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• After dam rupture, 12 million m3 of
mining tailings reached the Paraopeba
River.

• Water and sediment from river pro-
moted genotoxic effects in Allium cepa.

• Cytogenotoxicity was inversely associ-
ated with the metals in sediment.

• Genotoxic effects were positively
associated with toxic metals in water.

• Genotoxicity in sites yet not reached by
tailing indicates previous contamination.
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The present study evaluated the toxicogenetic potential of the water and sediment from Paraopeba River, five
days after the rupture of the mining tailings dam at Brumadinho (Minas Gerais, Brazil), on January 2019, by
Allium cepa test. Water samples collected at sites closest to the collapsed dam caused a higher frequency of ge-
netic damage and lower cell division rate compared to the upstream site. In sediment it was observed a decrease
in the cell division rate and genetic damage in the sampling sites closest to the dam. The frequency of aberrations
and themitotic index in A. cepa cells exposed to sediments were negatively associatedwith the levels of most el-
ements in total and bioavailable fractions. A negative association between somemetal concentrations in total and
dissolved water with the mitotic index was also observed. Otherwise, the genotoxic effects were positively cor-
related with the concentrations of most metals. The results demonstrate the potential of the tailings to cause
cytogenotoxic effects due the higher metal concentrations released in water column and in sediments. This is
the first report highlighting the toxicogenetic potential of the released tailings and reinforce the need for a
long-termmonitoring of thewatersheddue the advance of the tailings plume throughParaopeba River over time.
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1. Introduction

Disasters involvingmining tailings dams that result in the pollution of
watercourses, andwhich have occurred all over theworld (Fletcher et al.,
2006; Gelencsér et al., 2011), have become a recurrent problem in Brazil.
For example, onNovember 2015, the Fundão dam (MarianaDistrict, state
of Minas Gerais) collapsed, releasing more than 45 million m3 of mud
with trace metals into the Doce River basin and Atlantic Ocean causing
19 deaths. Several studies that followed investigated the causes, ecologi-
cal consequences and socioeconomic impacts of the disaster (Fernandes
et al., 2016; Carmo et al., 2017). Some studies ascertained the distribution
and mobility of metals in the mud and environmental matrices (Segura
et al., 2016; Gomes et al., 2017; Hatje et al., 2017; Almeida et al., 2018;
Queiroz et al., 2018); whereas others focused on the initial cytogenotoxic
effects of the tailings and thewater courses impacted (Segura et al., 2016;
Quadra et al., 2019; Gomes et al., 2019). On the other hand, initial and
long-term consequences of increased tailings concentrations in the
Doce River basin were demonstrated through the analysis of metal levels
and cytogenotoxicity, ecotoxicity and bioaccumulation tests (Vergilio
et al., 2021).

The more recent rupture of the B1 tailings dam at Córrego do
Feijão mine, located at the municipality of Brumadinho, state of
Minas Gerais, on January 25, 2019, released 12 million m3 of mining
tailings into the Paraopeba River and has been considered the most
fatal disaster (259 deaths and 11 missing people) involving tailings
dams, besides the socioeconomic and environmental impacts
(CPRM, 2019).

The tailings from Córrego do Feijão mine is a fine particulate material
withmostly silt-clay particles (69.7%) and high levels of Fe, Al, Mn and Ti,
trace toxicmetals (U, Cd, Pb, As, Sn, andHg) and rare earthmetals (In and
Ga) (Vergilio et al., 2020). The ecotoxicity of the Paraopeba River was ini-
tially demonstrated on aquatic biota: inhibition of cell growth algae
(Raphidocelis subcapitata), immobilization of microcrustaceans (Daphnia
similis) and fish death (Danio rerio). Additionally, themetal accumulation
in fishes alerted to the possible incorporation of metallic elements into
the trophic chain (Vergilio et al., 2020).

The current research brings new information about the biological ef-
fects of the tailings in the Paraopeba River. Whereas one the biggest
concerns about environmental compartments impacted by mining
areas and dam tailings is themetal ability to reactwithmacromolecules,
causing changes in cell cycle, DNA damage, chromosome aberrations,
carcinogenesis or apoptosis (Pastor et al., 2001a, 2001b; Geras'kin
et al., 2011; Lourenço et al., 2012; Tchounwou et al., 2012; Gomes
et al., 2019; Segura et al., 2016; Quadra et al., 2019; Vergilio et al.,
2021), and the level of cytogenotoxicity from the B1 dam tailings had
not yet been investigated, the present work focused on the
toxicogenetic potential of the water and sediment from Paraopeba
River, sampled five days after the disaster, employing the Allium cepa
chromosome aberration test. The results of this test were then corre-
lated with the metals in the water and sediment.

