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ABSTRACT

The failure of the B1 dam in Brumadinho, on January 25™, 2019, released about 10
Mm?3 of tailings to the environment, of which a parcel reached the Paraopeba River.
Several impacts resulted from this collapse, such as toxic effects to the aquatic biota.
Although ecotoxicological assays are essential to assess the ecological status of
aguatic ecosystems, they demand time and resources, which can make long-term
monitoring more challenging. In contrast, ecotoxicological risk assessment methods,
such as the Species Sensitivity Distribution (SSD), aligned to the calculation of risk
quotients, allow for a robust evaluation of the ecological risk. Thus, the general goal of
this study was to define novel Predictec No Effec Concentration (PNEC) values for
metals and metalloids by SSD curves for different trophic levels and to perform a
spatial and temporal evaluation of ecotoxicological risks associated to these
contaminants in the surface water of the Paraopeba River region affected by the B1
dam collapse. In a first phase of the study, acute and chronic SSD curves were
constructed for three trophic levels — producers, primary and secondary consumers —
for 14 metals, to determine the HCs (hazardous concentration for 5% of species) and
the PNEC values, which were compared to legal limits established worldwide. For
acute and chronic effects, respectively, 32 and 78% of the estimated PNEC values
were below the Brazilian legislation limits, which were defined more than 18 years ago,
indicating that they might not be protective to the aquatic biota. Ag was the most critical
element, as all PNEC values were under current legal limits. In a second stage,
ecotoxicological risks were estimated based on the most restrictive PNEC values
calculated for each compound and on water quality data from the Paraopeba River.
The evaluation of temporal and spatial evolution of risks along 25 monitoring points
indicated that Fe represented the higher risk in the Paraopeba River, followed by Al.
During the studied period, regions located from 400 m upstream to 68,4 km
downstream the B1 dam collapse point were the most impacted, thus requiring greater
efforts for watershed restoration and aquatic life protection. Results obtained in this
study may be an important guide to the definition of effective environmental standards
for aquatic life protection in Brazil and in Minas Gerais, and also a tool for watershed
management decision-making in areas affected by different anthropic activities or
pollution events related to metal contamination.

Keywords: Ecological Risk Assessment. Surface Water Quality. Iron Ore Mining.
Species Sensitivity Distribution (SSD). Biodiversity.



RESUMO

O rompimento da Barragem B1 em Brumadinho, em 25 de janeiro de 2019, liberou
cerca de 10 Mm3 de rejeitos para o0 meio ambiente, parte dos quais alcancou o Rio
Paraopeba. Diversos impactos resultaram desse colapso, como efeitos téxicos a biota
aguatica. Embora ensaios ecotoxicoldgicos sejam essenciais para avaliar o estado
ecoldgico dos ecossistemas aquéticos, eles demandam tempo e recursos, o que pode
tornar o monitoramento de longo prazo mais desafiador. Por outro lado, métodos de
avaliacdo de risco ecotoxicolégico, como a Distribuicdo de Sensibilidade de Espécies
(SSD), alinhados ao calculo de quocientes de risco, permitem uma avaliacdo robusta
do risco ecolégico. Assim, o objetivo geral deste estudo foi definir novos valores de
PNEC (Concentracdo Prevista de Efeito Nao Observado) para metais e metaloides,
por meio de curvas SSD construidas para diferentes niveis troficos e realizar avaliacao
espacial e temporal dos riscos ecotoxicologicos associados a esses contaminantes
nas aguas da regido do Rio Paraopeba afetada pelo rompimento da Barragem B1. Em
uma primeira etapa do estudo, foram construidas curvas SSD para efeitos agudos e
cronicos para trés niveis troficos — produtores, consumidores primarios e secundarios
— para 14 metais, de forma a se determinar os valores HCs (concentracdo de perigo a
5% das espécies) e de PNEC, que foram comparados aos limites legais estabelecidos
em diversas localidades do mundo. Para efeitos agudos e crénicos, respectivamente,
32 e 78% dos valores estimados dos PNECs ficaram abaixo dos limites da legislacao
brasileira, que foram estabelecidos ha mais de 18 anos, indicando que esses limites
podem nao ser protetivos a biota aquatica. Ag foi o metal mais critico, uma vez que
todos os valores de PNEC ficaram abaixo dos limites legais. Em uma segunda etapa,
0s riscos ecotoxicoldgicos foram estimados com base nos valores de PNEC mais
restritivos calculados para cada composto e nos dados de qualidade da agua do Rio
Paraopeba. A avaliacdo da evolugdo temporal e espacial dos riscos ao longo de 25
pontos de monitoramento indicou que o Fe apresentou os maiores riscos no Rio
Paraopeba, seguido pelo Al. Durante o periodo estudado, as regifes localizadas entre
400 m a montante e 68,4 km a jusante do ponto de rompimento da barragem B1 foram
as mais impactadas, demandando, portanto, maiores esforgos para recuperacao da
bacia hidrografica e protecdo da vida aquatica. Os resultados obtidos neste estudo
podem ser um importante guia para a definicdo de padrdes ambientais efetivos para
protecdo da vida aquética no Brasil e em Minas Gerais, além de servir como uma
ferramenta para a tomada de decis6es no ambito da gestao de bacias hidrograficas
em areas afetadas por diferentes atividades antropicas ou eventos de poluicdo
relacionados a contaminacao por metais.

Palavras-chave: Avaliacdo de Risco Ecoldgico. Qualidade da Agua Superficial.
Mineracgdo de Ferro. Distribuicdo de Sensibilidade de Espécies (SSD). Biodiversidade.
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1 INTRODUCTION

Failure of tailings dams has become more frequent over the years. From a total of 153
events involving dam collapses in the world from 1960 to 2022, 27% happened
between 2011 and 2020, showing an average of 4.1 occurrences per year. In
comparison with the previous decade (2001-2010), the number of failures doubled.
During the two first years of the present decade (2021-2022), the annual average
jumped to 5. If this rate remains, about 50 collapses might occur by the end of 2030
(WISE URANIUM PROJECT, 2023).

In the Brazilian context, Minas Gerais (MG) and Para are the states where mining
activity predominates. In the third quarter of 2022, Minas Gerais responded to 39% of
the national mineral production which corresponded to R$ 29.7 billion (IBRAM, 2022).
On the other hand, seven tailings dams collapsed in Minas Gerais on the last 22 years
(WISE URANIUM PROJECT, 2023). Among those, the B1 dam of Vale S.A, in
Brumadinho, that failed on January 25", 2019, and was the worst dam failure
worldwide in terms of human life loss as it led to 270 deaths in total (ROTTA et al.,
2020; VALE, 2023). Besides loss of human lives, the tailings wave released by the
dam also killed domestic and wildlife, compromised water supply, destroyed
residences, and working areas, destroyed riparian vegetation and forested areas and
altered physicochemical properties of the Paraopeba River water and sediments
(CIONEK et al., 2019; PARENTE et al., 2021; SOARES; OLIVEIRA; GOMES, 2022).
Furthermore, the collapse caused social impacts, such as suffering to those who lost
relatives, friends and coworkers; were obliged to leave their residences and lost their

source of income and reference of safety (VALE, 2022).

Considering the increasing number of dam collapses over the years and their impacts
to the environment, society and human health, it is critical to study these events from
all these perspectives. The scientific literature has responded to that, as studies in this
field became more frequent. Most studies approach the causes related to different
collapses (GLOTOV et al.,, 2018; HU et al., 2021; LABANDA et al., 2021; RICO;
BENITO; DIEZ-HERRERO, 2008; ROTTA et al., 2020) or their impact upon water and
sediments quality in the watershed (FERNANDES et al., 2016; KOSSOFF et al., 2014;
QUEIROZ et al., 2018; THOMPSON et al., 2020; VERGILIO et al., 2021). However,

studies related to impact assessment of mining dams collapses upon aquatic life via
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ecotoxicological approaches are still scarce (ALMEIDA et al., 2021; SEGURA et al.,
2016; WEBER et al., 2020).

Furthermore, most published studies focus on the correlation between dam failure and
the evolution of physicochemical parameters (for example: turbidity, suspended solids,
metals and metalloids concentration) in water and sediments. However, temporal
reduction in concentrations of substances in the water column may not result in habitat
recovery nor absence of toxicity to aquatic organisms as some substances may show
toxicity even at low concentrations and toxicity effects may be a consequence of

additive or synergistic effects.

For instance, the study developed by Vergilio et al. (2021) showed that, despite
decrease in turbidity, concentrations of suspended particulate matter (SPM) and
metals along the Doce River after the Fund&o tailings dam collapse in Mariana/MG
(2015), water and sediment samples collected along the river were still toxic to aquatic

biota even six months after the event.

In this way, it is critical to perform spatiotemporal ecotoxicological evaluation in the
watersheds impacted by a dam collapse. Nevertheless, few studies conducted more
than two sampling campaigns to evaluate toxic effects associated to water and
sediments after the two major dam failures which occurred in MG in the past seven
years (CORDEIRO et al., 2019; MENDES et al., 2020). After the B1 dam failure in
Brumadinho, several studies detected ecotoxicological effects along the Paraopeba
River to different trophic levels, thus indicating a critical need for long-term monitoring
of critical regions (PARENTE et al., 2021; TERAMOTO et al., 2021; VERGILIO et al.,
2020).

Although water sampling to assess physicochemical and ecotoxicological parameters
are essential to assess the quality status of aquatic ecosystems, they demand time
and resources, which can make long-term monitoring more challenging. In contrast,
indirect risk assessment methodologies, such as those based on Predicted No Effects
Concentration (PNEC) values derived from Species Sensitivity Distribution (SSD),
allow for temporal and spatial ecotoxicological evaluation, enabling the identification of
risk patterns and priority regions for monitoring. This methodology is frequently used

for evaluating ecotoxicological risks related to endocrine disrupting compounds (GAO
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et al., 2014; GUAN et al., 2018; WEE et al., 2019), pesticides (MOURA; SOUZA-
SANTOS, 2020; SPILSBURY; WARNE; BACKHAUS, 2020), and metals in freshwater
(ALHO et al., 2022; RAZAK et al., 2021), as well as risks related to soil contamination
(KIM et al., 2018; KWAK et al., 2020).

So far, only a few studies have reported the application of ecotoxicological risk
assessment methods for the evaluation of ecotoxicological impacts of mining tailings
dam collapses, and most of them asses risks related to soil and sediments (BUCH et
al., 2021; GABRIEL et al., 2020; PAN et al., 2023). Furthermore, studies assessing
ecotoxicological risks related to mining tailings dam failures by applying the SSD

methodology were not identified in the current literature.

In the context of disasters, such as collapses of tailings dams, initial monitoring actions
carried out to assess the quality of water and sediments focus mainly in
physicochemical water quality parameters for which there are legal environmental
standards. However, legal limits might not be updated, thus lacking to protect aquatic
biota and water uses. For example, in Brazil, the Resolution of the Conselho Nacional
de Meio Ambiente (CONAMA) n° 357/05 (BRASIL, 2005) defines legal standard values
for different classes of freshwater, saline and brackish water bodies. According to
Umbuzeiro (2015), most of the Brazilian legal standard values were imported from
other countries, such as Canada and United States and were adopted as according to
the most restrictive value amongst all water uses corresponding to each class - drinking
water, aquatic life protection, water for animal consumption, irrigation, and recreation
(UMBUZEIRO; KUMMROW, REI, 2010). For Minas Gerais state, legal limits for water
quality are defined by the joint Normative Deliberation n° 08/2022, from Conselho
Estadual de Politica Ambiental (COPAM) and Conselho Estadual de Recursos
Hidricos (CERH) (MINAS GERAIS, 2022). Although the state regulation was published
in 2008, its updated version published in November 2022 maintained legal standards

for metals and metalloids which were based in the national legislation.

There have been many advances in ecotoxicology since the definition of legal
standards for metals and metalloids in freshwater in Brazil (18 years ago). For instance,
the development of more sensitive analytical methodologies, allowing for the detection

and quantification of lower concentrations of pollutants in environmental matrices; the
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development of in vivo and in silico approaches for the detection of toxic effects to
aguatic organisms and quantification of toxic concentrations. Based on recent events
of environmental pollution, such as mining dam collapses and data raised by
ecotoxicologists, there is critical need to update legal standards to values that might

be actually protective to the aquatic organisms.

Given these reasons, this study aimed to perform a spatiotemporal evaluation of
ecotoxicological risks in the surface water of the Paraopeba River region affected by
the B1 tailings dam collapse by using novel Predicted No Effect Concentration (PNEC)
values defined by the Species Sensitivity Distribution (SSD) approach. This was done
in order to (i) assess the efficiency of current environmental standards for the protection
of biodiversity; (ii) assess short and long-term risks to aquatic organisms resulting from
the B1 tailings dam failure, even for periods when ecotoxicological analyses were not
conducted; and (iii) to help identifying priority areas or periods of concern in the
watershed which require greater monitoring and recovery efforts. Furthermore, this
study may stimulate the application of ecotoxicological risk assessment for the
identification of critical areas in regions affected by tailings dam collapses or by other

anthropic activities related to metal contamination by setting robust PNEC values.
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2 GOALS
2.1 General Goal

To define novel PNEC values for metals and metalloids by constructing SSD curves
for different trophic levels and to perform a spatial and temporal evaluation of
ecotoxicological risks associated to these contaminants in the surface water of the
Paraopeba River region affected by the B1 dam collapse at Mina Cérrego do Feijéo,

in Brumadinho, Minas Gerais.

2.2 Specific Goals

e To define novel PNEC values for metals and metalloids based on SSD curves
built for each trophic level;

e To evaluate current national and international legal standards related to metals
and metalloids in freshwater according to their level of protection of biodiversity
on the view novel PNEC values;

e To calculate ecotoxicological risks for each metal and metalloid in the
Paraopeba River region affected by the dam collapse considering the most
sensitive trophic level;

e To make a spatiotemporal evaluation of ecotoxicological risks to aquatic biota
in the Paraopeba River region affected by the dam collapse in order to identify

critical areas and periods for monitoring.
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3 LITERATURE REVIEW
3.1 Mining and tailings dams

The beneficiation process in mining activities is performed to extract metals from the
gangue (commercially worthless material) and generates different types of waste, such
as sterile, soil, rocks and tailings. Tailings are defined as mixtures of crushed rocks,
processing fluids from mills, washeries and concentrators (IBRAM, 2016; KOSSOFF
et al., 2014). The management of this waste is a great challenge to the mining industry
worldwide due to its variable composition and high production volume. According to
Islam and Murakami (2021), around 48,183 million cubic meters (Mm?3) of tailings are
stored in 1,850 dams around the world, and this volume may reach 60,079 Mm?3 by
2025.

Different alternatives for final disposal or recycling of tailings are currently under
development, such as the disposal in mining pits and dry stacks, or use as cementitious
binders, hot asphalt filler or bricks (BEULAH et al., 2020; BASTIDAS-MARTINEZ et
al.,, 2022; MARUTHUPANDIAN; CHALIASOU; KANELLOPOULOS, 2021; PINHO;
FILHO, 2020; SCHOENBERGER, 2016). However, the disposal of tailings in dams is
still the most common practice as it is, operationally, a low-cost solution since dams
have high storage capacity (KALSNES et al., 2017; IPT, 2016).

There are at least three different constructions methods for dams’ embankments
raising: upstream, downstream, and center-line (vertically). In the first method, the
embankment is raised at the beach of the previous level, within the existing damming
by using tailings available at the area. In the downstream method, the embankment fill
is made downstream the slope, outside the damming, whilst centerline is between the
upstream and downstream method, where the new material is placed at the top of the
embankment. In all methods, intermediate embankments are raised from the first initial
dike construction as the storage demands advances, until the tailings dam full capacity
is reached (KALSNES et al., 2017; KOSSOFF et al., 2014).

The upstream method is the most commonly applied for the construction of dams,
corresponding to 50% of the tailings dams around the world. It is the cheapest, since

tailings are used for embankment raising, thus reducing the consumption of raw
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material. Nevertheless, this is the less stable method, since it depends on the
properties of the tailings discharged upstream (DO et al., 2021). As upstream tailings
correspond to the highest number of tailings dams worldwide and due to safety issues
associated to this method, they also represent the most collapsed type around the
world (57%) (ISLAM; MURAKAMI, 2021).

There are nearly 3,500 tailings dams spread worldwide (DO et al., 2021; KOSSOFF et
al., 2014; LYU et al., 2019). This number is an estimate due to lack of regulatory
measures to ensure up-to-date records on tailings dam (ISLAM; MURAKAMI, 2021).
According to the Brazilian Classification of Mining Dams defined by the Agéncia
Nacional de Mineracédo (ANM) (The Brazilian Mining Agency), there are currently 923
tailings dams in Brazil, out of those, the biggest amount is located in Minas Gerais
state (40%). Amongst these 923 Brazilian tailings dams, 58 are classified in the high-
risk category due to technical properties, project conservation state or compliance with
the dam's safety plan, out of which, 34 are in the state of Minas Gerais (ANA, 2021;
ANM, 2023).

The higher number of tailings dams in Minas Gerais state, in comparison with other
states, is a result of the historical role of Minas Gerais in the Brazilian mining scenario.
The first gold ore deposits started to be discovered and exploited in the end of the 18t
century, still during the Brazilian colonial period. This took place mainly the
Quadrilatero Ferrifero (Iron Quadrangle) region. The exploitation of iron ore mining in
this area gained importance by the end of the 19" century, with the gold mining
decadence. The Quadrilatero Ferrifero is a mineral province and an economically
active area of iron ore extraction, located at the central region of Minas Gerais state,
mainly at Alto Rio das Velhas watershed, but also comprising Paraopeba River and
Doce River basins (COTA; MAGALHAES JUNIOR, 2021). The iron ore present at
Quadrilaterio Ferrifero is associated with banded iron formations (itabirites) located on
the S&o Francisco Craton southern border, an Archean granite greenstone terrain
overgrown by sedimentary rocks from Proterozoic period and volcano-sedimentary
rocks (PORSANI; DE JESUS; STANGARI, 2019).

When it comes to iron ore mining, each tone of processed product results in 0.4 tons

of tailings. According to projections for the period between 2010 and 2030, iron ore
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beneficiation will contribute to 41% of tailings generated by mining companies in Brazil
(IPT, 2016). Considering the number of iron ore mines in the Quadrilatero Ferrifero
region, it is critical to impose strict tailings management practices and environmental

monitoring programs.

Physicochemical properties of tailings originated from iron extraction vary according to
the characteristics of the ore body, the beneficiation process, extraction efficiency and
the degree tailings degradation in the dam. In general, iron and silica are the most
abundant elements, as well as Mn, S, Mg, Al, K, Na and Ca (FREITAS et al., 2019;
KOSSOFF et al., 2014). For instance, Vergilio et al. (2020) reported that tailings
released from the B1 dam failure in Brumadinho were particulate materials (69.7% silt-
clay and 0.3% sand), which contained Fe (264.9 mg g1), Al (10.8 mg g1), Mn (4.78 mg
g?) and Ti (0.43 mg g't), among other elements. Trace toxic metals were also reported
to occur in these tailings, such as U (1,457.4 ug g1), Sn (547.4 ug g*), Cd (30.94 ug
gl), Pb (14.64 ug g), As (4.69 ug g1), and Hg (101.3 ng g1). In contrast, Queiroz et
al. (2018) listed Fe (452.00+2.85 mg g!); Mn (0.43+0.11 mg g*); Cr (63.9+15.1 ug
g');Zn (62.4 £2.84 ugg'); Ni (24.7+10.4 ugg?); Cu(21.3+4.6 uygg?); Pb (20.2+4.6
Mg g1) and Co (10.7 £4.8 ug g1) as the main components of Fundéo iron ore tailings
dam, which collapsed in Mariana in 2015.

