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ABSTRACT: Most Brazilian municipalities do not have regulated areas for solid waste 
disposal in civil construction. Usually, residues are disposed of vacant lots and dumps, 
posing risks to the population health and the environment. Soils are the primary means 
for the disposal or recycling of waste, highlighting the importance of well-characterized 
soils and their respective landscape. This study aimed to establish a land suitability 
system for solid residues in civil construction and apply such information in a case study 
in Southeastern Brazil. An unprecedented digital soil map with a resolution of 30 m  
was created using the random forest classifier algorithm and soil field prospection 
information. A guide listing favorable soil-landscape attributes that most prevent soil 
erosion, water bodies or water table contamination was elaborated and discussed. Thus, 
such information was linked through a suitability system to classify areas with potential for 
receiving waste on a daily volume basis as follows: large size: >500 m³ day-1, medium size: 
>100 m³ day-1 and <300 m³ day-1, and small size <100 m³ day-1. Topography and soil depth 
were the most limiting factors of the areas in the case study. The proposed attributes as 
criteria for the suitability system complement the current state legislation. A total of 236 ha  
closer to the urban perimeter connected by roads in good condition were classified as 
suitable for managing medium- and small-scale daily volume, whose destination might 
reduce transportation and installation costs in the study area.
Keywords: land-use planning, soil survey, random forest, environmental legislation.
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INTRODUCTION
Historically, suitability systems that applied soil-landscape information as a fundamental 
basis have mainly focused on food, fuel, or fiber production (Ramalho Filho and Beek, 
1995; Costa et al., 2009; Amaral, 2011; Silva et al., 2013; Jamil et al., 2018; Taveira et 
al., 2019). However, soils have faced unprecedented pressures concerning degradation 
and urbanization (Viscarra-Rossel et al., 2016), increasing the challenge of environmental 
sustainability to reduce the impacts on ecosystem services (McBratney et al., 2014). In 
this sense, Pedron et al. (2006) developed a system considering potential urban use for 
waste disposal, urban construction, urban agriculture, and environmental preservation 
groups. Oliveira et al. (2016) developed a land-suitability system for waste disposal, 
emphasizing the installation of septic systems. Ghosh and Nanda (2016) combined 
favorable soil-landscape characteristics with low population density to create a suitability 
system for general waste disposal in India. With the rapid urbanization and growing 
population, Brazilian municipalities need a specific guide to regulate solid waste disposal, 
especially from civil construction.

Most Brazilian municipalities do not have regulated areas for solid waste disposal in civil 
construction. Usually, the waste is discarded in vacant lots or dumps, bringing risks to the 
population health and the environment (Abrelpe, 2019). In general, one of the significant 
impact is the large volume generated of such wastes, being managed as low-hazardous. 
However, they might contain organic materials, hazardous products, and various packaging 
that can accumulate water, favoring insect proliferation and other disease vectors, such 
as Aedes aegypti (Karpinski et al., 2008), a recurrent problem in Brazil. 

The regulatory legislation concerning solid waste disposal of civil construction had an 
important milestone in 2002, through resolution No. 307/2002 of the National Environment 
Council – CONAMA, which established that the generating source of the waste was 
responsible for the proper disposal. Nevertheless, most Brazilian municipalities dispose 
of the waste in irregular locations. Municipalities urban cleaning service is not considered 
legally responsible for collecting this waste. In 2018, 122,012 Mg day-1 of waste were 
abandoned on roads and other public places. In the southeastern region of Brazil, cleaning 
services have collected 63,679 Mg day-1 of waste, equivalent to a per capita collection 
of 0.726 kg inhabitant-1 day-1 (Abrelpe, 2019). 

In addition to federal regulations, the state of Minas Gerais has two essential guidelines 
for solid waste management: a) the normative deliberation of the State Environmental 
Policy Council – Copam No. 244 of 2022, which establishes guidelines for the definition 
of areas for the final disposal of the urban solid waste; and b) the Federal law No. 12,305 
of 2010 (Brasil, 2010), consisting of the national solid waste management policies as a 
mandatory mean of integrating management regulations. Management regulations must 
identify the most appropriate areas for adequate waste disposal. Federal law No. 14,206 
of 2020 set a deadline for implementing the environmentally appropriate final disposal 
of municipalities with a population of up to 50,000 until August 2, 2024. Additionally, 
the Brazilian Standard – NBR 15,113:2004 establishes the minimum requirements for 
designing, implementing, and operating landfills for solid waste from civil construction 
and inert waste. Notably, NBR 15,113:2004 does not recommend any waterproofing 
treatment for civil construction landfills, increasing the importance of soil characterization 
to ensure the suitability of facilities and environmental sustainability.

