are transported by river plumes. In this 
case, risk assessment of the negative impact of 
river discharge on coastal environments is based 
on the identification of transport pathways and ac-
cumulation areas of river-borne pollutants (Wen 
et al., 1999; Beusen et al., 2005; Milliman and 
Farnsworth, 2011).

The shape, size, and spread of a river plume 
are determined by river discharge rate, local winds, 
waves, tides, ambient currents, local bathymetry, 
and Coriolis force (Chant, 2011). However, the 
structure and dynamics of river plumes vary in 
space and time, mainly when formed by small and 
medium-size rivers (Osadchiev, 2015; Osadchiev 
and Korshenko, 2017; Osadchiev and Sedakov, 
2019). As a result, the large daily and synoptic 
variability of river plumes hinders the precise re-
construction of their three-dimensional structure 
using in situ measurements. In this work, we 
combine satellite data with numerical modeling to 
study the fate of river-borne sediments discharged 
into the coastal ocean as a consequence of the 
worst environmental disaster in Brazilian history, 
the 2015 dam collapse in Mariana, Minas Gerais 
State (MG) (Escobar, 2015; Carmo et al., 2017).

Regional setting
The Doce River (DR) is one of the largest riv-

ers in southeastern Brazil. Its drainage basin area 
exceeds 83,000 km2 (Aprile et al., 2004), 98% of 
which is located within the Atlantic Forest char-
acterized by endemism and human interventions 
(Myers et al., 2000), which caused strong anthro-
pogenic pressure before the Fundão dam collapse 
(Gomes et al., 2017). In due course, more than 
200 municipalities with a total population exceed-
ing 2 million inhabitants are located in the DR 

basin, and a large volume of untreated sewage is 
discharged into the river (ANA, 2016).

The river mouth is situated in the municipal-
ity of Regência, Linhares, Espírito Santo (ES) 
(19.6oS, 39.8oW), discharging approximately 500 
m3 s-1 on average of fresh-water into the conti-
nental shelf. The DR basin is located in the wet 
tropical climate zone, where the air temperature is 
commonly above 18oC and the mean precipitation 
rate is approximately 1,200 mm year-1 (Guimarães 
et al., 2010). The rainy period occurs between 
October – March, with a maximum in January. 
As a result, the annual hydrograph of the DR is 
characterized by summer-autumn freshet (1,200 
m3 s-1) and winter-spring draught (250-300 m3 s-1), 
with periods of regular flash floods (exceeding 
5,000 m3 s-1) caused by active precipitation events 
(Lima et al., 2010; Oliveira and Quaresma, 2017; 
Hatje et al., 2017).

The ES continental shelf is shallow (typically 
less than 60 m deep) and narrow (approximately 
45 km wide). A wider continental shelf is present 
in southern Bahia (BA, Figure 1) (approximately 
190 km wide). The upper 200 m of the water col-
umn in this region (also outside the continental 
shelf) is composed of Tropical Water (TW), with 
temperature and salinity of 20oC and 36, respec-
tively (Emilsson, 1961; Miranda, 1985; Castro et 
al., 2006). Colder (T < 20oC) and more saline (S < 
36.4) South Atlantic Central Water (SACW) is lo-
cated beneath the TW and is associated with the 
upper part of the permanent thermocline (Castro 
and Miranda, 1998). The vertical structure of the 
continental shelf is governed by mixing between 
TW and SACW on its outer shelf and between 
the continental discharge and TW on its inner 
shelf (Castro and Miranda, 1998; Stramma and 
England, 1999).

Circulation in the study area is governed by the 
Brazil Current (BC), a southward western bound-
ary current of the Subtropical Gyre in the South 
Atlantic Ocean (Peterson and Stramma, 1991), 
and winds driving coastal currents in shallow wa-
ters. Interaction of the BC with local bathymetry 
and topographic features results in eddy forma-
tion, meanders, and bottom intrusions of SACW 
along with the shelf break and at seamount edges 
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Figure 1. Left: Study area at the central part of the Brazilian coast (the coarse grid domain of numerical 
modeling). Right: Continental shelf of Espírito Santo State (ES) and south of Bahia State (BA) limited by 
the 200 m isobath (the fine grid domain of numerical modeling) and locations of EPA Costa das Algas 
(southern red polygon) and the Abrolhos Marine National Park (northern red polygon). The green circle 
represents the point where daily wind data from European Centre for Medium-Range Weather Forecasts 
(ERA-Interim/ECMWF) were obtained, while the yellow points represent the location of the three bottom-
mounted ADCPs, used to validate the ROMS experiment.

