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ABSTRACT. Belém, the capital of the state of Para and the host city of COP30 (30th United Nations Climate
Change Conference), located in the Brazilian Amazon, faces a risk to its potable water source due to
pollution. Thus, the study aims to model the dispersion of pollutants, in this case, phosphorus, within the
Utinga source, which is formed by the artificial lakes Agua Preta and Bolonha. The Saint-Venant equations
were solved via a hydrodynamic model formulated with the finite element method. Pollutant dispersion
simulation followed the SUPG/8 numerical method for spatial and temporal discretization, respectively, of
the advection-diffusion-reaction equation in two dimensions. The results indicate that, due to the low flow
dynamics of the lakes, the highest phosphorus concentration is found near the entry of Lake Agua Preta.
This is a result of the waters from the Guama River, which receive a significant portion of the city of Belém's
sewage, only 2.38% of which is treated. A good legacy of COP30 would be a sewage collection and treatment
system for Belém, which would minimize the pollution of the waters of the Guama River and, consequently,
the waters of the Utinga source benefiting the region's population.
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Introduction

Hydrodynamic and pollutant transport simulations are important tools for studying and managing
bodies of water. This computational approach combines hydrodynamic models and pollutant transport
models to understand and predict the flow and spread of pollutants in these aquatic systems.
Understanding how water flows and how pollutants are transported is necessary for assessing
environmental risks, identifying contamination areas, and developing effective strategies for mitigating
environmental disasters. Numerous studies have been dedicated to this topic. Streeter-Phelp's work in
1925 was one of the earliest developments which analysed the self-purification process of a polluted
watercourse by considering atmospheric reaeration processes (McCartin & Forrester Jr., 2002).
Mathematical models have since become more complex, and with increased computational capabilities,
it has become possible to develop more realistic models. For example, Elshemy et al. (2016) developed a
hydrodynamic and water quality model for Lake Manzala, Egypt, using the MIKE21 modelling system.
The model results showed good agreement with the observed water depth, water temperature, and
salinity records. The model was intended to be used to investigate the impacts of future climatic changes
on the hydrodynamic and water quality characteristics of the lake.

Yi et al. (2017) developed a hydrodynamic model associated with a water quality model to understand
the flow of possible pollutants in a water transfer project. The project studied the transfer of water from
the Danjiangkou Reservoir to Lake Tuancheng and was constructed mainly to supply drinking water for
cities in North China, including the capital city of Beijing. Roohi et al. (2020) numerically evaluated the
general flow hydraulics and estimates of the Mehrian River floodplain in Iran. The results were compared
to the results of the Att-Kin and Muskingum models. The authors noted that the MIKE 11 dynamic wave
model produced the best results. More recently, Tarabih et al. (2023) presented a Python-based model
combining three modules: one for simulating hydrology, another for simulating phosphorus dynamics in
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the water column, and an optimization tool for designing optimal discharges. By using this code in a
study of Lake Okeechobee (Florida, USA), they concluded that the phosphorus load could vary from 12%
to 33% using optimization operations.

Coming to the present study, the Utinga source, which is composed of the artificial lakes Agua Preta
and Bolonha, serves as a reservoir for the city of Belém and its metropolitan region. Several studies have
been conducted on the analysis of dynamics and/or pollutant transport in these lakes. Initially, the flows
of the lakes were simulated separately. Holanda et al. (2011) presented hydrodynamic modelling of Lake
Agua Preta and concluded that velocities within the lake ranged from 0.00 to 0.33 ms™?, with the highest
velocity being reached at the entrance of the interconnection channel with Lake Bolonha. Lima et al.
(2013) presented hydrodynamic modelling of Lake Bolonha and concluded that velocities within the lake
ranged from 0.00 to 0.18 ms~!, with the highest velocity being reached at the water intake of the Bolonha
Water Treatment Plant (WTP).

