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ABSTRACT 
The Tucuruí Hydro-Power Complex reservoir, Pará State, Amazon Region-Brazil, as well 
as other reservoirs is subject to natural alterations and anthropogenic activities which in 
turn affect the environmental balance. The aim of this work was to verify if geostatistical 
models can be used in the spatial-temporal evaluation of water quality in reservoirs. The 
Surfer 13® software was used to interpolate the spatial distribution of data, in two years 
of surface water physicochemical parameters were evaluated in sixteen sampling 
stations. The results of the isotopic maps showed low concentrations of DO at station C1 
in the Intermediate Period 2 (summer-winter), high concentration of COD at station MP 
in the Intermediate Period 1 (winter-summer) and increased acidity at stations C1 and 
C2 in summer, suggesting that the relationship between the Tucuruí Hydro-Power 
Complex and farming activities in the region cause impacts on the aquatic ecosystem 
along the reservoir. 
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1. INTRODUCTION 
         The maintenance of water quality is a determining factor for human health 
and ecological balance. Such maintenance is influenced by natural activities such 
as erosive processes, and anthropogenic interference (Lobato et al. (2015); Kazi 
et al. (2009).  
       Studies on water quality become valuable in the evaluation of its vulnerability 
and the level of its exploitation, becoming one of the main topics currently 
addressed as cited by Di Blasi et al. (2013) and Moreira (2012). 
       The balance of the hydric ecosystem has an intimate relationship with the 
natural space-time flow regime, but like most ecosystems, it has undergone  
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significant changes in recent years Poff et al. (2007); Döll et al. (2009); Peñas et al. 
(2016). According to Lobato et al. (2015) when monitoring and investigating 
impacts on water bodies, spatial and temporal variations for biological aspects and 
natural chemical processes should be considered. One of these processes is the 
hydrological cycle, having a direct effect on the drainage system of water bodies and 
causing surface runoff along the river banks. 

The importance of studying seasonality is an important step towards better 
understanding the physicochemical and biological characteristics of a water body 
and is, therefore, a determining factor in hydrological changes (Peñas et al. (2016). 
According to Awad et al. (2017) environmental variables, such as the concentration 
of dissolved organic matter in a river, are directly influenced by climate change and 
seasonality, as well as other anthropogenic factors and peculiar natural processes. 
According to Álvarez-Cabria et al.  (2016), some studies consider only one season 
(e.g. summer), missing the temporal variability of numerous water quality 
characteristics, which makes it difficult to understand due to the lack of spatial and 
seasonal information. 

The chemical and Physico-chemical parameters of a water body determine its 
usefulness as well as the health of the ecosystem. Several investigative studies are 
focused on assessing the influence of chemical and physicochemical parameters on 
the biotic community of rivers, lakes, and dams. Cudowski et al. (2013) investigated 
the effects of physical and chemical water parameters on the abundance and species 
diversity of aquatic fungi in the Augustow canal, located in north-eastern Poland. 
Low and medium-depth lakes and large rivers occupy vast areas of tropical 
grassland, where, in these environments, the hydrological cycle of the main river is 
the determining factor of ecosystem function and biodiversity balance (Lobato et al. 
(2015)). 

To assess the intensity of anthropogenic actions and the natural conditions of 
water resources, several methodologies are used to identify the factors and 
precursor mechanisms of water quality changes, such as multivariate statistical 
analysis and geostatistical techniques, among others (Belkhiri and Narany (2015). 
The use of geostatistical methods emerges as an important tool both for analysis and 
estimation of data and its transversality allows to be worked in different areas such 
as soil science, hydrology, and environmental sciences (Silva et al. (2010); Cigagna  
et al.  (2015); Curtarelli et al. (2016). In this context, geostatistics emerges as a tool 
capable of estimating values of an attribute, its correlations integrating time and/or 
space (Koppe et al.  (2006); Sibaldelli et al. (2015)).  

Based on this premise, this study seeks to characterize and assess the spatial 
and temporal patterns of water quality in the Tucuruí Hydro-Electric Power Pool 
(Tucuruí Hydro-Power Complex) in Pará State, using biological and Physico-
chemical data and geostatistical tools as instruments. 

