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Luiz Fernando Spinelli Pinto1, Marcel Thomas Pereira Job1
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of Pelotas (UFPel), Pelotas, Brazil, 2Institute of Bio- and Geosciences - Agrosphere (IBG-3),
Forschungszentrum Jülich GmbH, Jülich, Germany, 3Program in Chemistry Chemical Metrology
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Heavy metals are a persistent threat in soils formed after mining (minesoils). This

study was conducted in a 20-year randomized complete block design experiment

installed within an active coal mine in Candiota, southern Brazil. Thus, this work

provides a unique opportunity to assess long-term environmental and human

health risks as affected by consistent and well-documented minesoil restoration

practices. We aimed to assess the concentration of heavy metals (Zn, V, Ba, and

Cr) in topsoil layers (0.00–0.10 and 0.10–0.20 m) and their associated ecological

(with emphasis on soil fauna), environmental and human health risk as function of

grass species used for revegetation of the minesoil (Hemarthria altissima,

Cynodon dactylon, and Urochloa brizantha). Overall, Cr concentrations

exceeded the regional quality reference value (25 mg kg−1), regardless of grass

species and soil layer, despite 20 years of permanent revegetation. According to

the pollution index (PI), the minesoil was classified as “moderately polluted” for Ba

and Cr and as “severely polluted” for V, particularly under H. altissima (PI for V =

3.22 and Ba = 2.17). Among grass species, U. brizantha resulted in the lowest PI

and ecological risk values and supported the highest abundance of soil fauna

(2,309 individuals), compared to C. dactylon (2,075) and H. altissima (1,714). The

human health risk assessment indicated “ingestion” as themain exposure pathway

for adults, while “inhalation” accounted for approximately 75% of the total hazard

index for children. Our findings highlight the persistent environmental and human

health risks in the coal minesoils in Candiota, Brazil, even after 20 years of

restoration. We strongly recommend the continued monitoring of these

parameters to protect people and environment in Candiota region against

contamination by heavy metals.

KEYWORDS

hazard quotient, non-carcinogenic and carcinogenic risk, perennial grasses, pollution
index, soil fauna indexes
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GRAPHICAL ABSTRACT
1 Introduction

Brazil holds the tenth-largest mineral coal reserve in the world.

The state of Rio Grande do Sul (RS), located in the southern region

of the country, accounts for over 90% of the nation’s coal reserves,

mainly represented by the Candiota deposit (about 1.2 billion tons),

where mining is open-pit (1). Even after topographic restoration

and long-term vegetation regeneration, studies worldwide indicate

that soils in mining areas may contain elevated concentrations of

heavy metals (HMs) such as As, Ba, Cd, Cr, Cu, Hg, Ni, Pb, Zn, V,

Fe, Al, and Mn (2–5).

Heavy metals can either be dispersed across long distances

through water or wind erosion or persist locally as residual deposits

(6–11). According to their physiological functions, certain HMs are

considered essential (such as Co, Cu, Mn, Mo, Ni, and Zn), because

they participate directly in plant metabolic processes (12). In

contrast, other HMs (including As, Cd, Cr, Hg, V, Ba, and Pb)

are regarded as non-essential, as they have no known metabolic role

in plants and are generally toxic to living organisms even at low

concentrations (13, 14). Soil serves as the main reservoir for HMs

released into the environment, where they can remain stable over

long time spans, from several decades to even thousands of years

(14). Most HMs are not significantly transformed by microbial or

chemical processes. Instead, they undergo only limited

modifications in their chemical speciation and bioavailability (15,
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16). Consequently, these elements tend to accumulate in the soil in

the long-term and to interfere in the morphological structure and

physiological processes of soil fauna as well as in plant

metabolism (17).

The quality of the residues of the plants used for environmental

restoration of mined areas plays a critical role in driving the return

of soil fauna communities and ecological restoration of the mined

area (18–20). In mined areas, plant residues may be contaminated

with HMs, thereby affecting fauna functions, such as biomass

decomposition. Wierzbicka et al. (21) observed that the

abundance of biomass-decomposing organisms, such as mites

(oribatids) responded negatively to elevated concentrations of Pb,

Zn, Cd, and Cu in the plant residues of Scots pine (Pinus sylvestris

L.) growing in heavily HM-polluted areas in Poland. Even moderate

residual levels of HMs may present risks depending on their

bioavailability, persistence, and ecological context.

Specifically, in the Candiota coal mine in southern Brazil,

responses of soil fauna to soil pollution remain unstudied, and

such studies are urgently needed. Beyond the effects of HMs on soil

biological communities, HMs can ultimately enter the human body,

either through direct contact with contaminated soil or indirectly

via the food chain, posing a significant threat to public health (9).

According to the World Health Organization, in 2012 about 12.6

million deaths globally (approximately 23% of all deaths) were

attributed to harmful environment, including HMs, and for
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children under five years, up to 26% of deaths could have been

prevented by the removal of environmental risks (22). This is

related to the non-biodegradable nature of HMs, which leads to

increasing levels of environmental contamination, human exposure

to these toxic elements, and bioaccumulation of HMs at various

trophic levels (23–25). Therefore, comprehensive studies on

harmful impacts of HMs to society are a priority, especially in

developing countries because of their greatest share of

environmental diseases (22).

The efficient management of areas affected by HMs requires a

diverse range of methodologies to adequately identify and quantify

individual and integrated impacts of the HMs studied. Pollution

indicators, such as the contamination factor (CF), pollution index

(PI), and potential ecological risk index (RI), have been widely

applied to assess ecosystem risks associated with soil pollution by

HMs (26–30). Furthermore, human health risk assessment is a

valuable tool for revealing non-carcinogenic (HQ) and carcinogenic

(CR) risks posed by organic and inorganic pollutants across various

environmental media and for different age groups (29, 31, 32).

The selection of the metals V, Cr, Ba, and Zn is based on their

recurrent presence in areas affected by coal mining, where they are

commonly associated with local geology, mining waste, and acid

mine drainage (33–35). In the case of the Candiota mine, it is

noteworthy that the concentrations of Cr, V, and Ba still exceed the

reference values established by the environmental legislation of RS

State, Brazil (36), even after two decades of soil restoration with

perennial grasses. This suggests the persistence of contamination

and validates the application of ecological and health risk

assessment methodologies.

Our study was conducted within a long-term (20-year) field

experiment located inside an active coal mine, which allowed for

consistent sampling over time in controlled conditions a rare

opportunity in environmental field studies. This experimental

design strengthens the temporal comparisons and enhances the
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reliability of the observed impacts associated with revegetation

strategies. This article focuses primarily on two objectives (1):

determining the concentrations of Zn, V, Ba, and Cr in the

minesoil cultivated with Hemarthria altissima, Cynodon dactylon,

and Urochloa brizantha at topsoil layers (0.00–0.10 and 0.10–0.20

m; and (2) evaluating the environmental, ecological (with an

emphasis on soil fauna), and human health risks associated with

these HMs in the restored minesoil. Based on previous studies

highlighting distinguishable effects of these grasses on soil quality

and fauna communities (37–42), we hypothesized that the

concentration of HMs in the minesoil and investigated risks may

differ depending on the grass species used for minesoil revegetation.
2 Materials and methods

2.1 Experimental area history

The study was conducted in the Candiota coal mine area,

located in the state of RS, southern Brazil (Figure 1). This is an

active coal mining area operating since 1961. The climate is

subtropical humid (Cfa), the average annual temperature is 17 °C

and average annual rainfall is 1,400 mm, including a cold winter

and a hot summer (43). The coal mine is located in the Pampa

Biome, characterized by its slightly undulated topography and

grassland vegetation (44). Therefore, most of the soils mined to

date, including those in our experimental area, were mined under

these conditions.