(Ekau, 1999; Arruda et al., 2013; Soutelino et al., 
2013). The intensity of cold and nutrient-rich up-
welled SACW along the continental shelf is gov-
erned by wind forcing (e.g., Castelão and Barth, 
2006; Mazzini and Barth, 2013), flow-topography 
interactions (Rodrigues and Lorenzzetti, 2001; 
Mazzini and Barth, 2013), and interaction with the 
BC (e.g., Paloczy et al., 2016).

Environmental protected areas
The river mouth of the DR is located approxi-

mately 200 km away from the Abrolhos Marine 
National Park, which has the most extensive 
and richest coral reef area in the southwestern 
Atlantic Ocean (Leão and Kikuchi, 2005). This na-
tional park is located off the coast of southern BA 
(Francini-Filho et al., 2008) (upper red polygon in 
Figure 1), covering an area of 913 km2. The coral 
reefs of the Abrolhos Marine National Park are sig-
nificantly different from most coral reefs globally, 

with many endemic and archaic coral species orig-
inating from the Tertiary Age species, and adapted 
to the high turbidity waters of the Brazilian shelf 
(Leão, 1999).

The other two relevant conservation units lo-
cated approximately 40 km southward from the 
DR mouth are the Environmental Protection Area 
Costa das Algas (EPA Costa das Algas, red 
polygon close to Vitória city in Figure 1) and the 
Wildlife Refuge of Santa Cruz (http://www.icmbio.
gov.br/portal/). The EPA Costa das Algas covers 
1,149.31 km2 of the continental shelf of ES, from 
the coastline to the shelfbreak at the 700 m iso-
bath. A large variety of ocean life is found in the 
EPA Costa das Algas, with the predominant oc-
currence of biotritic and biolitoclastic sediments 
and lateritic breastplates, and lithoclast sediments. 
Also, this area is characterized by a variety of ma-
rine macroalgae, calcareous and non-calcareous, 
non-limestone, edible and articulated macroalgae 
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that provide substrate, shelter, and feeding for di-
verse benthic, demersal, and pelagic fauna in the 
region (IBAMA, 2006).

2015 Dam Collapse in Mariana, Minas 
Gerais State, Brazil

This work addresses the worst environmental 
disaster in Brazilian history. The Fundão iron mine 
dam collapsed in the municipality of Mariana, MG 
(Figure 1) on November 5, 2015, releasing over 43 
million m3 of exposed mine tailing wastes directly 
into the DR watershed (Samarco, 2016). The mine 
slurry was then transported approximately 663 km 
along the DR through the states of MG and ES. 
Sixteen days following the disaster (i.e. November 
21, 2015), water and sediments from the DR be-
gan entering the coastal ocean. Suspended sedi-
ments detected in the DR estuary were dominated 
by a fine fraction (1-200 m) with high SiO2, Fe, Mn, 
Ca, and Cr (Segura et al., 2016; Gomes et al., 
2017) concentrations.

After the disaster, the field surveys performed 
on the continental shelf near the DR mouth focused 
on evaluating the potential impact on the marine 
environment of harmful suspended and dissolved 
pollutants carried by the DR plume (Bianchini, 
2016; Fernandes et al., 2016). However, few nu-
merical modeling studies have been conducted 
to investigate the spreading and settling of sus-
pended sediments along the coast during the first 
few months following the introduction of mine tail-
ing waste into the ocean (Marta-Almeida et al., 
2016; Magris et al., 2019). Also, this work intends 
to contribute to the investigation of the potential 
environmental impact on susceptible coral reefs 
of Abrolhos Marine National Park. The accumu-
lation of river-borne pollutants in this area could 
negatively affect coral growth, photosynthesis, and 
respiration and, thus, lead to a decrease in the di-
versity of local coral species (Coles and Jokiel, 
1992; Woesik et al., 1995; Woesik et al., 1999; 
Fabricius, 2005; Burke, 2011; Berkelmans et al., 
2012; Erftemeijer et al., 2012).

This study reconstructed the transport and de-
position of river-borne sediments based on satellite 
imagery and numerical modeling. We addressed 
three main questions: (1) What are the spreading 
patterns of the surface-advected plume formed by 

the Doce River and how are they impacted by wind 
forcing and discharge magnitude? (2) Did fine sus-
pended mine slurry decant and accumulate on the 
continental shelf, or was it transported offshore? 
(3) Did river-borne sediment reach Abrolhos 
Marine National Park and/or EPA Costa das Algas 
and deliver suspended mine tailing waste?

METHODS
This study focuses on the spreading and accu-

mulation of river-borne sediment discharged from 
the DR during the six months (November 2015 to 
April 2016) after the environmental disaster. We 
chose this period because the dam breach re-
mained an important source of suspended particu-
late material even three months after the disaster 
(Hatje et al., 2017), and because the maximum 
annual precipitation in the study region occurs in 
January (Guimarães et al., 2010).