The increased metals loading in river basins after mining dam
ruptures require a long-termmonitoring plan. Since effective impact
mitigation actions depend on prior knowledge of the conditions of
the Paraopeba River and data on the biological consequences of it
pollution are scarce even prior the dam failure, this manuscript
brings relevant data which serves a starting point for further
investigations.

2. Material and methods

2.1. Study area and sampling campaign

The B1 dam from the Córrego do Feijão mine belongs to the
Paraopeba mining complex, located in the municipality of Brumadinho,
state of Minas Gerais, Brazil. The dam was built in 1976, following the
upstream system, with the use of itself tailings. Liquefaction of the
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tailings and engineering failureswere shown to be in root of the tragedy,
similar to what happened to the Fundão dam, in 2015 (Robertson
et al., 2019).

Paraopeba River is one of the main tributaries of the São Francisco
River, a very important watercourse in Brazil and South America. It
has immeasurable biodiversity, and it is strategic to the development
of a vast region, marked with by socio-economic disparities (IBGE,
2009). Most prevalent uses of the Paraopeba River are power genera-
tion, public and industrial supply, mining and agricultural activities. Im-
mediately after rupture of the dam, the volume and weight of the mud
led to a significant increase of the turbidity levels of the Paraopeba River,
which disrupted the water supply of the local population and caused
damaged to the aquatic organisms (CPRM, 2019).

In order to assess the impacts of the iron ore tailings on the
Paraopeba River basin, water and sediment samples were taken on Jan-
uary 30, 2019, five days after the dam rupture, from six sampling sites:
(S1) Moeda – 61.3 km upstream the rupture area, (S2) Brumadinho –
5.2 km, (S3) Juatuba – 48 km, (S4) São José da Varginha – 111 km,
(S5) Angueretá – 240 km and (S6) Retiro Baixo – 302 km downstream
to the dam (Fig. 1). The sampling strategy was conducted in order to
evaluate areas not affect by the tailings (S1) and the entire course of
the river in the downstream of the rupture area (S2 to S6).

At each sampling site, the physical-chemical parameters pH, electri-
cal conductivity, dissolved oxygen and turbidity were measured
(Table S1). Superficial water samples were collected, fractionated and
cooled for transport and analysis (maximum one week). One portion
was reserved for the cytogenotoxicity test; another portion was acidi-
fied to pH 2.0 with nitric acid Suprapur (Merck, Germany) for total
metal analysis (Costa et al., 2011). Another subsample was filtered in
0.45 μm preweighed glass fiber filters and acidified with nitric acid
Suprapur (Merck, Germany) to pH 2.0 for the dissolved fraction metal
analysis. The surface sediments were collected in plastic bags and kept
under refrigeration at −4 °C until analysis. One sediment portion was
fractionated (<2 mm) by sieving, after a wet sample from the fraction
smaller than 2 mm was placed under agitation in an ultrasound bath
for 10 min, followed by the determination of the particle size distribu-
tion by laser diffraction (SALD-3101, Shimadzu, Japan) in sand, silt
and clay fractions. Another portion smaller than 2 mmwas used in bio-
logical assays (Table S1). Another sediment portion (<2 mm) was ho-
mogenized with a mortar and pestle for subsequent metal
measurements.

2.2. Allium cepa assay

Seeds of A. cepa (2n = 16) from the same batch (no. 109485; Isla®,
Brazil)were placed in Petri dishes (150× 15mm) linedwith filter paper
moistenedwith 4mLof riverwater samples. In order to analyze the sed-
iment samples, onion seeds were placed on 15 g of sediment plus 4 mL
of distilled water on Petri dishes (Costa et al., 2011). The negative
(distilled water) and positive controls (colchicine 0.025%, Sigma-
Aldrich, Germany) were prepared simultaneously. The Petri dishes
were incubated at 24 °C and roots were collected during their second
mitotic cycle, when they were 1.5–2.0 cm long. Roots fixed in ethanol:
acetic acid (3:1, v/v) were hydrolyzed in HCl 5 N (Merck, Germany)
for 20 min at room temperature. The tips of the roots were sectioned
on a slide and stained with 2% acetic orcein for 10 min, covered with
coverslip and smashed. Next, the coverslips were removed in liquid ni-
trogen and permanent slides were mounted with Canada Balsam
(Dinâmica, Brazil). Ten slides were analyzed for each sample and con-
trols, 500 cells per root meristem, totaling 5000 cells/treatment. To de-
termine the cytotoxicity of the river samples, themitotic index (number
of cells in division/total of cells analyzed) was calculated. To assess the
potential genotoxicity of the treatments, abnormalities of the cell cycle
of A. cepawere identified and grouped in the same category. Digital pho-
tomicrographs were taken using a light microscope (Leica DM750,
Germany) equipped with an eyepiece camera (Leica ICC50, Germany).



