Se
<

) eu 9,

Scientific Electronic Archives

Issue ID: Vol.19 (3), May/Jun 2026, p. 1-12
& DOI: http://dx.doi.org/10.36560/19320262244

ARCHIVES

ISSN 2316-9281

+ Corresponding author: onesio@ufsj.edu.br

Identification and mapping of potential pollution sources in Lagoa Central,
Lagoa Santa (MG, Brazil): contributions to an environmental monitoring plan

Ana Junia Maria Sousa !, Filipe de Almeida Rocha 2, Eric Marsalha Garcia? , Hygor Aristides Victor
Rossoni 2, Julio Onesio-Ferreira Melo 2+

1 Campus Bambui, Instituto Federal de Minas Gerais
2Campus Sete Lagoas, Universidade Federal de Sdo Joao del-Rei
8 Campus Florestal, Universidade Federal de Vigosa

Abstract: This study aimed to identify and map potential sources of pollution in the Lagoa Central, in Lagoa Santa, MG,
to support an environmental monitoring plan. The methodology involved on-site environmental surveys, application of an
adapted Leopold Matrix, and the use of georeferencing tools and Geographic Information Systems (GIS) to map the
impacted areas. The results indicated that, of the 36 points analyzed along the shoreline, 14 presented significant
environmental impacts, with 13 classified as critical. Irregular discharges of liquid effluents, inadequate disposal of solid
waste, the presence of foam, oily residues, and organoleptic alterations in the water, as well as turbidity and odor, were
identified. Specific points, such as P.32 and P.33, stood out due to the severity of the associated impacts. It is concluded
that the Central Lagoon presents relevant environmental impairment, requiring continuous monitoring, enforcement, and
environmental education actions to mitigate impacts and conserve the ecosystem.
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Introduction

Water quality monitoring should be tailored
to the objectives of the study and to the type of
aquatic system (river, lake, estuary, etc.), with the
number and spatial distribution of monitoring points,
as well as sampling frequency, varying according to
the specific situations. The monitoring points must
be representative of the system, and the number of
parameters should be limited to the minimum
required to ensure that no relevant information is
lost (Souza, 2015).

In limnic systems located in urban
environments, it is essential to map land use within
the watershed of the water body, identifying all
points of sanitary and industrial effluent discharge,
as well as discharges from stormwater drainage
networks. This mapping process improves
monitoring efficiency and facilitates water quality
management, allowing for more targeted field
campaigns and promoting environmental education
actions aimed at mitigating impacts and enhancing
the preservation of water resources.

Lagoa Santa, more commonly known as
Lagoa Central, located in the municipality of Lagoa

Santa, Minas Gerais, is considered the largest lake
within the Kkarst system situated in the northern
portion of the metropolitan region of Belo Horizonte.
According to Parizzi (1998), as cited in Brighenti
(2011), the lake was formed approximately 6,000
years ago as a result of landslides caused by
torrential rainfall, which obstructed the flow of water
in the valley and led to its impoundment. In addition
to being an important geological feature at the
national level, the lake also plays a significant role in
the development of the city, which expanded around
the lake, and stands out for its historical significance
and contribution to the development of local culture.

Although studies addressing a variety of
topics concerning Lagoa Central exist, there are still
few investigations specifically related to the mapping
of critical pollution points. In the absence of a
municipal plan for continuous water quality
monitoring, the capacity to systematically assess
variations in pollution levels associated with
seasonal hydrological dynamics becomes limited.
According to Gadélha et al. (2025), water quality
exhibits high temporal and seasonal variability,
requiring continuous monitoring to  support
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understanding and provide a sound basis for proper
environmental management aimed at promoting the
sustainability of water resources.