River discharge, wind stress, and 
current data

Daily DR discharge data came from the 
most downstream operational gauge station (ID: 
56994510, http://www.snirh.gov.br/hidroweb/, 
approximately 110 km upstream from the river 
mouth) located in Colatina city (Figure 1). The 
available discharge data covers the period from 
1990 to 2016. Based on this data, we calculated 
monthly mean and standard deviation values for 
this period and monthly means between October 
2015 and December 2016.

Wind results used in the study region originat-
ed from the ERA-Interim/ECMWF dataset (Dee et 
al., 2011). Calculated wind stress estimates were 
based on Large and Pond’s (1981) formulation for 
the grid point located closest to the river mouth 
(green circle in Figure 1).

Direct observations of currents and sea surface 
height (SSH) used in this study were obtained by 
three bottom-mounted ADCPs (Nortek Signature 
1000 kHz) located along the 17 m-isobath (yellow 
circle in Figure 1). We analyzed hourly averages of 
the data collected every 20 minutes with a vertical 
resolution of 0.2 m during January 2019. Gaps as-
sociated with equipment malfunction represented 
less than 1% of the observations, so gaps smaller 
than 6-h were linearly interpolated.
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Satellite Remote Sensing
The spread of the DR plume was investigated 

using Level-2 MODIS-Terra and MODIS-Aqua im-
agery data collected between 2013-2018, down-
loaded from the NASA website (http://oceancolor.
gsfc.nasa.gov).

Ocean circulation model
The Regional Ocean Modeling System 

(ROMS) (Shchepetkin and McWilliams, 2005; 
Haidvogel et al., 2008) was used to simulate the 
ocean circulation of the study region between 
2015-2016. Here we extended our numerical sim-
ulation until January 2019 due to the lack of in situ 
measurements in the study region at the referred 
time. ROMS is a three-dimensional, free-surface, 
terrain-following model that solves the Reynolds-
averaged Navier-Stokes equations using hydro-
static and Boussinesq approximations. Two regu-
lar horizontal grids were implemented for the study 
area, namely, a coarse grid (49oW-27oW and 27oS-
8oS, on the left in Figure 1) and a finer grid (41oW-
36.4oW and 21.5oS-16.7oS) (on the right in Figure 
1) with approximately 4.6 km and 900 m spatial 
and horizontal mean resolution, respectively. Both 
grids have closed western boundaries but opened 
eastern, southern, and northern boundaries.

The vertical coordinate has 40 s-levels irreg-
ularly spaced to provide higher resolution near 
the surface. The bathymetric data came from 
the General Bathymetric Chart of the Oceans 
(GEBCO) with 30 arc-second spatial resolution 
(IOC et al., 2003). Surface forcing conditions in-
clude wind, humidity, pressure, air temperature, 
precipitation, and radiation data obtained from 
ERA-Interim/ECMWF (Dee et al., 2011), with 
3-hour temporal resolution and 79 km of spatial 
resolution. Tidal forcing was obtained from the 
TPXO 9.0 global database (Egbert and Erofeeva, 
2002), which provided amplitudes and phases of 
the ten major tidal harmonic constituents with a 
spatial resolution of 1/4o  1/4o, used at the open 
boundaries of the coarse grid (M2, S2, N2, K2, K2, 
O1, P1, Q1, Mf and Mm). The HYbrid Coordinate 
Ocean Model (HYCOM Global 1/12o, approximate-
ly 9.5 km of horizontal resolution) coupled with the 
Navy Coupled Ocean Data Assimilation (NCODA) 
system reanalysis (HYCOM, 2011) provided the 

initial and daily boundary conditions (temperature, 
salinity, elevation, and velocities).

Sediment model
A Lagrangian particle-tracking module simu-

lated the transport and settling of fine suspended 
sediments discharged from the DR. Both hori-
zontal and vertical sediment particle movements 
were calculated using deterministic and stochastic 
components. The former is defined by the motion 
of ambient water and sinking of a particle under 
the gravitational force, whereas the latter is a sto-
chastic random-walk scheme that reproduces the 
influence of small-scale turbulent mixing. Particles 
initially released from the river mouth have their 
horizontal transport determined by the internal dy-
namics of a river plume simulated by the Surface-
Trapped River Plume Evolution model (STRiPE). 
After the sediment particle settles beneath the 
plume, its movement is governed by the ambi-
ent coastal circulation, reproduced by the ROMS 
model. A similar configuration of coupled Eulerian 
and Lagrangian models was recently used for the 
simulation of the delivery and fate of terrigenous 
sediments discharged by the Peinan River at the 
southeastern coast of Taiwan (Korotenko et al., 
2014; Osadchiev et al., 2016) and by numerous 
small river plumes located at the northeastern 
coast of the Black Sea (Osadchiev and Korshenko, 
2017).

