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Abstract - The rupture of the Funddo dam in Mariana (Minas Gerais State, Brazil) spilled the tailings across the Doce River basin,
whose main toxic compounds were sodium and ether-amine, severely affecting the vegetation and soil biota. These tailings with elevated
sodium and ether-amines-ammonium contents reached several towns across the Doce River basin, such as Ipaba. In this study, we
confirmed the highest levels of sodium and ammonium in riverine settlement sites at Ipaba, that may have compromised crop production
and fishing activities. Previous results showed that the remediation of such toxic compounds, as well as the recovery of soil fertility, plant
growth and agricultural production, may be feasible if adequate and goal-directed management procedures are employed. In addition,
Ipaba settlements have faced the deleterious effect of flooding containing contaminated sediment on their cropping areas. In view of the
key role of riparian buffer forests to remediate toxic compounds and also to protect cropping sites against flooding, we propose a
sustainable rehabilitation plan for the settlements areas affected by the Fundao dam tailings based on: 1) the creation of a riparian forest
under buffer zone systems to protect the riverine settlement sites; 2) the application of remediation strategies prior to forestry management
and cropping activities in order to alleviate the dam tailing toxicity; 3) the creation of a technical training school and an association of
settlers to provide them with knowledge, skills and self-sufficiency for the implementation of such rehabilitation plan. This study will
hopefully aid settlers to properly manage their lands in a post-disaster scenario.
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1. Introduction

In November 2015, the Funddo dam collapse spread 43 million m3 of tailings downslope across the Doce River basin
(Fig. 1 A). The wave of tailings extended over around 11469 hectares of riparian forest belonging to the Brazilian Atlantic
Forest biome, causing a severe loss of biodiversity [1], [2]. The impact of the dam tailings also compromised agricultural
and fishing activities, as attested by both anecdotal registries of the local community and the literature [3]. The main
environmental impact caused by the dam tailings was related to the high levels of ether-amine/ammonium and sodium found
in the sediments, which are used in the iron ore beneficiation process by the Samarco mine [4], [5]. Meanwhile, the sediments
showed low organic matter content and fertility levels, but no metal toxicity [2]. Metals in the sediments were registered at
the same levels as preserved sites not affected by the dam tailings [2] and the regional background, both before [6] and after
[7] the disaster. Despite the great impact of these contaminants over such a vast area [2], [8], [9] were able to establish a
pioneer remediation model to reduce the ether-amine and sodium in a riparian area affected by contaminated sediment by
using phyto- and physical-chemical co-strategies. These strategies were able to remediate and reclaim the affected site.

Ipaba is one of the municipalities that were severely affected by the Funddo dam tailings (Fig. 1 A, B1 and B2). This
municipality comprises a total land area of 113,246 km? with a population of 16,708 with a low per capita income, and the
main economic activities are agro-pastoral and agroforestry [10]. At this location, there is a large rural settlement located in
the margin of the Doce River, whose agricultural activity was severely impacted by the dam tailings (Fig. 1 B3). Besides,
since the disaster, these areas have periodically suffered flooding containing contaminated sediments from the Doce river,
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further worsening their agricultural activity. However, the rehabilitation of riparian forests (RF) may assure ecosystem
services related to land protection from the damage caused by flooding [11].

After the Funddo dam rupture, several families abandoned their land because it had become unproductive, and the
rural exodus remains a serious concern for rural settlers for whom agricultural and fishing activities were their main
economic provisions. Considering the possibility of remediation and rehabilitation of riparian buffer sites, as well as the
recovery of crop production, the present study aims to evaluate the feasibility of recovering the rural settlers’ properties
in Ipaba under socio-economic and environmental aspects.

