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Abstract

Water is an essential element for life, and its territorial
management is crucial to ensure universal access while
maintaining both quality and quantity. Poorly planned landscape
interventions intensify problems such as erosion, siltation,
flooding, landslides, and potable water scarcity. Among the key
processes for water resource management, surface runoff and
infiltration stand out, both directly influenced by land use and
land cover (LULC) changes. This study aimed to evaluate the
impacts of LULC modifications between 2002 and 2022 on
surface runoff and infiltration rates in the municipality of Ouro
Preto, Minas Gerais, Brazil. Runoff coefficients were first
estimated based on slope maps, soil classes, and LULC for 2002
and 2022. Subsequently, runoff maps were generated by
multiplying these coefficients by average precipitation.
Infiltration maps were then derived using the water balance
method,  subtracting runoff and  evapotranspiration.
Geoprocessing was conducted in a GIS environment using remote
sensing data within the QGIS platform. Results indicate an
increase in surface runoff and a decrease in infiltration,
especially in the western, northern, and central portions of the
municipality. This is concerning, as the lowest infiltration rates
coincide with high-potential aquifers, threatening their recharge.
Furthermore, the increase in runoff exacerbates erosion risks,
particularly in the central region, where soils are highly
susceptible to gully formation.
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INTRODUCTION

Despite the abundant availability of water
resources 1n Brazil, their management is
inefficient and conflictual (Peixoto et al., 2021).
Much of this water is used in the production of
commodities such as iron ore, which in 2021 led
national exports, exceeding US$ 44.6 billion, of
which US$ 18.2 billion came from Minas Gerais
(Ministério da Economia, 2022). In the
Quadrildtero Ferrifero (QF - Iron Quadrangle),
the main iron ore producing region in Minas
Gerais, water management is complex, and the
conflict with mining aggravates the situation,
since the geological formations that house the
main deposits also contain aquifers that are
fundamental to regional water security (Souza,
2021; Miguel; Campos, 2024). In this context,
the municipality of Ouro Preto, located in the
southeastern portion of the QF, faces a complex
dilemma in attempting to reconcile urban
expansion and mining activity with the
conservation of its water resources.

Changes in land use and land cover affect the
hydrological cycle, modifying flow patterns and
soil hydraulic properties, which impact runoff
and infiltration rates (Mahmoud; Alazba, 2015;
Savary et al., 2009; Yang et al., 2021). These
hydrological processes are crucial because they
influence erosion and  siltation rates,
agricultural productivity (Quinton; Catt, 2006),
the occurrence of floods (Wheater; Evans, 2009),
the conservation of groundwater reserves, and
the flow of watercourses (Juki¢; Deni¢-Jukic,
2009). Thus, analyses that estimate the effects
of changes in land use and land cover on surface
runoff and infiltration rates are fundamental to
water resource management (Delgado et al.,
2020; Frey et al., 2021).

Several numerical methods and models have
been developed to estimate surface runoff and
infiltration (Scanlon et al., 2002). The high
demand for spatial data and processing time has
led to the development of simplified tables and
formulas, widely used in regions with scarce
data or in large-scale analyses, which estimate
the runoff coefficient based on slope, soil
permeability, and land use and cover (D’alberto;
Lucianetti, 2019). Other models integrate the
water balance based on surface runoff,
precipitation, and evapotranspiration data to
estimate infiltration (Costa et al., 2019; Galvao
et al., 2018). These models now incorporate
remote sensing data and processing in
Geographic Information Systems (GIS), given
the wide availability of spatial, spectral,

radiometric, and temporal data (Thakur et al.,
2016).

However, despite the existence of several
hydrological modeling studies, there is a
significant gap in the literature regarding the
analysis of long historical series in the
Quadrildtero Ferrifero, with a specific focus on
the municipal scale. This approach is essential,
as it is at the municipal level that many land use
decisions are made. Thus, this article aimed to
analyze how changes in land use and land cover
between 2002 and 2022 affected surface runoff
and infiltration rates in the municipality of Ouro
Preto, MG. The hypothesis raised is that the
removal of native vegetation cover in favor of
urban expansion and mining areas has resulted
in a significant increase in surface runoff and a
consequent reduction in infiltration capacity,
compromising local water resilience. The results
aim to provide technical support for more
efficient and sustainable water resource
management in the region.