The STRiPE module was forced by wind forc-
ing from ERA Interim/ECMWF (Dee et al., 2011) 
and coastal circulation provided by ROMS output. 
The particles released at the coastline close to the 
river mouth have outflow velocities computed using 
river discharge data from National Water Agency 
(ANA) (SNIRH, 2017) considering the river mouth 
width of 150 m and depth of 5 m. Total suspended 
matter concentrations in the DR water were pre-
scribed according to weekly in situ data collected 
in the Colatina city station between October 2015 
and April 2016 by the “Companhia de Pesquisa de 
Recursos Minerais” (CPRM 2015), whereas the 
sediment grain size distribution was set based on 
in situ measurements performed in the DR mouth 
before the environmental disaster (Aprile et al., 
2004). The time series of turbidity (NTU) and total 
dissolved solids (mg L-1) of the DR obtained from 

http://oceancolor.gsfc.nasa.gov
http://oceancolor.gsfc.nasa.gov
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CPRM in Colatina station are shown in Figure 2. 
We use the sediment discharge (kg s-1) (blue line 
in Figure 2) in the sediment model, calculated con-
sidering the total dissolved solids and the river dis-
charge. This study focuses on relatively small par-
ticles (clay and colloidal fraction) with diameters 
less than 10-6 m, which are generally transported 
far from the river mouth and are dispersed over 
a vast coastal area due to their low gravitational 
settling velocity (Geyer et al., 2004; Chikita et al., 
2021).

RESULTS

ROMS validation
Due to the lack of in situ measurements dur-

ing the first six months after the dam rupture, we 

Figure 2. Time series of turbidity (NTU) and total dissolved solids (mg L-1) collected in the Colatina 
station from November 2015 to April 2016 by the “Companhia de Pesquisa de Recursos Minerais” 
(CPRM 2015) and the calculated sediment discharge (kg s-1) used in the sediment model.

Figure 3. Comparisons between the measured (blue line) and modeled (red line) sea surface height 
during January 2019. Histograms of amplitude and phase were obtained from harmonic analysis of the 
measured (blue bars) SSH and simulated (red bars).

extended our hydrodynamic numerical simula-
tion until January 2019, when in situ data were 
collected. We used hourly time series of current 
and SSH derived from measurements from three 
bottom-mounted ADCPs installed along the inner 
continental shelf (Figure 1). Despite the compari-
sons between in situ and model-derived data be-
ing in a period other than our primary goal, they 
are still essential to evaluate the model’s capability 
to reproduce important regional shelf processes 
such as coastal upwelling. 

We examined the time variability of the SSH 
in the three mooring sites (P1, P2, and P3). 
Comparisons between modeled (red lines in 
Figure 3) and observed (blue lines in Figure 3) 
SSH showed good agreement for all mooring 
sites, with the strongest correlation occurring near 



River-borne sediments from Doce River

Ocean and Coastal Research 2022, v70:e22025 7

Lemos et al.

the river mouth in P2 (R2 = 0.92, RMSE = 0.14). 
These results were similar to those obtained in 
P1 (R2 = 0.89, RMSE = 0.17) and P3 (R2 = 0.91, 
RMSE = 0.17). In this region, sea-level variability 
was dominated by tidal fluctuations. Instantaneous 
differences between modeled and observed SSH 
during January 2019 (considering astronomical 
and atmospheric influences) were always smaller 
than 0.2 m.

Harmonic analysis of the SSH time series re-
vealed that the local tidal regime is semidiurnal with 
a major contribution of the M2 constituent. Tidal 
form numbers (Defant, 1958; Pugh, 1987) were 
similar for P1 (modeled=0.29, observed=0.24), P2 
(modeled=0.27, observed=0.22), and P3 (mod-
eled=0.22, observed=0.18). These values are 
within the limit of mainly semidiurnal to mixed-
semidiurnal tides (Defant, 1958). Comparisons 
between the modeled (red bars) and the ob-
served (blue bars) amplitude and phase of the 
principal semidiurnal and diurnal tidal constituents 
are shown in Figure 3. The results showed good 
agreement between the numerical results and the 
data, with differences in the M2 amplitude of less 
than 0.07 m.

Considering the 20 days between January 12-
31st, 2019, the mean circulation of the continental 
shelf showed negative (southward) along-shore 
currents for both the model and observations. 
However, there was an overestimation of the mod-
eled alongshore velocities obtained in P1 (not 
shown). For P2 and P3, the fit between the mea-
sured and modeled data showed moderate to high 
correlation, with values of 0.69 to 0.86, respec-
tively (Table 1). Considering the cross-shore ve-
locities, the calculated correlations showed values 
of 0.42 for P1 and 0.65 for P2, with higher values 
(0.83) in P3. Basic statistics of the comparisons 
are shown in Table 1.

Table 1. R2 and RMSE (m s-1) values between depth-averaged velocity measurements and numerical results in 
P1, P2 and P3.