Fig. 1. Sampling sites along the ParaopebaRiver: (S1)Moeda - 61.3 kmupstream the failure area, (S2) Brumadinho– 5.2 km, (S3) Juatuba – 48km, (S4) São José daVarginha– 111 km, (S5)
Angueretá – 240 km and (S6) Retiro Baixo – 302 km downstream the dam rupture area. Adapted from Vergilio et al. (2020).
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2.3. Metal determination in water and sediments

The metal determinations in water (dissolved and total) were per-
formed according to US EPA method 3015A with a microwave oven
(Mars 5 Xpress-CEM Corporation) (22.5 mL water + 2.5 mL HNO3,

Merck, Germany) (US EPA, 2007). The total metal determinations in
sediments were performed according to US EPA method 3050B by dis-
solving an aliquot of 0.5 g (dry weight) in a solution of HNO3 65%
(9mL,Merck, Germany)+HCl 37% (4mL,Merck, Germany) in amicro-
wave oven (Mars 5 Xpress CEM-Corporation, USA) (US EPA, 1996). For
the solubilization of bioavailable metals of the sediment (weakly bound
fraction), aliquots of 0.5 g of each dry sediment sample were inserted in
polyethylene tubes with 15 mL of 1 N HCl (Merck, Germany) (adapted
from Boniforti et al., 1988, Stone and Marsalek, 1996). The tubes were
kept shaking for 12 h and then centrifuged at 5000 rpm for 5 min
(Centrifuge Excelsa II, 206 BL, Brazil). The supernatant was collected
using a volumetric pipette and kept refrigerated until analysis. The de-
termination of the bioavailable metals in the sediment was chosen
since after the tailings deposition, the metals present in this fraction
will be promptly available to be released to the water column and
then to cause biological effects. In all matrices evaluated (water, sedi-
ment, and bioavailable fraction) the metals (Ag, Al, As, Ba, Be, Bi, Ca,
Cd, Ce, Co, Cr, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ho, In, K, La, Li, Lu, Mg, Mn,
Mo, Na, Nd, Ni, P, Pb, Pr, Rb, Rh, S, Sb, Sc, Se, Sm, Sn, Sr, Tb, Th, Ti, Tl,
Tm, U, V, Y, Yb and Zn)were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, Varian 720 ES, Varian,
Australia). The detection and quantification limits of metal analysis in
the water and sediment are described in Table S2. To determine the ac-
curacy of the method for total analysis in sediment, the standard refer-
ence material 1646a Estuarine Sediment from National Institute of
3

Standards& Technology –NISTwasused following the sameprocedures
mentioned above with recoveries between 80 and 120% for all certified
elements (data not shown).

2.4. Statistical analysis

The variation of the mitotic index and aberrant cells frequency
among sampling sites and matrices were accessed using two-way anal-
ysis of variance (Two-Way ANOVA) (aov, base package, R Core Team,
2020), followed by Tukey's multiple comparison test (TukeyHSD, base
package, R Core Team, 2020), assuming a 95% confidence level. As the
normality criteria were not met by the genotoxicity data, the Kruskal-
Wallis nonparametric test was applied assuming a 95% confidence
level (kruskal, agricolae package, Mendiburu, 2019).

To evaluate the association among metals, a Pearson's correlation
was conducted to identify clusters of metals with the same overall pro-
files regardless of their concentrations at each sampling site (cor, base
package, R Core Team, 2020). To conduct the correlation analysis, the
variables with missing data (less than 50% of missing data) were
regressed with other variables and their values were stipulated using
a linear regression that had a R2 greater than 0.80. The clusters were de-
fined with pairwise variables, which presented a strong correlation co-
efficient (greater than 0.70).