2. Material and Methods

2.1. Study site

The study site is located at Ipaba municipality (19° 26'.29"S 42°24'.36"W), in the Minas Gerais State (Fig. 1 A and
C), along the Doce River basin. Regarding soil fertility analyses, this site was compared to a severely degraded site (DS)
located in Paracatu de Baixo District (20°17'55.79"S 43°14'07.31"W) which was also affected by the Fundao tailings
(Fig. 1A), and a preserved Atlantic forest site (PS) along the Lavras Velhas River (20°20'31.34"S 43°17'13.61"W). Ipaba
town with its settlements and afforestation sites along the Doce River are presented in Fig. 1 D.
2.2. Experimental design for Physical and chemical soil analyses

The study site (ES) is a settlement composed of 53 properties of 1.5 ha each, totalling 80.0 ha. For soil analysis, 3
mixed samples were collected at a depth of 20 cm from 15 of the settlement properties, totalling 45 samples, as well as
12 samples collected in the preserved (PS) and in the disturbed site (DS). The soil samples were analysed for their
chemical properties [12].
2.3. Economic and social assessments

The economic data of the community of settlers were based on the Environmental Secretary data survey which
registered the economic activity of 51 families in relation to agriculture and fishing production as well as the income
per rural producer, before and after the Funddo dam disaster. The social data was based on interviews that aimed to
assess the literacy index, level of schooling and recreation/sport activities of this population.
2.4. Statistical analysis

The soil variables were compared among the preserved, disturbed and settlement areas. ANOVA was used for the
variables with normal distributions, and a Kruskal-Wallis test was used for the variables with non-normal distributions
and multiple comparisons, using IBM-SPSS statistical software.

165-2



Fig. 1: A:.1- Locations of Samarco Mine and Funddo dam in Minas Gerais/ Brazil 2- Cities along Doce river basin reachead by Fundao
dam tailing and IPABA, 3 Atlantic Ocean. 1 B1- Doce river in Ipaba cirty one week after Funddo dam rupture 1 B2 - Dam tailing
covering riparian area in Ipaba city one week after Fundéo disaster, 1 B3: Dam tailing covering the settlements site of Ipaba, C-Cities
of “Steel Valey showing Ipaba location. D- Rural settlements of Ipaba in Urban area and closed to Reflorestation site of Cenibra.

3. Results and discussion

Table 1 shows that the pH found in the ES was around 6.0, while in the sediment from Fundao (DS) it was registered at
pH 8.0, contrasting with the acidic soils (~pH 4.5) of the Atlantic Forest (PS). Among the 15 settler properties (ES) studied,
the majority presented higher levels of P, K, Ca, Mg and organic matter than the DS, which may be attributed to the
agricultural fertilizer used at these sites. The sodium content was also found to be high in most properties compared to the
forest soil (PS), where it was very low (4mg/ kg), suggesting that the source of Na is the dam tailings [2], since this element
is not used in agricultural fertilization procedures. The N-NH4 content was also found to be elevated in the settler properties
(ES), but similar to the PS. In contrast, N-NO3 was strongly inhibited (Table 1), a finding also reported by [2] and [9] in dam
tailing sediments. Higher levels of N-NH4 probably derive from ether-amine, but the low N-NO3 contents suggest a lack of
soil-nitrifying bacteria as a result of a decline of microbial communities and diversity due to the dam tailings [2], [9], [13].
Sodium toxicity may inhibit plant growth, induce senescence and cause plant mortality [14] and ammonium may be toxic to
native and agronomic species[15]. Thus, these contaminants in the settler areas may explain the reduction of agricultural
productivity by 50% and of fishing in their properties, as shown in Fig. 2 A and B, and also in reports by ANVISA (Brazilian
Health Regulatory Agency) [16] . However, such toxicity may be remediated by both woody and agro-pastoral species, as
shown by [8] —[9]. Such remediation strategies allowed the recovery of soil fertility and significant improvement in plant
growth [9]. Besides, the impact of flooding may be controlled by restoring riparian forests using a buffer zones system [11].
Thus, such a strategy is strongly recommended to protect the productive properties of the rural settlements at Ipaba, as
schematized in Fig. 3A.
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Fig. 2: Estimation of rural production and income of settler properties before (A) and after (B) Fund&o rupture.

In addition, Ipaba hosts a large population with no access to fundamental schooling (58, 4%) and only 2.1% of the
population has attained college. Although there are several schools in the town for different academic levels, such as
kindergarten (7 schools with 541 students); elementary schools (8 schools and 2384 students), high school (3 schools
and 804 students), no technical school was registered. Besides the agronomic and fishing activities, CENIBRA, a forest
company dedicated to cellulose production, constitutes a potential source of economic activities diversification for the
settlements. In this perspective, technical courses focused on agriculture and forestry formation would provide this
population with knowledge and skills to improve their agricultural and forestry activities, and this is one of the goals of
the rehabilitation plan, as demonstrated in the schematic view of the recovery plan for the rural settlers area in Fig. 3 A.