MATERIALS AND METHODS

Characterization of the study area

Ouro Preto is located in the extreme southeast
of the Quadrildtero Ferrifero and the Sao
Francisco Craton (Almeida, 1977). It covers an
area of 1,245 km? comprising 13 districts and
approximately 75,000 inhabitants, with the
urban area representing 1.5% of the territory
(18.8 km?) in 2022 (Souza et al., 2020; IBGE,
2022). It 1s located in a transition region
between the Atlantic Forest and Cerrado
biomes, where seasonal forests and rupestrian
grasslands predominate (Messias et al., 2015).
According to the Koppen and Geiger
classification, the climate is Cwb (subtropical
highland), with dry winters and a rainy season
from November to March (Nimer, 1989).

The municipality has complex geology,
composed of four main lithostratigraphic
complexes: the Bacdo Metamorphic Complex,
with Archean granite-gneiss basement; the Rio
das Velhas Supergroup, an Archean volcanic-
sedimentary sequence of the “greenstone belt”
type; the Minas Supergroup and the Itacolomi
Group, Paleo- and Mesoproterozoic
metasedimentary sequences (Ruchkys, 2007;
Varajao et al., 2009). In the south, the following
units were mapped: Metamorphic and
Metaultramorphic Units, Monsenhor Isidro
Body, and Alto Maranhio Suite (Figure 1).
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This lithological complexity is reflected in a
rugged terrain, with altitudes ranging from 666
to 1,898 meters (Figure 2). The elevated areas
are composed of itabirites and quartzites from
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Figure 1 - Geological Map of the Municipality of Ouro Preto, MG
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2009).

the Minas Supergroup and the Itacolomi Group;
the intermediate regions consist mainly of
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Figure 2 - Hypsometric map of the municipality of Ouro Preto, MG
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The territory is drained by two large basins,
the Séo Francisco River basin—which covers the
Das Velhas River and Paraopeba River basins—
and the Doce River basin—which covers the
Piranga River and Piracicaba River basins
(Figure 3). The regional geological and
geomorphological heterogeneity favors the
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occurrence of soils with significant variation in
depth, texture, and structure, which were
grouped into six classes on the soil map of Minas
Gerais: Red-Yellow Latosol, Red Latosol, Red
Argisol, Litholic Neosol, Haplic Cambisol, and
Rock Outcrop (UFV et al., 2010).
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Figure 3 - Map of the watersheds in the municipality of Ouro Preto, MG
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Input data and modeling methodology

Surface runoff was calculated by multiplying the
average annual rainfall by a runoff coefficient,
estimated using map algebra based on the
integration of data on slope, soil permeability,
and land use. Infiltration was obtained using
the water balance equation (Rushbrook; Pugh,
1999), deducting  surface  runoff and
evapotranspiration from total precipitation.

Surface runoff coefficient

Various methods for calculating surface runoff
based on geomorphological, pedological, and
land use and land cover data were organized
into a reference matrix (Table 1). The
coefficients proposed by Kenessey (1930) and
Barazzuoli et al., (1989) were used because they
cover higher slope ranges that are more
appropriate for the mountainous terrain of the
region, and by Liu (2004), which covers the soil
textures found in the area. To define the
coefficients in urban areas, the parameters of
ASCE and WPCF (1986) and Rahaman (2021)
were adopted.
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Table 1 - Surface runoff coefficients for different land use and land cover classes, slope, and soil

permeability
Soil permeability

Land Use and Land Cover Inclination High Average Low Very low
Forest/Savanna/Forestry
Plane: <3.5% 0.10 0.20 0.30 0.40
Slightly inclined 3.5-10% 0.14 0.24 0.34 0.44
Inclined 10-35% 0.20 0.30 0.40 0.50
Highly inclined: > 35% 0.32 0.42 0.52 0.62
Pasture/Grassland
Plane: <3.5% 0.20 0.30 0.40 0.50
Slightly inclined 3.5-10% 0.24 0.34 0.44 0.54
Inclined 10-35% 0.30 0.40 0.50 0.60
Highly inclined: > 35% 0.42 0.52 0.62 0.72
Agriculture
Plane: <3.5% 0.30 0.40 0.50 0.60
Slightly inclined 3.5-10% 0.34 0.44 0.54 0.64
Inclined 10-35% 0.40 0.50 0.60 0.70
Highly inclined: > 35% 0.52 0.62 0.72 0.82
Exposed soil/mining
Plane: <3.5% 0.40 0.50 0.60 0.70
Slightly inclined 3.5-10% 0.44 0.54 0.64 0.74
Inclined 10-35% 0.50 0.60 0.70 0.80
Highly inclined: > 35% 0.62 0.72 0.82 0.92
Urban area
Plane: <3.5% 0.70 0.70 0.70 0.70
Slightly inclined 3.5-10% 0.74 0.74 0.74 0.74
Inclined 10-35% 0.82 0.82 0.82 0.82
Highly inclined: > 35% 0.95 0.95 0.95 0.95