 
2. MATERIAL AND METHODS 

2.1. STUDY AREA AND COLLECTION STATIONS 
This project was undertaken with the assistance of researchers from the 

Environmental and Analytical Chemistry Laboratory (LAQUANAM) of the Pará 
Federal University (UFPA), the Pará Federal Institute of Education, Science and 
Technology, the Amazonia Rural Federal University (UFRA), and the Pará Health 
Department Central Laboratory (LACEN-SESPA), over a total period of 24 months, 
in the Tucuruí Hydro-Power Complex reservoir (UHET).  
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The reservoir covers an area of some 3.450km2, with an accumulated drainage 
area of 758,000km2 influencing the Tocantins River. It is located on the Tocantins 
River in Pará State, some 7.5 km upstream from the town of Tucuruí, and 300 Km 
from the city of Belém, the capital of Pará State. The Tucuruí Hydro-Power Complex 
has the Tocantins River as its main tributary. The Araguaia River also contributes as 
a tributary, although it has its basin, and this association is called the Tocantins-
Araguaia basin. 

The collections were undertaken along the reservoir of the Tucuruí Hydro-
Power Complex (Figure 1) at the pre-defined water intakes stations: C1 (Caraipé 1), 
C2 (Caraipé 2), M1 (Montante 1), M3 (Montante 3), M5 (Montante 5), MBL 
(Montante Belauto), MBB (Montante Breu Branco), MP (Montante Pucuruí), MR 
(Montante Repartimento), MI (Montante Ipixuna), MJ (Montante Jacundá Velho), ML 
(Montante Lontra), CF (Canal de Fuga), LT (Transmission Line), JT (Downstream 
Tucuruí), and NP (Nazaré dos Patos), the points were identified and geo-referenced, 
and the selection of stations was based on previous studies undertaken by 
Eletronorte, the company in charge of managing the dam. As for sampling, bi-
monthly sampling was chosen, to obtain statistically significant data. 

 
Figure 1 Map of location of the collection stations in the reservoir of Tucuruí HPP. 

 

The parameters that will be discussed in this document were analyzed in situ, 
to portray the original condition of the environment. Among the parameters listed 
is pH, DO (dissolved oxygen), and turbidity. For determination, a HI9829 Hanna 
multi-parameter probe was used, previously calibrated as suggested in the 
manufacturer's manual. The campaigns obeyed the following conditions: winter 
period (March) and summer (August); two intermediate periods (June and 
October), respecting the peculiarities of the Amazon region. The collected material 
was stored in thermal containers to maintain the conservation temperature (4 ºC), 
ensuring its transfer to the facilities of the Laboratory of Analytical and 
Environmental Chemistry of the Federal University of Pará. In the laboratory 
environment, complementary analyses of chlorophyll and COD (Chemical Oxygen 
Demand) were performed, following methodologies suggested by the reference 
environmental control agencies (APHA, AWWA, WEF (2012)). 

 
2.2. GEOSTATISTICAL MAPS 
To develop the geostatistical maps, the free program QGIS found on the website 

https://qgis.org/downloads/QGIS-OSGeo4W-3.10.7-1-Setup-x86_64.exe (public 
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domain) and satellite image of the Tucuruí HPP reservoir area obtained from the 
image gallery available on the website http://www.inpe.br/ (public domain) of the 
National Space Research Institute website ((INPE) (2018)) were used.  

The type of image used was the Landsat-8 satellite, 0% cloud visibility OLI 
sensor of the dam under study. The image was converted to RGB (Red, Green, Blue) 
format. It was then georeferenced with the coordinates of each collection point 
using Qgis v.16.2 software, to be overlaid with the interpolations of each parameter. 
The data were subjected to the kriging interpolation method in Surfer v.13.0 
software. For data interpolation, grids were generated for each parameter, where 
the length and latitude of each point and the data for each parameter were arranged 
in columns on the software worksheet in x, y, and z, respectively.  

With the grids, contour maps were generated by selecting a colour ramp 
indicating the concentrations, estimating the area of the intensity of local 
physicochemical variations, and interpolation of concentrations for unsampled 
areas. The penultimate step consisted of digitizing (cropping) each contour map, 
referencing the area that includes the entire UHET reservoir from the satellite 
image. The contour maps were then cut into the (blank) option and overlaid (Map 
Overlays) on the referenced satellite image. 

 
3. RESULTS AND DISCUSSION 
When evaluating the Dissolved Oxygen isotopic maps (Figure 2), the analytical 

information indicated oscillations along the dam with averages ranging from 7.00 in 
winter, 6.46 mg L-1 in the intermediate period I, 6.73 mg L-1 in summer, and 5.77 mg 
L-1 in the intermediate period II. 

Santos et al. (2014), evaluated the Dissolved Oxygen (DO) concentration in the 
Xingu River and compared it with the values obtained in the Tucuruí Hydroelectric 
Power Plant reservoir in 2006, showing that the average DO at Tucuruí was 6.63 mg 
L-1, therefore similar to that obtained in this research. Authors such as Lobato et al. 
(2015); Affonso et al. (2011) also identified variations in some water quality 
parameters in the Tucuruí HPP reservoir, particularly the average DO content of 
5.67 mg L-1.  