Regarding pollutant dispersion, Lima et al. (2015) used the 6/SUPG method to analyse phosphorus
behaviour in Lake Agua Preta. The phosphorus sources analysed were water pumped from the Guama
River received by the lake and point sources due to disorderly occupation occurring along the lake shores.
The authors concluded that phosphorus concentration rates increased with increased rainfall in the
region, as they contributed to transporting phosphorus from point sources to lake shores. Santos et al.
(2015) collected and analysed the concentrations of metals and phosphorus present in the sediment
samples from Lake Agua Preta. The data indicated a reservoir with nonuniform sediments and a relatively
high fraction of granular mud. Inorganic phosphorus was predominantly found. On the other hand, the
nickel, copper, lead, and zinc concentrations were below the probable effect level (PEL). However, nickel
and lead concentrations were above the suggested threshold effect level (TEL), indicating that humans
influence lake contamination. Aratjo et al. (2021) analysed the flows of two lakes plus the connecting channel, i.e.,
the Utinga source flow was simulated integrally. The authors found velocities ranging from 0.00 to 0.24 ms. In
this case, the maximum velocity (0.24 ms™) is lower than the velocity when considering only the simulation of
Agua Preta Lake flow, which was equal to 0.33 ms* (Holanda et al., 2011). This difference in results can be
explained by the complete simulation of the Utinga source, unlike the articles of Holanda et al. (2011) and Lima et
al. (2013), who simulated the flows of Bolonha and Agua Preta lakes separately.

Our current objective is to present a 2D simulation of the flow and dispersion of phosphorus in the
Utinga source, from the entry point of water pumped from the Guama River to the water intakes at two
treatment stations, namely, the Bolonha Lake Water Treatment Plant (WTP1) and the Sao Braz Water
Treatment Plant (WTP2). In this case, the hydrodynamic model developed by Aradjo et al. (2021) serves
as the basis for the phosphorus dispersion simulations, which were implemented using the model
developed by Lima et al. (2015), as previously cited. Belém was chosen by the United Nations (UN) to host
COP30 (30th UN Conference on Climate Change). Therefore, a project to increase the volume of treated
sewage in the city, currently not exceeding 2.38% (Instituto Trata Brasil, 2024), would be a significant
legacy of COP30 for the people of Belém do Pard, contributing to the reduction of pollutants carried by
the waters of the Guama River and treated in the Utinga source. In this context, the work aligns with UN
Sustainable Development Goal 6, which focuses on clean water and sanitation (Organizacao das Nacgoes
Unidas [ONU], 2015). The results of this study can provide valuable scientific support for decision-making
during COP30 discussions related to urban planning, sanitation infrastructure, and environmental
protection strategies in the Amazon region.

Material and methods

Study Area

In the Amazon region of Brazil is the state of Par4, whose capital, Belém, and its metropolitan area obtain
their potable water supplies from the waters taken from the Guama River and stored in the Agua Preta and
Bolonha Lakes. Figure 1 depicts an artificial canal interconnecting these lakes. Lake volumes are maintained
through water pumped from the Guam4 River to Agua Preta Lake. The system formed by the lakes is referred
to as the Utinga source, with its waters treated at two stations. WTP1 is located on the shores of Lake Bolonha
(Figure 1). However, WTP2 is in the Sao Braz neighbourhood, approximately 7.5 km away from Lake Bolonha.
The water reaches WTP2 via a pipeline, indicated in Figure 1 as the output.
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Figure 1. Water circuit in the Utinga system from collection in the Guama River to outlets for treatment plants.
Adapted from Google Earth (2024) retrieved from https://earth.google.com/.

Hydrodynamic model

The initial step for simulating pollutant transport in an aquatic environment involves generating
hydrodynamic models. Thus, the Saint-Venant model or shallow water model was utilized. The main
conditions to be fulfilled for using this model (Heniche et al., 2000) are given below:

- the water column is mixed in the vertical direction, and the depth is small compared to the width and
length of the water volume;

- waves have low amplitudes and long periods (tide waves). The vertical acceleration component is
negligible, allowing for a hydrostatic pressure approximation.