The current resolution Copam No. 244 of 2022 only suggests that solutions concerning 
waste disposal must be regionalized, but detailed guidance about the proper places for 
disposal is not provided. Soil surveys have stood out considering the tools supporting an 
adequate environmental and land-use diagnosis (Menezes et al., 2009; Stoorvogel et al., 
2017). A complete soil survey report carries in-depth information about the morphological, 
physical, and chemical properties of a soil profile, attached to a typical landscape of their 
occurrence, encompassing the environment of each soil class (Resende et al., 2014). 
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Such variation imposes different suitability for waste disposal directly on soil (Oliveira 
et al., 2016). More recently, digital soil mapping techniques have been applied based 
on the generalization of the traditional five factors of soil formation proposed by Jenny 
(1941), from which seven predictive factors (environmental covariates) in digital format 
are derived from soil, climate, organisms, relief, parent material, time, and spatial/
geographical position (McBratney et al., 2003), constituting the so-called Scorpan model. 
From this framework, soil can be spatially predicted from its properties and environmental 
covariates, which are proxies of state factors for the spatial association. This additional 
model input is less connected to soil-forming processes but improves spatial predictions 
using closely measured soil sample information (Wadoux et al., 2020).

Soils are the primary mean of disposal or recycling of waste due to their ability to promote: 
a) the modification of organic and inorganic compounds through chemical reactions and 
physical or biological processes (Streck et al., 2018); b) filtering, reducing contamination 
and preventing many pollutants from reaching groundwater (Oliveira et al., 2016); and 
c) the remediation process since its ecosystem attributes and services contribute to the 
immobilization, dissipation, and filtering of contaminants. In this context, carrying out 
a soil survey is a strategic step as it characterizes the spatial variability of soils since 
their properties influence the retention and leaching of elementals or molecules, erosion, 
and surface runoff potential. However, the only harmonized soil survey available for 
the state of Minas Gerais presents a small scale (1:650,000) (UFV/CETEC/UFLA/FEAM, 
2010). Soil surveys at more detailed scales compatible with solid waste management 
purposes are necessary.

According to the national solid waste policy (No. 12,305 of 2010), all municipalities must 
plan for integrated solid waste management, including identifying environmentally 
appropriate areas for final disposal. Small and medium-sized municipalities do not 
have sufficient financial resources and technical staff for the efficient and sustainable 
management of solid waste. Thus, a consortium is an alternative tool to universalize 
services (Ventura et al., 2020). To answer a demand from Regional Basic Sanitation 
Consortium (CONSANE) for policy-making in co-creation and municipalities, this study 
aimed to develop a suitable system for solid waste disposal in civil construction. In 
addition, the system was applied in the municipality of Nepomuceno – Minas Gerais 
State as a study case.

MATERIALS AND METHODS

Study area

The selected study area was Nepomuceno Municipality in the state of Minas Gerais. It is 
located between latitudes 469927 and 484733 m and longitudes 7672934 and 7637880 m,  
zone 23S (UTM coordinates, datum WGS 84) (Figure 1), with altitudes ranging from 756 
to 1136 m. The municipality has a total of 583.78 km2 of area and has 26,769 inhabitants 
(IBGE, 2020). The pilot area contains physiographic features representative of the Campos 
das Vertentes region, where the interpretations generated here could be extrapolated. 
Nepomuceno plays an essential sanitary role for the surrounding municipalities due to 
sanitary and industrial landfills installed for receiving waste. The climate is characterized 
as Cwb according to the Köppen classification system (Alvares et al., 2013) (mesothermal 
with mild and humid summers and dry winters). The mean annual temperature is 18.9 
°C, and the annual rainfall is 1,630 mm. Granite, gneisses, migmatites, quartzites, and 
ultramafic rocks mainly represent geology. The native vegetation is represented by 
subperennial tropical forests and savannas (Cerrado) with pastures and cultivated areas 
consisting mainly of coffee plantations (Trouw et al., 2007). Thus, applying the suitability 
system in landscapes with similar conditions to those above mentioned is recommended.
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Initially, parameters were applied according to the normative deliberation of the State 
Environmental Policy Council – Copam No. 118/2008. Although revoked, the guidelines 
bring the concept of adequacy of the final disposal of urban solid waste in the State of 
Minas Gerais (Table 1). Based on these criteria, the spatial pre-definition of areas with 
the potential for allocating civil construction landfills was carried out.