The experimental area was set up in November/December 2003

in a randomized complete block design with four replicates (plots of

4 x 5 m). Before grass planting, 84 samples of the topsoil were taken

across the experimental area for organic carbon content and texture

determination to ensure a proper arrangement of the four
URE 1FIG

Location and layout of the minesoil field experiment established at the Candiota Coal Mine, southern Brazil. The map shows the regional location of
the study area, while the aerial image illustrates the experimental design with four randomized blocks and plots (4 × 5 m) restored with perennial
grasses (Cynodon dactylon, Urochloa brizantha, and Hemarthria altissima).
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experimental blocks (Figure 1). The four blocks addressed the

terrain’s slope. On the same occasion, the natural soil (unmined)

was sampled and characterized. The topsoil of the four blocks of the

experimental area exhibited a 2.5YR color, clay content from 448 to

455 g kg−1 and organic carbon content between 4.9 and 5.6 g kg−1,

which are consistent with characteristics of the B horizon of the

natural soil (Table 1). Therefore, it is inferred that the topsoil of

the minesoil (approx. 40 cm) consists mostly of the B-horizon of the

natural (pre-mining) soil, which is typically placed over the

overburden layer in this area (40).

Before grass planting, the topsoil was chiseled with a bulldozer

to a 0.15 m depth as it exhibited signs of severe compaction exerted

by the traffic of heavy machinery used for topographic

recomposition of the landscape. On this occasion, soil pH

corrections and fertilization were performed using dolomitic

limestone (10.4 Mg ha−1) and 900 kg ha−1 of a 5−20−20 fertilizer

(45 kg N, 180 kg P2O5, and 180 kg K2O), based on results of

soil analysis.

Several grass and legume species were tested as monoculture or

as consortia, as described in Stumpf et al. (45). In the present study,

results refer to monoculture of three perennial grasses of the

Poaceae Family, which were planted through seedlings in

November/December 2003: Hemarthria altissima (Poir.) Stapf &

C.E. Hubbard, Cynodon dactylon (L.) Pers. cv. Tifton, and Urochloa

brizantha (Hochst. ex A. Rich.) Stapf. No mowing of the

aboveground biomass of the grasses and no irrigation was

performed on the plots analyzed, resembling the management

adopted by the mining company.

The only practice adopted between 2003 and 2023, generally in

the autumn/winter period, was broadcast fertilization. Thus, every

year since its implementation, all plots of the experiment received

250 kg ha−1 of a 5−30−15 fertilizer (12.5 kg N, 75 kg P2O5, and 37.5

kg K2O) and 250 kg ha
−1 of urea. Fertilization was carried out based

on our Fertilization and Liming Manual for soils in Rio Grande do

Sul and Santa Catarina (46) to ensure the maintenance of the

chemical quality of this soil throughout the experiment.
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2.2 Minesoil chemical and physical
characterization at 20 years of restoration

The basic soil chemical and physical attributes (0.00–0.10 and

0.10–0.20 m layer) in each treatment after 20 years of restoration are

provided in Table 2. The soil pH was determined in water at a ratio

of 1:1 (soil:water, w:v). Exchangeable calcium (Ca2+), magnesium

(Mg2+), and aluminum (Al3+) were extracted with 1 mol L−1 KCl

and Ca and Mg were analyzed using a flame atomic absorption

spectrophotometer (GBC model SAVANTAA) with an air/

acetylene flame ratio of 10:1. The quantification of Al present in

the samples was performed by titration using NaOH. Available

potassium (K+) was extracted with the Mehlich-1 method and

analyzed by flame photometry (EleveLab, model EL-6400).

Potential acidity (H+Al) was determined by titration with NaOH

after extraction with calcium acetate. Soil total organic carbon

(TOC) content was determined by the Walkley-Black combustion

method. These analyses were performed according to Teixeira et al.

(47). The pH values observed across treatments and soil layers (5.55

to 6.11) likely reflect the long-term positive effect of soil liming

conducted in 2003. These values remain close to or higher than the

reference value (pH > 5.5) for perennial summer grasses according

to regional recommendations (46).

The soil organic matter contents observed in the minesoil are

considered medium (2.6–5.0%) in the 0.00–0.10 m layer and low (≤
TABLE 2 Minesoil chemical and physical attributes at 0.00–0.10 and 0.10–

0.20 m layer after 20 years of restoration with three perennial grasses
(Cynodon dactylon, Urochloa brizantha and Hemarthria altissima).

Chemical
attributes

Hemarthria
altissima

Urochloa
brizantha

Cynodon
dactylon

0.00–0.10 m

pH (H2O) 5.87 5.55 5.86

Ca (cmolc kg–1) 5.76 4.89 5.63

Mg (cmolc kg–1) 1.06 2.61 1.09

H+Al (cmolc kg–1) 6.13 11.92 6.81

K (cmolc kg-1) 0.33 0.53 0.41

OM (%) 3.6 4.2 3.5

Bd (Mg m-3) 1.31 1.27 1.37

Ma (m3 m-3) 0.10 0.15 0.12

Tp (m3 m-3) 0.50 0.57 0.50

0.10–0.20 m

pH (H2O) 6.11 5.68 5.65

Ca (cmolc kg–1) 5.44 4.72 3.49

Mg (cmolc kg–1) 1.00 2.31 0.77

H+Al (cmolc kg–1) 5.88 9.81 9.79

K (cmolc kg-1) 0.19 0.28 0.23

OM (%) 2.4 2.4 1.7

Bd (Mg m-3) 1.46 1.38 1.59

Ma (m3 m-3) 0.08 0.11 0.08

Tp (m3 m-3) 0.45 0.48 0.40
Adapted from Fernandes et al. (2025). Ca: calcium; Mg: magnesium; H+ Al: potential acidity;
K: potassium; OM: organic matter; Bd: bulk density; Ma: macroporosity; Tp: total porosity.
TABLE 1 Physico-chemical characterization of minesoil after the

reconstruction of the soil profile and the natural soil of the mining front
(40).

Soil
Blocks or
Horizons

Clay
(g kg−1)

Organic
carbon
(g kg−1)

Color

Minesoil
Experimental

area

Block 1 455 4.9

2YR
Block 2 448 5.5

Block 3 450 4.4

Block 4 455 5.6

Natural Soil
Rodic Lixisol

Hz A 231 11.0
5YR

Hz AB 340 8.0

Hz BA 402 6.0

2YR
Hz Bt1 550 5.0

Hz Bt2 470 3.0

Hz BC 445 3.0
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2.5%) in the 0.10–0.20 m layer according to CQFS (46). The higher

organic matter values in the upper minesoil layer are reflected in the

lower bulk density (Bd) values (1.27 to 1.37 Mg m–3) and higher

macroporosity (Ma) volumes (0.10–0.15 m3 m–3) compared to the

underlying layer (Bd between 1.38 and 1.59 Mg m–3 and Ma

between 0.08–0.11 m3 m–3). These results are published in

Fernandes et al. (40), and here are shown as a general

characterization of the area to demonstrate that the physical and

chemical conditions, at this stage of the experiment, are similar

between treatments.

2.3 Soil sampling and HMs analysis

In September 2023, a soil sample block measuring 20 cm

(width) × 20 cm (length) × 10 cm (thickness) was collected using

a cutting blade from the center of each 20 m² plot revegetated with

perennial grasses in each block. The samples were stratified into two

layers (0.00–0.10 m and 0.10–0.20 m). Thus, a total of 24 samples

were obtained (four blocks × three treatments × one subsample per

treatment × two layers). The soil samples were air-dried, ground,

sieved, and homogenized. Pseudo-total concentrations of Zn, Ba, V,

and Cr were determined following the EPA Method 3050B

recommended by the United States Environmental Protection

Agency (48). Sample digestions were performed at the Soil

Chemistry Laboratory, Department of Soils, Federal University of

Pelotas (Universidade Federal de Pelotas – UFPel), RS State, Brazil.

Element concentrations in the extracts were determined at the

Chemical Metrology Laboratory (Laboratório de Metrologia

Quı ́mica – LabMeQui), Department of Chemistry, Federal

University of Pelotas (UFPel), using a microwave-induced plasma

optical emission spectrometer (MIP-OES, model 4200, Agilent

Technologies, Melbourne, Australia) equipped with a OneNeb

nebulizer. Nitrogen used to sustain the plasma was generated

from atmospheric air using a compressor (model MSV12, Schulz,

Joinville, SC, Brazil) coupled to a nitrogen generator (model 4107,

Agilent Technologies, Melbourne, Australia).