(Equation 1) to (Equation 3) are conservative forms of the Saint-Venant equations. The first is the
continuity equation, whereas the other two are the momentum conservation equations for the fluid in the x
and y directions, respectively.

oh 4 94x 4 %4y _

at = ox + ay 0 @)
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where gy and gy are the flow rates in Cartesian coordinates x and y, respectively; t is time; h is the water level;
H is the depth of the water column; and Fy and Fy are the volume forces in the x and y directions, respectively.
Fx and Fy are given by (Equation 4) and (Equation 5).
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where g is the acceleration of gravity; n is the Manning coefficient; |G| is the modulus of the specific flow rate;

pis the water density; and z; is the Reynolds stress tensor (Equation 6).
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F and F,, are the Coriolis forces in the x and y directions, respectively, and F,, and F, are the wind forces
in the x and y directions, respectively. The influence of wind was not considered, and the Coriolis effect was
ignored due to the position of the domain close to the equator. The turbulence model employed was the
mixing length (Ln), or rather, the distance between the wall and a point in the flow from which the wall itself
no longer affects turbulence. The model provides a balance between the creation and dissipation of energy.
In this case, the turbulence viscosity is given by (Equation 7).

Uy = L%n ZDI]DI] (7)

where v is the turbulence viscosity and Dj is the ij component of the deformation tensor, given by (Equation 8).

6xj axl-
where U; is the mean velocity in the i direction.

H2D2 and finite elements method

The development of hydrodynamic modelling primarily requires substrate and topography data, which are
employed to assemble the terrain elevation model (TEM), whereas substrate composition data are used for
setting the Manning coefficient. The TEM plus roughness model and boundary conditions provided the data
for the Saint-Venant equation solution, allowing for the simulation of velocities and depths of lakes Agua
Preta, Bolonha and the interconnection canal (Figure 1). H2D2 (Secretan, 2023) academic software, developed
at INRS-ETE, a research centre of Université du Québec, Canada (Heniche et al., 2000), was used in the current
analysis. Studies by Holanda et al. (2011), Lima et al. (2013), Holanda et al. (2017) and Aratjo et al. (2021)
have corroborated the efficiency of the model and its applicability.

H2D2 is a combination of a geographic information system (GIS) and a powerful pre- and postprocessor
finite element method, allowing the establishment of TEMs with information concerning topography,
riverbed substrate, wind, ice, and aquatic plants. H2D2 also enables the division of the analysed region into
partitions. The TEM datasets are associated with the partitions. An automatic procedure of data treatment at
the interfaces of the partitions is used for the mesh generation of finite elements, which will be used to solve
the 2-D Saint-Venant model with a drying/wetting capability to follow shoreline evolution. The finite
elements consist of six-node triangles of six nodes, called T6L (Figure 2). The variables h (water level), H
(depth), zf (share fund) and n (Manning coefficient) are linearly interpolated because their gradients are less
pronounced than those of the velocities U and V and specific flow rates g, and gy, which are interpolated
quadratically by generally steeper gradients.
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Figure 2. Triangulation used by H2D2.
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Pollutant dispersion model
Let 2 be a bounded domain in R?, with boundary I'. Let C(z, t) be a scalar quantity to be transported (e.g.,
mass concentration). The problem consists of finding C that satisfies the transport equation (Equation 9).

Z+u.VC—V.(DVC) +7 = 0on (2,t) )

where t is the temporal variable; z = (x,y) € R? is the spatial vector; u is the velocity field; D is the diffusivity
coefficient; r refers to processes that produce or consume the species of interest through chemical, physical,
or biological transformations within the body of water, referred to as homogeneous reactions, whereas
nonhomogeneous reactions represent sources or sinks that occur only at fluid boundaries. In this study, first-
order reaction kinetics were adopted, which can be expressed as (Equation 10) (Lima et al., 2015).