Mooring
Alongshore Cross-shore Alongshore filtered Cross-shore filtered

R2 RMSE R2 RMSE R2 RMSE R2 RMSE

P1 0.14 0.34 0.42 0.05 0.14 0.31 0.39 0.02
P2 0.69 0.09 0.65 0.12 0.41 0.07 0.38 0.01
P3 0.86 0.12 0.83 0.06 0.40 0.02 0.47 0.01

To compare subinertial fluctuations of the shelf 
circulation, low-pass filtered velocity components 
time series (using a Butterworth digital filter with a 
cutoff period of 35h) were also investigated (Table 
1 - filtered components). Correlation coeffcients  
for both components were nearly the same in P1, 
although tidal fluctuations were significant to the 
local circulation variability north of the river mouth 
(in P2 and P3). 

Spectral analysis of the alongshore currents 
showed that the model could reproduce both the 
subinertial and supra-inertial processes which 
were observed on the continental shelf (Figure 4). 
Supra-inertial fluctuations grow in significance to-
wards the north of the river mouth, at the southern 
flank of the Abrolhos Bank. Diurnal and semidiur-
nal peaks were evident in all three mooring sites. 
However, the semidiurnal band showed higher 
spectral energy north of the river mouth (P2 and 
P3). Coherence analysis between winds and cur-
rents time series (not shown) revealed that the 
diurnal band is highly coherent with cross-shore 
winds, which might be associated with the local 
sea breeze. At subinertial timescales, cycles be-
tween 2-4 days were present for both numerical 
results and observations (Figure 4). These fluc-
tuations in the shelf circulation were also coherent 
with the local wind forcing. 

Sediment model verification
Qualitative validation of the STRiPE sediment 

model results was done based on MODIS-Aqua 
and MODIS-Terra 555-nm band images that 
are indicative of turbid river plumes (Nezlin and 
DiGiacomo, 2005; Nezlin et al., 2005; Thomas and 
Weatherbee, 2006; Mendes et al., 2014; Mendes 
et al., 2017). We identified five different spread-
ing patterns of the DR plume that occurred dur-
ing the study period (Figure 5). These spreading 



River-borne sediments from Doce River

Ocean and Coastal Research 2022, v70:e22025 8

Lemos et al.

Figure 4. Energy spectra of the along-shore component of the shelf circulation in January 2019 for the 
three mooring sites (from left to right - P1, P2, and P3). Blue lines denote the observations and red lines 
the numerical results.

Figure 5. Composites of MODIS-Aqua and MODIS-Terra remote sensing reflectance (sr-1) for the 555-
nm band (upper panel) and distributions of fine suspended sediment obtained from STRiPE model 
(lower panel) under five different wind and discharge configurations. Red lines represent the isoline of 
0.01 kg m-2 sediment concentration. Black arrows indicate the wind direction.

scenarios occurred under particular wind and river 
discharge configurations. We selected five dates 
to illustrate these scenarios and compared them to 
the outputs of the sediment model (Table 2).

The warmer colors (Figure 5, top panel) indi-
cate higher concentrations of suspended mate-
rial, representing a proxy for the DR plume turbid 
waters. Under the influence of upwelling favor-
able winds (Scenario 1) and high river discharge 
(December 26-29, 2015), the DR plume reached 
the shelf break, close to 20.3oS (60 km southward 
from the river mouth). This scenario presented 
the wider plume dispersion, with the DR plume 
occupying a large portion of the continental shelf 
between 19.5oS and 20.5oS. The remote sensing 
imagery showed similar results, with high turbidity 
waters advected mostly southward, directly influ-
encing the EPA Costa das Algas.

Weaker upwelling-favorable wind conditions 
associated with a high river discharge (Scenario 
2) reduced the river plume dispersion. As a re-
sult, the plume area retracted and remained up to 

approximately 20oS (about 30 km southward from 
the river mouth), restricted to the inner shelf.

Low discharge events (Scenarios 3-5) exhib-
ited similar patterns regarding the river plume 
dispersion. In these conditions, the river plume 
shrank close to the coast near the river mouth, oc-
cupying a smaller area, and did not reach distanc-
es greater than 30 km from the source. In addition, 
under downwelling-favorable wind conditions, the 
river plume advected northward (less than 40 km), 
attached to the coast.

Doce river discharge and wind stress 
forcing

River discharge climatology (calculated 
between 1990-2016) shows distinct freshet 
(November to April) and drought (May to October) 
periods for the DR runoff, commonly referred to 
values above and below 600 m3 s-1 (Figure 6 - top 
panel). DR discharge during freshet periods in 
2015 and 2016 was significantly lower than clima-
tological mean values.
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Table 2. Scenarios, environmental characteristics, and output dates for the validation of the sediment model 
between November/2015 and April/2016 (HD = High Discharge, LD = Low Discharge). We included scenario 4 
to consider a cloud-free and SW wind condition. The wind data are the results for the location of the green circle 
in Figure 1.