Variations were identified at point (C1), present at the intermediate station II, 
where the low concentration of DO in the dam is expressed with the intensity of the 
red colour on the map. 

 
Figure 2 Space-temporal contour maps of the dissolved oxygen (DO) in the reservoir of Tucuruí 
HPP. 
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In the analysis of interpolation maps with COD data (Figure 3), seasonality 

presents itself as a relevant variable for the interpretation of the distribution of COD 
values. In the winter period, higher concentrations were recorded at points M5 and 
MI, both with values of 0.55 mg L-1, in the south-central and southern portions of the 
dam. In this region, the increase may be related to natural and anthropogenic 
influences such as erosion, riparian forest flooding, and drainage of domestic 
effluents into the lake. The northwestern region of the dam, the COD concentration 
was stable throughout the period, ranging from 6.69 mg L-1 at point C1 to 7.18 mg L-

1 at point C2. High precipitation influences the availability of organic and inorganic 
nutrients to the lake (Souza et al. (2021)).  

In the intermediate season I (winter-summer), the COD concentrations in the 
southern, southeastern and eastern regions decreased compared to the winter 
period which recorded an average of 6.18 mg L-1. The increase in COD was observed 
in the central-western region of the dam, where the maximum value found 
corresponded to point MP with 8.4 mg L-1. The soil of this region is characterized by 
presenting selective agricultural and livestock capacity, with emphasis on the city of 
Novo Repartimento that presents itself as the largest producer of bananas in the 
State and the second largest cattle herd, according to the agricultural balance of 
2015 (PDRS (2016)). It can also be highlighted that the city, in the year 2015 
suffered the largest deforestation among the municipalities in the region, followed 
by Nova Ipixuna and Itupiranga that constitute the group of cities influenced by the 
dam. These factors exert great pressure on the local environment, contributing 
negatively to water quality. 

In the summer, due to the lower amount of rainfall in the region, the 
concentration of organic matter in a large part of the dam was reduced. Some 
regions, however, showed an increase in concentration, such as the southeastern 
portion, which is affected by the city of Jacundá, with the highest COD at point MJ of 
9.63 mg L-1, and the edge of the dam in the central-eastern region, represented by 
point MBL, which showed a COD of 8.65 mg L-1, as illustrated in the contour maps. 
The low COD content for the period, was observed in the northwestern region, 
where points C1 and C2 are located (5.63 mg L-1 and 5.06 mg L-1 respectively), the 
center-south to the west, represented by point ML, with a value of 6.2 mg L-1, and 
the southern region of the dam with values of mg L-1 in MI and 5.06 mg L-1 in M5. In 
addition, the NP point downstream of the dam showed low COD of 4.9 mg L-1. 

The behaviour of the physical and chemical variables at the dam with different 
values for COD and the other parameters evaluated is due mainly to the construction 
of the Tucuruí Hydro-Power Complex, which caused spatial heterogeneity in this 
region, resulting in consequences such as the transport of pollutants (Espíndola et 
al. (2000); Cardoso et al. (2018). Land use and occupation for anthropogenic 
activities intensify alterations in water quality (Catherine et al. (2013)). In the 
intermediate period II (Summer-Winter), a COD behaviour like that of summer was 
observed, except in the northwestern and central-eastern regions, which the 
decrease was reduced compared to that obtained in summer. As observed in the 
previous period, the highest value was in the southeast region at point MJ, with 7.84 
mg L-1, and the lowest COD at point JT, with 3.36 mg L-1. 
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Figure 3 Space-temporal contour maps of the chemical oxygen demand (COD) in the reservoir of 
Tucuruí HPP. 

 
Regarding pH (Figure 4), variations were identified in all periods, in the four 

seasons, showing variability in relation to seasonality. The lowest values were 
observed in the winter and summer seasons. Lobato et al. (2015) and Mulling et al. 
(2013), evaluated physicochemical parameters in the Tucuruí UHE reservoir for the 
categorization of the trophic state and identified pH indices during the variation of 
the hydrological cycle and 6.94 ≤ pH ≤ 7.28, with an average of approximately 7.109 
at the surface, similar to that found in this research (6.99) at the surface. 

In continental waters such as the UHET, pH values ranged between 6.0 and 9.0. 
However, it is possible to find regions with more acidic or slightly alkaline pH, where 
organic nutrient availability, water retention time, and pressures caused by 
anthropogenic activities may vary in intensity between regions (Tubenchlak et al. 
(2021); IANAS (2019)). 