Slope was calculated from the digital elevation model (DEM) with 30 m of resolution 
obtained from the Shuttle Radar Topography Mission (SRTM) in the SAGA geographic 
information system (System for Automated Geoscientific Analysis) (Conrad et al., 2015). 
Information about the current land-use and coverage of the soil, hydrography, vegetation, 
and roads (including the local roads) (Figure 1) were obtained from the Spatial Data 
Infrastructure of the State Environment and Water Resources System (IDE- Sisema) 
(Sisema, 2019) at 1:50.000 scale.

Areas considered inapt or possessing any restriction according to Copam No. 118/2008 
were firstly excluded (Table 1). For that, the weighted overlay tool from ArcGIS version 
10.1 (ESRI®) was applied using the digital layers of the slope, location of urban centers, 
hydrography, and road infrastructure.

Digital soil mapping

Prospecting locations were previously selected for field campaigns from the Latin hypercube 
conditioned by the cost algorithm developed in the R software (R Development Core 
Team, 2009) through the clhs package (Minasny and McBratney, 2006; Roudier, 2021). 
The following georeferenced digital information was used as input data in the algorithm: 
a) terrain attributes that have significance regarding soil-landscape (DEM, slope, surface 
texture of the terrain, and topographic wetness index); b) information that might affect 
the cost of access of a given location: the Euclidean distance function was applied to 
the road infrastructure layer in ArcGIS version 10.1 (ESRI®) to create weights based on 
the distances from the roads (the longer the distance, the higher the weight assigned, 
the higher the cost of access) (Roudier et al., 2012; Silva et al., 2015).

Figure 1. Location map of the municipality of Nepomuceno. (a) slope range; (b) urban perimeter; (c) road infrastructure; and (d) 
drainage networks. Adaptad from Spatial Data Infrastructure of the State Environment and Water Resources System (IDE- Sisema).
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In 25 soil locations, morphological description and sample collections were performed 
according to Santos et al. (2015). Soil texture analysis was done using the pipette method 
(Gee and Bauder, 1986) at 0.00-0.20, 0.40-0.70, and 1.00-1.20 m soil layers. Soils were 
classified according to the Brazilian Soil Classification System (Santos et al., 2018) and 
US Soil Taxonomy (Soil Survey Staff, 2014). Additionally, 18 legacy soil profiles containing 
full descriptions were obtained from Villela (2020) to compose the complete soil database.

Environmental covariates

The DEM with 30 m resolution was obtained from the Shuttle Radar Topography Mission 
(SRTM). Images were pre-processed to fill gaps and make the model hydrologically 
consistent. From the DEM, the covariates related to topography were calculated in the 
SAGA GIS software (Conrad et al., 2015): aspect, valley depth, channel network base 
level (cnbl), channel network distance (cnd), LS factor, multiresolution index of valley 
bottom flatness (mrvbf), SAGA topographic wetness index (stwi), slope, and terrain 
surface texture (texture).

Airborne gamma-ray spectrometry survey was used as a proxy of soil parent material 
(Lacoste et al., 2011; Weihermann et al., 2016). This sensor measures the natural radiation 
emanating from the Earth’s surface from the decay series of K (%), Th (ppm), and U (ppm) 
in the first 0.30 m of the surface. Standard processing for aerial geophysical surveys was 
performed using OASIS MONTAJ 9.7 software (Smethurst, 2005). The interpolation of the 
dataset was calculated using minimum curvature in regular grids of 100 m (1/4 to 1/5 of 
the spacing of the flight lines), generating the K (%), Th, and U (ppm) concentration raster 
grids (IAEA, 2003). With the grid knitting tool, the resulting grids were fixed. Finally, the 
total gamma-ray flux (dose) was calculated based on the weighted additions of radioactive 
elements using the formula (Wilford, 2012): Dose = 13.078 K (%) + 5.67 U (ppm)  
+ 2.49 Th (ppm). Concentrations of Th and U generally increase, and K decreases during 
bedrock weathering and soil formation (Wilford and Minty, 2006).