Lagoa Central is considered an important
urban lentic ecosystem, presenting morphometric
features that directly influence its environmental
dynamics. According to Brighenti et al. (2011), itis a
shallow environment, with a maximum depth of less
than 7.5 m, low relative depth, and a concave
shape. Its approximate length is 1,960 m, with a
maximum width of 1,573 m and a perimeter of
around 6,467 m. It has a surface area of 1.7 x 10°®
m?2 (approximately 1.7 km?) and an estimated
volume of 7.0 x 10®° m3® (about 7 million cubic
meters). According to Brighenti et al. (2011), in
addition to its ecological relevance, the lake plays a
fundamental role in the local social and economic
context, being widely used by the population for
leisure and recreational activities. Therefore, the
conservation of this system is essential for
maintaining ecosystem services and the quality of
life of the community.

It should be emphasized that lacustrine
environments present greater vulnerability to
pollution due to their long water renewal periods and
limited self-purification capacity (Wang et al., 2023).
In some situations, these environments are
surrounded by urban drainage structures, which
restrict their natural self-cleaning capacity. The
increase in water temperature, associated with
changes in precipitation patterns and the
intensification of extreme climatic events, has
contributed to a greater input of nutrients originating
from the watersheds, favoring algal proliferation in
aquatic  environments. In  addition, higher
temperatures intensify algal metabolism and reduce
the solubility of dissolved oxygen, creating
conditions conducive to the expansion of these
populations, including in deeper layers of the water
column (Bolan et al., 2024; Meerhoff et al., 2022).
As a consequence, the deterioration of water quality
and the ecological status of these environments is
observed. Continuous water quality monitoring is
essential for detecting temporal and spatial changes
in the physicochemical parameters of lentic
environments, allowing the identification of trends
and seasonal variations and supporting a proactive
response to environmental pressures resulting from
anthropogenic activities and natural variability (Rock
et al., 2025).

This analysis is essential for understanding
the physical, chemical, and biological characteristics
of Lagoa Central and for relating the possible
environmental aspects present in its surroundings,
which  may directly influence water quality
parameters.

In this context, the present study aims to
identify and map the potential sources of pollution
affecting Lagoa Central, located in Lagoa Santa,
Minas Gerais, in order to support the development
of an environmental monitoring plan for the lake.
The study may therefore contribute to future
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recommendations for preventive, corrective, and
mitigation measures, aimed at improving water
quality and promoting its conservation, given its
environmental, cultural, and tourism significance.

Methodology
Characterization of the study object

Lagoa Central (Figure 1), located in the
municipality of Lagoa Santa, Minas Gerais, is an
important water body that performs several
ecological, social, and recreational functions. It was
formed through geological processes in the karst
region, which is characterized by the presence of
caves and limestone rocks. The lake is situated
within the upper Rio das Velhas watershed, in an
urban area. The municipality of Lagoa Santa is part
of one of the main lacustrine systems in Brazil: the
lake system located in the limestone region of the
metropolitan area of Belo Horizonte, Minas Gerais
(Brighenti, 2009).

The analysis of the hydrography (Figure 2)
and land use and land cover (Figure 3) surrounding
Lagoa Central makes it possible to understand how
urban occupation and the physical characteristics of
the terrain influence surface runoff and the transport
of pollutants toward the water body. This approach
contributes to the interpretation of the points
surveyed in the field and to the identification of the
main potential sources of pollution that influence the
water quality of the ecosystem.

Land use within the watershed significantly
impacts the water quality of a lentic system, and
different land use types across seasons have
distinct effects on water bodies (Long et al., 2024).
Figure 3 shows that the watershed of Lagoa Central
is predominantly occupied by urbanized areas.

Strategies adopted for conducting fieldwork

An in situ environmental survey was
conducted through three field campaigns carried out
between October and November 2024, during the
beginning of the rainy season in the Lagoa Santa
region, a condition considered relevant for observing
the transport of waste materials and potential diffuse
sources of pollution. The first visit had an
exploratory nature, allowing a general survey of the
area and the preliminary identification of possible
pollution sources. During the second campaign,
strategic control and monitoring points were defined
along the lake shoreline, considering aspects
related to land use and occupation, urban drainage,
and visual evidence of environmental degradation.
The third visit was dedicated to a detailed
environmental diagnosis, including the identification
and assessment of environmental aspects and
impacts through the application of the adapted
Leopold Matrix. This approach guided the
identification and classification of interactions
between anthropogenic actions and environmental
components.
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Figure 1. Location map of Lagoa Central in the municipality of Lagoa Santa — MG (19°38'17.83"S; 43°53'33.39"W)
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Figure 2. Hydrographic network and main tributary drainage channels of Lagoa Central, Lagoa Santa - MG.
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Figure 3. Land Use and Land Cover — Lagoa Central.