Slightly alkaline pH was observed upstream of the dam, which runs from the 
southwestern portion, which is the location of point ML, extending to the northern 
region consisting of the dam and the towns of Breu Branco and Tucuruí. The 
catchment area of points C1, C2, MBB, and M1 is characterised by a water column 
with longer retention times, vertical stratification and an anoxic apical zone during 
the summer period, as can be seen on the maps. Despite the pressure of the intense 
flux of populations of different species, high temperatures, local geochemical 
characteristics, and other factors, a low pH is expected. One justification for the less 
acidic condition in the mentioned regions, may be related to the reduced buffer 
capacity of some water bodies. Water bodies with low pH values typically maintain 
the presence of bicarbonate and carbonate compounds (Freire et al. (2017); 
Piratoba et al. (2017). 

In the southern and southeastern part of the same station, the acidic character 
of the water for this region may be related to anthropogenic influences from the city 
of Itupiranga and natural processes such as diffusion of carbon dioxide (CO2) into 
the water from the air, photosynthesis, and oxidation of submerged organic matter, 
producing humic and fulvic acids as by-products. In summer it showed low pHs in 
the north and northwest, which are located at points C1, C2 M1, and CF. Due to the 
longer retention time of the water column in the northwest (C1 and C2) and other 
parts of the dam, the high incidence of sunlight favours changes in the pH of the 
medium, increasing the speed of oxidation of nutrients by microbial and 
photochemical degradation, organic matter being the main reductant in natural 
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aqueous environments, thus making the water acidic (Santos et al. (2018); Neuman 
(2012). 

 
Figure 4 Space-temporal contour map of the hydrogenation potential (pH) in the reservoir of 
Tucuruí HPP. 

 
The isoteor maps illustrate that Chlorophyll-a concentrations in the winter 

period (Figure 5) were higher in the vicinity of the town of Novo Repartimento. In 
this area, it presented values between 40 and 48 μg L-1, being characterized as 
ultraoligotrophic state, as per standard established by CETESB in 2019.  

For the intermediate period I (Winter-Summer), the situation reverses, with 
higher concentrations in the middle of the dam and near the town of Itupanema. It 
is noted that the maximum found for this period is 7.0 μg L-1. The explanation for 
concentration reversal from one period to the next requires further investigation, 
which should take into account factors such as precipitation, flow, depth, lighting, 
among others. 

In the summer and intermediate II periods, there was no significant inversion 
as occurred previously. The highest concentrations were found in the vicinity of 
point MJ. At this point, the environment is lentic in this period, which may provide 
conditions for the concentration of Chlorophyll-a to be high. The concentrations at 
both stations exceed 50 μg L-1, characterizing an oligotrophic condition (Lam et al. 
(2020). 

 
Figure 5 Space-temporal contour map of the chlorophyll-a in the reservoir of Tucuruí . 
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The results of turbidity in the studied area revealed that the highest values 

were found in winter, especially in the central-western region, through points MP, 
MI, and ML, which presented 65.0, 38.3 and 26.7 UNT respectively, and point M5 
with 27.7 UNT, located south of the dam, as shown in Figure 6. 

It is assumed that due to the higher precipitation in the period, this fact favors 
surface runoff and leaching, transporting organic matter and other chemicals from 
pesticides and other agro-industrial activities, altering the water characteristics (Li 
et al. (2011). 

In the intermediate period I, turbidity at points M5, MR, and MI presented 
values of 12.9, 8.84, and 6.61 UNT, respectively. Due to the size and complexity of 
the Tucuruí Hydro-Power Complex. Cintra et al. (2013) states that rainfall does not 
occur uniformly in this region, and this factor causes different conditions in the same 
area. Furthermore, there are regions with greater vegetation cover which therefore 
prevents greater surface soil runoff. 

 
Figure 6 Space-temporal contour map of the tubidity in the reservoir of Tucuruí HPP. 

 
4. CONCLUSION 
This study revealed that the seasonal variations in the Tucuruí Hydro-Power 

Complex reservoir contribute considerably to the parameters analysed, and 
consequently to the quality of the water. In this study, it was found that some 
parameters (DO and Chlorophyll-a) showed concentrations outside the CONAMA 
Resolution 357/2005 standards during the intermediate period II.  

The behavior in the spatial-temporal distribution of the results obtained from 
each parameter evaluated was expressed through isothermal contour maps. The use 
of geostatistical maps proved valuable in providing a broader view of the studied 
environment and its environmental conditions supported by analytical results of 
chemical order. The use of geotechnologies provides important assessments in 
highly complex environmental research, aiding in interpreting the results, reducing 
the logistical costs of field analysis, and supporting monitoring and planning in 
decision-making and research. 
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