2.3.1 Assurance of quality and quality control of
HMs analysis

The credibility of the obtained data was ensured through

standardized testing procedures, such as reagent blank analysis,

parallel sample testing, establishment of calibration curves, and
Frontiers in Soil Science 05
standard material recovery. All chemical reagents were either

analytical grade or of the highest purity. The plastic containers

used in the analyses were immersed in 10% HNO3 (volume ratio)

for at least 48 hours, then washed with ultrapure water and dried in

an oven (49–51).

In each analytical batch, a reference sample with known and

certified concentrations of Zn, Ba, V, and Cr was analyzed. The

percent recoveries for the analyzed HMs ranged from 94% to 109%.

Blank samples were also included in each analytical batch for

quality control purposes and to calculate the method’s detection

limit (MDL) (50). The MDL was calculated by measuring the

concentration of the substance of interest in seven blank samples

and by applying Equation 1 (52):

MDL = (x  + t� s)� d (1)

where: �x is the average concentration of the substance of interest

in seven blank samples, t is the Student’s t value at a 0.01 probability

level and n-1 degrees of freedom (for n = 7 and a = 0.01, t = 3.14), s

is the standard deviation of the seven blank samples, and d is the

dilution factor used in each method. The calculated values of MDL

were 5.3, 2.6, 4.7, and 3.5 mg kg−1 for Zn, V, Ba, and Cr,

respectively. The recovery rate for the internal sample was 81% ±

12%, which is considered satisfactory to ensure quality control. The

internal sample consisted of a matrix spike, prepared by adding

known concentrations of the target elements to representative soil

samples prior to digestion, in order to assess matrix effects and

method performance under the same extraction and analytical

conditions applied to the experimental samples. In addition, all

digested samples and quality control materials were measured in

laboratory triplicates on the MIP-OES instrument to ensure

analytical precision.

2.3.2 Risk assessment

The CF, PI, potential ecological risk factor (Er), and RI were

used for risk assessment. The classification criteria are presented

in Table 3.

The CF is a single-element index that quantifies the degree of

soil contamination by comparing the concentration of a given metal

to its reference value, indicating the level of enrichment relative to

natural conditions. The CF was calculated by dividing the

concentration of the HM (Zn, Ba, V, or Cr) in the soil samples by

the reference environmental value according to Equation 2 (53):
TABLE 3 Environmental risk assessment classifications for: contamination factor (CF), pollution index (PI), ecological risk (Er) and potential ecological

risk index (RI).

Contamination factor (CF) Pollution index (PI) Ecological risk (Er)
Potential ecological risk index

(RI)

CF < 1 Low contamination PI < 1 Low pollution Er < 40 Low ecological risk RI < 150 Low ecological risk

1 ≤ CF < 3 Moderate contamination 1 ≤ PI < 2
Moderate
pollution

40 ≤ Er < 80 Moderate ecological risk 150 ≤ RI < 300 Moderate ecological risk

3 ≤ CF < 6
Considerable
contamination

2 ≤ PI < 3 High pollution 80 ≤ Er < 160 Considerable ecological risk 300 ≤ RI < 600
Considerable ecological

risk

CF ≥ 6 Very high contamination PI ≥ 3
Very high
pollution

Er ≥ 160
High to very high ecological

risk
RI ≥ 600 Very high ecological risk
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CF =
Concentration of each HM

QRV of each HM
(2)

The Quality Reference Value (QRV) refers to a regulatory

environmental reference value that represents the natural

(geochemical background) concentration of elements in soils, as

established by Brazilian environmental legislation (36). The QRV

values are as follows: Ba: 74 mg kg−1, Cr: 25 mg kg−1, Zn: 31 mg

kg−1, V: 56 mg kg−1 (36, 54). The PI is an integrated index that

reflects the overall pollution status of the soil by combining

contamination information, providing a synthetic assessment of

the intensity of soil pollution. The PI was calculated for each sample

considering the average and maximum values of the CF for each

HM (Zn, Ba, V, and Cr) in the soil according to Nemerow (55), as in

Equation 3:

PI =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(CFaverage)

2 +  (CFmaximum)
2 

2

s
(3)

2.3.3 Ecological risk

The Er of a given contaminant (Zn, Ba, V, and Cr) was

calculated according to Keshavarzi and Kumar (56), as in

Equation 4:

Er = CF*Ti (4)

where: CF is the contamination factor (calculated in equation 2),

and Ti is the toxic response factor for a given substance (Cr = V = 2,

Zn = Ba=1) (53, 57).

The potential ecological risk index (RI) was developed by

Hakanson (53) and can be used to assess the degree of

environmental risk caused by a group of HMs present in the soil

(58). The RI is calculated as in Equation 5:

RI = SEr = S(CF*Ti) (5)

where: RI (unitless) is the total potential ecological risk index for

all investigated HMs (calculated in equation 4), Er is the single

ecological risk index for a specific element (defined in equation 4),

and Ti is the toxic response factor for a given substance (Cr = V = 2,

Zn = Ba=1) (53, 57). It should be noted that the original RI framework

was proposed considering a broader set of contaminants. Therefore, in

this study, RI values derived from a reduced number of elements (Zn,

V, Cr, and Ba) are interpreted as a relative and site-specific indicator of

potential ecological risk, and comparisons with studies using a larger

suite of elements should be made with caution.

2.3.3.1 Soil fauna sampling and analysis

In October 2023, a total of 12 square soil monoliths (four

replicates x three treatments x one layer) with dimensions of 0.20 m

depth were collected for the evaluation of macrofauna organisms

according to The Tropical Soil Biology and Fertility method (59).

For that, all organisms visible to the naked eye were considered part

of the macrofauna (60).
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The sampling of mesofauna organisms inhabiting the 0.00–0.10

m soil layer was performed using steel cylinders (8.5 cm in diameter

and 10 cm in height). A total of 24 steel cylinders (four replicates x

two subsamples x three treatments x one layer) were used. In the

laboratory, the Tullgren Extraction Funnel method (61) was applied

to extract fauna from the soil cores. For that, the cylinders were

carefully placed on sieves with a 2 mm mesh, which were set on top

of the funnels. The samples were exposed to 40-watt lamps for 48

hours to induce the organisms to move downwards into a collection

cup positioned at the bottom of the funnel. The collection cups

contained ethanol (70%) to preserve the organisms until their

identification. The sampling of mesofauna inhabiting the litter-

soil interface was performed by installing pitfall traps (two per plot)

into the holes left after removal of the steel cylinders (62). The traps

remained in the field for seven consecutive days. The organisms

inhabiting the soil interior and the litter-soil interface were

identified in taxonomic groups according to Gallo et al. (63) with

the aid of a trinocular stereomicroscope.

The total abundance of the fauna (macro and mesofauna)

individuals per taxonomic group was expressed as the number of

individuals collected in each treatment per m2. The number of

individuals of each taxon was counted and the various taxa were

classified based on the number of individuals as follows: (1)

Dominant: > 10% of the total number of individuals captured;

(2) Common: 1–10% of the total number of individuals; (3) Rare:

0.1–1% of the total number of individuals; and (4) Extremely

rare: < 0.1% of the total number of individuals (64). Additionally,

the Shannon-Weiner diversity index (H′), and the Pielou’s

evenness index (Js) were calculated using the DivEs - Diversity

of Species® software (2018-2021, version 4.17) to assess fauna

community diversity. The H’ and Js indexes were calculated by

Equation 6:

H 0 =os
i=1pi : log2(pi) (6)

Where: pi = probability of meeting a taxon i and s = total

number of taxa found.