Therefore, based on the environmental and social impact assessments, we propose: 1) the rehabilitation of the
riparian forests using a zones system (Figs. 3 B and 3 C) to protect the settlers area against the contaminated flooding
from the Doce River; 2) the remediation of contaminated soil using phyto, chemical and physical remediation procedures
in order to recover the agricultural activities at these sites (Fig. 3 B); 3) the establishment of an agro-forestry technical
school and a social association in order to provide the population with knowledge, skills and self-sufficiency for the
implementation of such rehabilitation, and enabling the commercialization of products as proposed in Fig. 3 B.
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Table 1: Chemical analysis of soils: settler properties (ES), preserved (PS), disturbed (DS) sites. Analysis of variance ANOVA
was applied and means were compared by Tuckey’s test (Different lowercase letters per column indicate differences at 5%)

Site pH P K Ca Mg OoM Na N-NH4 N-NO03
Variables

(mg/dm?®) | (mg/kg) | (mg/kg) | (mg/kg) | (g/kg) | (mg/kg) | (mg/kg) | (mg/kg)
PS 46a 6.7 fgh 75.3 de 278.f 72.0cd 8.7de 4.66e 6.43bc 423 a
DS 8.13¢c 4.3 gh 7.3h 183.6¢ 10.0e 09g¢ 55.3a 21cd 2.08 de
ES1 6.2b 3.0h 46.8ef 320.4ef 93 hc 10.33de 9.38d 46¢ 4.6cd
ES 2 5.9b 4.27(h 31.21g 340.6e 72.9cd 9.03de 11.4cd 1.9cd 34cd
ES3 5.6b 5.0gh 72.8de 367.4de 93.1bc 10.3de 9.6cd 6.3 bc 4.5¢d
ES4 5.9b 33h 30.8fg 354.0e 76.9cd 9.1de 10.9cd 4.6bcd 3.1cd
ES5 6.01b 3.7h 84.5d 407.4cd 105.3bc  17.0b 11.6cd 7.32bc 5.0d
ES 6 6.1b 4.9gh 34.5fg 407.4cd 97.3bc 11.3cde 11.9cd 6.7bcd 5.2cd
ES7 5.9b 41.3a 111c 1115.5a 158.8ab  22.5a 119cd  11.3ab 2.5 cde
ES 8 6.0b 6.8fgh 48.1ef 320.6def  64.8d 5.5f 9.0 cd 29cd 40cd
ES9 5.9b 29.0b 180 b 7414 b 1782a 21.33a 22.8b 13.3a 10.8 b
ES 10 5.5b 8.0 efg 74.1 de 440 cd 121.6 bc 12.0cd 12.5¢ 7.99abc 2.8cd
ES 11 5.9b 28.0b 59.1e 407.5cd 85.0cd  12.3cd 11.14c¢  3.6¢cd 2.72 cd
ES 12 59b 200¢ 72.0de 440.0 cd 84.0cd 12.3d 1142¢ 4.4bc 7.5bc
ES 13 6.3b 17.0 cd 328.0a 413. 1cd 84.7cd 14.4bc 27.2b 9.5ab 2.4d
ES 14 6.24b 13.0 de 116.0 1c 420c 92.0cd 10.0 de 22.8b 39cd 2.04d
ES 15 6.01b 8.7efg 21.7gh 426.7cd 28.0e 8.7e 9.01cd 39cd 52cd
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Fig. 3: A: Schematic recovery plan for settlement site in Ipaba. B: Settlement recovery plan: 1. Doce River, 2. Riparian
forest, 3. Hiking and bicycle trail, 4. Agro-forestry technical school, 5. Settlement, 6. Reforestation site (Cenibra). C: Schematic
implantation of a protective riparian buffer forest with zones associated with productive rural site in an Ipaba settlement.

4. Conclusion

In conclusion, a post-disaster recovery plan is needed, including the restoration of riparian forests, the remediation
of agricultural lands to alleviate contaminant toxicity and restore agricultural activities, and the provision of skills,

knowledge and infra-structure for local populations. These strategies will hopefully help the settler communities through
the environmental, social and economic rehabilitation procedures.
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