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ABSTRACT

Changes in land use and land cover in watersheds, together with population increases and
urbanization of these areas, have caused negative impacts on surface water quality. Based on land-use
types, we conducted a comprehensive water quality study of the Rio do Peixe watershed, a tributary of
the Rio Doce River, located in the Iron Quadrangle, with different land uses/land covers. For this study,
the relationship between water quality variables and land use types were examined according to the
water quality index and principal components analysis. The water samples were collected from twelve
stations located along the basin in two different seasons. The results of metals/semimetals concentrations
reflected regional lithology, and in the case of iron, it was anthropic activities. Also, the computed water
guality index values were between 26.8 and 74.9. The water quality was poor in four stations of the river
basin in both seasons. Furthermore, the variables that influence water quality the most were E. coli,
DBO, turbidity, nitrate, and total phosphorus. The multivariate statistics gave five principal components
that together accounted for 58.3%, whereas analysis of score plots identified the formation of two groups
with more perceptible anthropic influence. Finally, environmental impacts of the river basin, such as
deforestation, erosion, domestic sewage, and iron ore tailings, were the main factors that interfered with
water quality.

Keywords: iron mining, multivariate statistics, Rio Doce.

Relacéo entre 0 uso e ocupacédo do solo e qualidade de agua numa
bacia hidrografica impactada por rejeitos de mineracéo de ferro e
esgoto domestico

RESUMO
O uso e ocupacédo do solo, 0 aumento populacional e a urbanizagdo de areas proximas a
bacias hidrograficas causam diversos impactos negativos na qualidade das aguas superficiais.
Diante essa assertiva, foi realizado um estudo abrangente sobre a qualidade da agua na bacia
hidrogréfica do Rio do Peixe, tributério do Rio Doce, localizado no Quadrilatero Ferrifero e
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que possui diferentes usos. Para a compreensao e discussdo da relacdo entre as variaveis de
qualidade da &gua e os tipos de uso foi calculado o indice de qualidade da agua e realizada a
analise de componentes principais. Para tal, foram coletadas amostras de agua em doze estacdes
amostrais localizadas ao longo da bacia em diferentes periodos sazonais. Os resultados da
concentracdo de metais/semimetais refletiram a litologia regional, no caso das concentracGes
de ferro também por atividades antropicas. Os valores do indice de qualidade da agua
calculados estdo entre 26,8 e 74,9 e que a qualidade da agua foi considerada ruim em quatro
estacfes em ambos os periodos sazonais. Sendo que as variaveis de maior influéncia na
qualidade da agua foram E. coli, DBO, turbidez, nitrato e fosforo total. Os resultados da
estatistica multivariada obtida permitiram diminuir as dez varidveis iniciais em cinco
componentes principais que juntos representaram 58,3% da variancia dos dados. A anélise do
gréafico dos escores permitiu identificar dois grupos formados onde a interferéncia antropica era
mais perceptivel. Os impactos ambientais da bacia hidrografica, como desmatamento, erosao,
esgoto doméstico e rejeitos de mineracdo de ferro foram os principais fatores que interferiram
na qualidade da agua.

Palavras-chave: estatistica multivariada, mineracdo de ferro, Rio Doce.
1. INTRODUCTION

Water quality suffers constant environmental degradation in many watersheds around the
world and remains one of the major ecological concerns of contemporary society. Furthermore,
the scarcity of studies that correlate land uses and water resources to the intensity of
anthropogenically active regions makes it difficult to implement effective measures.

A typical example is found in the rivers within the Iron Quadrangle (1Q). The region is an
important Brazilian geological geomorphological domain of mountainous relief with a
significant history of gold, iron, and bauxite mining (De Vicq et al., 2015). In spite of the
geological diversity, studies in the 1Q have verified the contents of metals in fluvial systems
derived from anthropogenic activities (Parra et al., 2012, Nascimento et al., 2018, Dos Reis et
al. 2019). Several water bodies presently are faced with a decrease in water quality and quantity
due to the activities of territorial occupations, the application of inappropriate farming
techniques, industrialization without adequate environmental management, and the increase in
population.

This type of water contamination is directly related to land use. For example, agricultural
activities have a strong influence on nutrient concentrations, such as nitrogen and phosphorus
levels (Arheimer and Liden, 2000). Residential areas usually contribute to urban wastewater
effluent, high loads of organic matter and many contaminants of emerging concern, such as
pharmaceutical wastes and personal care products, especially when the municipalities do not
have wastewater treatment plants (Kilunga et al., 2017). Industrial activities are point sources
of pollution that may have a large relevance. Regarding mining activities, the large amount of
residues that are generated and the potential presence of trace elements in them may influence
on water quality even greater.