The J index indicates the uniformity of fauna individuals, i.e.,

how individuals in the sample are distributed among the different

taxa, calculated by Equation 7:

J =
H 0

log2(s)
(7)

2.3.4 Human health risk assessment

The human health risk models, including carcinogenic and non-

carcinogenic risks, developed by the Environmental Protection

Agency (65, 66), have been successfully used worldwide. Humans

(adults and children) can be exposed to contaminants (e.g., Zn, Ba, V,

and Cr) present in the soil through the following main pathways:

direct ingestion of soil particles (Equation 8), inhalation of soil

particles suspended in the air (Equation 9), and dermal contact

with soil particles (Equation 10). The average daily intake (ADI) of

chemicals in soils is calculated using the following equations:
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ADIing =
C *IngR*EF*ED

BW*AT

� �
*CF (8)

ADIinh =
C*InhR*EF*ED
PEF*BW*AT

(9)

ADIdermal =
C*SL*SA*ABS*EF*ED

BW*AT

� �
*CF (10)

Where: ADIing is the average daily intake by direct ingestion; C

is the concentration of the HM in soil (mg kg−1); IngR is the

ingestion rate (mg day−1) = 100 mg day–1 for adults and 200 mg

day–1 for children (65); ADIinh is the average daily intake by

inhalation; InhR is the inhalation rate (m3 day–1 = 7.6 for adults

and 20 for children; EF is the exposure frequency = 180 day/year

(65); ED is the exposure duration = 24 years for adults and 6 years

for children (65); ADIdermal is the average daily intake by dermal

contact; SL is the adherence factor = 0.07 mg cm–2 for adults and 0.2

mg cm–2 for children (65); SA is the exposed area = 5374 cm2 for

adults and 2848 cm2 for children (65); ABS is the dermal absorption

factor = 0.001 for all considered elements (65); BW is the body

weight = 70 kg for adults and 20 kg for children (65); and AT is the

averaging time, for noncarcinogens = ED × 365 days, and for

carcinogens = 365 x 75 (65); CF is the unit conversion factor (1000).

2.3.4.1 Non-carcinogenic risk assessment

The hazard quotient (HQ) is typically employed to assess non-

carcinogenic risk. The HQ is obtained as the ratio between the

average daily dose and the reference dose (RfD) for a given

substance (Supplementary Table 1) according to Equation 11:

HQ =
ADI
RfD 

(11)

where: RfD is the reference dose for the HM (mg kg–1 day–1),

which represents the maximum acceptable level of HM that does

not pose harmful effects to humans. The human (adults and

children) health risk assessment was conducted using non-

carcinogenic hazards through the calculation of HQ and HI for

three exposure pathways: oral ingestion (ing), inhalation (inh), and

dermal contact (dermal).

The global non-carcinogenic risk posed by the various HMs was

calculated as the sum of the HQ values for all HMs and expressed as

the Hazard Index (HI) according to Equation 12:

HI = SHQi = S
ADIi
RfDi

(12)

where: HI is the total non-carcinogenic hazard index of the

investigated HMs; HQi is the hazard quotient for each HM (Zn, Ba,

V and Cr) calculated in equation (9); ADIi is the average daily

intake for each HM (Zn, Ba, V and Cr) calculated in equations (8),

(9) and (10); and RfD is the reference dose for the HM (mg kg–1

day–1) (Supplementary Table 1). The risk is considered low or

insignificant if HI < 1, and a non-carcinogenic risk exists if HI >

1 (67).
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2.3.4.2 Carcinogenic Risk Assessment

The carcinogenic risk is defined as the probability of a human

being developing cancer because of exposure to carcinogenic

hazards. The carcinogenic risk (associated with Cr levels) (CR)

for a human was computed according to USEPA (68) according to

Equation 13:

CR = ADI*SF (13)

where: CR is the carcinogenic risk of specific HMs (calculated

only for Cr because among the investigated HMs Cr was the only

one found in concentrations posing carcinogenic risk); SF is the

carcinogenic slope factor for the exposure pathway of the HM (mg

kg–1 day–1) for Cr the values considered were 8.50E-03 for ingestion

and 4.20E + 01 for inhalation risk. If CR is <1.0E-06, the risk is low

or insignificant; if CR is between 1.0E-06 and 1.0E-04, the risk is

considered acceptable; if CR >1.0E-04, the carcinogenic risk is

high (67).

2.4 Data analysis

One-way ANOVA was performed to assess the effect of

treatments (grass species) on the concentration of HMs in each

soil layer, after verifying the assumptions of normality and

homogeneity of variances. When these assumptions were not met

(only Cr and Ba at 0.00–0.10 m layer), the Kruskal–Wallis’ test was

applied to detect treatment effects. The ANOVA and the Kruskal–

Wallis’ test were performed in SIGMAPLOT 12.3 revealed no

significant treatment effect on the concentration of HMs,

regardless of soil layer. Therefore, post-hoc tests for comparison

of treatment averages were unnecessary.

Principal component analysis (PCA) was used to explore the

influence of the different grasses used for minesoil restoration and

the concentration of HMs on soil fauna communities. For PCA

analysis, only fauna communities that represented at least 2% of the

sampled fauna (Acari, Araneae, Entomobryomorpha, Blattaria,

Coleoptera, Diptera, Hymenoptera, Earthworm), and fauna

individuals in adult form were considered. The soil layer considered

for PCA analysis was 0.00–0.10 m layer to provide an overview of the

impact of HMs on fauna inhabiting the topsoil. For PCA, only

attributes with significant correlation (|r| ≥ 0.65) and eigenvalues

greater than 1 were used, which allowed excluding variables with low

influence on the total variation. The PCA analysis was performed using

PAST 4.03 statistical software (PAleontological STatistics) (69).
3 Results and discussion

3.1 Content of HMs in soil

Overall, there were no significant treatment effects on the levels

of HMs in the soil, regardless of the soil layer (Table 4). When

analyzing the average contents of the four HMs in the soil, it is

verified that only the contents of Zn (both layers) remained below
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TABLE 4 Quality reference value (QRV) and summary statistics of heavy metals (HMs) content (mg kg-1) of a minesoil restored for 20 years with

perennial grasses (Cynodon dactylon, Urochloa brizantha and Hemarthria altissima).

HMs
QRV

(mg kg–1)

Cynodon
dactylon Urochloa brizantha

Hemarthria
altissima

-––-0.00–0.10 m layer-––

Zn

Average 25.0 ns* 23.9 24.0

Maximum 31.5 66.9 29.5

31.0 a Minimum 20.5 91.0 17.5

SD 4.0 27.0 4.9

CV (%) 16.1 24.6 20.6

V

Average 93.1 ns* 89.6 110.6

Maximum 103.6 126.0 166.6

56.0 a Minimum 82.6 30.1 82.6

SD 7.8 22.8 38.3

CV (%) 8.4 40.6 34.7

Ba

Average 101.5 ns** 77.0 122.5

Maximum 105.0 23.1 189.0

74 b Minimum 91.0 0.8 91.0

SD 6.1 20.9 45.2

CV (%) 6.0 23.6 36.9

Cr

Average 28.4 ns** 27.0 36.2

Maximum 37.1 3.2 51.1

25 a Minimum 23.1 31.3 30.1

SD 5.8 15.9 10.1

CV (%) 20.5 13.7 27.8

HMs -––0.10–0.20 m layer -––

Zn

Average 16.8 ns* 21.6 25.1

Maximum 28.5 63.2 38.5

31.0 a Minimum 10.5 90.3 17.5

SD 8.5 29.4 9.3

CV (%) 50.7 31.5 37.1

V

Average 91.4 ns* 82.6 89.6

Maximum 103.6 105.0 103.6

56.0 a Minimum 82.6 31.4 47.6

SD 8.8 10.5 28.0

CV (%) 9.6 47.6 31.3

Ba

Average 126.0 ns* 79.0 112.0

Maximum 147.0 25.0 147.0

74 b Minimum 105.0 8.8 91.0

SD 20.6 14.5 24.2

CV (%) 16.4 12.4 21.7

Cr

Average 25.0 ns* 30.0 28.4

Maximum 30.1 40.9 30.1

25 a Minimum 23.1 23.0 23.1

SD 3.5 13.8 3.5

CV (%) 14.1 10.2 12.3
F
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SD, standard deviation of the mean; CV (%), coefficient of variation. aQRV for soils in Rio Grande do Sul State, Brazil (36). bQuality reference values (QRV) for soils in the State of São Paulo,
Brazil (54). ns: not significant according to ANOVA* and Kruskal–Wallis** test among perennial grasses.
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the quality reference value (QRF) of 31 mg kg–1, valid for the

experimental location (36). Conversely, the contents of V, Ba and

Cr found in the soil were above their respective QRF (Table 4).