The release of tailings in a watershed after a dam failure has been associated with
environmental contamination of water and soil, leading to ecotoxicological effects on
living organisms in impacted areas (PARENTE et al., 2021; THOMPSON et al., 2020;
VERGILIO et al., 2020).

3.2 Tailings dams collapses

Historically, tailings dams are more susceptible to failure than water dams due to
different factors, such as: (i) the use of residual materials from mining operations
(tailings, soil and coarse waste) to raise dam embankments, thus limiting material
quality control and dam stability; (ii) constant dam raising elevation to increase storage
capacity and volume; (iii) absence of regulatory policies related to project criteria; (iv)
guestionable quality control and monitoring measures to grant dam stability due to
costs associated with periodic monitoring; (v) elevated costs of maintenance and

remediation actions after mining closure, thus resulting in abandoned dams; and (vi)

Graduate Program in Sanitation, Environment and Water Resources



24

high risks assumed by managers to increase production levels while cutting costs
(ARMSTRONG; PETTER; PETTER, 2019; AZAM; LI, 2010; ISLAM; MURAKAMI,
2021; RICO; BENITO; DIEZ-HERRERO, 2008).

A study conducted by Islam and Murakami (2021) evaluated 366 incidents of tailings
dam collapses which occurred around the world between 1915 and 2020. In this study,
a rate of 3.45 ruptures per year was reported and a rising trend was detected. The
United States was the country with the highest number of collapses (~115), probably
due to its historical mining vocation and availability of data on public media. The
authors also observed a shift in tailings dam collapses from developed nations to
developing ones, as the number of cases in countries such as the US, the UK and
Canada decreased after 2000, while cases in Brazil, China and Mexico increased.
Besides, dams showing heights up to 50 m corresponded to 88% of the total number

of collapses, and 54 out of the 366 incidents caused 2,976 human deaths.

The analysis of historical data from the WISE Uranium Project (2023) listed 153 major
dam failures in the world between 1960 and 2022. The most recent was the rupture of
a diamond tailings dam on November 7, 2022 in Tanzania which released about 13
Mm?3 of tailings and water. In Brazil, 11 major tailings dam ruptures were reported, and
7 of them were in Minas Gerais. The last one occurred was the overflow of a sediment

retention dam in the city Nova Lima, in January 2022.

The collapse of tailings dams may cause several environmental, economic and social
impacts. The release of millions of tons of mud into water bodies and surrounding areas
causes loss of biodiversity and native vegetation, as well as water quality impairement,
such as increased suspended particulate matter (SPM) and metals concentration;
reduced dissolved oxygen concentrations (KOSSOFF et al., 2014; SOARES et al.,
2020; VERGILIO et al., 2021); and toxic effects to organisms from different trophic
levels in water and sediments (PARENTE et al.,, 2021; THOMPSON et al., 2020;
VERGILIO et al., 2020). Besides environmental impacts, social impacts may also be
highlighted, for example: loss of human lives and residences, restrictions for water
usage (consumption, fishing and irrigation), and decrease in tourism activities (ISLAM,;
MURAKAMI, 2021; KOSSOFF et al., 2014; VERGILIO et al., 2020).
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3.3 Vale S.A. tailings dam collapse in Brumadinho

Although previously classified as a low-risk dam by the Brazilian Mining Agency
(VERGILIO et al., 2020), Cérrego do Feijao Mine Tailings Dam 1 (B1), owned by Vale
S.A, collapsed on January 25", 2019. The mining complex and dam are located in the
municipality of Brumadinho, at the Metropolitan Area of Belo Horizonte (MABH), MG.
This event entailed the following collapses of B-IV and B-IVA sediment retention dams.
The Bl dam, built in 1974 and deactivated in 2016, had 86 m of height, 600 m of
extension, a total area of 27 hectares and stored nearly 12 Mm?2 of iron ore tailings
(DOMINGOS; CASTILHOS, 2019; FEAM; IEF; IGAM, 2021; IGAM, 2021; ROTTA et
al., 2020).

As a consequence of the collapse, the dam released about 10 Mm3 of tailings into the
Ferro-Carvao stream. Most of these tailings (7.8 Mm3) were retained within 7 km
downstream the Ferro-Carvdo stream and the remaining volume reached the
Paraopeba River (WISE URANIUM PROJECT, 2023). There is still no consensus on
how far these tailings were transported through the river and monitoring studies are
currently underway to estimate this distance. Despite that, according to the Two Years
Book published by FEAM, IEF and IGAM (2021), tailings were transported for nearly
250 km until Retiro Baixo Hydroelectric Reservoir.

The tailings wave reached Vale’s administrative area and the surrounding
communities, and resulted in 270 human deaths, of which most were employees at the
mining company and 3 are still disappeared (VALE, 2023; VERGILIO et al., 2020). The
release of tailings also compromised public water supply and destroyed 133.27 ha of
Atlantic Forest vegetation and 70.65 ha of riparian areas (CIONEK et al., 2019;
PARENTE et al.,, 2021). Regarding water quality in the Paraopeba River, recent
studies have revealed the violation of legal standards set by the Brazilian legislation
(BRASIL, 2005) for metals such as Fe (0.3 mg L), Mn (0.1 mg L), Al (0.1 mg L), Zn
(0.18 mg L), Pb (0.01 mg L?), Cu (0.01 mg L) and Cd (0.001 mg L1). Besides,
increased turbidity and conductivity, reaching maximum values of 3,000 NTU and 273
us cm, respectively, were observed five days after the dam collapse. Concerning the
sediments of Paraopeba River, Ni, Cu, Cr and Cd trespassed the Threshold Effect
Level (TEL) established as a standard by the United States National Oceanic and
Atmospheric Administration (NOOA) (THOMPSON et al., 2020).
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Although most studies published so far on the impacts of this disaster focus on
physicochemical parameters, acute and chronic toxicity were also observed for
organisms from different trophic levels, such as the algae Raphidocelis subcapitata,
the microcrustacean Daphnia similis and the fish Danio rerio (THOMPSON et al., 2020;
VERGILIO et al., 2020). The inclusion of ecotoxicological assays in monitoring plans
following these events is critical to evaluate the ecological status of the water body

summited to such sudden changes in physicochemical properties.

3.4 Ecotoxicology and water quality monitoring

Ecotoxicology is of great importance in environmental monitoring programs, especially
following disasters. Ecotoxicological bioassays enable the detection and quantification
of effects of single substances or environmental samples to test organisms through
acute and/or chronic exposure assays. The difference between acute and chronic
responses are related to the exposure period and endpoints or responses observed in
each type of assay (MAGALHAES; FERRAO FILHO, 2008 apud SCHVARSTMAN,
1991).

Acute toxicity assays usually evaluate lethality or reactions of organisms right before
death, such as immobility. In these assays, responses are severe and rapid, and occur
as a consequence of exposure to high concentrations of a toxic
compound/environmental sample in a short interval of time, from 0 to 96 hours
depending on the life cycle of the test organism (MAGALHAES; FERRAO FILHO, 2008
apud RAND; PETROCELLI, 1985). The aim of the acute ecotoxicological test is to
determine the dilution (or concentration) of a toxicant which causes death to 50% of all
test organisms. This effect is expressed as LCso (median lethal concentration) and is
associated to the test duration, test organism and life cycle stage of the species. For
some test organisms, the endpoint of the acute toxicity assay is not death, yet another
effect (for example, luminescence decay is assessed as a response for acute toxicity
to bacteria Allivibrio fischeri). In this case, results are expressed as the effect
concentration which causes the observed effect to 50% of the population, thus named
ECso (median effect concentration) (COSTA et al., 2008; US EPA, 1994).

Although LCso and ECso are important thresholds to be used as a reference value for

toxic effects, they refer to a given (and brief) exposure time established for each test.
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Thus, if a substance moves slowly in tissues, it may probably show reduced toxicity for
the period corresponding to the test, simply because its concentration in the target
tissue has not reached sufficient levels to cause a toxic effect during the considered
testtime (COSTA et al., 2008). Therefore, LCso or ECso values obtained during a longer

exposure period are usually lower than those obtained in a short exposure time.

In contrast, chronic toxicity assays are generally longer than acute ones, lasting for at
least 1/10 of the test organism life cycle. During a chronic assay, test organisms are
exposed to reduced/sublethal concentrations of toxicants/environmental samples
through a dilution series. Sublethal endpoints evaluated during chronic toxicity tests
include changes in behavior, lack of mobility, growth reduction, defects in eggs
development, reproduction issues, and nerve function commitment (US EPA, 1994;
MAGALHAES; FERRAO FILHO, 2008). The response of a chronic assay is usually
expressed in terms of NOEC (No Observed Effect Concentration), LOEC (Lowest
Observed Effect Concentration) and ECio (effect concentration to 10% of evaluated
organisms). The NOEC is the highest concentration (or lowest dilution) of the
substance/mixture that does not cause a statistically significant effect to test organisms
at the standard exposure time and test conditions. The LOEC is the lowest
concentration (or highest dilution) that causes a statistically significant effect to test
organisms at standard exposure time and test conditions (COSTA et al., 2008; US
EPA, 1994; NATH; DE; ROY, 2022). Similarly to the ECso, the EC10 is the concentration

which causes the observed effect to 10% of the population.

Among all these results derived from ecotoxicological assays, NOEC values are
usually explored for the proposition of environmental standards aiming at the protection
of aquatic fauna from toxic effects promoted by environmental pollutants, as they are
derived from chronic toxicity assays. However, it is important to highlight that NOEC is
calculated for a specific endpoint which does not eliminate possible occurrence of other
effects below that concentration. Besides, these NOEC values are set based on the
exposure of test organisms to single substances, thus failing to reproduce the
complexity of the mixture of natural and exogenous substances present simultaneously

in environmental samples.
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3.4.1 Water quality regulations applied to ecotoxicity

In Brazil, the ecotoxicological control of surface water and effluents became first
explicit in legal instruments in 2005, with the CONAMA Resolution n° 357/05 (BRASIL,
2005). This resolution disposes about the classification of water bodies and
environmental guidelines for their framework and establishes conditions and standards
for effluent discharge. According to this resolution, freshwater bodies are classified as
special or classes 1, 2, 3 or 4, and water quality decreases as the number of the class
increases. Saline and brackish water bodies are classified as special, or classes 1, 2
or 3.

CONAMA Resolution n° 357/05 (BRASIL, 2005) establishes that possible interactions
between unregulated substances or contaminants which are likely to cause damage to
living organisms should be submitted to ecotoxicological or toxicological tests (article
81, paragraph 4). In addition, it determines that chronic toxic effects should not be
observed in class 1 nor 2 freshwater bodies, or even in class 1 saline or brackish water
bodies. For class 3 freshwater bodies, or class 2 saline or brackish water bodies, no
acute toxic effect should be observed. The Resolution also establishes that an effluent
should not cause or have potential to cause toxic effects to aquatic organisms (article
34th),

In 2011, the Resolution n° 357/05 was complemented and altered by the CONAMA
Resolution n° 430/11 (BRASIL, 2011), which establishes that an effluent should not
cause or have potential to cause toxic effects to aquatic organisms in the receptor
water body as according to tests performed using organisms from at least two trophic

levels.

For Minas Gerais state, the joint Normative Deliberation (ND) n° 08/22 from Conselho
Estadual de Politica Ambiental (COPAM) and Conselho Estadual de Recursos
Hidricos (CERH) (MINAS GERAIS, 2022) complements directions imposed by
CONAMA Resolutions n° 357/05 and n° 430/11. This normative proposes that
ecotoxicological, toxicological, bioaccumulation and endocrine effects should be
estimated by bioassays to investigate interactions between substances or the

occurrence of contaminants which are capable to cause damage to living organisms.
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It also states that waters classified as 1, 2 and 3 freshwaters must not present acute

nor chronic toxic effect.

Beyond legislation, different standards define methodologies for ecotoxicological tests
with a vast number of aquatic organisms. It is critical to use standardized assays, since
results can be compared, and procedures may be reproduced. Table 1 shows some
of the main ecotoxicological assays for freshwater recognized by the Associacao

Brasileira de Normas Técnicas (ABNT).

Table 1 — ABNT ecotoxicological tests standards for freshwater

Standard Test organism Matrix Effect

. - Cheirodon notomelas,
ABNT NBR 12,716:1993 - Water - Acute toxicity Hemigrammus marginatus, Freshwater Acute
test with fish - Part Ill - Flow through method - Poecilia reticulata or others
Method of test from Characidae family
ABNT NBR 12,713:2016 - Aquatic ecotoxicology - Daphnia similis
Acute toxicity - Test with Daphnia spp (Cladocera, Daphnia madna Freshwater  Acute
Crustacea) P 9
ABNT NBR 15,088:2016 — Aquatic ecotoxicology  Danio rerio, Freshwater Acute
- Acute toxicity - Test with fish (Cyprinidae) Pimephales promelas
ABNT NBR 15,499:2016 — Aquatic ecotoxicology  Danio rerio, Freshwater  Chronic
- Short-term chronic toxicity - Test with fish Pimephales promelas
ABNT NBR 1.3,373:2017 - Aquqtic eco.toxicology " Ceriodaphnia dubia ]
Chronic toxicity - Test method with Ceriodaphnia o - =F o2 o o2 Freshwater  Chronic
spp. (Crustacea, Cladocera) P

. . . Chlorella vulgaris,
ABNT_NBR_ 1_2,648.2018 - Aquatic ecotoxicology - Desmodesm%s subspicatus Ereshwater  Chronic
Chronic toxicity - Test with algae (Chlorophyceae) Raphidocelis subcaptata '
ABNT NBR 15,411-1:2021 — Aquatic
ecotoxicology - Inhibitory effect on Vibrio fischeri Vibrio fischeri Ereshwater Acute
bioluminenscence - Part 1: Method using freshly
prepared bacterias
ABNT NBR 15,411-2:2021 — Ecotoxicology
aquatic - Inhibitory effect on Vibrio fischeri T .
bioluminenscence - Part 2: Method using liquid- Vibrio fischeri Freshwater Acute
dried bacterias
ABNT NBR 15,411-3:2021 — Ecotoxicology Fresh,
aquatic - Inhibitory effect on Vibrio fischeri Vibrio fischeri marine or Acute
bioluminenscence - Part 3: Method using freeze- estuarine
dried bacterias water

ABNT NBR 15,469:2021 — Aquatic Ecotoxicology
— Collection, preservation and preparation of
samples

Source: adapted from Bertoletti (2013); Costa and Olivi (2008) and Jacob (2017).

Besides general rules associated to toxic effects promoted by environmental samples
(surface water and wastewater), the Brazilian legislation on water quality (CONAMA
Resolution n° 357/05) (BRASIL, 2005) specifies standards for a range of substances
defined to contemplate the most restrictive value amongst all water uses considered
for each class — drinking water, aquatic life protection, livestock production, irrigation
and recreation (UMBUZEIRO; KUMMROW; REI, 2010). In some cases, these values
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were imported from other countries without any other rationale applied for their
definition. This may fail to reflect the Brazilian reality, such as water temperature, water
consumption rates and time spent in water recreation activities (UMBUZEIRO, 2015).
Regarding Minas Gerais, values stablished by the joint Normative Deliberation
COPAM/CERH n° 08/22 (MINAS GERAIS, 2022) are the same as those defined in the
CONAMA Resolution n° 357/05 for metals and metalloids even despite its recent

publication, in November 2022.

Despite scientific advances achieved over the 18 years since the definition of the limits
of both regulations regarding metals and metalloids, they were not revised. Regarding
aquatic life protection, ecotoxicological test standards have been revised in the past
years and other countries have updated their water quality standards for aquatic life
protection, such as the National Ambient Water Quality Criteria in the USA and the
Canadian Water Quality Guidelines for the Protection of Aquatic Life (Canada) (CCME,
2022; US EPA, 2023); and many studies were conducted to define toxic concentrations
of compounds to aquatic organisms (ARAMBAWATTA-LEKAMGE; PATHIRATNE;
RATHNAYAKE, 2021; LIMA et al., 2019). In addition, numerous chemical compounds
have been developed. Thus, limits defined 18 years ago may not be effective for
biodiversity protection.

3.4.2 Ecotoxicological assays applied to assess impacts of environmental
contamination by mining tailings
Ecotoxicological evaluations are generally conducted for one or two species which
correspond to a maximum of two trophic levels. The assessment of effects to different
trophic levels in ecotoxicity assessments ensures a more robust analysis of ecosystem
quality, since organisms belonging to different niche respond differently to chemicals,
and environmental integrity relies on the interaction between organisms within the
trophic chain and with the environment (PANDEY et al., 2019; VERGILIO et al., 2020).

Different ecotoxicological assays performed with organisms from distinct trophic levels
have been used for ecotoxicological evaluation related to environmental contamination
by mining tailings. Table 2 summarizes experimental conditions used for some of these
assays. It is noted that most studies were conducted with one or two sample

campaigns and did not evaluate the evolution of the toxicity over time. In addition, most
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studies were conducted with invertebrates and only a few of them with producers, the
base of the food chain, which being affected by an event of contamination can influence

the whole ecological equilibrium of the impacted area.

All studies reported in Table 2 were conducted with raw surface water, except Segura
et al. (2016) who filtered water samples. Performing assays with unfiltered surface
water is essential to assess the real effect of events involving increased turbidity and
suspended solid (SS) concentration, such as dam ruptures. Assays carried out with
filtered samples may disguise the toxicity, since turbidity and SS can be the main cause

of toxicity in this type of samples.

Graduate Program in Sanitation, Environment and Water Resources



32

Table 2 — Test organisms used to assess ecotoxicological effects of mining tailings or water and sediment samples contaminated by tailings

Organism Group/trophic level Matrix References N O.f Tailings Standards
Campaigns
Ceriodaphnia dubia Microcrustacean/ Water (MENDES et al., 2020) 13 Iron ore ANBT NBR 13,373/2017
P consumer Sediment (BESSER et al., 2009) 25 Lead-zinc ASTM and USEPA
Water (VERGILIO et al., 2020) 1
Daphnia similis Microcrustacean/consumer Water/Sediment (MENDES et al., 2020) 13 Iron ore ABNT NBR 12,713/2009
(VERGILIO et al., 2021) 2
Geophagus brasiliensis Fish/consumer Water (GOMES et al., 2019) 2 Iron ore -
Raphidocelis . (VERGILIO et al., 2020) 1
subcapitata Green algae/producer Water/Sediment (VERGILIO et al.. 2021) 5 Iron ore ABNT NBR 12,648/2018
Vibrio fischeri Bacteria/ decomposer Water (MENDES et al., 2020) 13 Iron ore ABNT NBR 15,411-3/2011
(VERGILIO et al., 2020) 1
. (MENDES et al., 2020) 13
Danio rerio Fichconsumer Water/Sediment (THOMPSON et al., 2020) 5 onore ABNT NBR 15,088/2016
(VERGILIO et al., 2021) 2
Iron ore tailings 5| \iEIDA et al., 2021) 1 :
suspension
Pirite-Zinc Environment Canada
Hyalella azteca Amphipod/consumer Sediment (RIBA etal., 2006) ! ore guidelines
(BESSER et al., 2009) 25 Lead-zinc ASTM and USEPA
Chironomus riparius Chironomid/consumer Sediment (RIBA et al., 2006) 1 Pirite-Zinc Enwronr_nen_t Canada
ore guidelines
Tubifex tubifex Oligochaete Sediment (RIBA et al., 2006) 1 Pirite-Zinc Environment Canada
worm/decomposer ore guidelines
. . : ABNT NBR 17,512-1/2011;
Proisotoma minuta Collembola/consumer Soll (BUCH et al., 2021) 2 Iron ore ABNT NBR 11,267/2014
Schel_ont_Jates Microarthropod/consumer Soll (BUCH et al., 2020) 2 Iron ore OECD guidelines
praeincisus
Water (QUADRA et al., 2019) 1 Iron Ore -
Allium cepa Plant/ producer Water, Mud/Soil (SEGURA et al., 2016) 1 Iron Ore Modified Grant's protocol
Water/Sediment (SOUZA et al., 2021) 1 Iron Ore Modified Grant's protocol
Hoplias intermedius Fish/consumer Water/Sediment (WEBER et al., 2020) 2 Iron Ore -
Hypostomus affinis Fish/consumer Water/Sediment (WEBER et al., 2020) 2 Iron Ore -
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3.5 Ecotoxicological risk assessment

Ecotoxicological assays are important tools for environmental quality monitoring and
impact assessment, since they allow for the identification and quantification of the
effects of natural or synthetic compounds and environmental samples upon living
organisms, populations and communities from different trophic levels and
environmental compartments (terrestrial or aquatic). Besides, they enable the
assessment of effects corresponding to interactions between different compounds and
mixtures present in the environment (MAGALHAES; FERRAO FILHO, 2008; REISS et
al., 2021). However, they demand time and resources, which can make long-term
monitoring more challenging. Therefore, it is not always possible to carry out these

assays.