The cytogenotoxicity results in water and sediments were associ-
ated with metal groups thought of the Principal Component Analysis
(PCA) (prcomp, base package, R Core Team, 2020). The data were
plotted using the R software (ggbiplot, ggbiplot package, Vu, 2011).
The bivariate distribution of the mitotic index and total abnormali-
ties were used to compare the cytogenotoxicity potential through
the ellipses' area of the Paraopeba River and previous studies
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involving the rupture of the Fundão dam in the Doce River (data.el-
lipse, car package, Fox and Weisberg, 2019). The ellipses were con-
structed with one standard deviation distance from the centroid.
Because the different studies conducted their cytogenotoxicity as-
sessment under different conditions (i.e. different sampling periods,
different sampling designs, different A. cepa batches and laboratory
climatic conditions) the results differed not only among the exposed
cells, but also among the negative controls. Since, to conduct a direct
comparison of the bivariate distribution, the mitotic index of the ex-
posed cells was subtracted from their respective negative controls.
Furthermore, according to Souza et al. (2018) and Vergilio et al.
(2021), there is a positive association among the prevalence of
genotoxic abnormalities and the mitotic index, which shows the
cell division rate as a requisite to the occurrence of such alterations.
As a difference was observed between the mitotic index among the
different studies we calculate a ratio among the observed aberra-
tions of each study and their respective mitotic index, which permits
the ellipses' area comparison.
Fig. 2. Cytogenotoxic effects of water (blue) and sediment (brown) samples from
Paraopeba River on A. cepa meristematic cells. (S1) Moeda - 61.3 km upstream the
failure area, (S2) Brumadinho – 5.2 km, (S3) Juatuba – 48 km, (S4) São José da
Varginha – 111 km, (S5) Angueretá – 240 km and (S6) Retiro Baixo – 302 km
downstream the dam rupture area. The bars represent the standard error of the
variables. *Significant from negative control (p < 0.05). Mean frequencies followed by
the same letter do not differ significantly (p > 0.05) according the Tukey (A) and
Kruskal-Wallis (B) tests. NC: negative control. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
3. Results

3.1. Cytogenotoxicity in A. cepa meristematic cells

The results for mitotic index and frequency of aberrant cells are
given in Fig. 2. Water samples from the Paraopeba River raised the mi-
totic index, while the sediment reduced it. Those differences, however,
were not statistically relevant with respect to the negative control
(Fig. 2a). Both sediment andwater from site S2,whichwas immediately
impacted by mud, decreased the mitotic index in comparison with the
upstream site (Fig. 2a).

Results of the water genotoxicity assay from site S1 (Moeda), up-
stream the B1 dam, revealed that it was not genotoxic. In contrast,
water samples taken downstream the failure significantly increased
the frequency of aberrant cells (Fig. 2b). These differed among the sam-
pled points. Samples from Site S2 (Brumadinho) promoted a consider-
able increase in abnormalities in comparison with the lower levels
obtained in the upstream site. Abnormalities were more pronounced
in S3 (Juatuba). Another peakwas observed in S5 (Angueretá),while re-
duced genotoxicity was observed after exposure to samples from S4
(São José da Varginha) and S6 (Retiro Baixo) (Fig. 2b).

Results of the sediment genotoxicity assay show that samples taken
from both upstream and downstream of the iron ore dam collapse sig-
nificantly increased the frequencies of cellular abnormalities compared
to the negative control. Again, the indices of abnormalities varied along
the course of Paraopeba River: S4 (São José da Varginha) induced the
highest frequency of aberrant cells (Fig. 2b).

Whenwater and sediment are compared, it is clear that upstream of
the disaster location, the sediment induced a higher frequency of abnor-
malities than the water. In contrast, water samples collected at sites S2
(Brumadinho) and S3 (Juatuba), located downstream to the B1 dam,
caused a higher frequency of genetic damage than sediment samples.
The sediment from S4 (São José da Varginha) induced more abnormal-
ities than the water. Water and sediment from S5 (Angueretá) and S6
(Retiro Baixo) generated similar frequencies of toxicogenetic damage
in both matrices (Fig. 2b).

Fig. 3 shows the phases of the normal mitotic cycle of A. cepa
(Fig. 3a–e) and the main cellular alterations identified after exposure
to thewater and sediment (Fig. 3a1–e3). The contribution of each abnor-
mality for the genotoxicity of environmental matrices is presented in
Fig. 4. Overall, micronuclei, bridges and chromosomal adherence were
the most prevalent alterations observed. Water samples promoted
higher incidence ofmicronuclei (43.4%), followed by chromosomebrid-
ges (21.5%) and chromosome adherence (15.2%). In contrast, chromo-
some adherence was the most frequent alteration (44.8%) induced by
sediment samples followed by bridges (26.9%) andmicronuclei (14.8%).
4