Likely, the enrichment of the soil with V, Ba and Cr reflects the

extraction and combustion activities typical of the coal mining

sector (70). The proximity (6 km) of the coal power plant to the

experiment may have facilitated the deposition of contaminated

dust on the studied soil, as similarly observed by (71, 72). Also, the

elevated contents of V, Ba and Cr may result from the utilization of

mining tailings for the topographic reconstitution of this mined

land and from the presence of overburden layers within the 0.00–

0.30 m layer in the studied soil as reported by Stumpf et al. (45) and

Burgueño et al. (73).

The average content of V observed at the 0.00–0.10 m layer in

H. altissima, C. dactylon and U. brizantha treatments was 2.0-, 1.7-

and 1.6-fold higher, respectively, than the QRV (56 mg kg–1)

(Table 4). The average content of V observed at the 0.10–0.20 m

layer in H. altissima, C. dactylon and U. brizantha treatments was

89.6, 91.4 and 82.6 mg kg–1, respectively. These values are

considerably lower compared to those found at the 0.00–0.10 m

layer, especially in H. altissima where the average V decreased by

19% at the lower compared to the upper layer. However, these

average V values were still 1.5- to 1.6-fold higher than the QRV

(Table 4). The fate of these HMs in the studied environment may be

studied in detail in future studies.

The high contents of V observed in this study may reflect

typically high levels of V found in mineral coals, which is often close

to 100 mg kg–1 (74, 75). For instance, the enrichment of soils with V

near coal-fired power plants due to the deposition of dust from coal

excavation and ash from coal combustion was reported by Xiao

et al. (76). After entering the soil, V can bind to organic compounds

and/or adsorb on the surface of clay minerals, mainly Fe oxides.

This chemical affinity occurs because at soil pH around 5.5, as

observed in our study (Table 2), the surface of Fe oxides is

predominantly charged positively due to its elevated point of zero

charge (>7). Also, at a pH range of 5.5 to 6.0, the major chemical

form of V is VO3
– (77). Thus, VO3

– binds to Fe oxides via ligand

exchange and forms an inner-sphere complex, resulting in V

immobilization and persistence in the soil.

The average Ba content at the 0.00–0.10 m layer in H. altissima,

C. dactylon and U. brizantha treatments was 1.7, 1.4 and 1.04-fold

higher, respectively, than the QRV of 74 mg kg–1 (54) (Table 4). At

the 0.10–0.20 m layer the average Ba contents were 1.7-, 1.5- and

1.05-fold higher, respectively, compared to the QRV (Table 4).

Mineral coal often contains high concentrations of Ba, 150 mg kg−1

as the global average (78). In southern Brazil, the Ba content in

mineral coal ranges from 70 to 1375 mg kg–1, with an average of 291

mg kg–1 (74). Likely, this partially explains the elevated Ba content

found in the studied minesoil, even after 20 years of restoration.

Once in the soil, Ba can be strongly retained by clay minerals and

oxides, and preferentially binds to Mn (hydr)oxides rather than to

Fe (hydr)oxides (79). The chemical affinity of Ba for Mn oxides,

rather than for Fe or Al oxides, can be attributed to the lower point

of zero charge of Mn minerals and oxides, which range from 1.5 in

birnessite to 6.0 in hausmannite (71, 80). Thus, the pH of the

studied soil (5.0 to 6.0, Table 2) confers a predominant negative
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charge in the surface of these minerals, facilitating the adsorption of

Ba2+.

The highest average content of Cr at the 0.00–0.10 m layer was

observed in the H. altissima treatment (36.2 mg kg–1), followed by

C. dactylon (28.4 mg kg–1) and U. brizantha (27.0 mg kg–1)

(Table 4). These values are 1.45-, 1.14- and 1.08-fold higher than

the QRV for Cr (25 mg kg–1) valid for the study location (36). The

average soil Cr content at the 0.10–0.20 m layer decreased by 12%

and 22% under C. dactylon andH. altissima, respectively, compared

to the 0.00–0.10 m layer. Conversely, for theU. brizantha treatment,

the average Cr content at the 0.10–0.20 m layer increased by 11%

compared to the 0.00–0.10 m layer (Table 4). At the 0.10–0.20 m

layer, the average Cr content in U. brizantha and H. altissima were

1.20 and 1.14 fold higher than the QRV for Cr, whereas in C.

dactylon the Cr content did not differ from the QRV (Table 4).

Chromium is one of the main HMs found in mineral coal (81). In

southern Brazil, Cr contents ranging from 48 to 56 mg kg–1 have

been reported in coal mining waste (82). As previously mentioned,

Cr and other HMs are released during the combustion of coal.

Chromium is a metallic element with variable valence states and

typically occurs as Cr(III) and Cr(VI) in the environment (83, 84).

Manganese oxides present in soils oxidize Cr(III) to Cr(VI), which

is highly mobile in soil (85, 86) usually resulting in a decline of Cr

content in soil over time. However, this phenomenon was likely

minimized in the studied soil, as most of the Cr present was

probably in the form of Cr(III). This is because Cr(III)

precipitates at pH values above 5.5 (Table 2). Therefore, Cr(III)

compounds may remain stable in the soil under these conditions.

This stability may explain the high concentrations of Cr ≥ QRV (25

mg kg–1) detected in the studied soil even after 20 years

of restoration.

The persistence of HMs in soil has been demonstrated at the

abandoned Tab-Simco coal mine in Illinois (USA), where high

contents of Fe, Zn, Ni, Cr, Cu, Pb, and Cd (41, 419, 175, 152, 148,

145, and 4 mg kg−1, respectively) were observed in the soil even after

40 years of mine’s closure (87). These findings agree with (88), who

found elevated contents of Cd, Cr, Zn, Ni and Pb, as well as elevated

geoaccumulation index (Igeo) values for Cr (classes 1 to 3) and Cd

(classes 2 to 5) in the post-coal mine soil of Xinzhuangzi (China)

used as farmland.

Bearing in mind that the interpretation of so-called pseudo-

total concentration of HMs alone is limited (89) as their mobility,

bioavailability and ecotoxicity may be affected by soil properties and

processes (90, 91), a series of HMs risk assessment indexes is

presented below.

3.2 Risk assessments

3.2.1 Environmental risk: contamination factor
and pollution index

Overall, only the CF of Zn was classified as “low contamination”

(CF < 1), regardless of the treatment and soil layer (Figure 2). The

CF of V, Ba and Cr was classified as “moderate contamination” (1 ≤

CF > 3), regardless of the treatment and soil layer (Figure 2). No

changes in CF classification were detected between the 0.00–0.10 m
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and 0.10–0.20 m layers for any HMs, indicating that soil depth did

not influence CF-based contamination patterns. Even though the

CF for V, Ba and Cr remained within the same CF class (moderate

contamination) across the treatments and soil layers (Figure 2), V

consistently showed higher CF values compared to the other HMs,

regardless of treatment or soil layer (Figure 2). When comparing the

treatments, it is noticeable that the CF values for V, Ba and Cr

tended to be lower in U. brizantha, except for Cr at the 0.10–0.20 m

layer. On the other hand, the CF values for V, Ba and Cr tended to

be higher in H. altissima, especially at the 0.00–0.10 m layer

(Figure 2). Although slight numerical differences between soil

layers were observed for some HMs, these variations did not

result in changes in CF classification.

The PI was used to assess the magnitude of HM contamination

in the studied soil despite its long-term restoration with perennial

grasses. In fact, the PI values revealed that the soil was at least

slightly or severely polluted depending on the HM, treatment, and

soil layer (Figure 3). Notably, PI values indicative of unpolluted soils

were absent (Figure 3). The soil restored with C. dactylon and U.

brizantha exhibited PI values close to or below 2, regardless of HM

and soil layer, indicating slight or modest pollution levels, as

similarly observed for H. altissima at the 0.10–0.20 m layer

(Figure 3). Notably, in the 0.00–0.10 m layer under the H.

altissima treatment, the PI for V (3.22) classified the soil as
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severely polluted, and the PI for Ba (2.17) indicated heavy

pollution (Figure 3). Overall, these findings indicate that the grass

species used for minesoil restoration strongly influences the level of

soil contamination by HMs, whereas soil depth plays a secondary

role. In view of the potential toxicity and high persistence of these

HMs in soil, soils polluted with such elements pose an

environmental problem that threatens animal, plant, and human

health (29). In plants, the toxicity of Ba, V, and Cr can disrupt

morphological, biochemical, and ultrastructural functions, as well

as disturb their nutritional balance. However, C. dactylon, U.

brizantha, and H. altissima seem to at least tolerate these HMs as

they have satisfactorily grown for about 20 years in the study area.