Scenario Date River discharge (m3 s-1) Wind direction Wind magnitude (m s-1)
1 26-29/January/2016 1,606.9 (HD) Upwelling favorable (NE) 6.8

2 4-7/February/2016 621.8 (HD) Upwelling favorable 
(NE - weaker wind) 4.9

3 23-30/December/2015 288.5 (LD) Upwelling favorable (NE) 6.7
4 8/October/2015 301.1 (LD) Downwelling favorable (SW) 1.9

5 16-20/April/2016 253.5 (LD) Upwelling favorable 
(NE - weaker wind) 3.1

Figure 6. Monthly climatological data from 1990 to 2016 and monthly mean values from 2015 to 2016 of the 
DR discharge measured at the Colatina city station (no data is available for Jan-Sep 2015) (upper panel). The 
vertical bars represent the standard error. Middle panel: daily DR discharge measurements from November 
2015 to April 2016. The numbers indicate the scenarios dates mentioned in Table 2 (scenario 4 is out of the 
dates chosen), and the dashed lines mark the discharge limits of the moist conditions in the Doce River, 
determined from the flow duration curve (FDC) for the period 1990-2013 (Oliveira and Quaresma, 2017). The 
lower panel shows the vValues of the meridional component of ERA- Interim/ECMWF wind stress meridional 
component from November 2015 to April 2016 in the study area.

Winds in the study area are predominantly 
northeasterly, registered over 64% of the time be-
tween 2006-2016. However, from November 2015 
to April 2016, these winds occurred over 86% of 
the time (Figure 6), which resulted in the prevailing 
southward advection of the DR plume.

The highest river discharge was concen-
trated in January, whereas northeasterly winds 
occurred during almost the entire period and 
induced a southward current that transported 
river-borne sediments toward the EPA Costa 
das Algas. Nevertheless, between January 4-7, 

2016, high turbidity water occurred along the 
coast up to Abrolhos Marine National Park. This 
event was associated with the less frequent but 
moderate to strong southerly winds (Figure 6 - 
bottom panel) favorable for the northward plume 
advection. However, the river discharge was 
very low (~200 m3 s-1), and so was the input of 
river-borne sediment. According to (Rudorff et 
al., 2018), the high turbidity of water may result 
from sediment resuspension due to the action of 
waves generated by the presence of a subtropi-
cal cyclone offshore.
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Transport and deposition of river-
borne sediments

The current pattern induced by the wind forcing 
associated with the river discharge governed the 
advection of the DR plume and consequently de-
termined the primary bottom accumulation of river-
borne sediments. After six months, the modeled 
distribution of river-born sediments accumulated 
at the bottom was highly asymmetrical. Most of it 
occurred southward of the DR mouth (Figure 7), 
following the persistence of northeasterly wind 
stress during the simulated period. The situation 
is anomalous, probably with more suspended 
sediments compared to other periods. Northward 
transport of the plume spreading by southerly 
winds was infrequent and resulted in a relatively 
small volume of fine suspended sediments de-
posited northward of the river mouth (< 5 kg m-2). 
Sediment accumulated mainly in the inner shelf 
onshore of the 200 m isobath. 

The distribution of fine river-borne surface sed-
iment revealed that the majority of the sediment 

Figure 7. Distribution of fine river-borne sediments deposited at the sea bottom from November 2015 
to April 2016. The dashed line highlights where Quaresma et al. (2015) investigated the sediment 
distribution close to the DR mouth before the disaster (small figure in the right corner).

volume discharged by the river (> 90%) remained 
in shallow waters (< 20 m) south of the river mouth 
(Figure 8). A relatively low percentage occurred in 
the EPA Costa das Algas, while almost no sedi-
ment reached Abrolhos Marine National Park. 
River-borne suspended sediments arrived at the 
northern part of the EPA Costa das Algas (con-
centration > 0.01 kg m-2) 40% of the time, but 
less than 1% reached as far as Abrolhos Marine 
National Park.

DISCUSSION
The numerical results emphasize the predomi-

nance of the wind-driven southward advection in 
the spreading of river-borne sediments in the ma-
rine six months after the environmental disaster. 
Between November and April, the river discharge 
is climatologically high (varying from 646 m3 s-1 to 
1742 m3 s-1, Oliveira and Quaresma, 2017). As a 
result, turbidity within the plume was significantly 
higher than in the ambient ocean, and the plume 
was distinctly visible through satellite ocean color 
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Figure 8. Percentage of occurrence of fine river-borne surface sediment (concentration > 0.01 kg m-2) 
after six months of numerical simulation following the environmental disaster.

composites. Therefore, the DR exhibited high tur-
bidity and sediment discharge concentration dur-
ing the river flooding period (e.g., January 20-25, 
2016) (Figure 2). Nevertheless, the collapse of the 
Fundão dam increased the river turbidity and total 
dissolved solids, even during low river discharge 
conditions, as observed between November 21 
and December 6, 2015 (Figure 6), which resulted 
in more sediment associated with the river plume.  