The original Leopold Matrix corresponds to a two-
dimensional listing composed of indicators versus
impact factors, allowing the attribution of magnitude
and significance values for each analyzed item
(Almeida and Bastos, 2004 apud Gebler and
Longhi, 2018). Developed as a qualitative tool for
the analysis of significant environmental impacts
(both positive and negative), it was modified to
incorporate the survey of the main environmental
aspects and the most common impact-generating
activities in the study area through systematic field-
based visual assessment. According to Larocca,
Cardoso, and De Angelis (2017), the Leopold
Matrix, often referred to as interaction matrices, is
one of the most recognized tools in Environmental
Impact Assessment. This method makes it possible

to identify environmental factors and activities
related to transformation processes, providing a
detailed analysis of the magnitude and intensity of
the impacts that these actions may cause to the
environment.

To support the field survey and the
preparation of cartographic outputs, Geographic
Information System (GIS) tools were employed
using QGIS software version 3.34. Spatial data were
organized according to the SIRGAS 2000 geodetic
reference system, Universal Transverse Mercator
(UTM) projection, zone 23S, allowing greater
standardization and reliability in the spatial
representation of information .

The evaluated points were georeferenced
using a portable Global Positioning System (GPS)
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device (Garmin GPSMAP 64sx), with an estimated
average accuracy ranging from 3 to 5 meters,
identifying not only the locations where impacting
activities were observed, but also those considered
strategic for future effective and continuous
monitoring of the lake’s water quality.

During the field campaigns, observations
were recorded in digital spreadsheets using a tablet
device (Redmi Pad 2) and complemented by
photographic records captured using a smartphone
(Xiaomi 14T Pro), documenting each relevant point
identified in the field.

Survey of Environmental Aspects and
(SEAI)

The matrix used for the classification of
environmental impacts was established based on
the correlation between importance and severity
levels, resulting in the determination of the final
category (Figure 4). In accordance with their direct
relevance to environmental quality, certain

Impacts
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environmental factors critical to the impact analysis
were previously defined and considered, namely:
sanitary sewage, solid waste, industrial activities,
urban occupation, soil sealing, and leisure and
tourism activities. The selection of these aspects
was based on their recognized potential contribution
to environmental pollution, as they are particularly
relevant in urban and industrialized areas, where
their impacts were identified as significant. The
methodology employed assigned quantitative values
of 1 (low), 3 (medium), or 5 (high) to each criterion.
The relevance assessment was determined by
summing these values, allowing each aspect to be
classified as negligible for totals between 3 and 5
points, or critical for totals ranging from 7 to 15
points.

According to the adapted matrix, the
following characteristics were considered for the
characterization of the environmental aspects, as
shown in table 1.

Figure 4. Matrix for the Survey of Environmental Aspects and Impacts (SEAI). Legend: situation (Sit), responsibility

(Resp), nature of the impact (Nat), scope (Abr), severity (Grav), probability (Prob).
Source: Adapted from Almeida and Bastos (2004) apud Gebler and Longhi (2018)

Table 1. Characterization of the aspects.

Situation Normal (N): routine operation.

(SIT)

Sporadic (Sp): the operation is not routine, but its execution is necessary at some point

during the activity (maintenance, refueling, etc.).

Emergency (Em): undesirable situations, such as incidents and accidents.

Responsibility

Direct (D): aspect that can be controlled.

(RESP):

Indirect (I): an aspect not subject to control. For example, a company that contracts a waste

disposal service cannot directly control the aspects, but still retains responsibility for them.;

Nature of the impact

Beneficial (B): brings benefits to the environment.

(NAT): Adverse (A): causes harm to the environment.

Relevance. Scope (SCO): extent of the damage.