3.2. Metal concentrations and physical-chemical parameters in water and
sediment

The majority of the elements quantified in the total and dissolved
fractions of the water column (Total: Al, Ba, Cr, Cu, Fe, Hg, Li, Mn, Nd,
Pb, Rb and Ti; Dissolved: Ba, Cu, Fe, Mg, Mn, Pb, Sr, and Zn) showed
lower concentrations upstream of the rupture area (S1) and reached a
peak in Brumadinho (S2) (Table S3). This pattern was also observed to
suspended particulate material, turbidity and conductivity (Table S1).
The concentrations of total Cd, Mn, Pb, Zn and U and dissolved Al and
Fe presented higher levels than those allowed by the Brazilian National
Council of the Environment (CONAMA – Conselho Nacional do Meio
Ambiente, 2005) for class I waters (human supply after simplified treat-
ment); in particular, Al, Fe, Mn and U showed inclusive levels above the
maximum allowed for class III water (human supply after conventional
or advanced treatment), raising concern about the possible effects on
biota and human health (Table S3).

The river's sediment was composed about 50% of sand particles and
50% of silt and clay particles, with exception of site 1 which was pre-
dominantly composed by the sand fraction (Table S1). The total metal
concentrations in the sediment showed particularly three behavior
along the river course: the first composed by the elements Ag, Bi, Cd,



Fig. 3.Meristematic cells ofAllium cepa exposed towater and sediment from theParaopeba River. (a)Normal interphasic nucleus. (a1) Interphasic cellwithmicronucleus (arrow). (a2) Cell
with nuclear bud (arrow). (a3) Binucleated cell. (b) Normal prophase. (b1) Prophase with micronucleus (arrow). (b2) Lobed nucleus. (b3) Polyploid cell. (c) Normal metaphase. (c1)
Metaphase polyploid with sticky chromosomes. (c2) C-metaphase. (c3) Metaphase with chromosomal loss. (d) Normal anaphase. (d1) Anaphase with chromosomal bridges. (d2)
Anaphase with chromosomal bridges (arrow) and chromosomal fragments (arrowhead). (d3) Anaphase with chromosomal loss (arrow). (e) Normal telophase. (e1) Telophase with
chromosomal bridge (arrow) and chromosomal delay (arrowhead). (e2). Telophase with double chromosomal bridges. (e3) Telophase with chromosomal breaks (arrows).
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Cu, Dy, Eu, Fe, Ga, Gd, Hg, In, La, Lu, Mn, P, Pb, Sn, Sr, Tb, U, Pr, Y, Yb and
Zn which show a greater increasing in its concentrations closest the
dam rupture area in comparison with the upstream site; the second
group (As, Ba, Be, Ca, Ce, Cr, K, Li, Mg, Na, Nd, Ni, Rb, S, Sb, Sc, Ti and
V), which their levels were not affect by the tailings and shows rela-
tively constant levels along the river, with a tendency of increasing in
the last site (S6) and the third group composed only by Co which
shows higher concentrations at the upstream site, decreases near the
dam and keeps stable along the river. According to sediment quality
guidelines established by the National Oceanic and Atmospheric Ad-
ministration (NOAA) some elements such as Cr, Ni, Cu, Cd, Hg and As,
presented concentrations higher than the TEL (threshold effects levels)
and may cause adverse effects to organisms. Cd levels in certain areas
were even above the PEL (probable effects levels) for almost all sam-
pling sites downstream of the dam.

The bioavailable metal concentrations in sediments showed four
groups with different behaviors along the Paraopeba River. The “major
group” of elements included Fe, Al, Mn, Ti, Ba, V, Zn, Cr, Ni, Cu, Sr, Cd,
Be, Co, Ga, Li, Rb, Sn, U, Ce, Dy, Er, Gd, La, Lu, Nd, Pr, Sc, Tb, Yb, Ca, K,
Mg, Na, P and S. In this group, it was observed increased concentrations
from the failure area to S3 (Juatuba: 48 km), followed by a decrease in
S4 (São José da Varginha: 111 km) and reached the highest levels at
S5 (Angueretá: 240 km) (Table S4). Pb, In and Y were not associated
with the main group of elements since they behaved differently along
the Paraopeba River. The elements In and Y showed a similar behavior
5

up to S3 (Juatuba; 48 km), their concentrations reached their highest
levels at site S2 (Brumadinho; 5.2 km) (Table S4). Pb presented lower
values at site S2 (Brumadinho; 5.2 km), a peak at site S3 (Juatuba;
48 km) and another at site S6 (Retiro Baixo; 302 km) (Table S4).