Considering this assertion, many studies used multivariate approaches to analyze the
interference of anthropogenic and natural processes in the water quality of different regions
(Reis et al., 2017; K&ndler et al., 2017; Khaledian et al., 2018). In these studies, the techniques
of multivariate analysis were important to obtain the relevant information, aiding in the
understanding of the same.

Among the exploratory analytical techniques, Principal Component Analysis (PCA) tool
has been used to analyze environmental data sets, which are generally complex, due to the large
number of variables involved and the strong relationship between them (Khaledian et al., 2018).
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Relationship between land use and water quality ... 3

Therefore, this study evaluated possible anthropogenic interference relationships in the
quality of surface waters in the Rio do Peixe watershed, an important tributary of the Rio Doce,
which has made international headlines because of the mine-tailings dam disaster in Mariana
in 2015.

2. MATERIALS AND METHODS

2.1. Region of study

The study area includes the catchment area of Rio do Peixe, located in the State of Minas
Gerais, between the municipalities of Itabira and Nova Era (Figure 1). The basin is part of the
Itabira Complex, a geological unit located at the northeast end of the 1Q. Geologically, the study
area is one of the classic areas of the Pre-Cambrian, situated in the southern end of the San
Francisco Craton. Since gold exploitation around the 18th century until the present, the region
has attracted large immigration movements due to its mineral potentials. Land use in the basin
is characterized by 44.5% grassland areas, 27.9% forest areas, 13.8% reforested areas (pine and
eucalyptus), 6.4% of mining, 5.2% urban industrial activities.
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L "
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Sampling station Sampling station characterization and observations

P1 Rio do Peixe Downstream of the mining tailings Itabirugu Dam

P2 Conceigao tributary Receives iron ore tailings and domestic sewage

P3 Dozes tributary Downstream from the urban area of Itabira and from the Pontal dam of VALE S.A.

P4 Candidépolis tributary | Downstream from the industrial district of Itabira and from the water adduction for public water supply
P5 Rio do Peixe Downstream from the urban area of Itabira and from the LABOREAUX wastewater treatment plant
P6 Santa Cruz tributary Rural area and Eucalyptus plantations

P7 Cachoeira tributary Rural area, Eucalyptus plantations, and sewage domestic

P8 Rio do Peixe Rural area and riparian vegetation not preserved

P9 Goiabeiras tributary Rural area, Eucalyptus plantations, and sewage domestic

P10 S&o José tributary Rural area, Eucalyptus plantations, and sewage domestic

P11 Cabral tributary Rural area, Eucalyptus plantations, and sewage domestic
P12 Rio do Peixe Rural area and near the river's mouth at the Rio Piracicaba
~Rio Piracicaba @ Enterprises® Semideciduous seasonal forest
LaaeY
"\ Rio do Peixe ﬂ Itabira industrial district @ Eucalyptus and Pinus plantation
™\ Tributaries - Mining I:J Pasture lands/Degraded

Tributaries sampling points i Tailings dams % VALE s courtyard

\ Rio do Peixe sampling points D Built arcas

Figure 1. Locations of the sampling stations in the Rio do Peixe Basin in the
Iron Quadrangle, Brazil.

The region has a population of approximately 110,000, of which 93% are located in the
urban area of the city of Itabira and 7% rural areas de Itabira and Nova Era (IBGE, 2013).
Considered for its importance as the mineral production hub of Brazil, the Rio do Peixe
watershed is one of the main regions for iron ore and emerald exploitation in the world.
Approximately 39 million tons of iron ore and 80 kg of emeralds have been mined in the region
(Brasil, 2015).
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2.2. Sampling stations

A total of 12 sampling stations were established along the waterways of the basin, of
which four were situated in the main channel of the Rio do Peixe and eight in its tributaries
(Figure 1). Samples were collected in the rainy (March) and dry (July) seasons in 2015, for a
total of 24 water samples.

2.3. Chemical analysis of water

2.3.1. Reagents and material

All solutions prepared were analytical grade reagents and the final volumes adjusted with
deionized water from the Milli-Q® system (Millipore Corporation). All glassware were
previously washed with 10% v/v nitric acid (Synth, Brazil) for 24 h. The reagents used for
chloride and total phosphorus analyses were of the Synth (Brazil) brand. Hach™ reagents were
used for nitrate analysis. The analyses of total phosphorus and nitrate were done in a
spectrophotometer (DR6000™ UV VIS, Hach™). Equipment used in situ was a dissolved
oxygen meter (Model HQ40D with an LDO101 electrode, Hach™, Germany) and a portable
digital turbidimeter (Model 2100Q, Hach™).