& +u.VC—V.(DVC) +kC = 0 (10)
where k represents the reaction coefficient. This equation is subject to the initial condition within the domain
as specified in (Equation 11).

C(z,0) = Cy(z) on (2,t = 0) (1)
and the boundary condition (Equation 12),

ac/ozl,=0 (12)
on the solid boundaries (Equation 13), where n is the normal vector to this boundary, and
C=g9g(zt)onz=TrT (13)

at the domain inlet, where g is a function representing the intake of mass concentration from outside the
domain. For the conditions at the exit boundaries of the domain (Equation 14), it is assumed that the
concentrations in the inner and outer vicinity of these boundaries are equal (Massabé et al., 2011), i.e.,

9C/0z|oy = 0 (14)

Time discretization — 6 method

Temporal discretization by the 6 method involves a weighted average of the equation terms at times n and
n+1. Thus, (Equation 10) is written in the following form (Lima et al., 2014):

Cn+1 _rn
At
(1 - O)[V.(DVO)]™ + 6(kC)™ ! + (1 — 0)(KC)™ = 0 (15)

+ 0. VO™ + (1 - 0)(u.vO)" — 0[V.(DVC)]™ —

where C™ is the approximation of C(t,,), with t,, = t; + nAt, where t, is the initial time, At = t, — t,,_;, and 0
is the parameter that determines which finite difference method will be used. Depending on the value of 6 €
[0,1], various methods can be obtained, with the most common being explicit (8 = 0), Crank-Nicolson (6 = 1/2),
and implicit (6 = 1). For values of 6 > 0.5, the methods will be unconditionally stable. After algebraic
manipulation, (Equation 15) can be rewritten as

Cn+1 _rn
At
—(. VO™ + [V. (DVO)™ — (kC)™ (16)

+ 0. VO™ — 9(w. VO™ — O[V. (DVC)]™L + 0[V. (DVO)]™ + 6 (kC)™! — 9 (kC)™ =

By setting AC = C™*! — C", one can write (Equation 16) in the following form (Equation 17):
T+ 0.V — V.(DV) + k]AC = —[u.V — V.(DV) + k]C" (17)

Finite element discretization - basic formulation

At this point, one must construct a finite element mesh £, generated by the union of the finite elements
0, to represent an approach of the domain 2 (Equation18), such that

Q=0,=e= 1nelQ, A2, N0 =0, Ve # f (18)

where nel represents the number of finite elements. Each subdomain (2, has a smooth contour I,.
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Spatial discretization by finite elements relies on a discretized representation of a weak integral form of
(Equation 17). The formulation and subsequent discretization of this integral requires the definition of some
function spaces and associated norms. In the Galerkin formulation sense, one must approach the infinite-
dimensional spaces for appropriated finite subsets of that collection, which is denoted by V" and S/). The
basic idea is to represent approximated solutions w,, € V" and test functions C, € S” in each £, so that

Vi ={w e H (@D |wlg, € P,(2.)Ve Aw|, = 0},
St ={cIC(,t) e H'(2),C(.,0)|q, € P,(R2)Ve AClr, = Cp)

where H! () is the Sobolev space with a square integrable derivative and P, is the polynomial interpolation
space of order p. At this point, it is necessary to apply the variational formulation to (Equation 17), yielding
the following integral formulation:

I, wi—id!) + [, wo[w.V —V.(DV) + k]ACdQ = — [, wu.V — V.(DV) + k]C"dQ (19)
The approximated function C, in each element can be written as (Equation 20):

C=Cp=Xi=1NiC; =NC (20)
where r is the number of nodes in each £2,, N is the basis function vector and C is the vector containing the
nodal values of variable C. Therefore, one can write (Equation 19), after substitution of (Equation 20) and
some algebraic manipulations and application of the boundary conditions, as (Equation 21):