Annual precipitation data was obtained through WorldClim 2.1 (Fick and Hijmans, 2017) 
to represent climate as a soil-forming factor. Soil organic carbon stock was obtained from 
Gomes et al. (2019) due to the influence of organisms for soil characteristics.

Random forest: input information, modeling, and accuracy assessment

Firstly, a circular buffer with a 30 m radius around each soil prospection point was 
created. This buffer consisted of a polygon used to overlay a raster map to extract pixels 
within this area. Thus, it was assumed that the same soil class for each pixel within this 
buffer polygon increased the training dataset size. Results have suggested that this 
task increases the accuracy of random forest (RF) (Pelegrino et al., 2016; Machado et 
al., 2019). In this study, the buffer increased the database for 131 soil input information 
(Table 2) over the 41 field sampling.

Secondly, since the RF algorithm is sensitive to different training dataset strategies 
(Machado et al., 2019), the Spearman correlation test was performed to reduce the 
multicollinearity among environmental covariates (the ones with more than 80 % 
correlation were excluded) (Koreen and Richardson, 2015).

Table 1. Criteria used to delimit areas with potential for allocating civil construction landfills according to Normative Deliberation 
Copam No. 118/2008
Weighted-overlay analysis parameters Criteria
Distance from urban centers 1 km > suitable location <10 km
Distance from roads Suitable location <100 m
Distance from water bodies Suitable location >500 m
Slope Suitable location <30 %
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Furthermore, the soil map was obtained from spatial prediction with the RF algorithm 
using randomForest package (Breiman, 2001) in the R software (R Development Core 
Team, 2009). For this study, the ntree optimal parameter value found was 500, from the 
iterations in the caret package and better accuracy return. The mtry hyperparameter 
controlled the number of sample variables. Thus, the number of variables used for each 
tree was the square root of the total number of variables (mtry = 4) (Machado et al., 
2019). The class of each sample is then determined by the most frequent type from 
the trees constructed. Two-thirds of the samples were used to build the trees (model), 
and the remaining third were for validation and called out-of-bag (OBB) calculation. The 
OBB samples were inserted into the decision tree, and a predicted class was assigned to 
each OOB sample. A single model was obtained with the RF result, accompanied by the 
aggregate error estimated and the overall OBB estimated error rate (Heung et al., 2014).

The accuracy of the digital soil map was assessed by overall accuracy (OA) and Kappa 
index (KI) from a confusion matrix. The OA was calculated from the sum of the main 
diagonal components of the confusion matrix divided by the total number of samples 
used in the validation. The KI, a measure of agreement, considered all elements of the 
confusion matrix, the number of soil classes, and the samples correctly classified. Values 
range from -1, where there is more significant disagreement, to 1, suggesting excellent 
agreement (Landis and Koch, 1977; Pelegrino et al., 2016).

Suitability system for solid waste disposal from civil construction

Suitability classes were defined according to the potential or not for receiving waste in 
daily volume: large size: >500 m³ day-1, medium size: >100 and <300 m³ day-1, small 
size <100 m³ day-1, and inadequate (lands that are not supposed to receive any waste). 
The greater the volume, the higher the potential risk of environmental contamination. The 
potential for receiving waste in daily volume was established by Copam No. 217/2017, 
which deals with aspects according to size criteria, polluting potential, and location 
criteria. Thus, the areas that bring together all the attributes favorable to waste disposal 
will be classified as those with the greatest volume reception capacity.

Soil and landscape properties obtained from soil survey and geoprocessing analysis 
related to water dynamics or soil erosion were analyzed. Favorable attributes are those 
that most prevent soil erosion and or water bodies or water table contamination. The 
increasing of limiting attributes decreases the volume of waste suitability. The most 
limiting attribute is the determinant to fit a given soil-landscape in each suitability class. 
A final guide table is suggested containing a broad combination of soil features applied 
in the study case.