Source: Kenessey (1930); Barfield et al., (1983); ASCE e WPCF (1986); Barazzuoli et al., (1989); Liu
(2004); Rahaman (2021). Prepared by the authors (2025).

Soil permeability map

The six soil classes mapped by UFV et al., (2010)
(Figure 4A) were reclassified according to
permeability (Figure 4B). In the absence of
primary hydraulic conductivity data, a database
was created with soil samples obtained from
regional research (Andrade et al., 2012; Costa et
al., 2014; Bonna, 2011; Vale, 2013; Souza, 2013).

These samples were plotted on the triangular
diagram of texture classes (Lemos; Santos,
1996) to determine the predominant texture of
each soil class. Following Liu's methodology
(2004), predominantly sandy loam soils were
considered to be highly permeable; sandy clay
loam soils were considered to be moderately
permeable; and clay soils were considered to be
low permeability. The rocky outcrops were
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classified as having very low permeability due to
the frequent occurrence of rock fragments and
lateritic layers in mosaics near Neosols and
rocky fields (Messias et al., 2013). This

classification valued the greater permeability of
Neosols and Cambisols and, consequently, of
higher elevation areas, which are home to a
significant portion of the springs.

Figure 4 - A - Soils in the municipality of Ouro Preto, MG. B - Soil permeability map of the
municipality of Ouro Preto, MG
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Slope map by digital elevation model

The slope map (Figure 5A) was derived from the
SRTM V3 Digital Elevation Model (30 m
resolution), subsequently reclassified into four
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intervals according to Barazzuoli et al., (1989):
flat (<3.5%); slightly sloped (3.5%—10%); sloping
(10%—35%); and very steep (>35%) (Figure 5B).
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Figure 5 - A - Slope angle (%) of the municipality of Ouro Preto, MG. B - Slope angle classes in the

municipality of Ouro Preto, MG
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Land use and land cover map for 2002 and
2022

Data from MapBiomas Collection 7 (Landsat 5,
30 m) were used for the years 2002 and 2022.
The original classes were regrouped into five

categories according to surface runoff capacity
(Liu, 2004): Forest/Savanna/Forestry (very low
runoff);  Pasture/Grassland (low  runoff);
Agriculture (medium runoff); Bare Land/Mining
(high runoff); and Urbanized Area (very high
runoff) (Figure 6).

Figure 6 - Land use and land cover classes according to surface runoff capacity in the municipality of
Ouro Preto, MG, in 2022
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Precipitation map

The precipitation map used the historical series
from the Climate Hazards Group InfraRed
Precipitation with Station data (CHIRPS),
which integrates satellite images (0.05°) with
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data from weather stations (Funk et al., 2015).
The annual average of the time series (2002 to
2022) was calculated, followed by resampling to
30 m, a procedure necessary to avoid the loss of
geomorphological and urban detail and enable
map algebra (Figure 7).

Figure 7 - Map of average annual rainfall (2002 to 2022) in the municipality of Ouro Preto, MG
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Source: CHIRPS (Funk et al., 2015). Prepared by the authors (2025).

Actual evapotranspiration map

Evapotranspiration was estimated using the
MOD16A2GF Version 6.1 (Penman-Monteith)

model, which  combines  meteorological
reanalysis data with remote sensing,
integrating soil evaporation and canopy

transpiration (Running et al., 2021). The model
was selected because it provides greater spatial
detail (500 m) and better land use distinction
compared to FLDAS (Silva et al., 2021). The
average evapotranspiration of the time series
(2002 to 2022) was obtained, with subsequent
resampling to 30 m (Figure 8).

Soc. Nat. | Uberlandia, MG | v.38 | €79695| 2026 | ISSN 1982-4513



GAIAO et al.