In case it is not possible to get samples quickly and frequently enough to detect
constant changes occurring in a watershed regarding toxic effects, especially
considering the contamination of lotic systems, indirect methodologies, such as
ecotoxicological risk assessment, may allow for the identification of critical areas for
ecotoxicological sampling and monitoring. In this method, sampling is performed for
the quantification of chemical compounds and Measured Environmental Concentration
(MEC) is divided by Predicted No Effect Concentration (PNEC) reported in the
literature for each compound to calculate the Risk Quotient (RQ) (RQ = MEC/PNEC).
PNEC is defined as the concentration of a toxic compound below which most of the
exposed organisms and ecosystem functions are unlikely to suffer unacceptable
damage (DI LORENZO et al., 2018; YOUNG; CHEN; YANG, 2021). A RQ below one
corresponds to low ecotoxicological risk as, in this case, the concentration of a
substance in the environment (MEC) is lower than PNEC (EUROPEAN
COMMISSION, 2003). In contrast, a RQ above one means that the concentration of a
certain substance in the environment is above the level considered to be safe to

aquatic biota, thus representing an ecological risk.

Since the PNEC does not reflect the effect of a chemical to all species present in an
environment, it is generally derived from extrapolations of data obtained from
ecotoxicological assays performed with a limited number of species at an individual
level (DEL SIGNORE et al., 2016). There are two main ways to derive PNEC through

extrapolation of laboratory data: (i) the deterministic method through which an

Graduate Program in Sanitation, Environment and Water Resources



34

assessment factor (AF) is applied, or (ii) the probabilistic method using Species
Sensitivity Distribution (SSD) (BELANGER et al., 2017; SORGOG; KAMO, 2019).

In the deterministic method, the PNEC is derived by dividing the lowest value reported
for acute (Lethal concentration - LCso or Effect Concentration - ECso) or chronic toxicity
(No Observed Effect Concentration - NOEC or Effect Concentration - EC10) by an
Assessment Factor (AF). The AF is used to account for uncertainties of extrapolating
single-species laboratory results to a multi-species ecosystem and may vary from 10
to 1,000 depending on the considered effect (chronic or acute) and the number and
quality of available ecotoxicity data, as presented in Table 3 (REIS; SANTOS; LANGE,
2021 apud EUROPEAN COMMISSION, 2003).

Table 3 — Derivation of acute and chronic PNEC values based on the deterministic method

Effect PNEC assessment
LCSO or ECSO
Acute =
PNEC, 1,000
. NOE E
Chronic PNEC, = W

Source: adapted from European Commission (2003)

In contrast, the statistical SSD method allows for the estimation of a chemical
concentration which represents hazard to 5% (HCs) of species used in ecotoxicity
assays. The HCs is calculated as the fifth percentile of a cumulative distribution curve
(SSD curve) built with NOECs, EC10 or L(E)Cso values for different species (Figure 1)
(ALDENBERG and JAROWSKA, 2000). In this method, the PNEC threshold is
determined by dividing the HCs value by an AF that varies from 1 to 5 depending on,
for example, the database quality, and the diversity and representativity of taxonomic
groups in a database (EUROPEAN COMMISSION, 2011; SORGOG; KAMO, 2019).
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Figure 1 - Example of ammonia SSD curve. Solid line is the regression model fit to data, broken
lines are 95% prediction limits and in red is the HCs value
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Source: Posthuma, Sutter Il and Trass (2002).

Each of these methods has advantages and limitations. Although the deterministic
method can be applied for any sample size, it only considers one specie - the most
sensitive according to ecotoxicity results available in the literature - for the calculation
of PNEC. This method overlooks the fact that a more sensitive specie which has never
been used as a test organism may occur in a certain environment. Meanwhile, the SSD
method considers the ecotoxicological risk uncertainties (FOX et al., 2021; SORGOG,;
KAMO, 2019) as PNEC value derived from this method is based on a minimum of 10
different species, according to Belanger and Carr (2019). As reported by Sorgog and
Kamo (2019), the performance of both methods increases as the number of species
rises, but the SSD method tends to be recommended when there is a higher variability
among toxicity data (standard deviation > 0.9). However, there is no consensus of

which method is the best, mainly due to the absence of comparison studies.

The SSD approach has become widely applied in the United States, Canada, Australia,
New Zealand and in the European Union, as a method for derivation of water quality
criteria, for the estimation of ecological risk and for the characterization of chemical
contaminants effects on water quality. In Canada, for instance, SSD is the method
recommended by the Canadian Water Quality Guidelines for the Protection of Aquatic
Life (DEL SIGNORE et al., 2016; FOX et al., 2021; SORGOG; KAMO, 2019). In Brazil,

the SSD methodology is being applied in scientific researches, mainly in order to
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compare laboratory toxicity observed to specific organisms to other aquatic specie
(ALHO et al., 2022; GEBARA et al., 2020). However, the SSD approach is not yet
applied for the derivation of water quality standards in Brazil.

3.5.1 Bioavailability of metals in ecotoxicological risk assessment

In aquatic toxicology, the extent or rate to which a substance reaches the toxic site of
action is defined as bioavailability (ADAMS et al., 2020). This aspect is essential for
ecotoxicological risk evaluations as it directly reflects the fraction of the substance in
the environment that is available for biological uptake, which is usually low for metals
under natural environmental conditions in aquatic environments (LATHOURI; KORRE,
2015). Thus, bioavailability has a direct effect on results obtained in ecotoxicological

risk assessment involving metals.

Generally, the more soluble a metal, the more bioavailable and toxic it is. However, the
bioavailability of metals in water is a complex aspect and does not rely only on the
quantification of total and dissolved fractions of metals (MAGALHAES et al., 2015).
More than that, bioavailability involves many aspects of water chemistry such as pH,
redox potential, hardness, dissolved oxygen concentration, sulfides, alkalinity and
natural organic matter content. These factors may affect the metal solubility, oxidation
state, capacity of complexation with organic compounds and metal speciation. As a
result, bioavailability may vary, influencing the capacity of metals to interact with
aquatic organisms resulting in toxic effects (ADAMS et al., 2020; VAANANEN et al.,
2018).

One of the most important variables that affects metals speciation in the environment
is the pH as it determines de degree of solubility, hydrolysis, precipitation, coagulation
and proton competition for available ligands. Normally, metals solubility, and
consequently bioavailability, is decreased in higher pH, since metals tend to precipitate
as oxides and hydroxides, except for AI** and Ba?*, the alkali metal hydroxides
(MAGALHAES et al., 2015). However, there is no general rule for how pH affects
metals bioavailability. For example, Grosell, Gerdes and Brix (2006) observed higher
toxicity of Pb in the fish Pimephales promelas at higher pH, due to lower competition

between the metal and H* at the gill surface. This makes the metal more available to
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be absorbed by the gill, besides lower fraction of bioavailable metal in the environment

at higher pH values.

Besides pH, hardness also plays a key role on metals bioavailability. Higher
concentration of Ca?* and Mg?* tends to decrease metals toxicity, since these cations
compete with divalent metals ions for sensitive receptors in the organism (LATHOURY,
KORRE, 2015; MAGALHAES et al., 2015). Alkalinity, besides many times directly
linked with hardness and pH, influences metal speciation through metal complexation
with carbonate and bicarbonate ions. Thus, higher alkalinity reduces free metals in
agueous solution, and consequently, decreases bioavailability and toxicity
(LATHOURI; KORRE, 2015).

The presence of natural (humic and fulvic acids) or anthropogenic sources of organic
carbon mainly via organic ions, may reduce the concentration of free metals ions and,
consequently, their bioavailability. This is due to the complexation of metals and
organic ions, but also due to adsorption or cation exchange. Humic substances present
linking groups to which metals can bind in a relatively stable condition, depending on
the pH, complexation time, photodegradation and concentration of these aquatic humic
substances (MAGALHAES et al., 2015)

As it is difficult to measure bioavailable concentration of a metal in the aquatic
environment, this might be estimated by using appropriate computational models for
which input data are the dissolved concentration of a metal and some water
physicochemical parameters (LATHOURI; KORRE, 2015). Biotic Ligand Model (BLM)
is one of the available models used to predict metal toxicity and has been widely
adopted in Europe and in the United States (US) for the definition of water quality
standards and for regional risk assessments (BRIX et al., 2021). In the BLM, the
strength of ligand affinity is used to model the reactions that occur between the metal
of interest and cations with different available ligands that naturally occur in water. One
of these ligands is the biotic ligand. When metals bind with these biotic ligands
(physiological active site of toxic action), ion regulatory process can be disrupted,
causing toxic effects to the cell (ADAMS et al., 2020; LATHOURI; KORRE, 2015). The
concentrations of metal-ligand complexes and free metals are predicted based on the

combination of the interest metal and water chemistry parameters. The median acute
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effect data can be estimated, for example, when the concentration of the metal in the
biotic ligand (accumulation concentration, LA) reaches the concentration associated
with 50% of mortality (ADAMS et al., 2020; MEBANE, 2022).

The original BLM models require different water chemistry parameters (at least 8,
depending on the metal of interest) as input. For instance, parameters such as
temperature, pH, calcium, sodium, magnesium, potassium, alkalinity, sulfate, sulfide,
chloride, Dissolved Organic Carbon (DOC) and fraction of DOC as fulvic and humic
acids, are required for estimating Cu bioavailability (MEBANE, 2022). Thus, BLM has
been adopted by a few regulatory institutions due to requirements associated to input
data, models complexity, time required per sample and level of operator skills

necessary to interpretate the outputs (WFD, 2014).

In order to overcome challenges associated to the application of BLM, different “user-
friendly” bioavailability tools were developed. Although they were based on BLM, these
tools require less input variables (only pH, Ca and DOC), resulting in faster simulations
and reduced costs. The Bio-met bioavailability tool and the Metal Bioavailability
Assessment Tool (M-BAT) are two examples of “user-friendly” tools developed based
on BLM. Bio-met is a collaborative initiative led by the European Copper Institute, the
International Zinc Association and the Nickel Institute NIPERA. This tool is currently
available for Cu, Ni, Zn, Pb and Co bioavailability evaluation (BIO-MET, 2021).
Similarly, M-BAT was developed by the United Kingdom Technical Advisory Group
(UKTAG) within the scope of the Water Framework Directive to estimate the
bioavailability of Cu, Zn, Mn and Ni (WFD, 2014).

Both Bio-met and M-BAT are algorithm-based tools developed in MS Excel which allow
for the calculation of the Bioavailability Factor (BioF) - the bioavailability of a metal
considering specific water chemistry characteristics. BioF is the ratio between the HCs
obtained via SSD curves and the local HCs obtained under specific water conditions.
The maximum ratio is 1, which corresponds to 100% bioavailability of a metal under
the specific water conditions provided, that is named “sensitive condition” and
demands specific attention regarding aquatic life protection (BIO-MET, 2021,
LATHOURI; KORRE, 2015).
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Although bioavailability is a fundamental factor in ecotoxicological assessments, there
are only a few studies in the scienitific literature that consider this important aspect to
build SSD curves. Lathouri and Korre (2015), for example, evaluated the influence of
temperature into HCs values obtained for Cu, considering water quality of four rivers in
the UK. The referred study observed lower HCs values in the cold season, not due to
temperature effect in Cu speciation, yet due to its effect on pH, dissolved solids,
alkalinity and organic carbon which affect bioavailability. Cu bioavailability varied
markedly due to different water physicochemical characteristics and DOC was the

most important factor for the bioavailability of this metal.

Mebane et al. (2020a) evaluated Cu, Cd and Zn toxicity to aquatic insect communities,
based on SSD curves and considering bioavailability as according to water
characteristics (pH 7.5, DOC 0.5 mg L, 14 mg L, and hardness 85 mg Lt as CaCO3)
by using Bio-met. HCs values of 0.38, 2.42 and 10.9 g L%, respectively, were observed
for Cd, Cu and Zn.

Results reported by Lathouri and Korre (2015) and Mebane et al. (2020a) confirm that
water physicochemical characteristics influence the bioavailability of each metal in a
different way and emphasize the necessity of more detailed studies which consider
bioavailability and which investigate the effect of other parameters on bioavailability.
Besides, there is critical need for studies conducted under natural conditions, where
different factors, such as temperature, ionic strength of the medium, redox potential,
flow rate and ecological relationships, might affect bioavailability, in contrast to studies
conducted in laboratory-controlled environments in which test-organisms are exposed

to synthetic solutions.
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4 METHODOLOGY

Figure 2 shows a simplified schematic design of the different methodology stages used

to achieve goals proposed in this study which are described in detail in the following

items.
Figure 2 — Schematic design of the methodology applied in this study
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Source: author (2023)
4.1 Study area

The present study was carried out in the Paraopeba River region affected by the
collapse of Vale S.A. Company B1 tailings dam and the consequent collapses of B-1V
and B-IVA sediment retention dams. The event occurred on January 25", 2019, in the
municipality of Brumadinho, at the central region of Minas Gerais state, about 65 km
from Belo Horizonte (MG state capital) (PORSANI; DE JESUS; STANGARI, 2019;
ROTTA et al., 2020).

Despite its inactivation in 2016, B1 dam was part of Corrego do Feijao mine complex
that also comprised a maintenance center, an administrative office, a cargo terminal,
and a railway line for iron ore transportation. This mine complex produced 8.5 million
tons of iron ore in 2018 and is located in the economically iron ore extraction region of
the Quadrilatero Ferrifero (PORSANI; DE JESUS; STANGARI, 2019).

After the rupture, 10 Mm? of tailings reached Ferro Carvao stream, an affluent of the
Paraopeba River (Figure 3). Ferro Carvao watershed comprises an area of 32.8 km?

and presents a medium flow of 600 L s. Nearly 8 Mm? of the released tailings were
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retained at the Ferro Carvao stream and about 2 Mm? reached the Paraopeba River,
which is the major tributary of the S&o Francisco River and one of the tributaries of the
Trés Marias hydroelectric reservoir (CPRM, 2019; FEAM; IEF; IGAM, 2021). The
Paraopeba River watershed occupies an area of 13,643 km2 and covers 48
municipalities. It is an important source of water supply to more than 5.2 million
inhabitants at the Metropolitan Area of Belo Horizonte (MABH) and Para de Minas,
while also providing water for irrigation and industries, mainly in the mining sector
(CPRM, 2019; IGAM, 2019a).

Besides Trés Marias reservoir, there are two other hydroelectric plants in the
Paraopeba River, from upstream to downstream: Salto do Paraopeba and Retiro
Baixo. Other water uses of the Paraopeba River watershed are irrigation and industrial

water supply, mainly for mining (CPRM, 2019).

According to COPAM Normative Deliberation n° 14 from December 28", 1995 (MINAS
GERAIS, 1995), the Paraopeba River watershed is classified as Class 2 from the
confluence with the Maranh&o River until Trés Marias dam, which encompasses the
region under study. Considering this class, CONAMA Resolution n° 357/05 (BRASIL,
2005) and COPAM/CERH Normative Deliberation n° 08/22 (MINAS GERAIS, 2022),
there should be no acute nor chronic toxic effects in surface water in this region, thus

reinforcing the need for studies on ecological evaluation.
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Figure 3 — Map showing the Ferro Carvao watershed, B1 dam and track of the tailings plume
after the collapse in the context of Quadrilatero Ferrifero region in the state of Minas Gerais
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Data source: Plataforma Brumadinho (2023); SISEMA (2023); UFOP (2023)
Geographical coordinates: SIRGAS 2000.
Map source: author (2023)
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4.2 Paraopeba River water quality database

The present study was based on secondary data obtained within the scope of a
monitoring program named “Programa de Monitoramento de Qualidade das Aguas
Superficiais e Sedimentos (PMQAS)”, conducted by the company Vale S.A. between
January 26™, 2019 and February 14™", 2022 and provided by the National Water
Agency (ANA — Agéncia Nacional de Aguas e Saneamento Béasico). The database
comprised 25 sampling points located along the Paraopeba River from 10 km
upstream the collapsed dam region until Trés Marias reservoir (342 km downstream
the collapse region), as presented in Figures 4 and 5. Table 4, presents distances from

monitoring points to B1 tailings dam as well as kick-off and end dates for each point.

Surface water samples were collected and analyzed for metals, metalloids, anions,
nutrients, Polychlorinated Biphenyls (PCBs), pesticides, biological indicators, Semi
Volatile Organic Compounds (SVOC), Volatile Organic Compounds (VOC), Total
Petroleum Hydrocarbons (TPH) and radioactive parameters. There was no regularity
in monitoring frequency regarding stations and parameters, however, most of them
was monitored daily. Concentration of dissolved metals and metalloids were the

parameters of interest in this study.