3.3. Association between the cytogenotoxicity in A. cepa and metal
concentrations

The principal component analysis applied to the metal clusters and
the cytogenotoxicity observed in the environmental samples from
ParaopebaRiver is presented in Fig. 5. The analysis of sediment variables
revealed two axes which accounted 64.7% of the total variance (Fig. 5a).
Themitotic index and the abnormalities observed in sedimentswere di-
rectly correlated among then and with axis 1, which in its turn, was in-
versely associated with the main groups of elements quantified in the
total and bioavailable fractions of sediments, revealing the effect of in-
creasingmetal concentrations related to the lowermitotic index and ab-
normalities prevalence (Fig. 5a). The PCA applied to the water variables
explained 92.5% of the total variance (Fig. 5b). Differently of the vari-
ables in sediment, the mitotic index and abnormalities were not
strongly associated among then, however, both variableswere inversely
associated with axis 1, which in turn, was directly associated with the
main groups of toxicmetals in the dissolved and dissolved+particulate
fractions (Fig. 5b). Thismay represent a direct effect of such elements on
the genotoxicity observed in A. cepa cells exposed to the water of



Fig. 4. Distribution of the frequency of cell aberrations in the meristematic cells of A. cepa treated with matrices from the Paraopeba River. Bars represent the frequencies of cellular
abnormalities. The number of each alteration observed per site is shown in the table. (S1) Moeda - 61.3 km upstream the failure area, (S2) Brumadinho – 5.2 km, (S3) Juatuba –
48 km, (S4) São José da Varginha – 111 km, (S5) Angueretá – 240 km and (S6) Retiro Baixo – 302 km downstream the dam rupture area. (NC) Negative control – distilled water. (PC)
Positive control – colchicine 0.025%.
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Paraopeba river. Once again, it can be observed the increasing of metal
concentrations is negatively associatedwith themitotic index, however,
in this case the abnormalities were positively associated with the
groups of toxic metals including Al, Ba, Cr, Cu, Fe, Hg, Li, Mn, Mg, Nd,
Pb, Rb, Sr, Ti, Nd and Zn in both dissolved and total fractions in the
axis 2 (Fig. 5b).

3.4. Cytogenotoxicity comparison with previous studies

The comparison of cytogenotoxicity of the different studies evaluat-
ing tailings dam ruptures in Brazil showed similar results (Fig. 6). The
compiled data emphasizes the cytotoxic effect in both Paraopeba and
Doce rivers since they promoted decreased and increased mitotic
index. The decrease was more significant in the periods close to the
date of the rupture, as it can observed to the sediment data of this
study (5 days) and sediment and water collected 13 and 15 days after
the Fundão dam rupture (Fig. 6). The prevalence of genotoxic aberra-
tions was comparable among the studies with a lighter tendency of in-
creasing along the time, since the Doce River showed increased
aberrations frequency in water six months after the disaster (Fig. 6).

4. Discussion

The present study demonstrated the cytogenotoxic potential of the
water and sediment along the Paraopeba River. The dam rupture imme-
diately increased the turbidity and the suspended particulate material
levels in the water, together with the input of large amounts of Fe, Al,
Mn, Ti, rare earth and toxic metals (Vergilio et al., 2020) that influenced
the incidence of the genotoxic abnormalities, especially at S2
(Brumadinho) and S3 (Juatuba).

Sediment fromS1 (Moeda) induced a higher frequency of abnormal-
ities than the water. Under normal conditions, this is an expected result
since sediment represents long-term pollution and it may be a reservoir
6

of persistent mutagens (Chen and White, 2004). Consequently, there is
a higher probability of positive responses for the sediment in compari-
son with the water (Terra et al., 2008), which merely provides a punc-
tual diagnosis at the time of sampling (Roig et al., 2015).

In contrast, the water samples collected from S2 (Brumadinho) and
S3 (Juatuba), showed higher genotoxic potential than the sediment.
This is associated with the volume of the tailings released from the
dam. In the next sampling sites (S4 to S6), which had not been affected
by themud, the sediment had higher or similar genotoxic potentialwith
respect to the water. This occurred because the sampling campaign oc-
curred only five days after the rupture. A large amount of the densema-
terial released from the rupture site moved very slowly within the
Paraopeba River, and had not reached S4 (São Jose da Varginha) yet.
In fact, five days after rupture of the dam, a more intense color associ-
atedwith themudwas observed only up to 110 kmdownstream the di-
saster location (FEAM, 2019; IGAM, 2019) along the Paraopeba River.