Table 2. Soil database used for mapping, soil classes (Brazilian Soil Classification System and U.S. Soil Taxonomy between parentheses), 
number of field prospections, and samples number extracted from the buffer

Soil class Number of field prospections Number of samples extracted 
with the 30 m buffer

Cambissolo Háplico Tb Distrófico (Dystrustept) 5 12

Floodplain soils complex 5 10

Latossolo Amarelo Distrófico (Hapludox) 3 6

Latossolo Vermelho Distrófico  (Acrudox) 20 43

Latossolo Vermelho-Amarelo Distrófico (Hapludox) 3 7

Nitossolo Vermelho Distrófico (Rhodudult) 1 3

Argissolo Vermelho Distrófico (Rhodudult) 2 5

Argissolo Vermelho-Amarelo Distrófico (Hapludult) 2 4

Total 41 131
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RESULTS

Suitability system

Table 3 shows the suitability system of waste disposal for civil construction. The latter 
establishes criteria for classification according to the size and polluting potential of 
environmental licensing of facilities and activities that use environmental resources 
in Minas Gerais, Brazil. The values was adapted from Oliveira et al. (2016) and Streck 
et al. (2018). General description of the selected soil and terrain characteristics of the 
proposed system is presented further:

- Soil depth: is related to the volume of soil available for the adsorption, attenuation, and 
stability of residues. This natural attenuation generally involves transferring and stabilizing 
the contaminant from one location to another (from the surface to the subsurface, for 
example). The main advantage is reducing and diluting the pollutants efficiently and 
continuously (Andrade et al., 2010). Studies show that leaches from civil construction 
waste may contain significant metallic contaminants (Torgal and Jalali, 2011; Staunton 
et al., 2015). High concentrations of As, Ba, Cd, Co, Sb, Se, and Tl were found in slugs 
collected in civil construction waste disposal areas compared to slugs collected in 
control areas (Staunton et al., 2015). Although there are few studies about the polluting 
potential, little evidence reinforces the need to consider the remedial role of soil depth 
when characterizing sites with the potential to receive waste.

- Soil texture: consists of the proportions of soil mineral fractions with a diameter smaller 
than 2 mm, whose classifications based on the textural triangle are clayey or very clayey 
(clay content greater than 350 g kg-1), loam (less than 350 g kg-1 of clay and more than 
150 g kg-1 of sandy, excluding sand fraction), and sandy (sand fraction). The tiniest 
fractions are responsible for the higher sorption, retention, and inactivation of residues. 

- Textural gradient: consists of the accumulation of clay at the subsurface, resulting 
in a reduction of soil permeability at depth (B horizon), contributing to increasing the 
lateral flow and surface runoff of water, increasing susceptibility to erosion and risk of 
contamination of adjacent areas or watercourses (Streck et al., 2018).

- Soil drainage: refers to the speed of water flowing through the soil infiltration, affecting 
its moisture regime. Drainage provides an indication of soil permeability as well as the 
risk of groundwater contamination.

- Water table seepage: refers to the presence and depth of occurrence of the water 
table, where areas with its level close to the surface should be avoided, as transport of 
contaminants in solution may occur.

- Perched water table: its presence or absence is observed, being more frequent in soils 
with substantial physical impedance or abrupt textural gradient. Its occurrence can lead 
to the transport of contaminants in solution and lateral flow.

- Flood risk: areas subject to flooding are inadequate for waste disposal due to the risk of 
contaminants transportation by water. Redoximorphic soil colors (Kämpf and Curi, 2012) 
can help to indicate flood events or locals with a higher probability of their occurrence.

- Local relief and slope: related to the conformation of the soil surface. The steeper 
the slope, the greater the risks of erosion and contamination of adjacent areas and 
watercourses. Furthermore, this information is helpful from the point of view of adjustments 
for installing landfills or assessment improvement. Relief phases considered were: flat 
(0-3 % slope), gently undulated (3-8 %), undulated (8-20 %), and strongly undulated 
(20-30 %, according to current legislation, wastes could not be disposed in slopes greater 
than 30 %), and strongly undulated to mountainous (>30 %).