Data associated to metals and metalloids in water — Ag, Al, As, Cd, Co, Cr, Cu, Fe,
Hg, Mn, Ni, Pb, U, Zn — were first evaluated according to total data, percentage of
censored data (under the method limit of quantification - LOQ) and violation of legal
limits. Parameters containing more than 80% of censored data were individually
evaluated and censored data were replaced by LOQ values to enable calculations.
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Table 4 — Location, monitoring period and distances of each monitoring point in PMQAS to the B1 tailings dam

Approximate

Coordinates

Monitoring period

Moni.toring distance . . Location Kick-off
points from/to B1 Latitude Longitude date End date
dam (km)
PT-52 -10.0 20°11'48.8"S  44°7'24.2"W 10 km upstream B1 dam — Brumadinho city 25/02/2019 14/02/2022
PT-01 -0.4 20°9'41.5"S  44°9'29.9"W 50 m upstream the dredged area by Vale S.A. 28/01/2019 14/02/2022
PT-13 0.2 20°9'26.9"S  44°9'39.8"W 200 m upstream the confluence with Ferro-Carvéo Stream 15/05/2019 14/02/2022
PT-09 5.6 20°9'14.1"S  44°9'30.7"W 3.6 km downstream the dredged area by Vale S.A. — Brumadinho ~ 28/01/2019 14/02/2022
PT-02 10.3 20°8'27.1"S  44°12'2.3"W 8.4 km downstream the dredged area by Vale S.A. —at COPASA  29/01/2019 14/02/2022
PT-05 17.5 20°8'7.2'S  44°12'47.0"W 15.3 km downstream the dredged area by Vale S.A. 31/01/2019 14/02/2022
PT-03 333 20°4'42.5"S  44°12'31.0"W Upstream S&o Joaquim Creek (BR-381 bridge) 28/01/2019 14/02/2022
PT-14 45.6 20°2'20.6"S 44°15'22.1"W Confluence with Betim River, close to Igaratermo termelectric 28/01/2019 25/01/2022
PT-48 48.3 19°58'6.6"S 44°16'42.9"W Upstream Juatuba water catchment and downstream Ceriroca Creek 07/02/2019 09/02/2022
PT-04 51.6 19°57'34.0"S 44°17'44.0"W Downstream Pimenta Creek, after Juatuba water catchment 28/01/2019 15/10/2021
PT-15 55.0 19°56'25.8"S 44°18'55.0"W Upstream Serra Azul Stream 31/01/2019 14/02/2022
PT-53 68.4 19°56'15.1"S 44°20'13.4"W Upstream Lavrinha Creek 25/02/2019 25/01/2022
PT-54 89.5 19°5224.8"S  44°21'21.3"W Downstream Lajinha Creek 27/02/2019 25/01/2022
PT-43 108.1 19°46'58.2"S  44°25'28.6"W Para de Minas city water catchment 29/01/2019 25/01/2022
PT-16 115.0 19°42'33.7"S  44°29'54.1"W Downstream Rancho Alegre Stream (MG 060 bridge) 26/01/2019 25/01/2022
PT-17 147.7 19°40'13.8"S 44°28'50.1"W Downstream Laranjeiras Creek (MG-238 bridge) 26/01/2019 14/02/2022
PT-18 2017 19°34'30.2"S  44°33'43.3"W Downstream S&o Jo&o Stream 26/01/2019 14/02/2022
PT-49 221.9 19°25'22.7"S 44°32'56.8"W Downstream Capé&o da Onca Creek 25/02/2019 10/02/2022
PT-19 265.3 19°19'30.3"S 44°31'57.0"W Bridge of MG-420 road over Paraopeba River 26/01/2019 25/01/2022
PT-55 282.2 19°10'20.8"S  44°42'3.7"W Usptream Velho River (Choro’s Waterfall) 25/02/2019 14/02/2022
PT-20 297.7 19°0'51.1"S  44°44'15.2"W Retiro Baixo Hydroelectric reservoir 26/01/2019 14/02/2022
PT-28 309.0 18°58'39.1"S  44°47'6.5"W Retiro Baixo Hydroelectric Dam 31/01/2019 14/02/2022
PT-21 315.1 18°55'59.9"S  44°46'47.3"W Retiro Baixo Dam spillway — Felixlandia 27/01/2019 14/02/2022
CE-02 316.2 18°52'49.0"S 44°46'54.2"W 4 km downstream Retiro Baixo Dam 23/02/2019  14/02/2022
PT-22 341.7 18°52'16.9"S 44°46'56.5"W Trés Marias reservoir backwater beginning 26/01/2019 14/02/2022

Negative values means that the point is located upstream the B1 dam.

Source: author (2023)
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Figure 4 — Study area: Ferro Carvao stream basin and monitoring points in the Paraopeba River
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Figure 5 —Line diagram (upstream to downstream) of monitoring points in the Paraopeba River and tributaries

£
]
]
g
]
&
S
N
<
£
H
]
“

Manso River

Sarzedo Stream
Betim River

Casa Branca Stream

Ferro-Carvdo Stream

Pardo River

Cedro Stream
Gomes Stream

Grande Stream
S3o Jodo Stream

‘ Dam colapse site D Distance to collapse point

ﬁ Retiro Baixo Hydroelectric reservoir \:| Tributaries

ﬁ Trés Marias Hydroelectric reservoir . Monitoring points

Source: author (2023)

Graduate Program in Sanitation, Environment and Water Resources



a7

4.3 Evaluation of legal standards using Species Sensitivity Distribution

In order to evaluate current legal standards set for metals and metalloids (Al, As, Cd,
Pb, Co, Cu, Cr, Fe, Mn, Hg, Ni, Ag, U, Zn), PNEC values were estimated for acute and
chronic effects and compared to legal limits set for freshwater worldwide: (i) Resolution
CONAMA n° 357/05 (BRASIL, 2005); (ii) Normative Deliberation COPAM/CERH n°
08/22 (MINAS GERAIS, 2022); (iii) Environmental Quality Standards from the
European Union (EU) (EUROPEAN PARLIAMENT, 2008); (iv) National
Recommended Water Quality Criteria, from the United States of America (USA) (US
EPA, 2023); (v) Canadian Water Quality Guidelines for Aquatic Protection Life (CCME,
2022); and (vi) Proposed (UK) (COMBER; GEORGES, 2008; JOHNSON et al., 2007,
LEPPER et al., 2007; MAYCOCK et al., 2007; MAYCOCK et al., 2012; PETERS et al.,
2010).

To this end, acute and chronic Species Sensitivity Distribution (SSD) curves were
constructed for each metal/metalloid for three trophic levels — producers, primary and
secondary consumers — represented, respectively, by algae, invertebrates and fishes,
based on ecotoxicity data (ECso and LCso for acute, and NOEC, ECi0 and LOEC for
chronic effects) (IWASAKI et al., 2015). Ecotoxicity data were gathered from the
EnviroTox database (CONNORS et al.,, 2022), the US EPA ECOTOXicology
knowledgebase (US EPA, 2022) and from general scientific databases for at least 7
different species of each trophic level. Data from EnviroTox and ECOTOX database
published previously to 1980 was not considered due to lack of reliability in
experimental and analytical techniques (PARK; KIM, 2020), except for chronic effects
of As, Ag and Mn, for which older studies (post 1978) had to be considered in order to
achieve at least 7 species per trophic level.

Papers published in recent years (last 10 years) were prioritized for the construction of
the database and data published before this period was only used in case of lack of
data. In general, it was not clear in papers if metal concentration was total or dissolved.
Metal was considered as dissolved when a stock solution was prepared in order to
conduct the toxicity test, however, it was not always clear which salt was used to
prepare the stock solution. Besides generally standardized for toxicity assays,
information regarding hardness and temperature conditions adopted during tests was

also not always available in papers.
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If more than one ecotoxicity value was obtained for the same specie, the geometric
mean was calculated, in order to avoid overrepresentation (ARAMBAWATTA-
LEKAMGE; PATHIRATNE; RATHNAYAKE, 2021).

The ETX software, version 2.3 (VAN VLAARDINGEN et al., 2014), was used to
construct SSD curves and to determine acute and chronic HCs values and their 95%
confidence intervals for all the 14 metals/metalloids, based on the methodology
developed by Aldenberg and Jarowska (2000). Since the ETX software assumes a log-
normal distribution of ecotoxicity data, the log-normality was evaluated by the
Kolmogorov Smirnov test (5% of significance) included in the software package (LIMA
et al., 2019).

For Hg and Mn chronic effect to algae, and U and As chronic effect to invertebrates,
the chronic HCs value was calculated by dividing the acute HCs value by 10, since data
for at least 7 different species were not available, as according to Hiki and Iwasaki
(2020).

As bioavailability strongly influences the toxicity of metals and metalloids, and there
are tools available to estimate their bioavailability and adjust HCs values according to
water quality features. Bio-met and M-BAT software were used in this study to calculate
the bioavailability of Cu, Ni, Zn, Pb and Co (BIO-MET, 2021) and Mn (WFD, 2014),
respectively. Median values of pH (7.22), Dissolved Organic Carbon (DOC) (3 mg L)
and dissolved Calcium (5.91 mg L) were calculated from the Paraopeba River water
quality database and used as input values in the previously mentioned software to
calculate the Bioavailabity Factor (BioF). Then, HCs bioavailable values (HCsbio) were
calculated as according to Equation 1, where HCspio is the HCs estimated considering
the bioavailability; HCs is the hazard concentration for 5% of considered species
obtained from SSD curves; and BioF is the Bioavailability Factor (BIO-MET, 2021).

HCs

HCspio = BioF

(1)

PNEC values for acute and chronic effects were calculated based in Equation 2, by

dividing the value of HCs or HCspbio (When available) by an assessment factor (AF) that
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considers the uncertainties of extrapolating laboratory results from a single specie to a
multi-species in the environment (GREDELJ et al., 2018; RAZAK et al., 2021).

HCS or HCSbiO
AF

PNEC = (2)
The AF value applied in this study was 1 based on the criteria defined by the European
Technical Guidance Document on Risk Assessment, and considering that a
conservative approach was adopted to construct the SSD curves for three different
trophic levels (EUROPEAN COMMISSION, 2003; LATHOURI; KORRE, 2015; RAZAK
et al., 2021).

4.4 Ecotoxicological risk assessment

Ecotoxicological risks for acute and chronic effects associated to each metal and
metalloid in the Paraopeba River were assessed based on the Risk Quotient (RQi) as

shown in Equation 3.

MEC;

RQ; = PNEC;

where MEC is the measured concentration of the dissolved metal/metalloid in the

3)

PMQAS scope; PNEC is the Predicted No Effect Concentration previously determined
based on the SSD curves and on bioavailability evaluation; and i refers to each metal

or metalloid evaluated.

Chronic and acute RQi values for each metal and metalloid were calculated for each
monitoring point and considering all observations obtained during the monitoring
period based on the most sensitive trophic level per metal/metalloid, defined by the

smallest PNEC values.

Once obtained, RQ values were classified into four categories, according to YOUNG,
CHEN and YANG (2021): (i) RQ < 0.1 — negligible risk; (ii) 0.1 < RQ < 1.0 — low risk;
(i) 1 = RQ < 10 moderate risk and (iv) RQ = 10 high potential risk. A descriptive
analysis of RQ was conducted for each metal/metalloid, based on minimum, 1t and

3" quartiles, median, mean and maximum values.
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4.5 Spatiotemporal evaluation of ecotoxicological risks in the Paraopeba
River

Spatiotemporal ecotoxicological risk evaluations were limited to metals for which
monitoring data, and, consequently, acute and chronic RQs presented less than 80%

of censored data: Al, Fe, Mn and Zn.

Previously to the spatial evaluation of risks associated to the occurrence of Al, Fe, Mn
and Zn in the monitored area, a Cluster Analysis (CA) was promoted. RQs from the
four evaluated metals at the 25 stations monitored along the whole period were used
as input simultaneously in the CA, for both acute and chronic effects. Groups which
presented similar patterns risks formed clusters. According to Zhang et al. (2011) when
data shows different dimensions it is necessary to standardize, in other words, to
convert the database to Z scale (with mean and variance of zero and one, respectively)
— by subtracting the mean from each observation and dividing by the standard
deviation ((X-p)/o). Since RQs are dimensionless, this step was not necessary in the

analysis applied in this study.

CAs were performed in software Statistica® 10.0 based on Euclidean distance as a
measure of similarity and on the Ward’s Method of Agglomerative Hierarchical
Clustering as a measure of distance between two clusters, which is determined based
on the cluster’s variance analysis (SHRESTHA; KAZAMA, 2007; ZHANG et al., 2011).
The clusters division line was defined by visual inspection. Groups were formed based
on this division line as according to acute and chronic dendrograms.

In addition, the monitoring period from January 2019 to February 2022 was split as
according to the hydrological year into wet (October to March) and dry (April to
September) (FERREIRA et al., 2021) for following periods: (i) wet period 2019 (W19);
(i) dry period 2019 (D19); (iii) wet period 2019-2020 (W19-20); (iv) dry period 2020
(D20); (v) wet period 2020-2021 (W20-21); (vi) dry period 2021 (D21); and (vii) wet
period 2021-2022 (W21-22).

The spatial evolution of risks along the Paraopeba River was evaluated by comparing
the defined regions based on results obtained from the CA, within periods of hydrologic
year defined between 2019 and 2022. Differences between defined regions within

each hydrological period were evaluated by the nonparametric Kruskal-Wallis test,
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followed by Dunn’s multiple comparison test (when applicable) (5% of significance
level). These tests were used based on previous analyses of data distribution by the

Shapiro-Wilk normality test (a = 5%).

For the evaluation of temporal evolution of acute and chronic ecotoxicological risks in
the water of the Paraopeba River, time series were constructed for each defined region
(based on results and considerations of CA) and metal (Al, Fe, Mn and Zn) considering
observations made from January 26", 2019 to February 14", 2022. Time series were
used to evaluate the occurrence of seasonal changes, patterns and profiles on
ecological risks to aquatic fauna in the Paraopeba River water since the B1 dam

collapse.

5 RESULTS AND DISCUSSION
5.1 Paraopeba River water quality database description

Table 5 presents a descriptive analysis of data corresponding to the 14 dissolved
metals and metalloids monitored in each of the 25 monitoring points along the
Paraopeba River as according to the following parameters: number of observations,
median, percentage of censored data and percentage violation of legal limits (BRASIL,
2005; MINAS GERAIS, 2022).

Dissolved Ag was the metal for which a lower number of observations were available
(7,087), as this metal was only monitored in all monitoring points until January 2021.
After that, analysis of this metal was limited to PT-01 and PT-09, both at Brumadinho
city. Furthermore, all data obtained for this metal were censored as values obtained
for all observations were below the limit of quantification. This corroborates with the
study developed by Vergilio et al., (2020) who analyzed the Paraopeba River water
five days after B1 dam tailings collapse and observed that Ag values were below LOQ
in all samples and below the CONAMA Resolution n° 357/05 (BRASIL, 2005).

Besides Ag, dissolved As, Cd, Co, Cr, Cu, Hg, Ni, Pb and U presented, in general,
more than 80% of censored data and less than 1% of violation of legal limits. A study
conducted in two monitoring campaigns (October 2019 and March 2020) along 10
points of the Paraopeba River also did not find any violations of CONAMA Resolution
n° 357/05 for As, Cr, Cu and Pb (TERAMOTO et al., 2021). However, not violating

legal limits does not mean that river water cannot be toxic to aquatic organisms.

Graduate Program in Sanitation, Environment and Water Resources



52

Table 5 — Descriptive analysis of observations registered for dissolved metals and metalloids in the Paraopeba River water quality database used

in this study
Ag Al As Cd
Mo;(i)ti?]rting No.  Median % % legal No.  Median % % legal No.  Median % % legal No. ! % % legal
obs.* (mglL?) cer&z(t);ed violation obs.* (mglL?) cer&zct)ared violation obs.* (mglL?) cer(;z(t);ed violation obs.* Median Cegsa(t);ed violation

PT-52 244 0.001 100.0% 0.0% 934 0.120 2.0% 56.0% 934 0.001 99.5% 0.0% 934 0.001 100.0% 0.0%
PT-01 479 0.005 100.0% 0.0% 875 0.120 5.3% 55.3% 876 0.001 94.3% 0.0% 876 0.001 100.0% 0.0%
PT-13 286 0.005 100.0% 0.0% 724 0.110 5.8% 51.2% 724 0.001 98.9% 0.0% 724 0.001 100.0% 0.0%
PT-09 406 0.005 100.0% 0.0% 1,078 0.120 5.6% 55.3% 1,069 0.001 96.4% 0.0% 1,077 0.001 99.9% 0.0%
PT-02 291 0.005 100.0% 0.0% 964 0.130 3.9% 60.7% 965 0.001 96.0% 0.0% 965 0.001 100.0% 0.0%
PT-05 274 0.003 100.0% 0.0% 952 0.140 6.2% 61.8% 953 0.001 91.8% 0.0% 953 0.001 99.9% 0.0%
PT-03 276 0.003 100.0% 0.0% 554 0.126 12.1% 55.8% 554 0.001 85.4% 0.0% 554 0.001 99.8% 0.0%
PT-14 272 0.001 100.0% 0.0% 612 0.094 5.6% 47.4% 612 0.001 99.7% 0.0% 612 0.001 100.0% 0.0%
PT-48 265 0.003 100.0% 0.0% 576 0.139 11.3% 58.2% 576 0.001 80.0% 0.2% 576 0.001 99.8% 0.0%
PT-04 267 0.003 100.0% 0.0% 523 0.130 13.0% 57.0% 523 0.001 78.2% 0.0% 523 0.001 100.0% 0.0%
PT-15 276 0.003 100.0% 0.0% 669 0.167 8.7% 66.8% 669 0.001 81.6% 0.1% 669 0.001 99.9% 0.1%
PT-53 243 0.001 100.0% 0.0% 520 0.080 4.6% 43.3% 520 0.001 96.7% 0.0% 520 0.001 100.0% 0.0%
PT-54 242 0.001 100.0% 0.0% 504 0.103 2.8% 50.4% 504 0.001 96.2% 0.2% 504 0.001 100.0% 0.0%
PT-43 272 0.001 100.0% 0.0% 572 0.100 2.8% 49.7% 572 0.001 97.2% 0.2% 572 0.001 100.0% 0.0%
PT-16 275 0.001 100.0% 0.0% 552 0.104 2.5% 51.3% 552 0.001 97.1% 0.0% 552 0.001 100.0% 0.0%
PT-17 273 0.001 100.0% 0.0% 555 0.091 2.7% 47.7% 555 0.001 97.8% 0.0% 555 0.001 100.0% 0.0%
PT-18 272 0.001 100.0% 0.0% 547 0.102 2.7% 50.8% 546 0.001 97.4% 0.2% 547 0.001 100.0% 0.0%
PT-49 245 0.001 100.0% 0.0% 591 0.110 1.4% 52.8% 591 0.001 97.0% 0.0% 591 0.001 100.0% 0.0%
PT-19 298 0.005 100.0% 0.0% 619 0.100 7.1% 47.3% 619 0.001 98.5% 0.0% 619 0.001 100.0% 0.0%
PT-55 245 0.001 100.0% 0.0% 695 0.116 3.0% 54.0% 697 0.001 97.8% 0.0% 697 0.001 100.0% 0.0%
PT-20 297 0.005 100.0% 0.0% 752 0.100 22.2% 48.4% 751 0.001 98.4% 0.0% 752 0.001 100.0% 0.0%
PT-28 270 0.001 100.0% 0.0% 923 0.054 22.6% 42.5% 923 0.001 99.0% 0.0% 923 0.001 100.0% 0.0%
PT-21 274 0.001 100.0% 0.0% 925 0.048 28.6% 39.9% 925 0.001 99.7% 0.0% 925 0.001 100.0% 0.0%
CE-02 247 0.001 100.0% 0.0% 863 0.059 29.5% 43.3% 863 0.001 100.0% 0.0% 863 0.001 100.0% 0.0%
PT-22 298 0.005 100.0% 0.0% 633 0.040 36.7% 30.8% 633 0.001 100.0% 0.0% 633 0.001 100.0% 0.0%

*Total number of observations (Continues)

** Censored data: below the limit of quantification for each method
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Table 5 (sequence) — Descriptive analysis of observations registered for dissolved metals and metalloids in the Paraopeba River water quality
database used in this study