This factor is subdivided  Severity (SEV): intensity of the damage.

into: Probability (PROB): likelihood of the impact occurring.

Filters Aspects related to applicable environmental legislation are automatically classified as

significant.

Definition of land use and land occupation and
monitoring sites

After the detailed assessment of the study
area, the second phase focused on developing a
land use and land cover map of the surroundings of
Lagoa Central. For this purpose, high-resolution
satellite imagery and available cartographic data

were used, enabling geospatial data processing.
The geospatial analysis was carried out with the
support of Geographic Information System (GIS)
tools, allowing the integration and overlay of
pollution-related information previously identified in
the field. As highlighted by Machado (2019), the
application of GIS plays a fundamental role in the
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efficient and timely processing of environmental
data, given its robust capacity to analyze, overlay,
and efficiently handle large volumes of spatial
information, which proved essential for the mapping
process.

Additionally, we declare that artificial
intelligence tools were used exclusively to support
the linguistic revision and textual organization of the
manuscript and were not employed in data analysis,
interpretation, or generation of results.

Results and discussion

During the shoreline survey, visually and
sensorially perceptible changes in the physical and
chemical parameters of the water were observed,
including turbidity, suspended solids, occurrences of
fish mortality, odors, and foam accumulation along
the margins, potentially associated with pollutant
discharges. This stage is extremely relevant, as it
aims to assess, verify, and complement the analysis
performed through geoprocessing techniques.

Currently, there are no recent technical
reports that provide a systematic assessment of the
impacts arising from sanitation conditions in the
lake. However, the observed conditions indicate a
significant potential for water quality impairment,
which may pose risks to the local fauna and
recreational users, manifesting, for example, as
discomfort and potential illnesses in the population.
In such cases, Souza (2015) highlights the
importance of independently determining physical,
chemical, and biological water quality parameters,
as these allow for an individual assessment of the
elements affecting water quality.

Although the discharge of effluents into the
lake is legally prohibited, visual alterations in water
quality can be observed at certain points,
characterized by increased turbidity and a more
opaque appearance, suggesting a possible rise in

§ iedenva
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Figure 5.
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the concentration of suspended solids and dissolved
pollutants. Additionally, these observed aspects
raise concerns regarding the environmental quality
of the water body and reinforce the need for
preventive and mitigation measures. The main
potential sources of pollution are associated with the
direct discharge of effluents and solid waste from
adjacent properties, as well as indirect inputs
through stormwater drainage networks receiving
irregular sewage release.

The identification and assessment of
environmental aspects and impacts in Lagoa
Central were systematically conducted through the
application of the Leopold Matrix. This field survey
included a total of thirty-six monitoring points, which
were strategically distributed at intervals of 150 to
200 meters, with the study focused exclusively on
the lake margins, as shown in Figure 5.

Although the study considered 36 evaluated
points, only 14 were classified within the negligible
(values between 3 and 5) and critical (values
between 7 and 15) categories according to the
Leopold Matrix. The remaining points presented
values below 3 and were therefore omitted from the
chart for the sake of simplicity, in order to improve
the visualization of the preliminary results.

The spatial distribution of these significant
points allowed the development of an environmental
hotspot map (Figure 6), highlighting priority impact
areas along Lagoa Central. The use of spatial
hotspot analysis has been widely applied in
environmental studies to identify critical zones under
anthropogenic influence, guiding monitoring and
territorial management actions (Esmail et al., 2025).
In this context, a greater concentration of high-
priority hotspots was observed in the southwestern
and northeastern sectors of the lake, indicating
regions with greater potential for environmental
degradation and requiring intervention.

Sketch map showing the monitoring points surveyed during the shoreline walk around Lagoa Central, Lagoa

Santa.
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The predominant category was the non-
significant class, accounting for 61.11% of the total
and corresponding to 22 monitoring points (Figure
7). These points refer to locations whose scores did

not meet the minimum environmental relevance
criteria established in the methodology. The
negligible and critical categories

comprised 1 (2.80%) and 13 (36.10%) points,

respectively. It should be noted that Point 23 did not
receive a relevance score; however, due to its
association with specific environmental legislation, it
was automatically classified as significant.