According to Copam deliberation No. 217/2017 for civil construction landfills, earthworks 
are not recommended, and the waste should be deposited directly on the soil surface, 
so stoniness was not included as an attribute in the suitability system.
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Digital soil mapping

With the performance of Spearman correlation, the following environmental covariates 
were excluded: channel network base level (cnbl), channel network distance (cnd), and 
valley depth. This previous selection, along with the iterative steps of the RF algorithm, 
ensures using the most adapted environmental covariates for the study area. Thus, the 
spatial prediction of soils in the Nepomuceno municipality can be viewed in figure 2. 
Estimated OBB error was 6.82 %, and both overall accuracy and kappa index were 0.95, 
indicating a good accuracy of the predictive model. The RF algorithm and environmental 
covariates have demonstrated their ability to stratify environments and predict soil 
classes with adequate accuracy (Machado et al., 2019; Carvalho Junior et al., 2020).

Latossolos Vermelhos Distróficos (Acrudox), Latossolos Vermelho-Amarelos Distróficos 
(Hapludox), and Latossolos Amarelos Distróficos (Hapludox) (78.90 % of the area) 
occurred mainly in undulated relief on more elongated smoothed slopes, which is the 
predominant landscape condition in the municipality. Cambissolos Háplicos Tb Distrófico 
(Dystrustep) corresponded to the second-largest geographic expression in the municipality, 
totaling 11.47 % of the area, and occurred mainly in undulated and strongly undulated 
relief. Floodplain soils complex (8.93 %) corresponded to those environments closer to 
water bodies in flat or concave relief that leads to water stagnation, causing iron and 
manganese reduction (greyish soils) or organic carbon accumulation (organic soils). 
Argissolos Vermelhos Distróficos (Rhodudult) and Argissolos Vermelho-Amarelos Distróficos 
(Hapludult) occupied 0.7 % of the area, mainly in undulated relief. They present clay 
content increasing in depth, with B horizon presenting a blocky structure, decreasing 
the permeability compared to A horizon (granular structure).

Figure 2. Soil map of the municipality of Nepomuceno. CX: Cambissolo Háplico Tb Distrófico (Dystrustept); LA: Latossolo Amarelo 
Distrófico (Hapludox); LV: Latossolo Vermelho Distrófico (Acrudox); LVA: Latossolo Vermelho-Amarelo Distrófico (Hapludox); PV: 
Argissolo Vermelho Distrófico (Rhodudult); PVA: Argissolo Vermelho-Amarelo Distrófico (Hapludult).
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Based on the guide table (Table 3), field campaigns, and the soil map of the municipality 
of Nepomuceno (Figure 3), the suitability system was applied in areas previously selected 
according to the normative deliberation Copam 108/2008 (Table 1). The weighted 
overlap excluded 95 % of the municipality that does not comply with the legislation. 
The remaining areas were then classified according to the potential volume of waste 
received per day (Figure 3).

DISCUSSION
Latossolos Vermelhos Distróficos (Acrudox) are very weathered-leached, thicker, have 
uniform clay content in-depth, and have granular structure in the B horizon. Thus, they 
are porous soils, mainly in the subsurface, which gives them high permeability (Ferreira, 
1999). Their physical properties allied to gentle and stable relief of occurrence decrease 
susceptibility to erosion. In addition, their thickness contributes to a large volume of soil 
for waste remediation. Cambissolos Háplicos Tb Distrófico (Dystrustept) mainly occurred 
in the steepest portions of the relief. They present an incipient degree of development 
and higher values of silt/clay ratio (>0.6 in the B horizon) that confer greater instability 
and increase erosion susceptibility. Cambissolos Háplicos Tb Distrófico (Dystrustept) 
presented a loam texture, with stoniness in some areas, and additionally, a small solum 
depth was observed, which in dissected reliefs are shallower soils. 

Where the granite-gneiss emerges, there is an occurrence of steeper relief and the 
occurence of Cambissolos Háplicos Tb Distróficos (Dystrustept) is favored. The occurrence 
of ultramafic, mafic, and schist rocks and gentle relief (Oliveira et al., 1983) favors the 
occurrence of Latossolos Vermelhos Distróficos (Acrudox). It has been reported the 
predominance of Latossolos Vermelhos Distróficos (Acrudox) formed over gabbro, whose 
rock is more easily weathered than other ones reported in the region (Resende et al., 
2011; Curi et al., 2020), corroborating with the occurrence of Acrudox and Dystrustept 
in the digital soil map.