Co Cr Cu Fe
Monitoring % % % %
oIt s Median censored 0 (L2, Median censored oS (U0, Median censored o Z08 U2, Median censored o) 8S,
PT-52 797 0.001 100.0% 0.0% 934 0.001 98.8% 0.0% 927 0.001 82,4% 0.0% 934 0.380 0.0% 63.8%
PT-01 605 0.010 92.9% 0.0% 876 0.010 100.0% 0.0% 876 0.007 86,1% 0.2% 874 0.485 0.0% 71.1%
PT-13 474 0.010 98.5% 0.0% 724 0.010 100.0% 0.0% 724 0.007 94,1% 0.0% 724 0.430 0.0% 67.0%
PT-09 936 0.010 96.3% 0.0% 1,078 0.010 99.7% 0.0% 1,076  0.007 89,6% 0.7% 1,078 0.430 0.0% 70.9%
PT-02 828 0.010 94.3% 0.0% 965 0.010 100.0% 0.0% 963 0.007 87,7% 0.9% 965 0.500 0.0% 78.9%
PT-05 816 0.001 90.6% 0.0% 953 0.005 99.4% 0.0% 945 0.001 70,6% 0.8% 953 0.419 0.0% 69.4%
PT-03 554 0.001 86.5% 0.0% 554 0.005 99.3% 0.0% 554 0.001 82,0% 0.7% 554 0.346 0.0% 57.4%
PT-14 612 0.001 99.3% 0.0% 612 0.001 99.0% 0.0% 612 0.001 85,1% 0.0% 612 0.344 0.0% 55.1%
PT-48 576 0.001 86.5% 0.0% 576 0.005 99.1% 0.0% 576 0.001 65,0% 0.7% 576 0.352 0.0% 57.6%
PT-04 523 0.001 83.6% 0.0% 523 0.005 98.7% 0.0% 523 0.001 62,0% 1.1% 523 0.320 0.0% 53.5%
PT-15 669 0.001 88.8% 0.0% 669 0.005 99.3% 0.0% 669 0.001 60,1% 0.1% 669 0.380 0.0% 60.7%
PT-53 520 0.001 99.4% 0.0% 520 0.001 98.3% 0.0% 520 0.001 73,5% 0.0% 520 0.289 0.0% 48.1%
PT-54 504 0.001 99.4% 0.0% 504 0.001 98.2% 0.0% 504 0.001 70,6% 0.0% 504 0.280 0.0% 47.2%
PT-43 572 0.001 99.8% 0.0% 572 0.001 97.9% 0.0% 572 0.001 75,5% 0.0% 572 0.282 0.0% 47.4%
PT-16 552 0.001 99.8% 0.0% 562 0.001 98.9% 0.0% 562 0.001 72,1% 0.0% 552 0.279 0.0% 45.8%
PT-17 555 0.001 100.0% 0.0% 555 0.001 98.2% 0.0% 555 0.001 81,0% 0.0% 554 0.254 0.0% 44.4%
PT-18 547 0.001 99.8% 0.0% 547 0.001 98.2% 0.0% 547 0.001 83,0% 0.0% 547 0.273 0.0% 45.9%
PT-49 591 0.001 99.8% 0.0% 591 0.001 98.8% 0.0% 591 0.001 70,1% 0.2% 591 0.278 0.0% 47.5%
PT-19 619 0.010 100.0% 0.0% 619 0.010 99.8% 0.0% 619 0.007 94,7% 0.5% 619 0.327 0.0% 53.2%
PT-55 697 0.001 100.0% 0.0% 697 0.001 99.0% 0.0% 695 0.001 73,2% 0.0% 696 0.310 0.0% 50.9%
PT-20 752 0.010 100.0% 0.0% 752 0.010 100.0% 0.0% 752 0.007 89,8% 0.0% 752 0.310 0.0% 50.5%
PT-28 923 0.001 99.8% 0.0% 923 0.001 98.9% 0.0% 920 0.001 86,8% 0.0% 923 0.128 0.0% 32.4%
PT-21 925 0.001 99.9% 0.0% 925 0.001 99.7% 0.0% 925 0.001 86,5% 0.1% 925 0.100 0.0% 27.8%
CE-02 863 0.001 99.9% 0.0% 863 0.001 99.2% 0.0% 862 0.001 86,7% 0.0% 863 0.126 0.0% 30.1%
PT-22 633 0.010 100.0% 0.0% 633 0.010 99.8% 0.0% 633 0.007 99,1% 0.0% 633 0.100 0.0% 28.3%
*Total number of observations (Continues)

** Censored data: below the limit of quantification for each method
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Table 5 (sequence) — Descriptive analysis of observations registered for dissolved metals and metalloids in the Paraopeba River water quality
database used in this study

Hg Mn Ni Pb
Monitoring % % of % %
PoiNt s Median censored 0 L2, Median censored oS 0, Median censored o Z08 (UG, Median censored e 200,
PT-52 934 0.0001 100.0% 0.0% 883 0.020 26.4% 1.7% 934 0.001 98.5% 0.0% 934 0.001 98.3% 0.0%
PT-01 865 0.0002 100.0% 0.0% 825 0.030 25.7% 6.8% 876 0.010 99.8% 0.0% 875 0.010 99.3% 0.0%
PT-13 724 0.0002 99.9% 0.1% 672 0.030 14.4% 3.7% 724  0.010 100.0% 0.0% 723 0.010 99.3% 0.0%
PT-09 1,059 0.0002 100.0% 0.0% 1,010 0.030 16.8% 7.3% 1,078 0.010 99.4% 0.0% 1,078 0.010 98.6% 0.3%
PT-02 954 0.0002 100.0% 0.0% 912 0.036 14.0% 7.2% 965 0.010 99.3% 0.1% 965 0.010 99.0% 0.2%
PT-05 944 0.0001 100.0% 0.0% 901 0.041 7.8% 11.9% 953 0.005 98.2% 0.0% 953 0.002 98.0% 0.4%
PT-03 543 0.0001 100.0% 0.0% 502 0.077 1.6% 36.3% 554  0.005 97.8% 0.0% 554  0.005 96.9% 0.4%
PT-14 612 0.0001 100.0% 0.0% 560 0.050 7.5% 16.3% 612 0.001 98.9% 0.0% 605 0.001 98.7% 0.0%
PT-48 576 0.0001 100.0% 0.0% 523 0.095 2.7% 47.2% 576 0.005 96.7% 0.0% 576 0.005 97.9% 0.3%
PT-04 513 0.0001 99.8% 0.0% 470 0.111 1.7% 55.3% 523 0.005 96.9% 0.0% 523 0.005 97.3% 0.6%
PT-15 660 0.0001 100.0% 0.0% 614 0.080 5.5% 42.7% 669 0.005 98.4% 0.0% 668 0.002 97.0% 0.1%
PT-53 520 0.0001 100.0% 0.0% 469 0.056 3.0% 29.0% 520 0.001 97.3% 0.0% 520 0.001 98.8% 0.0%
PT-54 504 0.0001 100.0% 0.0% 452  0.045 3.3% 8.2% 504 0.001 97.6% 0.0% 504 0.001 99.6% 0.0%
PT-43 572 0.0001 100.0% 0.0% 520 0.014 14.4% 2.1% 572 0.001 98.3% 0.0% 565 0.001 98.8% 0.0%
PT-16 552 0.0001 100.0% 0.0% 500 0.012 11.6% 2.8% 552 0.001 97.1% 0.0% 542 0.001 99.1% 0.0%
PT-17 555 0.0001 100.0% 0.0% 502 0.020 6.8% 2.2% 555 0.001 98.6% 0.0% 545 0.001 99.8% 0.0%
PT-18 547 0.0001 100.0% 0.0% 495 0.015 8.7% 2.0% 547 0.001 98.0% 0.0% 540 0.001 99.3% 0.0%
PT-49 591 0.0001 100.0% 0.0% 539 0.009 25.2% 1.3% 591 0.001 98.8% 0.0% 591 0.001 99.0% 0.2%
PT-19 619 0.0002 100.0% 0.0% 567 0.020 56.4% 1.6% 619 0.010 99.5% 0.0% 610 0.010 99.7% 0.0%
PT-55 697 0.0001 100.0% 0.0% 643 0.014 34.7% 1.4% 697 0.001 98.9% 0.0% 695 0.001 99.0% 0.0%
PT-20 751 0.0002 100.0% 0.0% 701 0.020 60.8% 3.4% 752 0.010 99.9% 0.0% 743 0.010 99.3% 0.0%
PT-28 923 0.0001 100.0% 0.0% 868 0.004 55.9% 0.7% 923 0.001 98.9% 0.0% 918 0.001 99.8% 0.1%
PT-21 925 0.0001 100.0% 0.0% 872 0.003 53.6% 0.6% 925 0.001 98.5% 0.0% 915 0.001 99.8% 0.0%
CE-02 863 0.0001 100.0% 0.0% 812 0.006 38.7% 1.8% 863 0.001 99.0% 0.0% 863 0.001 99.9% 0.0%
PT-22 633 0.0002 100.0% 0.0% 581 0.020 66.1% 1.7% 633 0.010 99.7% 0.0% 623 0.010 100.0% 0.0%
*Total number of observations (Continues)

** Censored data: below the limit of quantification for each method
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Table 5 (sequence) — Descriptive analysis of observations registered for dissolved metals and metalloids in the Paraopeba River water quality
database used in this study

] Zn
Monitoring point
No. obs.* Median % censored data** % legal violation No. obs.* Median % censored data** % legal violation
PT-52 934 0.001 99.8% 0.0% 934 0.004 80.6% 0.1%
PT-01 874 0.001 99.8% 0.0% 876 0.020 90.1% 0.1%
PT-13 723 0.001 99.7% 0.0% 724 0.020 97.0% 0.0%
PT-09 1,069 0.001 99.4% 0.0% 1,078 0.020 93.1% 0.0%
PT-02 964 0.001 99.7% 0.0% 965 0.020 91.8% 0.0%
PT-05 953 0.001 99.6% 0.0% 953 0.007 76.8% 0.1%
PT-03 554 0.005 99.6% 0.0% 554 0.005 61.7% 0.0%
PT-14 605 0.001 99.7% 0.0% 612 0.001 74.7% 0.0%
PT-48 576 0.001 100.0% 0.0% 576 0.005 57.8% 0.0%
PT-04 523 0.005 99.8% 0.0% 523 0.005 55.1% 0.0%
PT-15 669 0.001 100.0% 0.0% 668 0.007 63.8% 0.0%
PT-53 520 0.001 100.0% 0.0% 520 0.001 70.2% 0.0%
PT-54 504 0.001 100.0% 0.0% 504 0.001 68.7% 0.2%
PT-43 565 0.001 99.8% 0.0% 572 0.001 71.7% 0.0%
PT-16 542 0.001 100.0% 0.0% 552 0.001 72.5% 0.0%
PT-17 547 0.001 100.0% 0.0% 553 0.001 71.1% 0.0%
PT-18 540 0.001 100.0% 0.0% 547 0.001 72.2% 0.2%
PT-49 591 0.001 100.0% 0.0% 591 0.001 75.0% 0.0%
PT-19 610 0.001 100.0% 0.0% 619 0.020 94.5% 0.0%
PT-55 697 0.001 100.0% 0.0% 697 0.002 77.2% 0.0%
PT-20 742 0.001 100.0% 0.0% 752 0.020 95.5% 0.0%
PT-28 918 0.001 99.9% 0.0% 923 0.002 74.1% 0.1%
PT-21 916 0.001 100.0% 0.0% 925 0.002 74.9% 0.3%
CE-02 863 0.001 100.0% 0.0% 863 0.002 71.3% 0.0%
PT-22 623 0.001 100.0% 0.0% 633 0.020 96.5% 0.0%

*Total number of observations
** Censored data: below the limit of quantification for each method

Source: author (2023)
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Amongst all 14 metals and metalloids evaluated in the PMQAS database (Table 5),
dissolved Al, Fe and Mn were the ones which presented the highest amount of violation
of legal limits (BRASIL, 2005; MINAS GERAIS, 2022) in most monitoring stations, as
it can be observed in Table 5. This is not surprising as these were the main metals
present in tailings released from the B1 dam (TERAMOTO et al., 2021; VERGILIO et
al., 2020). It is important to mention that the Paraopeba River has a history of anthropic
contamination, with detach for mining activities (SOARES; PINTO; OLIVEIRA, 2020),
and the Quadrilatero Ferrifero region — where the study area is located — is intrinsically
rich in Fe, Al and Mn (PORSANI; DE JESUS; STANGARI, 2019), which justifies the
legal limits violation for these metals even in the PT-52, in the upstream area. Besides
highest amount of violation of legal limits, Al, Fe, Mn, and Zn were the metals which
presented, in average, less than 80% of censored data.

For Al, highest medians were observed in monitoring points PT-05 (0.140 mg L™?), PT-
48 (0.139 mg L) and PT-15 (0.167 mg L), located, respectively, 11.7, 48.3 and 55
km downstream the Bl dam (at cities of Mario Campos, Betim and Juatuba,
respectively). These medians were about 1.5 times higher than the Brazilian and Minas
Gerais state legislation standards (0.100 mg L) (BRASIL, 2005; MINAS GERAIS,
2022). Regarding Fe, PT-01 (0.485 mg L), located 0.4 km upstream the B1 dam
collapse point, and PT-13 (0.430 mg L1), PT-09 (0.430 mg L) and PT-02 (0.500 mg
L), respectively located 0.2, 5.6 and 10.3 km downstream the B1 dam (all of them in
Brumadinho city), presented the highest medians which were, approximately, 1.5 times
higher than the legal limits (0.300 mg L). For Mn, highest median concentrations were
observed at 48.3 and 51.6 km downstream the B1 dam (Betim and Juatuba),
respectively in PT-48 (0.095 mg L) and PT-04 (0.111 mg L) and were close to the
legal limits (0.100 mg L%). For the other metals and metalloids, medians were,

generally, equal to the LOQ of the analytical method.

Maximum concentrations of metals and metalloids were generally observed in
monitoring points located less than 20 km downstream the Ferro Carvéo confluence
with the Paraopeba River, less than one month after the B1 dam collapse (Table 6).
PT-02, located about 10 km downstream the dam (Brumadinho city), was the station
where maximum concentrations were most frequently observed (for Co, Cu, Fe, Pb

and Ni), followed by PT-05 (Mario Campos city), where Mn and U maximum
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concentrations were observed, in January 31%t, 2019. Maximum concentrations of Cr
(0.0278 mg L) and Zn (0.5650 mg L) were observed, respectively, 89.5 and 309 km
downstream the former dam area after September 2019. These concentrations were
above maximum concentrations reported by IGAM in the historical evaluation of the
Paraopeba River, between 2000 and 2018 (0.06 and 0.43 mg L™, respectively for Cr
and Zn) (IGAM, 2019b), thus indicating possible influence of the event.

Regarding As and Cd, maximum concentrations (0.0224 and 0.0011 mg L%,
respectively) were observed more than 55 km downstream the collapse point and more
than eight months after, which does not indicate a clear correlation between maximum
concentrations of these metals and the dam rupture. Furthermore, maximum
concentrations detected in the database used this study were similar to maximum
values reported by IGAM, between 2000 and 2018: As — 0.0214 mg L!; Cd — 0.0014
mg L1, both at Mario Campos City, about 25 km downstream the collapse point (IGAM,
2019b).

Table 6 — Maximum concentration of metals and metalloids observed in the Paraopeba River
after the B1 dam collapse and details corresponding to maximum values

Details corresponding to maximum observed value

Metal M(%Xinl]_ﬂm Monitoring . . :
gLt Station Latitude Longitude City Date
Al 7.2300 PT-09 20°8'27.1"S 44°122.7"W Brumadinho  19/02/2019
As 0.0224 PT-43 19°42'33.7" S 44°29'54.1"W  Para de Minas 08/09/2020
Cd 0.0011 PT-15 19°56'15.1"S 44°20' 13.4"W Juatuba 11/11/2019
Pb 0.0708 PT-02 20°8'7.2"S 44°12'47.0 "W Brumadinho  19/02/2019
Co 0.0233 PT-02 20°8'7.2"S 44°12'47.0 "W Brumadinho  31/01/2019
Cu 0.0942 PT-02 20°8'7.2"S 44°12'47.0 "W Brumadinho  22/02/2019
Cr 0.0278 PT-28 18°55'59.9"S 44°46'47.3" W Pompéu 19/09/2019
Fe 50.000 PT-02 20°8'7.2"S 44°12'47.0 "W Brumadinho  30/01/2019
Mn 7.7000 PT-05 20°4'42.5"S 44°12'31.0"W  Mario Campos 31/01/2019
Hg 0.0003 PT-13 20°9'27.0"S 44°9' 39.9"W Brumadinho  03/07/2020
Ni 0.0594 PT-02 20°8'7.2"S 44°12'47.0 "W Brumadinho  22/02/2019
U 0.0079 PT-05 20°4'42.5"S 44°12'31.0"W  Mario Campos 31/01/2019
Zn 0.5650 PT-54 19°46'58.2"S 44°25'28.5"W Esmeraldas  02/12/2019

Source: author (2023)
5.2 Species Sensitivity Distribution and legal limits

Figure 6 presents SSD curves obtained for acute and chronic effects of Al to each of
the three trophic levels evaluated, represented by algae, invertebrates and fishes. The

SSD curves for the other 13 metals and metalloids are presented in Appendix A to M.
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Figure 6 — SSD curves obtained for acute (left) and chronic (right) toxicity of Al: algae/producer
(green), invertebrates/primary consumers (blue) and fishes/secondary consumers (red)
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Considering all the evaluated metals and metalloids, based on SSD curves, the

smallest acute HCs values were defined by algae and invertebrates in 42.9% of

compounds each and by fish in 14.3% (Figure 7). Regarding chronic HCs, invertebrates

defined the smallest HCs values for 64.3% metals and metalloids, while algae, defined

for 35.7%. Fishes did not define chronic HCs values. Table 7 presents the most

sensitive group for each metal/metalloid, considering acute and chronic effect, as well

as the most sensitive specie for each group. These results reflect the higher sensitivity

of algae and invertebrate to metals, indicating that ecotoxicological assays performed

with these groups should be prioritized for events involving contamination by metals.

Figure 7 — Percentage of smallest acute and chronic HCs values defined by each group of

organisms for all the evaluated metals and metalloids

64.3%

42.9% 42.9%
35.7%

14.3%
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m Algae ®mInvertebrates ®Fishes

Source: author (2023)

Table 7 — Acute and chronic most sensitive group and the corresponding most sensitive specie

per metal and metalloid, based on HCs values

Acute Chronic
Metal Most sensitive . . Most sensitive L .
Most sensitive specie Most sensitive specie
group group
Ag Algae Ochromonas danica Invertebrates Daphnia galeata
Al Fishes Ctenopharygodon idella Invertebrates Daphnia prolata
As Fishes Coregonus hayi Algae Raphidocellis subcapitata
Cd Algae Melosira granulata Algae Parachlorella kessleri
Co Algae Scenedesmus acuminatus Invertebrates Orconectes hylas
Cr Algae Stephanodiscus hantzschii Algae Staurastrum cristatum
Cu Invertebrates Blepharisma americanum Invertebrates Lecane luna
Fe Algae Ankistrodesmus falcatus Invertebrates Daphnia prolata
Hg Invertebrates Daphnia carinata Invertebrates Hyalella curvispina
Mn Algae Chlorella vulgaris Algae *
Ni Invertebrates Colpidium colpoda Invertebrates Orconectes hylas
Pb Invertebrates Macrobrachium lanchesteri Invertebrates Astacus leptodactylus
U Invertebrates Ceriodaphnia dubia Invertebrates *
Zn Algae Melosira granulata Algae Microcystis aeruginosa

*Not possible to define as smallest chronic value was obtained dividing acute HCs value by 10.
Source: Author (2023).
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With respect to the construction of Species Sensitivity Distribution curves, it was
challenging to reunite data from the literature regarding ecotoxicological assays,
mainly for chronic effects. Data are generally scarce, related to different endpoints,
based on a small group of standard species and assays are performed under
standardized conditions (temperature, pH, DOC and hardness) which are not always
presented in papers and also do not reflect natural settings. In addition, studies hardly
report the source of metal they have used and whether they are reporting total or
dissolved concentrations. Developing laboratory studies focused in obtaining data for
SSD curves with different and native species of each trophic levels and under

standardized conditions might be an alternative for these challenges.