The grasses can be visualized in Leal et al. (92).

At the 20-year restoration scale, differences in soil HMs

concentrations among perennial grass species are likely related to

long-term, plant-mediated changes in soil properties, since biomass

harvesting was not performed. Species-specific differences in root

architecture, root turnover (45), and rhizosphere activity may have

progressively altered soil pH and metal–soil interactions (98, 99),

thereby influencing metal speciation, mobility, and redistribution

within the soil profile (99). Over this time frame, part of the metals

may also have been displaced from the sampled layers through

leaching or volatilization, while another fraction may have become

increasingly adsorbed or incorporated into mineral structures (77,
FIGURE 2

Contamination fator (CF) for Zn, V, Ba and Cr at 0.00–0.10 m and 0.10–0.20 m layer of a minesoil restored for 20 years with perennial grasses
(Cynodon dactylon, Urochloa brizantha and Hemarthria altissima).
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79, 80). These long-term, species-dependent soil processes may

partially account for the contrasting contamination indices

observed among the perennial grasses evaluated in this study.

In this context, the different abilities of the perennial grasses used

in this study to reduce contamination indices of the soil with HMs

may be associated with the fact that, in addition to being tolerant,

they may act as phytostabilizers, phytovolatilizers, phytodegraders,

phytostimulators, or phytoextractors of HMs. In particular, this is

evidenced by the overall lower CF and PI in the soil withU. brizantha

compared to C. dactylon and H. altissima (Figures 2, 3). Plants that

thrive in HM-contaminated soils typically employ two main survival

strategies: avoidance or tolerance (93). Avoidant species prevent HMs

from entering the protoplast, whereas tolerant species neutralize or

remove HMs from metabolically sensitive areas (94). In fact, the high

potential of U. brizantha for phytoremediation purposes has been

demonstrated in different studies and attributed to its phytoextraction

characteristics, such as a high growth rate, biomass production, root

development, and the ability to tolerate and accumulate HMs such as

V, Ba, and Cr (95, 96). This is in line with Stumpf et al. (45), who

found greater root density in the soil with U. brizantha compared to

C. dactylon and H. altissima after 8.6 years of restoration in the same

experimental site. It is known that U. brizantha employs a tolerance-
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based survival strategy, via phytolith production (70, 96, 97).

Phytoliths are structures composed of amorphous silica that

precipitate alongside HMs within the cell walls of roots, thereby

neutralizing the HMs and consequently reducing their toxicity (98,

99). The higher concentration and accumulation of HMs in roots

compared to shoots in grasses have been reported by Ullah et al.

(100). Similarly, Sundaramoorthy et al. (101) reported greater

accumulation of Cr (251.6–275.5 mg kg−1) in roots compared to

shoots of grass species (C. kylinga and C. rotundus) cultivated in Cr-

contaminated soils.

In a lower extent, C. dactylon also demonstrated potential for

reducing CF and PI values in the soil if compared to H. altissima,

maintaining the soil within a range of moderate pollution by V, Ba,

and Cr (Figures 2, 3). The literature suggests that C. dactylon is a

promising species for phytostabilization compared to shrubs and

trees, owing to its high growth rate, adaptability to abiotic stresses

and dense soil coverage (17, 102). One advantage of dense soil

coverage is the reduction of windborne particle movement and the

associated transport of HMs into the surrounding environment

(103). Consequently, this can reduce the risks to human health

associated with the inhalation or ingestion of contaminated soil

particles (104).
FIGURE 3

Pollution index (PI) for Zn, V, Ba and Cr at 0.00–0.10 m and 0.10–0.20 m layer of a minesoil restored for 20 years with perennial grasses (Cynodon
dactylon, Urochloa brizantha and Hemarthria altissima).
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3.2.2 Ecological risk assessment

3.2.2.1 Potential ecological risk factor of individual HMs
and potential ecological risk index

The concentrations of HMs observed in the soil, regardless of

treatment and soil layer, were insufficient to represent a significant

Er (Figure 4). All Er values were below 5 and therefore indicate low

ecological risk (Figure 4). Comparing HMs, it is noteworthy that the

highest Er values occurred for V, regardless of treatment and soil

layer, and were particularly high in H. altissima (Figure 4).

Furthermore, it is noteworthy that although the CF and PI values

for Cr were lower than those for Ba, its Er was higher (Figure 4).

This pattern was consistent across both soil layers, suggesting that

depth did not modify the relative contribution of Cr to ecological

risk. This is attributed to the potential toxicity of Cr to the

ecosystem even in low concentrations. In fact, Cr has been

classified as carcinogenic to humans by the International Agency

for Research on Cancer (105). This is associated with the fact that

Cr can accumulate into ecosystems by building up in organisms

such as bacteria, plants, and aquatic life, eventually biomagnifying

through the food chain and posing a threat to human health (106).

According to Stanley et al. (107), prolonged exposure to Cr can

adversely affect human reproduction and has been linked to lung

cancer, adenocarcinoma, squamous cell carcinoma, and

other diseases.

Although the RI was originally proposed based on a broader

suite of contaminants, the index is widely applied in studies

focusing on a reduced number of elements as a screening and

comparative tool for site-specific ecological risk assessment. In this

context, the RI values obtained in this study reflect the cumulative

contribution of Zn, V, Cr, and Ba and should be interpreted as a

relative indicator rather than an absolute measure of ecological risk.

Consequently, comparisons with RI values reported in studies that

include a larger set of contaminants should be made with caution.
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In this study, the RI values remained below 10, regardless of

treatment or soil layer, and were therefore classified as low risk (RI <

150) (Figure 4). The low Er and RI values suggest that plant-

mediated processes, particularly root exudation, play an important

role in modulating soil physicochemical conditions by altering

metal speciation and bioavailability, while simultaneously

stimulating microbial activity in the rhizosphere, thereby reducing

the environmental hazard posed by HMs (108).

In this sense, while the RI provides an integrative and site-specific

overview of cumulative ecological risk, the use of Er allows for more

robust numerical comparisons among studies, as it directly reflects

the potential ecological risk associated with each HM independently.

Because Er is not influenced by the number of elements included in

the assessment, it represents a more consistent metric for comparing

the relative ecological risk of individual metals across different sites,

soil layers, and management conditions. Therefore, the consistently

low Er values observed in this study confirm the limited ecological

risk posed by Zn, V, Cr, and Ba in the investigated soils, while

enabling meaningful comparison with similar studies focused on

individual contaminants.

3.2.2.2 Influence of HMs concentration on soil fauna
communities

Twenty years after minesoil restoration, a total of 6,098 soil

fauna individuals were counted in the investigated soil, distributed

across five distinct classes. Among these classes, 14 macrofauna

groups were identified, including one dominant taxon

(Hymenoptera), nine common taxa (Araneae, Carabiform larvae,

Coleoptera, Diplopoda, Diptera, Scarabaeiform larvae, Exarada

pupae, Thysanoptera, and Earthworms), and four rare taxa

(Curculioniform larvae, Dermaptera, Elateriform larvae,

Orthoptera). Also, six mesofauna groups were identified,

including one dominant taxon (Acari), three common taxa

(Entognatha from the orders Entomobryomorpha and
FIGURE 4

Ecological risk (Er) for Zn, V, Ba and Cr and their grouped potential ecological risk index (RI) at 0.00–0.10 m and 0.10–0.20 m layer of a minesoil
restored for 20 years with perennial grasses (Cynodon dactylon, Urochloa brizantha and Hemarthria altissima).
frontiersin.org

https://doi.org/10.3389/fsoil.2026.1754030
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org


Oliveira et al. 10.3389/fsoil.2026.1754030
Symphypleona, and Blattodea), and two rare taxa (Entognatha from

the order Poduromorpha and Enchytraeidae) (Table 5).