Influence of Land Use

Figure 8 - Annual average evapotranspiration (2002 to 2022) for the municipality of Ouro Preto, MG
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Source: Running ef al., (2021). Prepared by the authors (2025).

Runoff and infiltration map

Soil permeability layers, slope, and land use and
land cover were combined according to Table 1
to determine the surface runoff coefficient for
each pixel. This coefficient was multiplied by the
average annual precipitation, generating
surface runoff maps (mm/year) for the 2002 and
2022 scenarios.

Infiltration was estimated by adapting the
water balance equation of Rushbrook and Pugh
(1999):

I=P—ET-R

Where: I = infiltrated volume (including
moisture stored in the soil and percolated
water); P = precipitated volume; ET =
evapotranspired volume; and R = surface runoff

volume.
Limitations of the Method

It should be noted that the model adopts
simplifications necessary for the regional scale
analyzed. It was decided to consider infiltration
as a whole, including water stored in the soil and
percolated water, due to soil heterogeneity and
the lack of specialized data on the hydraulic
characteristics of local soils, a gap that also

required the generalization of permeability
classes based on secondary data. Another
limitation lies in the absence of field validation,
which is not feasible due to the lack of historical
hydrographs in the micro-basins and
operational restrictions on in situ measurement
campaigns. The model therefore proposes a
simplified representation of reality to predict
territorial management impacts, indicating
spatial trends rather than absolute hydrological
values.

RESULTS AND DISCUSSION

The integrated analysis of land use changes and
their hydrological impacts between 2002 and
2022 demonstrates significant quantitative
impacts on the water cycle in Ouro Preto.

Land Use and Land Cover

Data from MapBiomas (2002—2022) show a
significant transformation in the landscape of
Ouro Preto (Souza et al., 2020). Noteworthy is
the reduction in native forest cover, a
considerable part of which has probably been
converted to eucalyptus monocultures, as

10
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indicated by the significant 255% increase in
forestry areas (Table 2). The 40% expansion in
intensive anthropogenic use classes (mining and
urban) directly affects the local water balance.
These changes do not occur uniformly, but are
concentrated in areas of economic pressure: the
northwestern mining axis (Antonio

Pereira/Miguel Burnier) and the central
urbanization axis around the BR-356 highway
(Cachoeira do Campo/Amarantina). This
dynamic confirms the pressure of extractive
activities and population density on the
territory, promoting the sealing of potential
recharge areas.

Table 2 - Land use and land cover classes in the municipality of Ouro Preto, MG, occupied area and
variation between 2002 and 2022, based on MapBiomas data

Land Use and Land Cover

Area 2,002 km?® (%)  Area 2,022 km? (%)

Variation (%)

Forest Formation

Savanna Formation

Forestry

Grassland Formation
Pasture

Agriculture and Pasture Mosaic
Urban Infrastructure

Other Non-Vegetated Areas
Rupestrian Grasslands
Mining

Rivers, Lakes, and Reservoirs
Agriculture

Coffee

Other Perennial Crops

583.78 (46.9%)
1.68 (0.13%)
14.90 (1.2%)

203.23 (16.3%)

209.35 (16.8%)

127.72 (10.3%)
13.39 (1.1%)
6.50 (0.5%)

37.68 (3%)
38.77 (3.1%)
4.43 (0.36%)
0.07 (0.01%)
4.27 (0.34%)
0.11 (0.01%)

556.18 (44.6%) 5
1.87 (0.15%) 11
52.90 (4.25%) 255
222.40 (17.9%) 9
167.60 (13.5%) -20
119.30 (9.6%) 7
18.79 (1.5%) 40
6.33 (0.5%) -3
37.93 (3%) 1
54.27 (4.4%) 40
4.24 (0.34%) 4
0.61 (0.05%) 80
3.23 (0.26%) .24
0.24 (0.02%) 118

Source: MapBiomas (Souza et al., 2020). Prepared by the authors (2025).