Table 8 shows HCs values calculated through SSD curves for the 14 metals and
metalloids and for each group representing the three trophic levels, compared to
current Brazilian, Minas Gerais state and international standards. Considering that an
AF of 1 was adopted in this study, PNEC values are equivalent to HCs.
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Table 8 — Acute and chronic HCs (PNEC) values obtained for dissolved metals and metalloids for algae, invertebrate and fishes in comparison to
current Brazilian, Minas Gerais state and international standards

HCs (PNEC) (kg L) Braziland  Proposed PNEC EQSD (ug L) NRWQC (ug L) WQG (ug LY
Acute Chronic Minas (Mg LY) WFD UK EUL USA! Canadal
Metal )
Gerals Annual
A | F A | F (Mg Lh)e Acute Chronic Maximum Acute Chronic Acute Chronic
Average
Ag 0.51 1.52 2.15 0.47 0.02 0.22 10.0 nd nd nd nd 3.2 nd nd 0.25
Al 569.80 186.20 72.96 24.45 0.16 30.99 100.0 nd nd nd nd nd nd nd 100 2
As 54.36 370.60 11,960 7.02 37.06 1,200 10.0 8.0b 0.5% nd nd 340 150 nd 5
Cd 2.04 16.55 4.43 0.31 0.47 0.38 1.0 nd nd 0.451 0.08 1.8 0.72 0.55 2 0.05 2
Co 52.05 1,430 714.40 1.86 0.29 65.48 50.0 nd nd nd nd nd nd nd nd
Cr 16.76 15.65 5,208 2.85 6.39 23.88 50.0 2.0¢ 34¢ nd nd 16 11 nd 12
Cu 16.13 4.69 16.06 12.08 2.62 3.03 9.0 nd 8.24d nd nd nd nd nd 22
Fe 23.07 1,204 297.00 0.28 0.16 199.80 300.0 41.0¢ 16.0¢ nd nd nd 1,000 nd 300
Hg 15.20 3.41 35.03 1.52 0.56 0.92 0.2 nd nd 0.07 nd 1.4 0.77 nd 0.026
Mn 113.70 728.50 1,985 11.37 18.59 38.50 100.0 nd 123.0¢ nd nd nd nd 2,0812 3802
Ni 20.60 6.64 6,192 3.46 0.68 17.42 25.0 nd nd 34 4 470 52 nd 252
Pb 149.60 98.42 226.00 12.38 1.46 11.44 10.0 nd nd 14 1.2 65 2.5 nd 1
U - 25.15 500.60 2.52 17.09 20.0 nd nd nd nd nd nd 33 15
Zn 5.50 98.11 267.00 0.87 3.63 14.39 180.0 nd 10.9¢ nd nd 120 120 33.872 9.832

A = algae; | = invertebrates; F = fishes.
In bold and underlined: lowest value obtained for each group. In red: values smaller than the Brazil and Minas Gerais legal limits. nd: no data.

1-Class 1 - hardness: <40 mg L CaCOs; 2 - Hardness: 26.6 mg L1; pH: 7.22; DOC: 3 mg L
a — CONAMA Resolution 357/05 (BRASIL, 2005) and Normative Deliberation COPAM/CERH n°08/22 (MINAS GERAIS, 2022)
b — United Kingdom Water Framework Directive — Proposed Environmental Quality Standard for Arsenic (LEPPER et al., 2007)

¢ — United Kingdom Water Framework Directive — Proposed Environmental Quality Standard for Chromium (MAYCOCK et al., 2007)

d — United Kingdom Water Framework Directive — Proposed Environmental Quality Standard for Cupper (COMBER; GEORGES, 2008)
e — United Kingdom Water Framework Directive — Proposed Environmental Quality Standard for Iron (JOHNSON et al., 2007)

f — United Kingdom Water Framework Directive — Proposed Environmental Quality Standard for Manganese (PETERS et al., 2010)

g — United Kingdom Water Framework Directive — Proposed Environmental Quality Standard for Zinc (MAYCOCK et al., 2012)

h — European Union Environmental Quality Standards (EUROPEAN PARLIAMENT, 2013)
i — USA National Recommended Water Quality Criteria — Aquatic Life Criteria Table (US EPA, 2023)
| — Canadian Water Quality Guidelines for Aquatic Protection Life (CCME, 2022).
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An evaluation of HCs values (Table 8) obtained in this study for all metals and
metalloids indicates that Ag was the most toxic metal as it presented the smallest
values for all trophic levels and effects. The only exception was observed for chronic
effect in algae, for which Fe was the most toxic. For Ag acute effect, algae were the
most sensitive group (HCs of 0.51 pg L), while invertebrates were the most sensitive
for chronic effects (HCs of 0.02 pg L'). Wang et al. (2019) observed an HCs of 0.88 g
L for Ag acute effects in an SSD curve with 41 species of amphibians, invertebrates
and fishes in the same SSD curve. Besides considering all species in the same curve,
the results observed by the author is close to the acute HCs values identified in this

study.

With respect to Al (Tables 7 and 8), fish was the most sensitive group for acute effects
(HCs of 72.96 ug L) while invertebrates were the most sensitive considering chronic
effects (HCs of 0.16 pg L2). In an acute toxicity study with Al, Hui et al. (2016) also
identified fish as the most sensitive group. Razak et al. (2021) and Gebara et al. (2020)
obtained HCs values of, respectively, 521.06 ug L and 148 ug L for Al acute effects,
which were close to the results observed in the present study for algae and
invertebrates (569.8 and 186.2 ug L, respectively). However, these authors
considered the same SSD curve for all species together, and fish, which was the most
sensitive group in the present study, would not be protected by the values observed
by these researchers. This reflects the fact that SSD curves built with different trophic

levels results in higher HCs values.

For Cd, algae were the most sensitive group for acute and chronic effects (HCs of 2.04
and 0.31 pg L%, respectively) (Tables 7 and 8). Algae were also the most sensitive
group in a study conducted by Razak et al. (2021) which assessed Cd acute toxicity.
Most studies on Cd toxicity considered different trophic levels in the same SSD curve.
HCs acute values ranging from 3.1 to 23.8 ug L were observed by Park and Kim
(2020). Meanwhile, Arambawatta-Lekamge, Pathiratne and Rathnayake (2021)
observed a chronic HCs value of 0.48 ug Lt which is similar to the chronic values
obtained in the present study.

Besides Cd, algae were also the most sensitive group for acute and chronic effects for
Mn and Zn (Table 7). For Cu, Hg, Ni, Pb and U, invertebrates were the most sensitive
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group for both acute and chronic evaluations (Tables 7 and 8). For acute effects, similar
results were observed by Lima et al. (2019), for Cu, Cd, and Hg, and by Razak et al.
(2021) for Cu and Pb. Regarding chronic SSD curves, Arambawatta-Lekamge,
Pathiratne and Rathnayake (2021) also verified invertebrates as the most sensitive

group for Cu.

In relation to Co and Fe, invertebrates were the most sensitive group for chronic
effects, with respective HCs of 0.29 and 0.16 pg L, while these metals were more
toxic for algae, regarding acute effects. For Mn, algae and fishes were, respectively,
the most and least sensitive groups for both acute and chronic effect. These results
are in accordance with the observed by Alho and collaborators (2022). Marks et al.

(2017) also verified fish as the least sensitive group for chronic effects of Mn.

It was not possible to calculate HCs nor PNEC values for acute and chronic effects in
algae for U due to absence of data in the literature. This calls attention to the need of
studies which carry out algae exposure assays to this metal. This is probably a
consequence of exposure risks associated to U manipulation in the laboratory.
Considering the other trophic levels, HCs were lower for invertebrates (Table 7), thus

being the most sensitive group to this metal.

It is important to note that results obtained through SSD curves and HCs calculations
are highly dependent on the number of species; the proportion of each taxonomic
group in the ecotoxicity database; the endpoint considered for each toxicity test (for
example, ECso, LCs0, NOEC, ECa0); the adopted distribution model of SSD curves
(normal, logistic, triangular, etc.), amongst other factors (HAYASHI; KASHIWAGI,
2011). Thus, different studies may result in different HCs values for the same
substance and the same toxic effect. For example, independent studies developed by
Razak et al. (2021), Alho et al. (2022) and Harford et al. (2015), using the SSD
methodology, observed different acute HCs values for Mn, which were, respectively:
1,049 pg L%, 580 pg Lt and 143 pg L. These are also different from results observed
in the present study: 113.7 pg L for algae, 728,5 ug L for invertebrates and 1,985
ug Lt for fish.

It is also important to highlight the acute and chronic values of HCs obtained via SSD

curves built with organisms from different trophic levels in the same curve, as in results
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showed by Alho et al. (2022), Gebara et al. (2020), Lima et al. (2019), Razak et al.
(2021) and by Wang, Kwok and Leung (2019) and HCs values derived from distinct
SSD curves per trophic levels, as in the present study. Results of HCs obtained from
separate curves per trophic level tend to be more conservative, present higher
sensitivity and allow for a better identification of the most sensitive trophic level.
However, this is the first time such curves are presented per trophic level for metals
and metalloids in the scientific literature. Thus, the present study contributes to the

evolution of ecotoxicology and environmental risk assessment as scientific tools.

5.2.1 Predicted No Effect Concentration and current legal limits

Regarding Brazilian and Minas Gerais state legal standards, Table 8 shows that 45 out
of a total of 82 PNEC values obtained in this study were below current legal limits,
mainly for chronic (78% of PNEC chronic values) when compared to acute effects (32%
of PNEC acute values). In other words, according to PNEC values obtained via SSD
curves built in this study, aquatic organisms might not be protected from toxic effects
promoted by metals and metalloids by the current legislation in 54.9% of all cases and

this is mainly true for chronic effects.

For Ag, Al, Cd, Cr, Fe, Mn, Ni, U and Zn, all PNEC values for chronic effects were
below current legal limits (Figure 8), indicating that the evaluated groups might not be
completely protected from chronic effects by the defined values in the Brazilian and
Minas Gerais legislation. This is critical in the context of the B1 dam rupture as Al, Fe
and Mn showed the highest percentages of violations ranging from 30.8 — 66.8%, 27.8
— 79.9%, 0.6 —55.3% for each of these elements, respectively (Table 5). On the other
hand, all the calculated PNEC values corresponding to acute effects were higher than
the current legal Brazilian and Minas Gerais standards for all evaluated groups for the
following metals: As, Cd, Co, Hg, Mn, Pb and U (Figure 9).
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Figure 8 — Chronic PNEC values for dissolved metals and metalloids for algae, invertebrate and
fishes in comparison to current Brazilian, Minas Gerais state and international standards

4 *
PY ] < o *
® ]
< [ )
S L S < °
o (@] o o o (@] o o o c
o o o o o o o o o Tl o Lo o To] (] o [ ]
~ © m ¥ ® « — S ® ® A N S 9+ N
(1- 1 61) prepuess [efa| 1o anfer DING (z- 71 61) prepuess [efa| 1o anfer DING 883838838 R°
AN A A d <«
(4- 7 6rl) prepuess [ebs| 1o anfea D3N
* *
o - <
o < [ ()] [ <
(@) P T P *
— — — — o o o N — — — — — o o o
(- 71 61) prepuess [eba) Jo anjea D3N (- 71 6) prepuess [eba] Jo anjen D3N < PY
D
o X o X Q & Q S © ©
M_ ] (- 1 611) prepuess ebs| 1o anfea D3N
° 9
0 o o o
< o o o o o o o o L o o o o o o o
o o o o o (@) o o o o o (@) o
< N o © © < 3V N =] © © < 3
— — i — —
(- 71 61) prepuess [ebs| 10 anjeA D3N (- 71 B1) prepuess [eba| 10 anjea D3N o *
|
<
[ J
o
x e o °
< ® [} < &N ©o ® © < o« O
@ by ° — — —
< S = = =] = =) S hw ° (- 71 61) prepuess [ebs| 1o anjea D3N
o o o} o o o o
N o [e0] (o] <t N < N o o0} © < N o
— i — — —
(- 71 61) prepuess [eba| 10 anjeA DINd (- 71 B1) prepuess [eba| 10 anfea DINd
*
X o X © n
<
< ® q ] .| [ J
(@] . — L4 P (]
<8 8 8 8 8 8 8| © . S o o o o o o
N o o © < N o o o o o o o o © Lo ~ ™ N 1
- - © 0 < ™ Y — (- 1 671) prepuess ebs| 1o anfea D3N
(- 71 61) prepuess [ebs| 10 anjea D3N (- 71 B1) prepuess [eba| 10 anjea D3N

Graduate Program in Sanitation, Environment and Water Resources

Invertebrates

® Algae




66

Figure 9 — Acute PNEC values for dissolved metals and metalloids for algae, invertebrate and

fishes in comparison to current Brazilian, Minas Gerais state and international standards
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Considering Ag, all current national/state (10 pug L) and international standards used
as reference in this study are higher than acute and chronic PNEC values obtained by
SSD curves (Table 8, Figure 8 and Figure 9). Despite still below, PNEC values were
close to aquatic life protections standards used in the USA (3.2 pug L) and Canada
(0.25 pg L), respectively, for acute and chronic effects. Thus, indicating that
worldwide environmental legislation does not protect 95% or more of the aquatic biota
from chronic nor acute effects promoted by Ag, except for chronic effects in algae,
which might be protected by the Canadian WQG.

For Al, Fe and Ni, the Brazilian and Minas Gerais legal standards are equal to the
Canadian WQG (100, 300 and 25 ug L1, respectively). For these cases, these current
standards may be protective of the aquatic biota for specific groups only for acute
effects (Al: algae and invertebrates, Fe: invertebrates and Ni: fishes). In the ecological
context, if the concentration of a metal reaches a legal limit that is not protective to the
aguatic biota, the habitat function might be compromised, probably resulting in

ecological imbalance.

With respect to As, current legal standards in Brazil and Minas Gerais (10 ug L?) are
more likely to protect aquatic biota as they are below all PNEC values obtained for all
evaluated groups (algae, invertebrates and fishes), except for chronic effects to algae
(7.02 ug LY. In the international context, aquatic life protection criteria established for
As in the UK (0.5 pg L) and in Canada (5 pug L) may hinder chronic effects to
producers. For Cd, chronic PNEC values were below current Brazilian and Minas
Gerais standards (1 pg L), yet still above legal values set by the EU and Canadian

criteria (0.08 and 0.05 pug L1, respectively) for chronic effects.

In relation to Pb (Table 8, Figure 8 and Figure 9), current legal standard in Brazil and
Minas Gerais (10 ug L) is smaller than PNEC values obtained for all evaluated groups
(algae, invertebrates and fishes). The only exception is chronic effects to invertebrates,
for which the PNEC was 1.46 pg L. In other words, the legislation might be protective
against chronic effects to these organisms. In contrast, PNEC values obtained for Pb

were above aqguatic life protection values in practice in Canada (1 ug L%).

Regarding Cr, PNEC values obtained by SSD curves were below current Brazilian

legal limits (50 pg L), except for acute effects to fishes. Considering chronic effects,
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national legal limits are not protective of any of the evaluated groups (Table 8 and
Figure 8). This means that current national/state legislation does not protect against
acute effect to producers nor primary consumers which is critical considering that the
endpoint evaluated in acute toxicity bioassays is mainly death. In contrast, UK and
Canadian guidelines are below PNEC values obtained for almost all groups and

effects, thus being more protective to aquatic life.

For Hg, the current legal limit (0.2 pg L) is smaller than all the PNEC values obtained
in the present study, so Brazilian and Minas Gerais legislation might be protective for
all trophic levels and effects (Table 8, Figure 8 and Figure 9). Furthermore, these
PNEC values are, in general, higher than the European, Canadian and the USA water
quality criteria. This may be a consequence of historical concerns related to
environmental and human health hazards promoted by Hg contamination and
bioaccumulation, such as the Minamata Bay case in Japan, where consuming of
contaminated fishes with methylmercury resulted in people neurological disease due
to this heavy metal poisoning (SHARMA et al., 2021).

For Zn, only the PNEC for acute effects in fishes (267 ug L) (Table 8 and Figure 9)
was higher than the CONAMA Resolution n°® 357/05 and COPAM/CERH n° 08/2022
standards (180 pg L. For acute effects, Brazilian and Minas Gerais legal limits are
nearly 33-fold higher than acute PNEC for algae and 1.8-fold higher than acute PNEC
value for invertebrates. In relation to chronic effects (Figure 8), national and state legal
limits are nearly 29-fold higher than the average PNEC, considering the three trophic
levels. Gebara et al. (2020) also observed that current CONAMA n° 357/05 standards
for Zn may not be protective to 95% of the species, since acute HCs obtained by this
author for zinc in an SSD curve that encompassed fishes, invertebrates and algae was
about 3-fold smaller than legal limits.

It is important to mention that an organism subjected to concentrations higher than the
PNEC values or even the legal limits, will not necessarily suffer acute or chronic effects
due to that exposal. The manifestation of effects also depends on biodynamics,
exposure routes, metal accumulation capacity of the specie, time of exposure, feeding
relationships, specie sensitivity, bioavailability, additive or synergistic toxic effects of
mixtures of substances, amongst other factors (MEBANE et al., 2020b; VAANANEN
et al., 2018).
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PNEC values obtained in the present study indicate a need to rethink and revise
national and regional legal standards related to metals and metalloids based on the
approach of aquatic life protection. This perspective is adopted in other countries, such
as the USA and Canada, where different legal limits are adopted according to water
use purpose and local water characteristics, instead of one legal limit based on the
most restrictive water use, as it is currently adopted in Brazil and in Minas Gerais.
Nevertheless, PNEC values obtained in this study should not be used to replace
laboratory exposure assays, yet as guides of priority metals and groups to be selected
for ecotoxicological studies performed in each region. Future data should consider the
use of native species in laboratory assays, thus contributing to the modeling studies
as well. Ag, Cr and Zn are the most critical metals considering the need to update legal
standards, since PNEC values obtained in this study were much lower than current

values.

The SSD curves built in the present study were developed considering single metal
laboratory assays reported in the scientific literature, EnviroTox and ECOTOX
database. However, in the environment, organisms are generally exposed to a mixture
of metals and other substances that can increase or decrease the acute and chronic
effects (VAN REGENMORTEL et al., 2017). Constructing SSD curves for mixtures of
metals can be an alternative for future studies, in order to allow for the definition of HCs

and PNEC values which consider a mix of metals (NYS et al., 2018).

It is important to mention that there was a recent update to Minas Gerais state legal
standards in November 2022, when the Normative Deliberation COPAM/CERH n°
08/22 (MINAS GERAIS, 2022) replaced the Normative Deliberation COPAM/CERH n°
01/08 (MINAS GERAIS, 2008). However, quality guidelines for metals and metalloids
were not updated in the occasion. Considering the relevance of mining activity in the
state of Minas Gerais, recent occurrence of dam ruptures in the state, the number of
dams located at Quadrilatero Ferrifero, and, particularity, the geology and soll
composition of each of Brazilian states, it is fundamental to rethink and revise regional

legal limits.
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5.2.2 Bioavailability and HCs values

It is known that the bioavailability of metals and metalloids in the natural environment
is influenced by physicochemical aspects such as pH, DOC and hardness as these
factors affect metal/metalloid physical state, solubility, and speciation, thus, influencing
the interaction between metals/metalloids and aquatic organisms and, consequently,
their toxicity (EGOROVA; ANANIKOV, 2017). As toxicity assays used to define
L(E)Cso, NOEC, ECi0 and LOEC values used to construct acute and chronic SSD
curves were all carried out under defined conditions of pH, hardness and organic
content by following standard procedures defined for each test-organism, it is
recommended to adapt HCs values to reflect bioavailability (HCsbio) as according to
local physicochemical conditions at the area under study. The correction of quality
guidelines is currently performed in Europe (EUROPEAN PARLIAMENT, 2013),
Canada (CCME, 2022) and the USA (US EPA, 2023) for Al, Cd, Cr, Cu, Mn, Ni and Zn
so that legal standards and risk assessments are more realistic to environmental
conditions in each area/watershed. In contrast, this adjustment is not performed to set

environmental standards in Brazil nor in Minas Gerais.