= f, wNd0 +6 {fn w[w.VN — V.(DVN) + kN]d!Z}AC =— {fn w[w.VN — V.(DVN) + kN]dn} cm+

Jy WIOD™ T + (1 = 0)b™]dIy 1)

SUPG method
This method consists of the summation of a perturbation term P(N), the weighting function of the
Galerkin method, in a consistent way, as shown in (Equation 22).
w =N+ tP(N) (22)

where 7 is the stabilization parameter. Many studies have been devoted to determine this parameter. This
study follows the works of Tezduyar (1992), who reported that for the transient advection-diffusion
equation, which is semidiscretized in time by the §-method, the T parameter can be given as (Equation 23).

-1

r= (o + 2+ 24 k) (23)
Among the resulting methods of (Equation 22), one has the SUPG method through the definition of P(N)

as (Equation 24).

hw

2 |ul

P(N) =2LUN = ZuvN (24)

Substituting (Equations 22) and (Equations 24) in (Equations 21), one obtains, after algebraic
manipulation, (Equation 25),

AC
X |J, NNdQ + [, auvNNdo| +6{f, Nu.VNdQ + [, a(u.VN)(w.VN)dQ + [, DVN.VNdQ +

f, Da(u.V2N).VNdQ + [, kNNdQ + [, ka(u. VN).VNdQ} AC = —{ f, Nw.VNdQ + [ a(u.VN)(u.VN)dQ +

J,, DVN.VNdQ + [, Da(u.V?N).VNdQ + [, kNNdQ + [, ka(u. VN).VNdQ}C” + Ji, (N + aw. VN)[0b™1 +
(1—0)b™dIy. (25)

where a = tAt/2.
Writing AC = €™! — C™ and each integral in matrix form as

M=f NNdQ,
0

A =f uVNNd,
0
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Kzf DVN.VNdQ,

n

K, = f (w.VN)(w.VN)dQ,
n

K, =f D(u.V2N).VNdQ,
n

F=| (N+auVN)[b™! + (1 - 0)b"]dI}

Iy

and after algebraic manipulation, (Equation 25) can be rewritten as (Equation 26).

[M + ad + 0AtM]C™! = [M + aA + (6 — 1D)AtM]C™ + AtF (26)
where

M=A+K+aK, +K,)+ k(M + ad)

This linear system is derived using the SUPG/6 method for a transient advection-diffusion-reaction
equation. All the global matrices in this equation remain constant throughout the temporal evaluation,
requiring calculation only once. However, (Equation 26) represents a large, sparse linear system. The optimal
approach for solving this problem involves applying an iterative method solver designed for such systems.
Among the various methods available, the most employed and extensively studied is the generalized minimal
residual method (GMRES), which approximates the solution by minimizing the residual vector within a Krylov
subspace (Saad & Schultz, 1986).

Boundary conditions

Another underlying element for the formulation of the hydrodynamic model includes the appropriate
boundary conditions (free surface, bottom and closed, moving or open boundaries), which comprise entrance
rates or output flows or properties, in accordance with the boundary typology. The conditions in the current
study are solid boundaries, impermeability conditions, liquid boundaries, water levels and outflows. Figure 3
shows the boundary conditions for maximum flow in lakes Bolonha and Agua Preta. A: Water intake through
the Guama4 River, flow = 6.0 m® s~ and water level = 8.9 m; B: Water outlet of the Bolonha Lake, flow = 1.8 m®
s~1 and water level = 7.0 m; C: Water outlet of the Bolonha Lake, flow = 4.2 m® s and water level =7.0 m
(Lima et al., 2013; Holanda et al., 2011). The boundary conditions for the phosphorus transport simulation
are given by Egs. 12 to 14.

ﬁia.

f':\

Figure 3. Boundary conditions applied to the domain of simulation.