Argissolos Vermelhos Distróficos (Rhodudult) and Argissolos Vermelho-Amarelos Distróficos 
(Hapludult) are well-drained (Figure 3), they presented clay content increasing in depth, 
with a gradual or abrupt textural gradient at depths >1.00 m. Stoniness and rocky 
outcrops were observed in some areas. Although the Nitossolos Vermelhos Distróficos 
(Rhodudult) appear in the training dataset, the RF algorithm did not perform its spatial 
prediction of the lower density of its occurrence, hampering the learning process of the 
algorithm. This limitation concerning the natural imbalance dataset has been previously 
reported by Sharififar et al. (2019) and Taghizadeh‐Mehrjardi et al. (2020).

Table 3. Guide table for the suitability system for disposal of civil construction waste

Soil and landscape 
attributes

Large, medium, and 
small size

Medium and small 
size Small size Inadequate

Soil depth >1.50 m 1.00-1.50 m 0.50-1.00 m <0.50 m
Soil texture Clayey Loam Loam Sandy

Soil textural gradient Without or gradual clay 
increase

With gradient, being 
abrupt at depth >1.00 m

With gradient, being 
abrupt at depth >1.00 m Without

Drainage class Excessive, strong or 
accentuated Well to moderate Imperfect Poor or very poor

Water table seepage Absent or >1.80 m Absent or 1.00-1.80 m <1.00 m Superficial
Perched water table Absent Absent Present Present

Flood risk Null Null Rare From occasional to 
frequent

Local relief and slope Flat to gently undulated 
(<8 %) Undulated (8-20 %) Strongly undulated (20-

30 %)
Strongly undulated to 

steep (>30 %)
Large size: >500 m³ day-1, medium size: >100 and <300 m³ day-1, and small size <100 m³ day-1 (Copam No. 217/2017). Values adapted from Streck 
et al. (2018) and Oliveira et al. (2016).
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Most of the areas for solid waste disposal from civil construction were classified as medium 
and small (1393.03 ha), where the determining and limiting attribute was the undulated 
relief where Latossolos Vermelhos Distróficos (Acrudox) and Latossolos Vermelho-
Amarelos Distróficos (Hapludox) predominated. Areas classified as inadequate (956.02 
ha) were limited by their location in floodplain soils, where flood risk was the limiting 
factor, and by the occurrence of Cambissolos Háplicos Tb Distróficos (Dystrustept) in 
undulated relief (Table 4). Notably, although the legislation considers only the distance 
from water bodies (500 m) for water disposal, this distance was not enough to exclude 
all floodplain areas as indicated in the soil mapping. This fact highlights the importance 
of soil surveys on a more detailed scale for the accurate choice of disposal facilities since 
floodplain environments tend to occur in smaller mapping units.

Areas classified as large, medium, and small (total of 216 ha) were those in an undulated 
relief with a predominance of Latossolos Vermelhos Distróficos (Acrudox), strongly 
drained soils with a granular structure in the B horizon, which in turn are very weathered-
leached and thick. Those are the areas with the most favorable attributes to receive 
greater volumes of waste daily. Finally, areas classified as small (63.10 ha) were limited 
by undulated relief.

Normative Copam No. 244 of 2022, which revoked Copam No. 118/2008, is the only 
one with aspects that surrogates applied pedological information or environmental 
characteristics. It establishes that waste disposal must be at a minimum distance of 500 m  
from water bodies in slopes lesser than 30 % and prioritize soils with reduced water 
permeability. Based on insights promoted by the field campaign and mapping of the 
study case, as well as accumulated pedological knowledge, the simplicity of normative 
resolution might lead to potential environmental risks, which are worth noting:

a) Concerning the distance of 500 m from water bodies: floodplains present a complex 
hydrological dynamic of the extent of inundations during flood events, representing a risk 

Figure 3. Map of suitability for solid waste disposal from civil construction for Nepomuceno.
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considering only a fixed distance. In this sense, Mello and Curi (2012) suggest applications 
of pedological and geomorphological indicators as a step forward for hydrological 
phenomena interpretations. 

b) Concerning soils that occur in slopes lesser than 30 %: considering the technical soil 
survey reports (IBGE, 2015), a broad range of slopes might contain landscapes with 
different risks of soil erosion. Thus, more specific slope ranges (relief phases, IBGE, 2015) 
would accurately guide the choice of lands suited for waste disposal facilities. In addition, 
landscape information should be combined and analyzed, including soil properties such 
as accumulation of clay content in depth, shallow depths, or greater silt/clay contents, 
since all of them also increase erosion susceptibility (Resende et al., 2014). Besides the 
environmental risks, once installed, erosional processes might decrease waste disposal 
facilities longevity and can increase additional costs of their adequacy.