The outstanding lower content of HMs, CF, PI, Er, and RI

values observed in U. brizantha likely contributed to the higher

number of mesofauna and macrofauna individuals (2,309) in this

treatment compared to C. dactylon (2,075) and H. altissima (1,714

organisms) (Table 5). This is in line with (109), who observed that

the total number of organisms and the total taxa number of soil

fauna organisms were higher in areas where the content of HMs was

lower. Nevertheless, this did not result in a higher fauna diversity

index in U. brizantha (H’= 1.98), compared to H. altissima (H’ =

2.06). This is likely due to the greater dominance of the Acari and

Insecta classes (group Hymenoptera) in U. brizantha treatment,

which was 30% and 84% higher, compared to the dominance in C.

dactylon, and 38% and 115% higher compared to the dominance in

H. altissima (Table 5), respectively.

During the realization of this study, earthworms were observed

for the first time in tis minesoil since the start of the experiment in
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2003. However, earthworms only occurred in H. altissima and C.

dactylon treatments (Table 5). In the PCA biplot, the eigenvector of

earthworms was ordinated along component 1, which explained

27.15% of the variation in the dataset, and within the same plot

quadrant as soil pH and even more closely associated with Zn, V, Ba

and Cr contents (Figure 5). Altogether, these data reveal that the

number of earthworms (Clitellata group) correlated positively with

Cr, V, Zn and Ba content, suggesting that these organisms tolerated

the content of HMs found in this soil. This is coherent with the low

Er and RI of HMs (both classified as low) found across all

treatments and soil layers (Figure 4). For instance, Van Vliet et al.

(110) reported that different species of earthworms can accumulate

HMs as As, Cr, Cd, Pb, Cu and Zn, allowing them to survive in soils

with even high levels of contamination at varying soil depths. The

ordination of pH eigenvector within the same quadrant as the

eigenvectors of HMs in the PCA biplot indicates that the range of

pH values observed in this minesoil favors the persistence of HMs,

as discussed earlier, especially if C. dactylon is cultivated (Figure 5).
TABLE 5 Number of individuals, relative dominance, diversity index of Shannon-Wierner (H’) and evennes index of Pelou (J’) for soil fauna found in a

minesoil after 20 years of restoration with Cynodon dactylon, Urochloa brizantha e Hemarthria altissima.

Class Group Size H. altissima U. brizantha C. dactylon Dominance

∑ individuals m-2

Arachnida
Acari Meso 485 890 687 33.8%***

Araneae Macro 132 122 167 6.9%**

Collembola

Entomobryomorpha Meso 115 185 176 7.8%**

Poduromorpha Meso 0 0 9 0.1%*

Symphypleona Meso 0 53 26 1.3%**

Insecta

Blattodea Meso 0 9 123 2.2%**

Carabiform Larvae Macro 0 75 0 1.2%**

Coleoptera Macro 62 76 115 4.1%**

Curculioniform Larvae Macro 0 0 50 0.8%*

Dermaptera Macro 0 25 0 0.4%*

Diptera Macro 106 113 53 4.5%**

Elateriform Larvae Macro 25 0 0 0.4%*

Scarabaeiform Larvae Macro 250 50 150 7.4%**

Exarate Pupae Macro 50 125 50 3.7%**

Hymenoptera Macro 229 493 357 17.7%***

Orthoptera Macro 0 9 0 0.1%*

Thysanoptera Macro 34 9 62 1.7%**

Myriapoda Diplopoda Macro 0 75 0 1.2%**

Clitellata
Earthworm Macro 200 0 50 4.1%**

Enchytraeidae Meso 26 0 0 0.4%*

Individual
Macro 1088 1172 1054

Meso 626 1137 1021

Group
Macro 9 11 9

Meso 3 4 5

H’ index 2.06 1.98 1.31

J index 0.69 0.66 0.44
1Degree of dominance: ***Dominant group (>10%); **Commun group (1–10%); *Rare group (0.1–1%).
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Component 2 of PCA explained 19.75% of the variation in the

dataset and clearly separated the dominant fauna groups (Acari e

Hymenoptera) and the HMs content in different quadrants in the

biplot (Figure 5). These findings suggest the intolerance of

Hymenoptera (i.e., ants) to the content of HMs found in this soil.

Similar results were observed by Khan et al. (94) for certain ant

species in a gradient of soil pollution with Fe, Zn, Mn, Pb and Cu

across coal mine spoils of 2, 8 and 12 years old. Regarding Acari

communities, future studies may include the division of Acari

individuals between decomposers and predators, which may

respond differently to HM levels (21, 111), to elucidate the

relationship between Acari and HMs content found in this study.

Noteworthily, U. brizantha was the only treatment where its four

replicates were ordinated in the opposite quadrant away from the

eigenvectors of HMs, but also in a different quadrant than the

eigenvectors of soil fauna (Figure 5). Together, these observations

show the role of U. brizantha to reduce the content of HMs in the

minesoil, without necessarily favoring fauna diversity.

At this point, it is important to highlight that in previous studies

conducted in this same area, the minesoil under U. brizantha

revegetation consistently showed better performance of this

treatment to improve soil physical attributes (37, 40, 112). These

studies have regarded U. brizantha as a pioneer species in the

rehabilitation of minesoils at the Candiota Mine, which aligns with

the observed reduction in the content of HMs. However, due to the

low faunal diversity observed in this treatment, top-down

regulation appears to remain weak. This is particularly relevant

given that soil microarthropods are known to be efficient

recolonizers of Technosols during the early stages of recovery

(113, 114). Therefore, regardless of the treatment’s effectiveness in

improving the soil’s physicochemical properties, the low trophic

richness observed suggests that recovery is restricted to the soil

surface and does not extend to the broader edaphic community.

Despite the continuous input of organic matter over 20 years of

restoration, the minesoil under U. brizantha revegetation does not
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seem to favor the return of soil fauna –considering their mobility

and seasonality– resulting in limited top-down control.

Although the Er and RI found for Zn, V, Ba, and Cr in the

present study are classified as “low” (Figure 4), these results provide

the first baseline for this field experiment, allowing continuous

monitor the development of soil fauna communities’ structure in

response to these HMs to design optimal restoration strategies

(109, 115).

3.2.3 Human health risk assessment

The human health risk assessment was conducted to test if after

20 years of restoration, the studied site could be used as a

recreational area for the local community considering that

humans may be exposed to contamination by HMs present in the

soil through inhalation, dermal contact, or ingestion (116, 117).

Another key point is that the experimental area is located near the

boundaries of the active mine and in close proximity to urban

settlements situated approximately 900 m away. These residential

areas include both adults and children, making the assessment of

potential human health risks particularly relevant, especially given

the potential chronic exposure through soil particle ingestion or

inhalation. An essential element for the human body is considered

deficient when its concentration falls below the optimal range, while

adequacy is attained when it is within this range. Toxicity arises

when the concentration of the element exceeds the ideal threshold

(116, 118). The human health risk assessment was conducted using

non-carcinogenic hazards through the calculation of HQ and HI for

three exposure pathways: oral ingestion (ing), inhalation (inh), and

dermal contact (dermal) for both adults and children (Tables 6, 7).

The HQing values for Zn remained within the range of 5.93E-05

to 3.93E-05 for adults and 4.26E-04 to 2.82E-04 for children,

regardless of treatment and soil layer (Table 6). The highest

HQing value of 1E-02 for adults and 8E-02 for children was

observed for V in H. altissima treatment at the 0.00–0.10 m layer
FIGURE 5

Principal component analysis biplot with eigenvectors pointing towards higher values of HMs content, number of fauna individuals and pH in a
minesoil restored for 20 years with perennial grasses.
frontiersin.org

https://doi.org/10.3389/fsoil.2026.1754030
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org


Oliveira et al. 10.3389/fsoil.2026.1754030
(Table 6). According to USEPA (119), V is classified under two

pollutant groups: “heavy metals” and “inorganic pollutants”.

Exposure to V can cause symptoms such as coughing, upper

respiratory tract irritation, gastrointestinal disorders, or

conjunctivitis (120).