Acta Scientiarum. Technology, v. 47, e73241, 2026



Page 8 of 12 Lima et al.

Calibration model

The model calibration was based on the Manning friction coefficient with values of 0.019 s m=1/3 for the
Bolonha and Agua Preta lakes, and equal to 0.020 s m~*/3 for the interconnecting channel of the lakes (Aratjo
et al., 2021). These values were applied to a mesh with 46,094 elements and 94,705 nodes and a mesh refining
with the larger edge of the triangles for the finite elements equal to 7 m (Figure 4). Thus, the relative
percentage error between the simulated flows and those of the boundary conditions was 5.9%.

Results and discussion

Hydrodynamic mesh

Figure 4 shows the hydrodynamic mesh with triangular finite elements used in the simulations for the
Utinga water source. The mesh stores all the input variables required for the resolution of the Saint-Venant
equations and the resulting variables for the simulation of the two-dimensional flow (U, V and H). For the
model considered herein, the input variables are the following: the x, y and z, interpolated via the TEM and
transferred to the hydrodynamic mesh; the Manning friction coefficient calculated value; and the boundary
conditions defined previously.

Rerr) ‘ -
R / ’j . -*.é:gr 3 / ]
N 7 ﬂ !
i A ‘
% / ! j
B e [ i f
3 ]
¥ \ ff o/
? P \ < g f/
f B \ p .
: . . :
-L J— 4 i I, )

Figure 4. Hydrodynamic mesh of the lakes Bolonha and Agua Preta and the interconnection canal.
Aratjo et al. (2021).

Terrain elevation model

Figure 5 shows the TEM interpolated and projected on the hydrodynamic mesh. Thus, the topography
represented by the isosurfaces indicates the levels within the lakes and the canal. It reveals, as expected, that
the region further to the north of the lakes has greater elevations since the springs to the creeks making up
the lakes are in that region. The topographical elevations vary from 1.01 m to 14.54 m. The minimum elevation
is in the central region of Lake Bolonha. In general, the interpolated TEM adequately represents the
topography of the Utinga source, which is very important for the success of hydrodynamic simulations.
Moreover, the topography rates observed for the lakes corroborate the results of Holanda et al. (2011) for Lake
Agua Preta and Lima et al. (2013) for Lake Bolonha. This is the first time that the topography of an
interconnection canal has been numerically analysed.

Velocities

An analysis of Figure 6 reveals that the system maintains its reservoir characteristics, with velocities close
to 0 (zero). The flow is accelerated only at its liquid boundaries: the water inlet in Lake Agua Preta, the water
outlet of Lake Bolonha and the interconnection canal. The flow velocity close to the water inlet and outlet of
Lake Agua Preta is equal to 0.06 ms!, which is in line with that determined by Holanda et al. 2011.

Furthermore, the flow velocity near the water inlet of Lake Bolonha is approximately 0.10 ms-1. The flow
Acta Scientiarum. Technology, v. 48, 73241, 2026
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velocities near the central water outlet and south of Lake Bolonha are 0.24 ms! and 0.20 ms™?, respectively.
These rates are slightly higher than those determined by Lima et al. (2013), who reported rates of 0.18 ms!
and 0.14 ms! for the same locations, respectively. These differences in results may be explained by the
complete simulation of the Utinga source, which is different from that of other studies that simulated the
flows of Lakes Bolonha and Agua Preta separately. The flow simulation in the interconnection canal with
higher velocities varied between 0.119 ms* and 0.238 ms™'. This is the first time that the flow in an
interconnection canal has been analysed.

e\ N

13.41m 0

Figure 5. TEM projected and interpolated on the hydrodynamic mesh of the Utinga source in isosurfaces.
Aradjo et al. (2021).
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Figure 6. Velocities of the isosurfaces of the Utinga water source.
Aratjo et al. (2021).