 On the other hand, during the low river dis-
charge period (May to October) concentration of 
suspended sediment in the DR is generally lower. 
Thus, from ex-situ observations, the low sediment 
concentration in the plume decreases the visible 
contrast with the adjacent sea. However, during the 
dry period, the plume visibility might be affected by 
intense resuspension of bottom sediment in shal-
low ocean areas and their subsequent spreading 
over the shelf by waves, drift currents, and coastal 
and tidal circulation. This fact hinders accurate 
identification of the plume spreading extent dur-
ing the drought season. For instance, Segal et al., 
2008, showed that persistent southerly winds and 

storm swells might resuspend inner shelf sedi-
ments and increase surface water turbidity in the 
region of the Abrolhos Bank.

Satellite observations suggest that the DR 
plume’s spreading dynamics respond to the river 
discharge and the local wind stress forcing (and 
corresponding shelf circulation), which significant-
ly influence the alongshore transport of the river-
borne sediment in the surface layer. The sediment 
discharged from the DR can be transported over 
tens of kilometers, predominantly southward due 
to the prevailing northeast winds or, infrequently, 
northward associated with the passage of cold at-
mospheric systems in the shelf zone. However, the 
cross-shore scales of the river plume did not ex-
ceed the width of the continental shelf. Therefore, 
intense cross-shelf transport of river-born sedi-
ment is unlikely to occur in the surface layer and 
is presumed to be governed mainly by the local 
ocean circulation beneath the surface layer.

During the simulation period, the spreading 
area of the river-borne sediment did not exceed 75 
km from the river mouth in the alongshore direction 
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and 45 km in the cross-shore far direction (i.e., did 
not cross the shelf break). This notable alongshore 
spreading is related to the northeasterly winds that 
predominate during the wet season (November to 
April), especially when river discharge is above 
climatological values. The highest discharge rate 
observed lasted approximately five days, from 
January 20-25, 2016, under weak to moderate 
wind conditions. As a result, river-borne sediments 
appeared in the coastal region off Vitória city (85 
km from the river mouth) for only two days (less 
than 5% of the simulation period). On the other 
hand, river-borne sediments spanned almost the 
whole area of EPA Costa das Algas (~50 km from 
the river mouth), especially in its shallow water re-
gion (< 40 m). These results are consistent with 
information reported by Bastos et al., 2017, and 
Rudorff et al., 2018. 

Under dominant northeasterly winds, the most 
turbid inner core of the DR plume was oriented 
alongshore, extending approximately 11 km south 
of the river mouth, while the less turbid outer 
plume reached approximately 39 km (Rudorff et 
al., 2018). These results found by Rudorff et al., 
2018, show good agreement with the spread-
ing pattern of river-borne sediments simulated 
by the STRiPE model under high river discharge 
and northeasterly winds conditions. The highest 
sediment concentration (> 0.5 kg m-2) occurred 
adjacent to the coastline between the river mouth 
and the latitude of 19.9oS (January 20-30, 2016). 
Under lower river discharge conditions, the turbid 
plume was located adjacent to the river mouth, in 
an alongshore extension of approximately 15 km.

The most southward region reached by the 
modeled sediment plume (< 0.01 kg m-2) is close 
to Vitória city, which is in good accordance with 
Rudorff et al., 2018, who revealed that the less tur-
bid outer plume was spreading more than 75 km 
along the southern shelf. Southerly winds arrested 
the plume near the river mouth (< 8 km), which is 
also consistent with results presented by Rudorff 
et al., 2018 (< 5 km).

Infrequently, the DR plume spread northward 
alongshore from the river mouth, reaching less 
than 40 km. As a result, only a small concentration 
(< 0.001 kg m-2) of river-borne sediments reached 
Abrolhos Marine National Park during a few 

events. However, the detailed analysis of the pos-
sible environmental impact of these small concen-
trations of sediment on Abrolhos Marine National 
Park is beyond the scope of the current study.

The role of wind forcing on the transport of 
river-borne sediments was identified by satellite 
imagery. Under the influence of the prevailing 
north-northeasterly wind stress forcing and high 
river discharge, the sediment plume propagated 
southward more than 75 km from the river mouth 
and occupied a wide area (up to 500 km2) and re-
mained, for the most part, within the continental 
shelf. However, during the high discharge period, 
a small fraction of river-borne sediments were 
transported off the isobath of 200 m to the deep 
sea.