Besides, most scientific studies on the assessment of ecotoxicological risks do not
account for bioavailability as (i) this makes results less comparable to others and very
specific to the area under study and (ii) it is restricted to a few elements for which there
are freely available bioavailability software. In the current study, the adjustment of HCs
into HCshio was conducted for Mn, Cu, Ni, Zn, Pb and Co, based on the existence of
bioavailability conversion tools for these metals (BIO-MET, 2021; WFD, 2014).

Table 9 shows HCs and HCsphio values, as well as the Bioavailability Factors (BioF)
calculated by the software used for each metal (Co, Cu, Mn, Ni, Pb and Zn), based on
physicochemical characteristics specific to the Paraopeba River after the tailings dam
collapse (Jan/2019 to Feb/2022, median values of pH = 7.22; DOC = 3 mg LY;
[Dissolved Ca] = 5.91 mg L?). It is important to emphasize that these results refer to
the context of the Paraopeba River and different results may be observed if these
metals were evaluated for other waterbodies or even for this same river in another

period.
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Table 9 — BioF, acute and chronic HCs and HCspio values obtained for metals for algae, invertebrate and fishes compared to national/state legal

standards
Acute (ug L) Chronic (ug L)
Metal  BioF (ig’[’_'f; A l F A l F

HCs HCsbio HCs HCspio HCs HCspio HCs HCspio HCs HCspio HCs HCspio
Co 0.6 50.0 52.05 86.75 1,430 2,383 714.40 1,191 1.86 3.11 0.29 0.49 65.48 109.13
Cu 0.06 9.0 16.13 268.83 4.69 78.17 16.06 267.67 12.08 201.33 2.62 43.58 3.03 50.42
Mn 0.31 100.0 113.70 366.77 728.50 2,350 1,985 6,403 11.37 36.68 18.59 59.97 38.50 124.19
Ni 0.44 25.0 20.60 46.82 6.64 15.08 6,192 14,073 3.46 7.87 0.68 1.56 17.42 39.59
Pb 0.16 10.0 149.60 935 98.42 615.13 226 1,413 12.38 77.38 1.46 9.15 11.44 71.50
Zn 0.53 180.0 5.50 10.37 98.11 185.11 267 503.77 0.87 1.64 3.63 6.84 14.39 27.15

HCsbio: HCs adapted to account for bioavailability; A = algae; | = invertebrates; F = fishes. Water quality conditions used to calculate BioF: pH = 7.22; DOC = 3 mg L; [Dissolved
Ca]=5.91mgL?).
a — CONAMA Resolution n° 357/05 (BRASIL, 2005) and Normative Deliberation COPAM/CERH n°08/22 (MINAS GERAIS, 2022)

Source: author (2023)
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As it can be observed from Table 9, when bioavailability was considered by applying
the BioF, the concentration which causes effect to 5% of the aquatic organisms
increased. As a consequence, HCshio are higher than HCs. This occurs because the
BioF considers the ratio of the metal that is able to interact with the test-organism and
cause toxicity under defined conditions of pH, hardness and organic content. For Cu,
for instance, when bioavailability was considered, the concentration that is prone to
cause effect to 5% of species increased nearly 17-fold. This was the greatest rise
observed amongst the evaluated metals. On the other hand, in the case of Co, when
the bioavailability aspect was taken into consideration the HCs only increased by 1.7

times, the smallest observed result.

Regarding Ni, HCspio is 2.3-fold the HCs (Table 9) and the smallest value observed for
this metal was related to chronic effects to invertebrates (1.56 pg Ni L). The Annual
Average value set by the European Union Water Framework Directive (4 pg Ni L) is
slightly higher than this one, as water quality conditions which are representative for
the region lead to lower Ni bioavailability (pH 8.2, DOC = 2 mg L* and water harness
=40 mg L of CaCOz) (EUROPEAN PARLIAMENT, 2013). In contrast, Brazilian and
Minas Gerais current standard (25 pg Ni L) is still 16-fold higher than HCsbio values
obtained in this study even after accounting for bioavailability factors.

In the case of Mn, the HCs value increased by 3-fold after considering bioavailability.
Amongst all legal standards evaluated in this study (Table 8), the Canadian legislation
(CCME, 2022) is the only one that considers bioavailability to define water quality
guidelines for this metal. According to their procedure, a modelling equation which
considers pH and hardness is used to calculate the standard for each case. When
representative values of pH seen in the Paraopeba River were used as input on the
Canadian model for different conditions of hardness (25 and 670 mg L* of CaCOs) the
WQG for Mn varied from 380 to 1,100 pug Mn L1. When hardness was set to the median
value observed in the Paraopeba during the evaluated period (26.6 mg L* of CaCO3)
and the pH varied from 5.8 to 8.4, the water quality guideline ranged between 290 to
200 pg Mn L1, Thus, for Mn, it was possible to observe that hardness has a direct

influence on bioavailability, the opposite as pH effect.
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Results obtained in this study emphasize the relevance and need to consider metal
bioavailability when setting water quality standards and conducting risk assessment
studies in Brazil, as such perspective is still incipient. Bioavailability might be the key
to differences in toxicity effects observed in laboratory conditions compared to natural
environment. After all, organisms are generally exposed to different conditions of water
physicochemical characteristics, such as pH and hardness, in the environment
compared to those conditions standardized for laboratory assays. So, it is important to
consider how environmental conditions can influence metal solubility, complexation,
oxidative state, and consequently on the bioavailability to define effective legal
standards (EGOROVA; ANANIKOV, 2017).

5.3 Ecotoxicological risk assessment

The smallest PNEC values obtained for each of the 14 metals/metalloid in the first
stage of this document were used in the ecotoxicological risk assessment carried out
for Paraopeba River region affected by B1 dam rupture. Bioavailability was considered
for Co, Cu, Mn, Ni, Pb and Zn by using the lowest HCspio Obtained for each of these
elements. Table 10 shows PNEC values used to calculate risks for each metal. In
addition, it is important to mention that values pointed out as outliers were kept in the
database since these values were predominant in dates corresponding to the tailings

dam collapse or to seasonal variations.

Table 10 — PNEC values used for ecotoxicological risk assessment in this study

Metal Acute Chronic Metal Acute Chronic
Ag 0.51 0.02 Fe 23.07 0.16
Al 72.96 0.16 Hg 341 0.56
As 54.36 7.02 Mn* 366.77 36.68
Cd 2.04 0.31 Ni* 15.08 1.56
Co* 86.75 0.49 Pb* 615.13 9.15
Cr 15.65 2.85 U 25.15 2.52
Cu* 78.17 43.58 Zn* 10.37 1.64

*Metals for which bioavailability was considered.

Source: author (2023)

Table 11 presents the descriptive analysis of acute and chronic Risk Quotients

obtained for each of the 14 metals and metalloids. For Ag, since 100% of data were
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censored, it was not possible to indicate the monitoring point and date of the maximum

RQ.

Considering the risk ranking proposed by Young, Chen and Yang (2021) (RQ < 0.1 —
negligible risk; 0.1 < RQ < 1 — low risk; 1 < RQ < 10 moderate risk; RQ = 10 high
potential risk), through the colors presented in Table 11, it is possible to verify that 50%
of metals presented high risks for at least one effect — acute or chronic. Al, Fe, Mn and
Zn presented high risks for both acute and chronic effects. Acute risks for As, Cd, Pb
and U were low, while chronic risks for these metals were medium. Hg was the metal
that presented the smallest acute and chronic maximum risks, respectively classified
as negligible and low.

The highest RQs for both acute (2,167) and chronic (314,465) effects were observed
for Fe, in station PT-02, the third monitoring point downstream the B1 dam collapse
(10.3 km) (Table 11). These RQs were observed five days after the event. This was
expected since the tailings from the B1 dam were originated from the beneficiation of
iron ore and, according to Vergilio et al. (2020), Fe was the main metal in the
composition of the B1 dam tailings (264.9 mg g1).
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Table 11 — Descriptive statistical analysis of acute and chronic Risk Quotients classified according to risk levels by considering maximum
concentration observed for each in the database: green — negligible; blue — low; yellow — medium; red — high.
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Metal RQ type 25" percentile Median Mean 75" percentile Maximum
Monitgring Date
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Maximum RQ values were also detected in PT-02 for acute and chronic effects for Co,
Cu, Ni and Pb (Table 11). Maximum acute and chronic RQ values for Co (0.27 and
47.73, respectively) occurred six days after the dam collapse (31/01/2019). For the
other cited elements, maximum RQ occurred about one month after the event.
Considering these elements, only Cu and Pb were pointed out as possible indicators
of tailings from B1 dam. Meanwhile, Co also presented high concentrations upstream
the dam (VERGILIO et al., 2020). Increased risks following six days (Co) or one month
from the rupture (Cu, Ni and Pb) may be a consequence of rains or tailing movement
close to the rupture site in order to rescue victims. According to FEAM, IEF and IGAM
(2021), in the first quarter of 2020, a high volume of rains was registered in the
Paraopeba River watershed, mainly during January and February, with volumes
between 740 and 1,200 mm, while the normal volumes observed in the basin varies
from 500 to 650 mm.

Al was the metal which presented the second highest RQ, reaching a maximum chronic
risk of 44,355 and acute risk of 99.10, both within three weeks from the collapse
(19/02/2019). These values were observed in PT-09, the second station downstream
the confluence between the Paraopeba River and the Ferro-Carvao Stream, where the
B1 dam collapsed (about 5.6 km downstream). Although Al was the second most
present metal in the B1 dam tailings (10.8 mg g*) as observed by Vergilio et al., (2020),
it could not be considered by these authors as a good marker of tailings movement
along the Paraopeba River since it was also observed in river sections that were not
impacted by the collapse. The high RQs observed for this element might be not only
the consequence of the collapse, but also of rains and tailings displacement for victims’

rescue.

Since all data for Ag were censored, the RQs were calculated for this metal considering
the limits of quantification (LOQ) as the MEC values on Equation 3 (1, 2.5 and 5 ug L-
1) and resulted in maximum risks of 9.78 and 263.16, respectively for acute and chronic
effects (Table 11). If the concentration of Ag had reached the legal limit defined by the
Brazilian and Minas Gerais state legislation (10 pg L), maximum risks would be higher
than those calculated considering the LOQ. Once Ag was identified by Vergilio et al.
(2020) as an indicator of B1 dam tailings presence into the Paraopeba River, itis critical

to implement more sensitive detection and quantification analytical methods, in order

Graduate Program in Sanitation, Environment and Water Resources



77

to identify and quantify smaller concentrations of this metal, closer to the PNEC values

observed in the present study (Table 8).

Highest RQs observed for As, Cd, Cr, Hg and Zn, occurred, respectively in PT-43
(08/09/2020), PT-15 (11/11/2019), PT-28 (19/09/2019), PT-13 (03/07/2020) and in PT-
54 (02/12/2019). These values are probably not linked to the B1 dam collapse, since
they occurred in monitoring stations located quite far from the collapse point or much
after the day when the dam collapsed. Although Cd, Cr and Zn are listed as tailings
indicators (VERGILIO et al., 2020) there are also other sources that might contribute
to the enrichment of these elements in such locations. The Paraopeba River has a
history of anthropic contamination and these maximum values may be linked to the
resuspension of metals from sediments, to contributions from tributaries or to other
activities in practice in the watershed, such as steel industry and mining in other cities
(Congonhas, Ouro Preto and Brumadinho), or to automobile, food and petrochemical
industries in the Metropolitan Area of Belo Horizonte (SOARES; PINTO; OLIVEIRA,
2020; THOMPSON et al., 2020).

In PT-05, located about 17.5 km downstream the collapse point, maximum RQs were
observed for Mn (20.99 and 209.94 for acute and chronic, respectively) and U (0.31
and 3.14, respectively for acute and chronic effects), both in 31/01/2019. Soares et al.
(2020) found 46.27 mg L' as the maximum concentration of Mn in the Paraopeba
River after the dam collapse (from January 2019 to March 2020) in a monitoring station
located 24.8 km downstream the B1 tailings dam. Considering the calculated PNEC
values for acute and chronic effects of Mn observed in the present study (366.77 and
36.68 ug L1, respectively), resultant RQs (126.16 - acute and 1,261.5 — chronic) would
be even higher than those observed in this study. As shown in Table 5, Mn is one of
the elements which presented highest violation of legal limits in the database used in
this study and was pointed out as an indicator of tailings from B1 dam. Hence, high

RQs detected in PT-05 for this element might be a consequence of the rupture.
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5.4 Assessment of acute and chronic risks in the Paraopeba River water after
the B1 dam collapse

5.4.1 Paraopeba River regions

Since acute and chronic RQs for Al, Fe, Mn and Zn presented less than 80% of
censored data, Cluster Analysis (CA) was performed for these metals resulting in the
acute and chronic dendrograms presented in Figures 10 and 11. The cutting line was

defined as 300 for acute risk and 52,000 for chronic risks, resulting in 5 groups.

Figure 10 — Cluster Analysis dendrogram for acute risks associated to the occurrence of Al, Fe,
Mn and Zn in the 25 monitoring points between 2019 and 2022
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Figure 11 — Cluster Analysis dendrogram for chronic risks associated to the occurrence of Al,
Fe, Mn and Zn in the 25 monitoring points between 2019 and 2022

200,000
150,000 f

[(}]

[$]

c

8

R

[m]

= 100,000 r

©

[«}]

p=l

© ]

=1

L

50,000 N i‘.f.‘ T ";_'f_'. DY ;'_',I"_'.: TTT |‘_T_'.'_'._'.'_',:T_'.'_T:.'_Tif_";:.'_f - -'_:‘___':%_i:‘: '.'_'.Z.'_',::,
| g 3 I !

W 1 ! t : :
N 1 1 i !
Q- N 1 1 ' Ll Ll Ll " |
|_ 1 1 I 1
o 1

Groups 1 & 2

Source: author (2023)

Differences between acute and chronic dendrograms were observed for Group 2. This
group was formed by PT-13 and PT-01 for acute RQs, while stations PT-19 and PT-
20 were in Group 5. Considering chronic risks, all these four stations were grouped in
Group 2. PT-19 is located downstream Pardo River and PT-20 is the first point in the
Retiro Baixo Hydroelectric reservoir. In order to keep the same pattern used for group
comparisons for acute and chronic risks, PT-19 and PT-20 were not considered in the

division of Paraopeba River into regions, based on Cluster Analysis.

Despite situated geographically closer to stations clustered as Group 4, PT-14 was
more similar to stations clustered as Group 3 (Figures 10 and 11). The same occurred
with PT-55, which clustered in Group 3, despite located closer to stations clustered as
Group 5. PT-14 is located in the confluence of the Betim River, that is highly impacted
by anthropic activities (SOARES et al., 2020; SOARES; OLIVEIRA; GOMES, 2022),
with the Paraopeba River. This probably influenced the grouping of PT-14 by CA.
Similarly, PT-55 is located near the Retiro Baixo backwater area which influences

water quality and sediment resuspension and this might have influenced grouping by
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the CA. In this way, considering the river dynamics and the water flow direction, these
two monitoring points were not considered in the Paraopeba River division in regions

for spatial and temporal assessment of RQ evolution.

Although PT-52 clustered in Group 3, it is located upstream of the B1 collapse point.
Thus, considering the river dynamics and in order to have an upstream comparison
region, the PT-52 was included in a different region (RA) than the other stations of

Group 3.

PT-01, located about 400 m upstream the confluence between Ferro-Carvao stream
and the Paraopeba River might have suffered the influence of the tailings release from
the dam. This justifies the fact that this monitoring station was shown to be more similar
to PT-13 (200 m downstream the collapse point) compared to other point upstream
(PT-52).

Considering results obtained by the CA and the above-mentioned considerations, the
Paraopeba River was divided into 6 different regions (RA, RB, RC, RD, RE and RF),
as presented in the line diagram (Figure 12), that were used to evaluate the temporal

and spatial evolution of the acute and chronic risks.
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Figure 12 — Line diagram of monitoring points in the Paraopeba River divided into seven regions based on the Cluster Analysis results
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5.4.2 Evolution of acute and chronic risks associated to metals in different regions of
the Paraopeba River

Table 12 presents the groups used for spatial evaluation of ecotoxicological risks
associated to metals in the Paraopeba River based on regions defined from the CA

(Figure 12) and also considering the dry and wet periods between 2019 and 2022.

Table 12 — Spatial and temporal sections of Paraopeba River according to the regions pointed
out by the CA and hydrological periods between 2019 e 2022

Regions* Period** Comparison Period** Comparison
Groups Groups
RA RA-W19 RA-D19
RB RB-W19 RB-D19
RC RC-W19 RC-D19
RD W19 RD-W19 D19 RD-D19
RE RE-W19 RE-D19
RF RF-W19 RF-D19
RA RA-W19-20 RA-D20
RB RB-W19-20 RB-D20
RC RC-W19-20 RC-D20
RD W19-20 RD-W19-20 D20 RD-D20
RE RE-W19-20 RE-D20
RF RF-W19-20 RF-D20
RA RA-W20-21 RA-D21
RB RB-W20-21 RB-D21
RC RC-W20-21 RC-D21
RD W20-21 RD-W20-21 D21 RD-D21
RE RE-W20-21 RE-D21
RF RF-W20-21 RF-D21
RA RA-W21-22
RB RB-W21-22
RC RC- W21-22
RD w21-22 RD- W21-22
RE RE- W21-22
RF RF- W21-22

*Regions: RA = Region A; RB = Region B; RC = Region C; RD = Region D; RE = Region E; RF = Region
F; **Periods: W19= wet period 2019; D19 = dry period 2019; W19-20 = wet period 2019-2020; D20 = dry
period 2020; W20-21 = wet period 2020-2021; D21 = dry period 2021; W21-22 = wet period 2021-2022;

Source: author (2023)
In order to evaluate significant differences among regions RA, RB, RC, RD, RE and
RF, inside each period of hydrological years, the Shapiro-Wilk test was applied and
showed that data followed asymmetrical distribution. Thus, indicating the

appropriateness of using nonparametric statistical techniques.

Figure 13 shows the spatial evolution of acute and chronic risks related to Al, Fe, Mn
and Zn, simultaneously, along the Paraopeba River during the first wet season after
the B1 dam collapse (W19). For both acute and chronic results, the risks were not
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significantly different in regions RB, RC and RD. However, these regions presented
higher risks than RA, RE and RF, which are located upstream (RA) and further
downstream the former dam region (RE and RF), thus indicating that the B1 dam
collapse may have increased the ecotoxicological risks in regions located immediately
downstream the dam (RB, RC and RD) in the sequence of the disaster. Besides, as
regions RA, RE and RF were not significantly different, it is possible that tailings did

not increase RQs in regions RE and RF between January and March 2019 (W19).