Figure 7 shows the composition of the vector and scalar velocity field, highlighting that the highest
velocities are in the connecting channel due to the reduced cross-sectional area for flow, while the lowest
velocities are in Lake Agua Preta, reflecting the reservoir-like characteristics of this lake.

Phosphorus transport

The behaviour of phosphorus dispersion, as well as the time required from its entry into Lake Agua Preta
until it reaches the intakes of the Bolonha and Sao Braz Water Treatment Plants in Lake Bolonha, was
analysed. In this case, a constant input of the pollutant with diffusion coefficients D, = D, = 9 X 1072m?/s
and reaction coefficient k = 3 x 107° 1/s was considered. Furthermore, the velocity field presented in the
previous section was assumed to be unchanged, resulting in the temporal sequence shown in Figure 8.
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Figure 7. Vector and scalar velocity field in the Utinga source.
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Figure 8. Evolution of phosphorus dispersion from its entry into Lake Agua Preta until it reaches the outlets of Lake Bolonha and its
spreading therein.

Analysing this figure, it can be observed that due to the low velocities throughout the lakes, after the first
day when the pollutant enters Lake Agua Preta, its concentration accumulates in the region near the conduit
that transports water from the Guama River. The contaminant begins to reach the lake's outlet in the
interconnection channel from the fifth day, with concentrations below 0.02 mg L1, as it already occupies the
entire channel with the highest hydraulic velocity within the lake. On the sixth day, the pollutant starts to

cross the connecting channel, reaching Lake Bolonha with concentration values below 0.01 mg L-!. By the
Acta Scientiarum. Technology, v. 48, e73241, 2026
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tenth day, the pollutant reaches an average concentration of 0.01 mg L' at the entrance of the WTP1
treatment plant but has not yet reached WTP2, which is only reached around the twentieth day due to the
extremely low velocities within Lake Bolonha. From that point onwards, the concentration values
continuously increase in both lakes until stabilizing after the twenty-fifth day, with the contaminant
concentration remaining at approximately 0.02 mg L-! at WTP1 and 0.01 mg L! at the entrance of WTP2,
while near the conduit region, it exceeded 0.05 mg L-1. Thus, it can be estimated that the entry of a pollutant
from the Guama River may take approximately one week to reach the entrance of the first treatment plant
and reaching the second plant in approximately twenty days. Its concentration reaches a maximum level in
approximately 25 days throughout the Utinga source.

Conclusion

During the analysis of the computed velocities in the Utinga source, it was observed that most of the area
maintains reservoir-like characteristics with virtually imperceptible velocities. However, it was noted that at
points with reduced cross-sections, such as water inlets and outlets, variations in velocities were evident.
Specifically, the outlet of Lake Bolonha recorded slightly higher velocities, which aligns with previous studies.
On the other hand, the interconnection channel exhibited more significant velocities than did the other
channels due to its smaller cross-sectional area. This velocity field served as the basis for simulating the
transport of phosphorus originating from the discharge of untreated sewage into the Guama River within the
Agua Preta/Bolonha system. A simulation over a one-month period revealed that the pollutant reaches entry
into the first treatment plant in approximately one week and then steadily increases until it reaches a peak of
0.02 mg L-! in approximately twenty-five days, after which it remains stable. In contrast, the second treatment
plant takes approximately twenty days to be affected by the contaminant, owing to the very low
hydrodynamics in Lake Bolonha, requiring an additional five days to reach a maximum concentration of 0.01
mg L1, It is essential to underscore the consequences of nutrient discharge into lakes, as it contributes to the
proliferation of macrophytes and increases water treatment costs. The methodology presented in this study
can be applied to simulate other types of pollutants, enabling the analysis of pollutant behaviour in bodies of
water and assisting in potential decision-making processes. In this context, a project to increase the volume
of treated sewage would be a significant legacy of COP30 for the people of Belém do Pard. Such an initiative
would contribute to the reduction of pollutants carried by the waters of the Guama River and treated in the
Utinga Source.
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