For the analyses of the metal and semimetals (As, Ca, Cu, Fe, K, Mn, Ni, and Zn), the
following were used: a membrane (Millex HP syringe filter with Millipore Express®
membrane, USA), nitric acid (Merck, Germany), inductively coupled plasma mass
spectrometry (ICP MS, Agilent 7700 series, Agilent Technologies, Germany), and Standard
Reference Material (SRM) 1643e for Trace Elements in Water, The National Institute of
Standards and Technology (NIST), USA. The reference material used (Nist 1643e) showed a
recovery rate between 90.7 and 98.1% for most evaluated elements as follows: As (95.5%); Ca
(97.6%); Cu (95.6%); Fe (94.9%); K (91.9%); Mn (93.7%); Ni (90.7%), and Zn (98.1%).

2.3.2. Analysis

Several physicochemical variables were measured in the laboratory following the methods
listed in Table 1. Also, dissolved oxygen (DO), pH, temperature (T), and turbidity (Turb) were
analyzed using portable digital probe.

For the analyses of the metal and semimetal concentrations, the water samples were filtered
with a 0.45 um membrane, acidified with concentrated nitric acid and preserved at 4°C.
Subsequently, the chemical concentrations were determined using inductively coupled plasma
mass spectrometry. The results were validated using a certified reference material SRM 1643e.

Table 1. Standard methods adopted for the analysis of samples.

Variables Method used

Biochemical Oxygen Demand (BOD) 5-Day BOD Test, 5210B*

Chloride (CI) Titulometric 4500-CIB*

Escherichia coli (E. coli) Colilert® 9223B Enzyme Substrate Coliform Test
Nitrate (NO3) Colorimetric (Hach™ 8171)

Total phosphorus (TP) Colorimetric 4500PE*

Total solids (TS) Gravimetric 2340*

*Source: APHA et al. (2012).

2.4. Data analysis

The obtained data was used to determine the water quality index (WQI) as proposed by
Instituto Mineiro de Gestdo das Aguas (1997). WQI is defined as a rating of that reflects the
composite influence of different water quality parameters as BOD, DO, E. coli, NOs’, pH, T,
TP, TS, and Turb. To calculate WQI was in accordance with IGAM instructions
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(http://portalinfohidro.igam.mg.gov.br/sem-categoria/319-indice-de-qualidade-das-aguas-iga.
Access in July 2019). The computed WQI values are classified into five categories as follows:
90<WQI<100 (Excellent); 70<WQI<90 (Good); 50<WQI<70 (Medium); 25<WQI<50 (Poor);
WQI<25 (Very poor). The multivariate statistical procedures used was the FactorMineR by the
software R©, version 3.1.3, developed by the R Foundation for Statistical. The variables used
in the PCA were: BOD, CI', DO, E. coli, NOs, pH, T, TP, TS, Turb, and Fe.

3. RESULTS AND DISCUSSION

As shown in Figure 2, concentrations of the metals and semimetals measured in this study
were above the limits recommended by the national regulatory agency Conselho Nacional do
Meio Ambiente (CONAMA, 2005) 357/05 for arsenic (0.008 to 0.0150 mg L™); copper (0.014
to 0.155 mg L1); manganese (0.02 to 13.21 mg L), nickel (0.012 to 2.63 mg L), and zinc
(0.106 to 0.445 mg L™Y). The occurrence of these chemical elements is probably from regional
geology. However, mining activities in the region intensify the mobilization and availability of
metals to the watershed. Iron was detected in all the samples and concentrations ranged from 0.5
to 10.2 mg L™ far higher than the recommended limit of 0.3 mg L in all the samples (n = 24).
The occurrence of iron in the Rio do Peixe watershed is due to local geology, since iron-rich
rocks are typical in the 1Q. However, these elevated values exhibited a direct relationship with
the tailings retention and the practice of iron ore beneficiation that have been taking place in
the Rio do Peixe (Nascimento et al., 2018). Iron concentrations in the bottom sediments of the
Rio do Peixe exhibit a direct relationship with the 1Q geology and with anthropogenic activities.
De Vicq et al. (2015), when studying basins in the state of Minas Gerais, Brazil, with similar
characteristics and mining activities, also found iron enrichment in both water and sediment.
According to Nascimento et al. (2018), the other metals and semimetals measured in the
watershed probably originate in regional lithography, but anthropogenic activities carried out
in the basin led to the mobilization and the availability of the metals for the river systems.
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Figure 2. Concentrations of metals and semimetals in Rio do Peixe Basin.