Excluding the non-significant points, the
distribution of the variables scope (Sco), severity
(Sev), and probability (Prob), in terms of quantity
and frequency, is presented in Table 2.
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Figure 7. Distribution of significance classes — Non-Significant and Significant (Negligible and Critical).
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Table 2. Quantity and percentage frequency for each class of scope (Scop), severity (Sev), and probability (Prob).

Valor Abr Grav Prob Abr (%) Grav (%) Prob (%)
1 1 1 5 7,1% 7,1% 35,7%
3 11 9 6 78,6% 64,3% 42,9%
5 2 4 3 14,3% 28,6% 21,4%
Total 14 14 14 100% 100% 100%

Considering the 14 points classified as
significant, there was a predominance of the
intermediate value (3) for the variables scope
(78.6%), severity (64.3%), and probability (42.9%).
The probability variable showed a greater
distribution among the classes, with value 1 (35.7%)
being particularly frequent, indicating greater
variability in the likelihood of impact occurrence. In
contrast, the severity variable presented a relevant
proportion of high values (28.6%), highlighting the
presence of impacts with greater potential for
environmental damage (Figure 8).

The aquatic ecosystem has been
significantly affected by multiple impacts, possibly

resulting from the discharge of domestic and non-
domestic effluents, as well as from the irregular
disposal of large amounts of solid waste (Pereira et
al., 2012).

Figure 9 exemplifies recurring negative
environmental changes observed along the
shoreline, characterized by the formation of surface
foam in specific areas of the lake, the occurrence of
dead ichthyofauna in some stretches, and the
presence of packaging and waste materials of
different types. These aspects may be associated
with distinct environmental impacts, indicating
environmental degradation processes in the lake,
possibly related to the presence of toxic pollutants.

Frequency

3 5
Values

Figure 8. Frequency of values related to relevance (scope, severity, and probability).
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Lagoa Central, in Lagoa Santa, is a relevant tourist,
cultural, and natural landmark at both the local and
international levels due to its formation history and
the development of the city, which began when the
bandeirante (colonial explorer) Felipe Rodrigues
settled in its surroundings (Mendonga, 2006).
However, despite the efforts of public authorities to
maintain the environmental quality of the site, the
ecosystem still receives pollutants, such as effluents
of unknown origin, capable of causing damage to
the organisms that depend on it.

Among the main problems identified were
physical alterations in the water, the presence of oily
residues, inadequate disposal of solid waste, and
irregular discharges to stormwater drainage
channels. Among the significant points, P.01, P.06,
P.24, and P.33 stood out the most and may
therefore be considered priority locations for the
continuous monitoring of physical, chemical, and
microbiological parameters. It is worth noting that
these points are visually associated with areas of
greater human circulation, concentration of bars and
restaurants, and residential occupation. In particular,
at P.33, contributions of effluents consisting of fats
and grease originating from the kitchens of nearby
bars and restaurants were observed, as well as a
location where vehicle washing activities were
taking place and the resulting effluent was being
discharged into the stormwater drainage system, the
latter occurring exclusively at P.32, near P.33.

To enable management actions aimed at
improving environmental quality, it is essential to

environmental monitoring plan

understand the physical, chemical, and biological
parameters interacting within these ecosystems
(Farias et al., 2024). According to Simeonov et al.
(2003), an environmental monitoring program
generally includes frequent sampling at the same
monitoring points and laboratory analysis of a large
number of variables, resulting in large and complex
data matrices. The definition of these monitoring
points is justified by the large quantity of waste
found along the lake margins, such as cookie
wrappers, coconut husks, plastic bags, PET and
glass bottles, beverage cans, cups, and disposable
packaging. In addition, these locations present
areas with intense human activity, concentration of
bars and restaurants, and strategic positioning, as
they are situated near other significant points.