Surface Runoff

The increase in surface runoff rates validates
the initial hypothesis of this study, that the
change in land cover resulted in an increase in
surface runoff between 2002 and 2022 (Figure
9). The maps highlight critical areas: in the
northern and western portions (Antonio Pereira
and Miguel Burnier), where increased runoff is
directly associated with soil exposure due to
mining; in the central portion (Cachoeira do
Campo and Amarantina), the main factor is
urbanization. The estimated surface runoff

values are high compared to other studies
(Mahmoud; Alazba, 2015; Tilahun; Merkel,
2009), probably due to the mostly sloping terrain
and high precipitation rates. Although the 30 m
resolution and the absence of in situ calibration
impose limitations on the accuracy of the
estimated values, the upward trend is clear and
indicates the risk of intensification of erosion
and gully formation processes, phenomena that
are already recurrent due to the characteristics
of the soil in the region (Bonna, 2011; Pedrosa,
2013).
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Figure 9 - A - Surface runoff in the municipality of Ouro Preto, MG, in mm/year in 2002, and B - in
2022
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Infiltration 2007); the Piracicaba and Sabara Groups, which

The reduction in estimated infiltration (Figure
10) exposes a latent socioeconomic and
environmental conflict in the Quadrildtero
Ferrifero: the geological formations of greatest
mineral interest coincide with the main
underground water reserves (Souza, 2021). The
northern area, where infiltration was
particularly low, is home to important aquifers
in the municipality: the Itabira Group, which,
especially in the Caué Formation, has high
storage capacity and conductivity (Mourdio,

have high porosity, permeability, and storage
coefficient; and the Itacolomi Group, formed by
fractured aquifers that normally have high
transmissivity coefficients (Ferreira; Bacellar,
2010). A similar situation regarding aquifer
potential occurs in the western part of the
municipality, where there was also a notable
reduction in the infiltration rate (Figure 11).
Other areas with low to medium infiltration
include the central-eastern portion, located
mainly on rocks from the Piracicaba and Sabara
Groups, an important catchment area for the
city's water supply.
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Figure 10 - A - Estimated infiltration in the municipality of Ouro Preto, MG, in mm/year in 2002,
and B - in 2022
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The difference in total infiltration between
2002 and 2022 indicates that, annually,
approximately 1.23 billion liters of water no
longer infiltrated the system, instead becoming
surface runoff. The areas with the greatest loss
of infiltration are clearly shown in Figure 11.

This result corroborates the hypothesis of
compromised recharge, aligning with the
findings of Barbedo et al., (2022) on the decrease
in water storage in Minas Gerais between 2003
and 2020.

Figure 11 - Difference in estimated infiltration rate between 2002 and 2022 for the municipality of
Ouro Preto, MG, in mm/year
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This decrease in groundwater recharge,
combined with the lowering of the water table
and the removal of water-storing lithological
formations (to deepen mining pits), as well as
population growth and increased water demand,
compromises the resilience of aquifers. If
current trends of urban expansion and mining
over recharge areas persist, a scenario of
increasing water Insecurity 1is projected,
affecting springs and watercourses essential to
the Doce and Velhas river basins and,
consequently, municipal supply and water
availability in the Belo Horizonte Metropolitan
Region.

FINAL REMARKS

This study demonstrates that land use and land
cover changes in Ouro Preto between 2002 and
2022 resulted in measurable hydrological
impacts, specifically increased surface runoff
and reduced infiltration capacity. These changes
intensify  environmental degradation by
increasing water erosion, silting of water bodies,
and decreasing aquifer recharge, which directly
weakens the base flow of springs.

Spatial analysis has shown that infiltration
reduction occurs critically in areas of high
hydrogeological suitability (itabiritic and
quartzitic aquifers), signaling a compromise to
local water security if current occupation trends
continue. The scientific contribution of this work
lies in the application of an accessible
methodological approach to municipal water
management, even in areas with low data
availability, and in the analysis of a long
historical series (20 years) in the Quadrildtero
Ferrifero. This demonstrates the applicability of
hydrological models in GIS for the diagnosis of
complex basins, even in the face of limitations
such as the use of secondary data and the
absence of in situ calibration. However, it should
be noted that more accurate estimates depend
on future research that maps the hydraulic
characteristics of regional soils (texture, depth,
saturation capacity) and performs field
calibration of runoff coefficients for different soil
classes, slopes, and land uses.

It can be concluded that the integration of
hydrological variables into land management is
essential for water security in Ouro Preto. It is
recommended that the maps generated in this
study be used to support the revision of the
Master Plan and the Land Use and Occupancy
Law, guiding water resource management with
priority given to the conservation of remaining
recharge areas, in order to ensure resilience in

the face of future economic and climatic
pressures.
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