The genotoxicity of the water started at the Brumadinho sampling
site (S2), the closest point to the dam's rupture site, indicating the tail-
ings effect reaching its higher values at sampling site S3 (Juatuba)which
coincides with the greater bioavailable metal concentrations. Another
peak of the bioavailable metals together with genotoxic effect was ob-
served at S5 (Angueretá). This area corresponds to the final deposition
region of the Paraopeba River, which favors the accumulation of pollut-
ants from the upstreampart of the basin. Therefore, the genotoxic activ-
ity of the samples taken 111 km (S4 - São José da Varginha), 240 km (S5
- Angueretá) and 302 km (S6 - Retiro Baixo) from the B1 dammay also
indicate that there has been previous contamination of the river basin
(Savassi et al., 2016; IGAM, 2018). Agricultural and slate mining with
the generation of large amounts of waste, often deposited on the
banks of water bodies, are the most relevant activities in the low
Paraopeba area where these sites are located (IGAM, 2005). In addition,
the low Paraopeba receives the full load of contaminants from the upper
and middle watershed regions, which tend to be deposited at the



Fig. 5. Principal component analysis of the associations of the metal clusters in total and
bioavailable fractions of sediment (A), and the metal clusters in the dissolved and the
dissolved + particulate fractions in water (B) with the abnormalities and mitotic index
observed on A. cepa meristematic cells.

Fig. 6. Comparison between cytogenotoxicity prevalence among different studies
involving tailings dam ruptures in Brazil. The areas of the ellipses were calculated as one
standard deviation distance from centroid of each ellipse and comprised 68% of the data
variation (Segura et al., 2016; Vergilio et al., 2021).
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bottom sediment, contributing to the genotoxicity of thewater samples.
Notably, microbiological analysis indicated the possible process of
eutrophication in Retiro Baixo even prior to the disaster due
long-term sewage contamination (Thompson et al., 2020). This data
corroborates the results obtained by the A. cepa test since sewage is an
important source of genotoxins to the aquatic environment (White
and Rasmussen, 1998).

Increased or reduced mitotic index is a valuable indicator of cell
functioning showing disordered cellular proliferation ormitodepressive
effect arising from exposure to toxicants (Leme and Marin-Morales,
2009). Despite not statistically significant, our results from water sam-
ples revealed an elevated mitotic index while sediment samples had
an opposite tendency with respect to the negative control. The negative
association observed between themajor groups of bioavailable and total
metalswith themitotic index in the sediment, revealed thatwith the in-
crease of the concentrations of those elements, there is a decrease in the
cell division rate in both matrices. The reduced cell division rate also
promoted the lower genotoxicity, especially in the sites affected by
the tailings. According to Souza et al. (2018), if the cells of A. cepa are
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not dividing, the observation of chromosomal aberrations is impaired,
this pattern can be confirmed by the positive association among those
variables observed in the cells exposed to sediment. On the other
hand, the positive association between the abnormalities with the
main group of toxic elements in water may represent a direct effect of
such elements on the genotoxicity observed in A. cepa cells exposed to
the water of Paraopeba River. The mitotic index in the cells exposed to
the water, besides not statistically significant, was higher than the ob-
served in the negative control and sediment in all sampling sites. It
might explain the positive association between the observed abnormal-
ities and toxic elements in water as discussed above.

Despite the fact that sampling occurred just five days after the rup-
ture of the dam, the tailings might not have affected all the sampling
sites along the Paraopeba River. Long-term studies are needed to ascer-
tain the veracity of this conclusion. The concentrations of some toxic
metals such as As, Cd, Cu, Cr, Hg, Pb, Ni surpassed the Threshold Effects
Level (TEL) or even the Probable Effect Level (PEL) for Cd (Vergilio et al.,
2020) along the course of the Paraopeba River, suggesting the adverse
effect on the biological communities. It was also observed the enrich-
ment for several elements including Ag, Cd, Cu, Fe, Hg, La, Li, Mn, P,
Pb, Y and Zn which indicates the mud effect on metal concentrations
compared to background values especially in the closest sites of the
dam. Meanwhile, upstream of the dam rupture area, natural and/or an-
thropogenic activities were evidenced by high enrichment levels of the
elements As, Cd, Co, K, Na and S (Vergilio et al., 2020).

Each toxic metallic element quantified at the Paraopeba River
(e.g., Al, Cd, Fe,Mn, Pb) has specific genotoxicitymechanisms, including,
but not limited to, direct linking to DNA, targeting proteins responsible
for genome integrity, inhibition of enzymatic function, competing with
other essential metals, or producing reactive oxygen and nitrogen spe-
cies leading to genic, genome or chromosome mutations (Mateuca
et al., 2006; Matos et al., 2017; García-Lestón et al., 2010; Monteiro
et al., 2010; Lima et al., 2011; Callegaro et al., 2018). However, complex
mixtures of metals, even in low concentrations, may cause significant
levels of cytogenotoxicity by synergistic interaction (Zhu et al., 2004;
Stankevičiūtė et al., 2017).