During the dry period of 2019 (D19), from April to September, the multiple comparison
Dunn’s test results for acute and chronic effects showed similar results to those
observed in W-19, except for the fact that risks obtained for RF were significantly
smaller when compared to RA (Figure 14). Thus, regions RB, RC and RD were still the
most impacted 3 months after the B1 dam collapse and tailings had probably not
reached RE and RF. Despite similar results between W19 and D19, maximum
observed risks for the dry season were smaller than those observed for W19, indicating
that part of the tailings probably had settled in the Paraopeba River channel, due to

smaller turbulence and volume of water during the dry period.

In contrast, maximum acute and chronic risks for region RD (Figure 15) were smaller
in W19-20 (56.35 and 9,263 — acute and chronic, respectively) than in D19 (321.09
and 45,285, acute and chronic, respectively) (Figure 14). As there is high influence of
the Betim River in this region and dilution potential is reduced in the dry season, higher
risks probably occurred due to the influence of this tributary.

In W19-20, the Dunn’s test results considering risks of acute toxicity were similar to
those observed for risks of chronic toxicity (Figure 15), except between RB and RC;
between RA and RF; and between RE and RF. Likewise for W19 and D19 (Figures 13
and 14), ecotoxicological risks observed for regions RB, RC and RD in W19-20 (Figure
15) were higher than in RA, showing that these regions were still impacted by the B1
dam collapse. In W19-20, risks observed for region RD were significantly smaller than
regions RB and RC, thus showing a different pattern when compared to previous
periods W19 and D19, when risks observed in RD were similar to those observed in

RB and RC. Despite that, RQs in regions RE and RF were still significantly smaller
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than the RQs in regions RB, RC and RD for W19-20 when compared to the two first

seasons after the collapse (Figures 13 and 14).

Similarly to results observed in W19-20, the multiple comparison Dunn’s test showed
similar results considering acute and chronic risks observed in the dry period of 2020
(D20) (Figure 16). The main difference between W19-20 and D20 was that during the
wet period, RE was significantly smaller than RD, while during the dry season, they
were not significantly different. Similar to the previous periods, RQs in regions RB, RC
and RD were significantly higher than the risks in regions RA, RE and RF, thus
suggesting that main impacts of the tailings dam collapse remained in these regions
during D20. Nevertheless, maximum risks in D20 were smaller than during all previous
evaluated periods (W19, D19, W19-20), thus indicating water quality depuration
throughout time (Figures 13, 14 and 15).

Regarding the wet season between 2020 and 2021 (W20-21) (Figure 17), there were
significant differences for acute risks between regions RB, RC and RF when compared
to region RA, between RE and RF when compared to regions RB and RC, and between
region RF when compared to regions RD and RE. However, based on median values,
it was not possible to affirm which region presented the highest RQs. For chronic risks
during W20-21 (Figure 17), the main difference between the previous evaluated
season (D20 - Figure 16) was in region RD which did not differ significantly to RA and
RB in W20-21, thus reinforcing depuration tendencies.

For the dry period of 2021 (D21) and wet period of 2021-2022 (W21-22), (Figures 18
and 19, respectively), RF was the only region for which ecotoxicological risks were
significantly different from others. For D21 acute and chronic effects and W21-22 acute
effects, it was not possible, based on RQs median values, to affirm which region
presented the highest RQs. For chronic effects in W21-22, RF was significantly smaller
than RA, RD and RE and higher than RB and RC. The observed results for these two
last periods, indicated that tailings might have caused alteration in the RQs in the
region of Retiro Baixo hydroelectric reservoir (RF) by D21 and the risks along the
Paraopeba River decreased. However, it is not possible to confirm such assumption
without the evaluation of a longer database containing data obtained previously to the
collapse.
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Figure 13 — Spatial evolution of acute (left) and chronic (right) risks along the Paraopeba River during the wet period of 2019 (W19)
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Figure 14 — Spatial evolution of acute (left) and chronic (right) risks along the Paraopeba River during the dry period of 2019 (D19)
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Figure 15 — Spatial evolution of acute (left) and chronic (right) risks along the Paraopeba River during the wet period of 2019-2020 (W19-20)
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Figure 16 — Spatial evolution of acute (left) and chronic (right) risks along the Paraopeba River during the dry period of 2020 (D20)
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Figure 17 — Spatial evolution of acute (left) and chronic (right) risks along the Paraopeba River during the wet period of 2020-2021 (W20-21)

100 14,000
©
<
90 w0
12,000 - P~ o
80 T —_ T g
70 T 10,000
60 T T 8,000
50 T
o g 6,000
40
30 4,000
20
2,000
: L i U L]
0 = 0 fml
0 o o _I;I_ o =) =)
-10 -2,000
RA-W20-21  RB-W20-21 ~ RC-W20-21  RD-W20-21  RE-W20-21  RF-W20-21 RAW20-21  RB-W20-21  RC-W20-21  RD-W20-21  RE-W20-21  RF-W20-21
RA-W20-21 RB-W20-21 RC-W20-21 RD-W20-21 RE-W20-21 RF-W20-21 RA-W20-21 RB-W20-21 RC-W20-21 RD-W20-21 RE-W20-21 RF-W20-21
RA-W20-21 RA-W20-21
RB-W20-21 * RB-W20-21 )
RC-W20-21 * = RC-W20-21 ) =
RD-W20-21 = = = RD-W20-21 = =
RE-W20-21 = * * = RE-W20-21 = | =
RF-W20-21 * * * * * RF-W20-21 ! ! ! *
= Underlined group (at left) does not differ significantly from the group in bold (above) o Median
1 Underlined group (at left) is significantly higher than the group in bold (above) [] 25%-75%
| Underlined group (at left) is significantly higher than the group in bold (above) T Min-Max

* Underlined group (at left) is significantly different than the group in bold (above), but based on median values, it was not possible to identify the highest.

Source: author (2023)

Graduate Program in Sanitation, Environment and Water Resources



90

Figure 18 — Spatial evolution of acute (left) and chronic (right) risks along the Paraopeba River during the dry period of 2021 (D21)
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Figure 19 — Spatial evolution of acute (left) and chronic (right) risks along the Paraopeba River during the wet period of 2021-2022 (W21-22)
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5.4.3 Temporal profiles of acute and chronic ecotoxicological risks of metals in the
Paraopeba River water

Figures 20 to 27 present the time series for acute and chronic RQs related to Al, Fe,
Mn and Zn in the Paraopeba River according to the regions A to F (Figure 12) after the
B1 dam collapse. It is important to observe that vertical axis have different scales in

each graph.

For most of the time series, it is clear that RQs follow a seasonal pattern with peaks
during the wet season (October to March) and valleys in the dry season (April to
September) (FERREIRA et al., 2021). These peaks and valleys can be generally
related to the modification of the water flow and volume in the river channel, which is
higher during the wet season, increasing the water turbulence and, consequently,
resuspending settled substances from the sediment to the water column. Furthermore,
during the wet season, the surface drainage to the river channel is higher than in the
dry season, and stormwater may also be an extra source of pollutants, such as metals,
to the river (SOARES; OLIVEIRA; GOMES, 2022).

As shown in Figures 20 and 21, the cyclic seasonal variation of RQs for Al are well
marked. For region RA, located at the B1 dam upstream area, risks reached maximum
values of 25.35 and 11,349 for acute and chronic effects, respectively. Time series RQ
profile and maximum values obtained for Al (25.9 — acute and 11,595 — chronic) in
region RF are similar to those observed in RA. For regions RB, RC and RD, highest
RQs were observed during the three first months after the dam collapse, reducing in
the subsequent months, although extreme RQ values were observed for Region C,
reaching acute and chronic RQs of, respectively, 45.78 and 20,490, during the wet
season of 2019-2020 (W19-20). These observations reflect the proximity of these
regions to the B1 dam area. Peak values observed for RQs related to Al in region RE
occurred during this same wet season, followed by the peak in the wet period of 2020-
2021 (W20-21), probably as a result of tailings transportation along the Paraopeba

River.
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The highest RQs in the Paraopeba River were observed for Fe (Figures 22 and 23),
as expected, since this was the mineral extracted in the mining complex and the metal
which showed highest concentration in the composition of B1 dam tailings
(THOMPSON et al., 2020). Furthermore, the geological formation in the Quadrilatero
Ferrifero (Iron Quadrangle region), where study area is located, is intrinsically rich in
Fe and, consequently, there is a predominance of mining activities which explore this
mineral. Thus, Fe can leach to water bodies, altering the surface water quality and
increasing RQs, as reflected in this study by highest RQ values for Fe in region RA,
located about 10 km upstream the collapse point, when compared RQs values
obtained for the other evaluated metals in the same region (PORSANI; DE JESUS;
STANGARI, 2019; SOARES; OLIVEIRA; GOMES, 2022).

Despite the external and natural contributions of Fe to the Paraopeba River, the
impacts of the B1 tailings dam collapse in ecotoxicological risks associated to this
element is clear in the time series graphs (Figures 22 and 23). Regions RC and RD
showed peaks of high risks associated to Fe in dates close to the collapse date and
along the wet season of 2019 (W19), reaching maximum values of 2,167 and 314,465
in RC, and of 1,170 and 169,811 in RD, for acute and chronic risks, respectively. For
RC, peaks of acute and chronic risks were also observed during the wet period of
2019-2020 (W19-20) reaching maximum values of acute and chronic RQ equivalent to
468.14 and 67,924, respectively. These were smaller than the peaks observed during
the first wet season after the dam collapse, thus confirming the impact of the disaster
to increased ecotoxicological risks in the region. After initial peaks of RQs associated
to Fe in regions RC and RD (Figures 22 and 23) during W19, the profile became similar
to that observed in the upstream region (RA), reaching maximum risks of nearly 40 for

acute effects and 6,000 for chronic effects.

Peaks of acute and chronic RQs for Fe were also observed in region RB during W19,
reaching maximum values of 273.08 and 39,622 for acute and chronic effects,
respectively (Figures 22 and 23). Although a decrease in acute and chronic maximum
RQs values to about 70 and 10,000, respectively, observed during the wet periods of
2019-2020, 2020-2021 and 2021-2022, these values were higher than peaks verified
for the upstream region RA. This might indicate that the region was still under influence

of the tailings dam collapse until W21-22, the last period evaluated in the present study.
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This influence might be a consequence of activities associated to the repair of the
collapse area which involve transportation of soil and tailings in the area, thus

impacting nearest regions such as RB.

The time series graphs obtained for RQs related to Fe in RE and RF (Figures 22 and
23) show a pattern which is similar to that observed in RA as well as similar maximum
values of acute and chronic RQs. This indicates that these regions were not majorly

affected by the dam collapse when it comes to ecotoxicological risks.

Compared to Al, Fe and Zn, RQs obtained for Mn were the smallest (Figures 24 and
25), reaching highest values of 20.99 and 209.94 for acute and chronic effects,
respectively, in region RD. For region RA, the average RQs associated to Mn were
equivalent to 0.05 and 0.5, respectively, for acute and chronic effects. Constant RQs
associated to Mn were observed after January 2021 in region RA probably linked to
observed values which were under the LOQ of the analytical method used to quantify

this element.

Figures 24 and 25 show that the highest RQs values for Mn in RB occurred during
W19, W19-20 and W20-21, decreasing after these periods. Maximum RQs observed
in this region were higher than those observed in RA for both acute and chronic effects.
As observed for Fe, this indicates that the impact of the B1 dam collapse was not
limited to the wet season following the disaster, yet lasted for a complete hydrological

year.

In regions RC and RD (Figures 24 and 25), the highest RQs observed for Mn were
detected during the two first wet seasons (W19 and W19-20). After that, RQs
decreased and reached values similar to RA. Constant RQs linked to measured
concentrations below the LOQ were also observed in RF. However, in contrast to
observation made for Al (Figures 20 and 21) risk peaks for Mn in RF were higher than

those observed in RA.

Regarding Zn, for both acute and chronic effects, calculated RQs were limited by the
LOQ associated to the analytical method used to quantify this metal. This is reflected
by constant RQ values observed in Figures 26 and 27. The biggest values occurred

during the three first months after the dam collapse for regions RB and RC. Then RQs
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became constant at 2 for acute and 13 for chronic effect. These values were similar to
those observed for RA. For regions RD, RE and RF, peaks were observed from
January 2019 to April 2020, when risks reached the same constant values observed
in regions RB and RC

The present spatiotemporal analysis of RQs in the Paraopeba River allowed to identify
critical regions (RB, RC and RD) related to risks to aquatic biota in the period following
B1 dam collapse. Thus, results obtained here might help guiding management actions,
in order to prioritize a more frequent ecotoxicological monitoring in these areas, mainly
involving the most sensitive organisms and trophic levels identified through SSD
curves. It should be noted that the present study can be used as a guide and not as a
replacement for laboratory ecotoxicological assays conducted with samples collected

in the study area.

It is important to emphasize that, although results indicated an absence of significant
difference in risks throughout time and along the Paraopeba River over the studied
period, these risks were not low, so it does not mean that the biodiversity in the river is
preserved. During the studied period, high risks were observed even in the upstream
region RA due to impacts of anthropic activities in the watershed. Thus, the fact that
regions located immediately downstream the B1 dam area reached risks that were not
significantly different from RA does not mean that the Paraopeba River has completely
recovered from the tailings dam collapse. These risks related to the accident could
have been disguised by previous conditions existing in the Paraopeba River.
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6 CONCLUSIONS

This study contributed to the knowledge field on ecotoxicology and risk assessment by
proposing HCs and PNEC values for 14 metals based on SSD curves built for three
trophic levels and acute and chronic effects. This is the first study to build such curves
for each group and using at least seven species per trophic level, thus delivering solid
results to be used by the scientific community and environmental agencies for risk
assessment studies and to set legal standards which are protective of most aquatic
organisms. The PNEC values proposed in this study should not replace ecotoxicity
assays carried out in laboratory with environmental samples or be used as legal
standards, but they might be used to indicate priority metals/metalloids and trophic
groups, and to subside the development of new legislation directives and laboratory

studies.

The smallest HCs and PNEC values were related to Ag, thus being the most toxic metal
according to results reported by ecotoxicological assays. Based on acute and chronic
effects of all the evaluated metals, invertebrates were the most sensitive group, while
fishes were the most resistant. This indicates that in areas of known metal
contamination and following events associated to contamination by metals,
invertebrates should be the priority group for the conduction of ecotoxicological assays
and biomonitoring, in order to measure impacts and evaluate the effectiveness of

actions carried out to repair damage to aquatic life.

Based on HCs and PNEC values obtained in this study for all 14 metals, it was possible
to evaluate current Brazilian and Minas Gerais state water quality standards
associated to these compounds regarding their level of protection to the aquatic biota.
The Brazilian legal limits for metals and metalloids were proposed more than 18 years
ago and the Minas Gerais legal limits for these substances were not revised in the
newest version of the legislation published in November 2022. These limits were higher
than the PNEC values calculated in this study for more than 50% of cases. This
indicates that legal limits would, in general, not be protective to the aquatic biota. For
chronic effects, this protection level might be even smaller, since in 78% of PNECs
proposed in this study were smaller than legal limits. Ag was the most serious case,
since all the PNEC values were smaller than current legal limits. Besides Ag, based

on legal limits, the aquatic biota might not be protected for chronic effects of Al, Cd, Cr,
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Fe, Mn, Ni, U and Zn. Thus, it is critical to rethink and revise legal limits, considering

regional specificities and specific characteristics of each watershed.

In addition, this study also showed that bioavailability influences HCs values. So, it is
critical to consider this aspect when setting standards and performing risk assessment
studies in a local basis as it is done in developed regions. Although, this is still a
challenge as there are no available tools to provide for conversion of bioavailability of
all legislated metals and metalloids. Furthermore, the characteristics of water that
mainly influence bioavailability, such as pH, DOC and hardness, change along the

study area and time.

Moreover, a spatiotemporal evaluation of acute and chronic ecotoxicological risks to
freshwater organisms along the Paraopeba River after the B1 dam collapse was
carried out. The assessment revealed that from January 2019 to February 2022,
monitoring areas located from 400 m upstream to 68,4 km downstream the collapse
point were identified as the areas of highest risk to aquatic life, thus, requiring more
efforts for water quality monitoring, including ecotoxicological assays, and measures
for watershed restoration and aquatic life protection. These regions presented
significantly highest risks than the other regions until the dry period of 2021, when risks

became similar between upstream and downstream the dam, except for region RF.

The ecotoxicological risk assessment also allowed to identify that Fe was the metal
that represented highest ecotoxicological risk to the aquatic biota in the Paraopeba
River water after the B1 dam collapse, followed by Al. This was not surprising, since
these metals are naturally present in the region soil and those were the main metals
which composed the tailings. Peaks of RQs related to the dam collapse were verified
for all the evaluated metals, except for As, Cd, Cr, Hg and Zn, for which it was not
possible to make a direct association between the highest RQs values with the dam
collapse due to the existence of various anthropic activities in the watershed, influence
of tributaries and the date and region that the highest values occurred.

Despite absence of significant difference in risks associated to metals in the
Paraopeba River water along time and space, this does not indicate that low risk values
were achieved. The absence of significant differences in risks in regions located

downstream the former dam in comparison to the upstream region does not mean lack
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of risk to the aquatic biota. After all, the upstream area is also highly impacted by

anthropic activities.

Graduate Program in Sanitation, Environment and Water Resources



107

7 RECOMENDATIONS

Based on results obtained in this study and limitations of the present study, the

following suggestion are recommended for future works:

e To conduct laboratory assays with standardized conditions and native species,
in order to build a more robust database for the definition of PNEC values from
SSD curves;

e To evaluate the impact of considering bioavailability before constructing SSD
curves, that is, to assure that responses from ecotoxicological assays reflect the
bioavailable fraction, instead of correcting the HCs value to consider
bioavailability, as it was done in the present study;

e To evaluate the impact of mixtures of metals in SSD curves so that they will
reflect on HCs values;

e To assess the impact of the B1 tailings dam collapse in the evolution of risks of
the Paraopeba River sediments;

e To evaluate the risks in the tributaries of the Paraopeba River and other
locations of the watershed to verify the impacts of land use and human activities
in RQs;

e To conduct an ecotoxicological risk evaluation with a database which comprises
Paraopeba River water quality data obtained prior to dam collapse and for a

longer period after the collapse.
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APPENDIX A — SSD curves obtained for acute (left) and chronic (right) toxicity
of Ag: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX B — SSD curves obtained for acute (left) and chronic (right) toxicity
of As: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX C — SSD curves obtained for acute (left) and chronic (right) toxicity
of Cd: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX D — SSD curves obtained for acute (left) and chronic (right) toxicity
of Co: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX E — SSD curves obtained for acute (left) and chronic (right) toxicity
of Cr: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX F — SSD curves obtained for acute (left) and chronic (right) toxicity
of Cu: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX G - SSD curves obtained for acute (left) and chronic (right) toxicity
of Fe: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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*(X) Number of observations used to plot the SSD curve for each species.




APPENDIX H — SSD curves obtained for acute (left) and chronic (right) toxicity
of Hg: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX | = SSD curves obtained for acute (left) and chronic (right) toxicity
of Mn: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX J — SSD curves obtained for acute (left) and chronic (right) toxicity
of Ni: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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APPENDIX K — SSD curves obtained for acute (left) and chronic (right) toxicity
of Pb: algae/producer (green), invertebrates/primary consumers (blue) and

fishes/secondary consumers (red)
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APPENDIX L — SSD curves obtained for acute (left) and chronic (right) toxicity
of U: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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*(X) Number of observations used to plot the SSD curve for each species.
** Curve not obtained due to insufficient number of species.



APPENDIX M — SSD curves obtained for acute (left) and chronic (right) toxicity
of Zn: algae/producer (green), invertebrates/primary consumers (blue) and
fishes/secondary consumers (red)
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*(X) Number of observations used to plot the SSD curve for each species.