Table 4. Soil mapping units and their respective suitability for civil construction of waste disposal in m3 day-1, geographical expression, 
and the most limiting factors.

Soil mapping unit Suitability Area Most limiting factor
m3 day-1 %

ARGISSOLO VERMELHO Distrófico 
(Rhodudult) undulated relief Medium and small size 0.45 Relief

ARGISSOLO VERMELHO – AMARELO 
Distrófico (Hapludult) strongly 
undulated relief

Inadequate 0.25 Relief

CAMBISSOLO HÁPLICO Tb 
Distróficos (Dystrustept) - strongly 
undulated relief

Inadequate 2.05 Depth

CAMBISSOLO HÁPLICO Tb 
Distróficos (Dystrustept) - 
undulated relief

Inadequate 9.37 Depth

CAMBISSOLO HÁPLICO Tb 
Distróficos (Dystrustept) – gently 
undulated relief

Inadequate 0.05 Depth

LATOSSOLO AMARELO Distrófico 
(Hapludox) – undulated relief Medium and small size 0.29 Relief

LATOSSOLO VERMELHO – AMARELO 
Distrófico (Hapludox) – strongly 
undulated relief

Inadequate 7.13 Relief

LATOSSOLO VERMELHO – AMARELO 
Distrófico (Hapludox) – undulated 
relief

Small size 2.56 Relief

LATOSSOLO VERMELHO Distrófico 
(Hapludox) – strongly undulated 
relief

Small size 0.88 Relief

LATOSSOLO VERMELHO Distrófico 
(Acrudox) – undulated relief Medium and small size 65.03 Relief

LATOSSOLO VERMELHO Distrófico 
(Acrudox) – gently undulated relief

Large, medium and large 
size 2.82 Unrestricted

LATOSSOLO VERMELHO Distrófico 
(Acrudox) – flat  relief

Large, medium and large 
size 0.20 Unrestricted

Floodplain soils complex Inadequate 8.93 Flood risk
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c) Concerning soils with lower water permeability: these soils present water flowing less 
efficiently through the soil pores. Considering this soil property only, soils with high and 
low suitability for waste disposal are also included (Oliveira et al., 2016; Streck et al., 
2018). One example is that instead of only preventing contaminated water from reaching 
the water table or aquifer, the water stagnation or accumulation - an undesirable attribute 
for waste disposal sites – increases the risk of contamination of water resources. Thus, 
for an adequate diagnosis, other soil properties, such as redoximorphic soil colors and 
the occurrence of perched water tables, must improve soil drainage and permeability 
diagnosis.

Waste displacement is often considered costly for waste disposal in appropriate locations 
(Doussoulin and Bittencourt, 2022). In this sense, figure 3 highlights the urban perimeter 
surrounded mostly by areas classified as having the potential to receive medium and small-
sized volumes. This fact, along with proper roads observed during the field campaigns, 
might reduce the costs of transportation as well as building disposal facilities. Once waste 
disposal has begun, future assessments are necessary to ensure the sustainability of 
the system from the maintenance of crucial soil functions, especially those concerning 
water purification and soil contaminant reduction. Due to the absence of technical guides, 
diagnostic qualifiers proposed by Costa et al. (2019) are suggested.

CONCLUSIONS
Digital soil map of the municipality of Nepomuceno supported the evaluation of the areas 
concerning the suitability system proposed. Steep relief and shallow soils were the most 
determining limitations in reducing the potential size of the areas in this case study. 
The attributes proposed as criteria for classifying the suitability of areas for solid waste 
disposal from civil construction complemented the current legislation. In addition, more 
subsidies were offered to indicate the potential areas in the municipalities’ integrated 
solid waste management plans. This approach may be used under similar environmental 
conditions as in this study for the southeastern region of Brazil. The suitability to receive 
medium- and small-sized volumes, combined with the proximity to the urban center 
and good-quality roads, enables the Nepomuceno municipality to have the potential to 
allocate landfills in areas that add up to 236 ha.
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