Southerly winds, which are also regularly 
observed in the study region, induced a north-
ward spreading pattern of river-borne sediments 
(Scenario 4 in Figure 5). Under these conditions, 
an alongshore geostrophic current was formed, in-
ducing northward sediment transport. The cross-
shore scale of this buoyancy current did not ex-
ceed 20 km, limiting the river-borne sediment of 
the surface layer to the shelf area. Low river dis-
charge seems to limit the northward propagation 
of the river-borne sediments, as was observed on 
October 8, 2015.

The dependence of river-borne sediment 
spreading pattern on external forcing conditions 
can be summarized as follows. Northward propa-
gation of the DR plume occurs under infrequent 
southerly winds. Its alongshore extent generally 
does not exceed 40 km. Otherwise, southward 
plume propagation occurs more often in the ab-
sence of, or under northerly, wind forcing and dur-
ing any discharge conditions, and its propagation 
can be more than 75 km along the southern shelf 
(Figure 9).

The deposit of fine sediment simulated in this 
study (Figure 7) is in good agreement with the 
results of Quaresma et al., 2015, Bastos et al., 
2015 and Bourguignon et al., 2018, based on in 
situ measurements, which revealed that the fin-
est sediment fraction is transported offshore and 
deposited mainly southward from the river mouth 
between 10 m and 30 m isobaths. In contrast, a 
minor fraction was transported northward along 
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Figure 9. Schematic superficial distribution of the DR sediment under the typical wind and discharge 
conditions within six months after the environmental disaster. South (north) arrows indicate the main 
direction of the cross-shore Ekman transport during upwelling (downwelling) favorable winds.

the coast. The simulated bottom sediment distri-
bution was accumulated mostly during northeast-
erly winds and low river discharge. Therefore, the 
majority of sediment deposited was close to the 
shoreline (< 20 m deep), between the river mouth 
and approximately 20oS. Differently, infrequent 
southwesterly winds resulted in sediment deposits 
northward of the DR mouth. The northward extent 
of the sediment deposit to the seafloor was limited 
by 19.5oS in the region of the middle shelf, reveal-
ing the same pattern and area of terrigenous mud 
deposit northward of the river mouth observed in 
the distribution of sedimentary facies (Bastos et 
al., 2015; Bourguignon et al., 2018).

Numerical limitations
The numerical model used in this work does not 

reproduce bottom resuspension and redeposition 

of fine sediment caused by waves and coastal cir-
culation. These processes are significant, espe-
cially during the dry period, when the SSH tends 
to be higher than during the wet season simulated 
in this study. Despite these limitations, the numeri-
cal results agreed with satellite imagery and in 
situ measurements performed in the study region. 
Nevertheless, the calculated concentration of fine 
sediment on the sea surface and seafloor is likely 
to be different. As a result, the seafloor sediment 
accumulation area may be larger than estimated 
by the model.

CONCLUSION
We used Eulerian (ROMS) and Lagrangian 

(STRiPE) numerical models to reconstruct the riv-
er discharge sediment spreading and bottom ac-
cumulated in the coastal sea for six months after 
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the collapse of the Fundão dam on November 5, 
2015. The DR plume dynamics and associated 
transport of river-borne sediment responded to 
the local wind forcing, ambient circulation, and 
river discharge rate. The river plume advected 
predominantly alongshore southward (forced by 
the north and northeasterly winds) or northward 
(induced by southerly winds). The former caused 
local coastal upwelling, in which surface Ekman 
transport influenced the spreading of the fine sedi-
ment offshore. Yet, the cross-shore extent of the 
river-borne sediments did not exceed the width of 
the shelf. In addition, infrequent southerly winds 
arrested the plume near the river mouth resulting 
in its relatively small alongshore extent. They did 
not cause intense northward transport of the river-
borne suspended sediments. 

Most of the fine fraction of the mine slurry ac-
cumulated in the vicinity and southward of the river 
mouth at the inner shelf. River-borne sediment was 
transported far offshore to the deep ocean only 
during a few flooding discharge periods. One of the 
main concerns about the disaster was its possible 
influence on Abrolhos Marine National Park, the 
most important coral reef system in Brazil, located 
200 km northward of the river mouth. We showed 
that wind and discharge conditions six months af-
ter the disaster hindered the northward spreading 
of the river plume. As a result, only a small fraction 
of dissolved and suspended mine tailing waste 
reached the Abrolhos Marine National Park area. 
However, no evidence of this event appeared 
on the seabed. On the other hand, a small frac-
tion of the river-borne sediment near Vitória city 
could negatively impact local water quality and the 
marine food web. Future studies should address 
these questions, including in situ measurements 
and analysis of contaminants to properly address 
the potential impact of the environmental disaster 
in this region.
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