Upon analysis of the collected data, it was
observed that the aspect with the highest negative
score was the discharge of effluents, occurring at
two specific points: P.32 and P.33. In Figure 10, it is
possible to clearly observe the irregular discharge of
effluent into the lake through the drainage channel,
with an odor characteristic of domestic sewage,
influencing the coloration of the water along its
margins. Color is a visual characteristic related to
the absorption and dispersion of light by substances
present in the liquid. Normally, this parameter is
associated with the presence of humic acids and
tannins originating from the decomposition of
vegetation, as well as with anthropogenic sources
derived from industrial waste (Alves et al., 2008).

Lt

Figure 10. Effluent discharge identified at reference point P.32 (E615,085; N7,827,635; 23S).

At sampling point P.33, the in situ
assessment identified the discharge of liquid effluent
into the drainage channel, which may negatively
affect water quality. As shown in Figure 11, an oily
film was observed on the water surface, contributing
to increased turbidity. Turbidity refers to the

scattering of light as it passes through water and is
directly related to the concentration of suspended
particles. Elevated turbidity levels may indicate
anthropogenic impacts, including the discharge of
domestic and industrial wastewater (Calvo, 2018).
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Figure 11. Effluent discharge identified at reference point P.33 (E615,078; N7,827,810; 23S)

Oils and grease may form surface films and
accumulate along water margins, leading to a range
of environmental impacts (Pereira, 2004). According
to Berti (2009), these substances reduce the
exchange of gases between the water surface and
the atmosphere, limiting the transfer of oxygen into
the water, which is one of the primary mechanisms
of oxygenation in aquatic systems. Their presence
and subsequent degradation can decrease
dissolved oxygen concentrations while increasing
biochemical oxygen demand (BOD) and chemical
oxygen demand (COD). As a result, they may
contribute to water pollution, oxygen depletion, and
eutrophication.

Recent studies on Brazilian urban lakes
have demonstrated that the lack of systematic
monitoring  hinders the early detection of
environmental degradation, highlighting  the
importance of continuous water quality assessment
programs (Farias et al., 2024). In this context, the
present study provides an initial assessment of the
environmental conditions and associated impacts at
Lagoa Central, serving as a basis for future
laboratory investigations and the development of a
long-term environmental monitoring program. The
selection of analytical parameters should be guided
by both environmental relevance and economic
feasibility, prioritizing key indicators that provide
reliable diagnostic information while avoiding
unnecessary costs associated with analyses of
limited applicability to local conditions.

Conclusion

The study conducted at Lagoa Central, in
Lagoa Santa, made it possible to identify significant
environmental aspects and impacts capable of
compromising the quality of the local ecosystem, as
well as negatively affecting public health and
biodiversity. The application of the Leopold Matrix,
combined with mapping, enabled a detailed analysis
of the critical and non-significant points along the
lake shoreline.

10

Although the majority of the monitoring
points were classified as having non-significant
impacts, 13 points presented critical values,
highlighting the importance of identifying and
mapping these areas in order to propose effective
corrective and preventive actions. The main impact
factors identified include the irregular discharge of
domestic effluents, and possibly those originating
from small commercial establishments, the improper
disposal of solid waste along the shoreline, and the
presence of substances capable of altering the
physical and chemical parameters of the water,
such as turbidity and odor.

The observed evidence reinforces the need
for integrated measures to mitigate environmental
impacts, ranging from inspection and enforcement
actions to the environmental regularization of the
polluting activities. In addition, specific points, such
as P.32 and P.33, presented concerning conditions
due to the discharge of effluents, making them
priority areas for continuous monitoring and
intervention.

Long-term environmental sustainability and
compliance with the Sustainable Development
Goals (SDGSs), especially SDGs 6 and 11, directly
depend on the monitoring and effective
management of water quality in urban lakes (Dawn
et al., 2025). Therefore, the development of a
continuous environmental monitoring program, with
strategic  planning of physicochemical and
microbiological analyses, is essential to assess the
effectiveness of the implemented actions. In this
context, the present study contributes to the
maintenance of environmental quality, the protection
of fauna and flora, and the promotion of the health
and well-being of the population that uses the lake
for recreational and cultural purposes.
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