The analysis of the type of chromosome abnormalities induced on
the tip of the roots of A. cepa may provide a better understanding of
the toxic mode of action of metals in the Paraopeba River. In our data,
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micronuclei, bridges and chromosomal adherence were the most prev-
alent alterations observed. However, water and sediment matrices dif-
fered in terms of the incidence of each of these abnormalities,
indicating a difference in composition and/or concentration of contam-
inants between the environmental compartments (Geras'kin et al.,
2011).

Adherent chromosomes derive from failures in the condensation of
the chromosomal fibers, resulting in the connection of chromosomes
by sub-chromatid bridges. If they persist, these bridges tend to break
and to turn into micronuclei in the next cell generations (McGill et al.,
1974; Pathak et al., 1975; Rank and Nielsen, 1993), being therefore con-
sidered as a clastogenic abnormality (Rank and Nielsen, 1997; Aguiar
et al., 2016). In turn, the presence of micronuclei indicates uneven dis-
tribution of DNA among daughter cells during cell division by
clastogenic or aneugenic mechanisms, i.e., their formation involve loss
of genetic material. Significantly increase in micronuclei frequency is
one of the main biomarkers of genetic instability (Mateuca et al., 2006).

Increased frequency of toxicogenetic damage was also reported in
A. cepa (mitotic index inhibition and significant induction of chromo-
some aberrations and micronuclei) and HepG2 cells (DNA damage) ex-
posed to water, soil and mud taken near the Fundão iron ore tailings
damdisaster (Segura et al., 2016). Genotoxic risk of themainwatershed
impacted (Doce River basin) has been demonstrated by the significant
induction of micronuclei and chromosome aberrations in A. cepa
(Quadra et al., 2019) and micronuclei in Geophagus brasiliensis
(Gomes et al., 2019). Toxicogenetic damage caused by the water of
the Doce River was correlated with remarkable raise in the level of
metals in the particulate phase (Fe 5000×, Al 800× and Mn 23× higher
in impacted sites than in the non-impacted site) (Quadra et al., 2019).

We compared the cytogenotoxicity of the Doce River assessed with
A. cepa assay (Segura et al., 2016; Vergilio et al., 2021) with the results
of the current research. In all studies, the environmental matrices
(water and sediment) of both rivers sampled days after the dams
burst provided equivalentmitotic indexes and frequencies of cells aber-
rant cells. Except for the water from Paraopeba River which promoted a
higher mitotic index, however, its genotoxic activity remained compa-
rable to the other samples. These results reflect the similar characteris-
tics of the both tailings that released to the watersheds not only Fe, Al
and Mn (elements predominant from the ore) to levels that potentially
impact the quality environment, but also metals such as As, Cd, Cr, Hg
and Pb (Segura et al., 2016; Hatje et al., 2017; Vergilio et al., 2020,
2021) which have considerable cytogenotoxic and carcinogenic poten-
tial (Mateuca et al., 2006; Tchounwou et al., 2012; Callegaro et al.,
2018) besides rare earth metals (e.g. Ce, In, Ga, La and Y) (Segura
et al., 2016; Hatje et al., 2017; Vergilio et al., 2020, 2021) in which
many aspects of their toxicology have yet to be elucidated (Rim,
2016). The cytogenotoxicity of the Doce River was also assessed six
months after the failure of Fundão dam. Observed higher genotoxic
damage recorded in the water over time in comparison with the initial
biological consequences (sampling performed 15 days after the dam
broke) suggest the persistence of genotoxic pollutants in thewatershed
and its possible remobilization from the riverbed sediment towater col-
umn months after the disaster (Vergilio et al., 2021). The same process
can occur in the Paraopeba River.

The present study demonstrated the cytogenotoxic potential of the
water and sediment of the Paraopeba River after the B1 dam rupture to-
gether with the fluctuation in the levels of metals in water and sedi-
ment. This report demonstrates the urgent need for long-term
monitoring of the watershed due the advance of the tailings plume
through the Paraopeba River.

5. Conclusion

This is the first report describing the cytogenotoxic potential (using
laboratory tests with A. cepa root meristems) of thewater and sediment
of the Paraopeba River after rupture of dam B1. The results show the
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prompt bioavailability ofmetals from the sediment to thewater column
along the Paraopeba River, and that either the high levels of metals or
their synergistic action may cause genotoxic effects in a relatively
short period. Since the sampling occurred justfive days after the rupture
of the dam and there is indication of the presence of toxic elements in
the tailings the long-term monitoring is needed to observe its advance
through the Paraopeba River, together with its biological consequences.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145193.
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