W Rev. Ambient. Agua vol. 14 n. 5, 2383 - Taubaté 2019
IPABHt



6 Laura Pereira do Nascimento et al.

The concentrations of the variables in the water quality measured in this study did not
exceed the limits recommended by CONAMA 357/05 with the exception of biochemical
oxygen demand, E. coli, dissolved oxygen, and turbidity, where values were above the limit in
some sample stations (Figure 3). The lowest BOD was observed in stations P1, P4, P6, P7, P9,
P10, and P11 (mean = 2.2+1.2 mg L™). As for E. coli, the maximum was observed at stations
P2, P3, P5, P6, P8, P10, and (mean = 2.2+1.2 mg L?). As for E. coli, the maximum was
observed at stations P2, P3, P5, P6, P8, P10, and P12 (mean = 32.157+44.634 MPN 100" mL™%).
Stations P3 (dry), P5 (both periods), and P8 in rainy period showed the minimum value of DO
(mean = 3.5+0.3 mg L™1). Finally, the highest concentration of turbidity was recorded at station
P2 in both periods, and in stations P8 to P12 in rainy period (mean = 928.7+260.6 NTU). It was
observed that concentrations were higher at stations that have anthropogenic influence, such as
deforestation, erosion, domestic sewage, and mining waste.
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Figure 3. Concentrations of measured variables in waters of the Rio do Peixe Basin.

The computed WQI values are 26.8 to 74.9 in the rainy period; and 33.2 to 74.2 in the dry
period. The water quality of Rio do Peixe is characterized as “poor water” in sampling stations
P2, P3, P5, and P8 in both periods (Figure 4). The maximum value of WQI (“good water””) was
recorded at station P7 (mean =73.1), which had the lowest pollution. We believe that the
decrease of the WQI on the water bodies were mainly caused by the significant presence of the
bacteria due to contamination by domestic sewage, especially E. coli that is the most common
indicator of fecal contamination. Therefore, treatment is required before use as a water supply
resource.

In the urban area, E. coli bacteria persists, being a domestic wastewater characteristic from
residential areas with high population density, which is the case of Itabira. These results can be
explained by the dumping of domestic waste in nature of approximately 60% of the resident
population of the studied watershed and this reflects in the water quality (Brasil, 2013). In the
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rural area, the presence of bacteria in surface water indicates that it has been contaminated by
farm animals and other point sources, such as those reported by Al-Badaii et al. (2015). During
seasons with high precipitation, the contamination of water bodies by these bacteria is
increased, since the degradation situation of the watershed favors a higher load of fecal material
dragged from grassland areas and rural residences. The BOD variable values negatively
influenced the WQI indicates that the increased consumption of dissolved oxygen by bacteria
is related to oxidative processes of degradation of high concentrations of organic matter.
Menezes et al. (2016) have also reported high values of BOD when studying an urbanized
watershed.

a) Rain season (summer) A

b)

WQI

O Good
@ Medium
@® Bad

Figure 4. The water quality index of the Rio do Peixe
Basin (a) rainy (b) dry.

Other variables that contributed to the decrease in WQI in the water bodies of the
watershed in most sampling stations were nitrate (mean = 2.8+0.9 mg L1) and total phosphorus
(mean = 0.5+0.2 mg LY). In urban areas the values are related to the domestic sewage. In rural
areas, the occurrence of nitrate and total phosphorus in water bodies during the rainy season is
associated with the lack of conservation and adequate land handling, which favors leaching and
transport of fertilizers from land crops (Reis et al., 2017). According to Bu et al. (2014), the
use of fertilizers based on nitrate and total phosphorus on agricultural lands with steep relief
and degraded soils favors a greater contribution and enrichment of surface waters. Beef cattle
and dairy livestock were frequently observed around sampling stations. We believe that their
presence may have caused total phosphorus influence values to be found in these samples, as
animal manure may have been carried into the river by rainwater. Similar results of total
phosphorus were found in tributaries of the Doce River Oratdrios River by Lacerda and Roeser
(2017) and the Matipd River in Minas Gerais— Brazil by Reis et al. (2017). In both studies, the
authors attributed water quality impairment to untreated sewage disposal.

The turbidity variable also influenced the drop in the WQI levels for most of the sampling
stations, especially during the rainy season. This behavior could be the result of erosive
processes which occurred in urban and rural areas of grasslands, soil exposure, eucalyptus
cultivation, and mining activities near the watershed. During the rainy season, there is much

Rev. Ambient. Agua vol. 14 n. 5, €2383 - Taubaté 2019
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undissolved matter arising from runoffs, erosion and weathering, which contributes to the high
turbidity of the river. Studies in the Iron Quadrangle also found an increase of solids during the
rainy season and differences in the seasons were due to impacts of mining activity (Raposo et
al., 2011; Parra et al., 2012). While in urban industrial (mining operation) areas, the high
turbidity values for the different seasons of the year were directly associated with the residues
escaping from the dams and containment basin of the mining companies located upstream of
the stations (Nascimento et al., 2018). Particularly, sampling station P2 experienced more
mining influences, hence it showed high turbidity values: 1281 NTU in the rainy period and
990 NTU in the dry season.

The application of PCA to the initial ten variables and iron used for the calculation of WQI,
gave two principal components (PC) that together accounted for 58.30% of the total data
variation. The PC1 accounted for 35.65% and PC2 22.65% of the data set, respectively
(Table 2). The distribution of the samples by principal component analysis (PCA) is presented
in Figure 5, where we have the graph of the values for PCy vs PC». The stations with the letter
"R" refer to the rainy season and the letter "D" the dry season.

Table 2. Component loadings of the monitored variables
for the principal components (PC) for surface water.

Variable PC1 PC2
BOD 0.81 -0.26
Cl 0.52 -0.61
DO -0.23 0.83
E. coli 0.43 -0.61
NOs 0.80 0.09
pH 0.25 0.28
T 0.33 -0.28
TP 0.65 0.41
TS 0.75 0.46
Turb 0.72 0.33
Fe 0.63 0.53
% of variation explained 35.65 22.65
% accumulated 35.65 58.30
& P9R E
s 2 P7De *® :
O Rural ®PI0R !
X area 10D '
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Figure 5. Principal component analysis of water quality variables.

The PCA separated the data into two groups. Group 1, formed by the sampling stations in
tributaries and located in rural areas, such as stations P1, P4, P6, P7, P9, P10, and P11, was
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Relationship between land use and water quality ... 9

positively influenced by the presence of dissolved oxygen (Figure 5). This group can be
considered an ecological response to some changes introduced in the system caused by natural
factors or anthropogenic contamination, such as grassland, agricultural, and sewage.

Group 2 is composed of the sampling stations that receive contributions from urban
industrial activities and mining areas such as: P2, P3, P5, P8, and P12. These stations were most
influenced by the variables: temperature, CI°, E. coli, pH, BOD, NOs’, TP, Tur, and TS. The
occurrence of such variables is related to the degradation of soils, domestic sewage and iron ore
mining. The sampling stations P3, P5, and P8 were directly affected by the sewage from the
main urban area of Itabira, while sampling station P2 received substantial contributions of ore
tailings leaked from mining tailings contention dams. These caused the elevated values for
turbidity and total solids. Besides the tailings, the sampling station P2 showed high contents of
E. coli.

This could be related to the constant loads of sewage received from residential areas. The
analysis carried out for the Rio do Peixe Basin stations demonstrates severe fecal contamination
of the water. The problem had been reported for the Doce River watershed since the 1990s
(IGAM, 1997). In 2018, Drummond et al. (2018) attributed the bacterial contamination in the
Rio Xopotd, tributary of the Rio Doce, during the spring to the introduction of untreated
domestic effluents from the riparian residences and the presence of animals (cattle and pigs),
even within the river.

4. CONCLUSIONS

In this research, the potential of the multivariate approach for the understanding of water
quality dynamics in watersheds was verified. It is important to note that, even with the use of
fewer variables, it was possible to identify important influences of anthropic activities on the
results of biodegradable oxygen demand, dissolved oxygen, E. coli, iron, and turbidity. The
results of WQI showed that the river can be classified between "poor water" and "good water".

The PCA application to 10 variables analyzed for surface waters showed two major
components that together accounted for 57.3%, whereas the analysis of score plots identified
the formation of two groups with anthropic interference being more perceptible.

Finally, the environmental impacts of Rio do Peixe watershed, including deforestation,
erosion, domestic sewage, and iron ore tailings were the main factors that affected the river’s
water quality.
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