The highest HQ values of 1E-01 and 2E-01 were observed for Ba

and Cr, respectively, for children through the inhalation exposure
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pathway (HQinh), regardless of treatment and soil layer (Table 6).

The HQinh associated with Cr is attributed to its volatilization

potential, as Cr (VI) is highly volatile in soil, both in acidic and

alkaline environments (85, 121). In addition to this direct soil

emission, HMs such as Ba and Cr can be volatilized through

absorption by plant roots, followed by their conversion to gaseous

state and release into the atmosphere, a process known as
TABLE 6 Hazard quotient by ingestion (HQing), inhalation (HQinh) and dermal contact (HQdermal) for HMs (Zn, Ba, V and Cr) for adults and children

found at the 0.00–0.10 m and 0.10–0.20 m layer of a minesoil restored for 20 years with perennial grasses (Cynodon dactylon, Urochloa brizantha
and Hemarthria altissima).

Grass Layer (m) Adults Childrem

Zn V Ba Cr Zn V Ba Cr

HQing HQing

C. dactylon 0.00–0.10 6E-05 9E-03 1E-03 2E-03 4E-04 7E-02 7E-03 4E-03

C. dactylon 0.10–0.20 4E-05 9E-03 1E-03 2E-03 3E-04 7E-02 9E-03 3E-03

H. altissima 0.00–0.10 6E-05 1E-02 1E-03 3E-03 4E-04 8E-02 9E-03 5E-03

H. altissima 0.10–0.20 6E-05 9E-03 1E-03 2E-03 4E-04 6E-02 8E-03 4E-03

U. brizantha 0.00–0.10 6E-05 7E-03 9E-04 2E-03 4E-04 5E-02 7E-03 4E-03

U. brizantha 0.10–0.20 5E-05 6E-03 9E-04 2E-03 4E-04 5E-02 7E-03 4E-03

HQinh HQinh

C. dactylon 0.00–0.10 9E-09 1E-06 7E-05 3E-05 2E-05 3E-03 1E-01 2E-01

C. dactylon 0.10–0.20 6E-09 1E-06 9E-05 3E-05 1E-05 3E-03 2E-01 2E-01

H. altissima 0.00–0.10 8E-09 2E-06 9E-05 4E-05 2E-05 3E-03 2E-01 2E-01

H. altissima 0.10–0.20 9E-09 1E-06 8E-05 3E-05 2E-05 2E-03 2E-01 2E-01

U. brizantha 0.00–0.10 8E-09 1E-06 7E-05 3E-05 2E-05 2E-03 1E-01 2E-01

U. brizantha 0.10–0.20 7E-09 9E-07 7E-05 3E-05 1E-05 2E-03 1E-01 2E-01

HQdermal HQdermal

C. dactylon 0.00–0.10 1E-06 4E-03 5E-05 4E-04 6E-06 2E-02 3E-04 5E-04

C. dactylon 0.10–0.20 7E-07 3E-03 7E-05 4E-04 4E-06 2E-02 4E-04 5E-04

H. altissima 0.00–0.10 1E-06 4E-03 7E-05 5E-04 6E-06 2E-02 4E-04 7E-04

H. altissima 0.10–0.20 1E-06 3E-03 6E-05 4E-04 6E-06 2E-02 3E-04 5E-04

U. brizantha 0.00–0.10 1E-06 3E-03 5E-05 4E-04 6E-06 1E-02 3E-04 5E-04

U. brizantha 0.10–0.20 1E-06 2E-03 5E-05 4E-04 5E-06 1E-02 3E-04 6E-04
fr
TABLE 7 Non-carcinogenic Hazard Index of HMs (ZN, V, and Ba) by ingestion (HIing), inhalation (HIinh) and dermal contact (HIdermal), and

carcinogenic risk index by ingestion (CRing) and inhalation (CRinh) for chromium for adults and children exposed to the minesoil (0.00–0.10 m and
0.10–0.20 m layer) after 20 years of restoration with perennial grasses.

Grass Layer (m) Non-Carcinogenic

Adults Children Adults Children Adults Children

HIing HIinh HIdermal

C. dactylon 0.00–0.10 1.05E-02 7.5E-02 7.5E-05 1.4E-01 3.6E-03 1.9E-02

C. dactylon 0.10–0.20 1.1E-02 7.5E-02 9.3E-05 1.7E-01 3.5E-03 1.9E-02

H. altissima 0.00–0.10 1.2E-02 8.9E-02 9.0E-05 1.7E-01 4.3E-03 2.3E-02

H. altissima 0.10–0.20 1.0E-02 7.3E-02 8.2E-05 1.5E-01 3.5E-03 1.9E-02

U. brizantha 0.00–0.10 7.7E-03 5.5E-02 6.7E-05 1.2E-01 2.6E-03 1.4E-02

U. brizantha 0.10–0.20 7.3E-03 5.3E-02 6.6E-05 1.2E-01 2.4E-03 1.3E-02

(Continued)
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phytovolatilization (122). This is critical as excessive accumulation

of HMs in the human body can lead to respiratory and

cardiovascular diseases, and to cognitive impairments (123).

The non-carcinogenic HI considering Zn, V, and Ba was higher

for children than for adults, regardless of contact pathways (ingestion,

inhalation, dermal contact), treatment and soil layer (Table 7). The

average HIing, HIinh and HIdermal values for children in all

treatments and soil layers were higher than the risks for adults.

Considering the contribution of each exposure pathway (ingestion,

inhalation and dermal) to the total risk (HI) sum (calculations not

shown), it was observed that the most likely pathway of exposure of

adults to HMs in the study area is by ingestion. This is because HQing

accounted for approximately 60% of the total HI. For children, a

different trend was observed, with about 75% of the total risk (HI)

being attributed to HQinh. Among the non-carcinogenic HMs

evaluated, Ba was the largest contributor to HI, with contribution

rates of 39% for children and 60% for adults.

Regarding the CR (calculated only for Cr), it is possible to

observe that CRing and CRinh for adults were similar, while for

children the greatest risk observed was CRinh (Table 7). According

to USEPA (68), CR values are classified as very low (<1E-06), low

(1E-06 to 1E-05), medium (1E-05 to 1E-04), high (1E-04 to 1E-03),

and very high (>1E-03). Based on this classification, the CRing

values observed in this study are classified as “very low”, both for

children and adults, regardless of treatment and soil layer (Table 7).

In contrast, CRinh values were classified as “low” (regardless of

treatments and soil layer) only for adults (Table 7). For children, the

CRinh values were classified as “high”, irrespective of treatment and

soil layer (Table 7). Typically, it is assumed that CR values >1E-04

in soil are not acceptable for children (124), and in all treatment and

soil layers this threshold was exceeded (Table 7). Therefore, the CR

induced by the presence of Cr in this minesoil should not be

overlooked, and special attention must be given to protecting

children against Cr in this area.

The human health risk assessment performed in this study

revealed that children are more susceptible to the HMs present in

the studied minesoil, regardless of whether the risk is carcinogenic

or non-carcinogenic. This is in line with Pan et al. (125), who

reported that the HI and CR values for children were 7- and 1.7-fold

greater, respectively, compared to those for adults in a soil

contaminated with HMs. These findings are consistent with a
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soils contaminated by HMs (126–128). Our findings provide

valuable information for the environmental management of risks

associated with the recreational use of soils restored over two

decades at the Candiota coal mine. Future research in this study

site should focus on evaluating the bioavailability of HMs to

humans and soil fauna.
4 Conclusions

This work employed a range of environmental, ecological, and

health risk indicators to assess the risks associated with HMs in a

post-coal minesoil located in southern Brazil, 20 years after

restoration with perennial grasses. The average contents of V, Ba,

and Cr exceeded local soil quality reference values. The CF and PI

consistently indicated that the minesoil is moderately polluted with

Ba and Cr and severely polluted with V. Soil depth (0.00–0.10 m

and 0.10–0.20 m) did not modify the patterns associated with

perennial grass, as HM concentrations, CF, PI, Er, and RI

remained within the same classification ranges across depths,

indicating a relatively homogeneous distribution of contamination

and associated risks within the evaluated soil profile.

Among the perennial grasses evaluated, soils restored with U.

brizantha generally showed lower CF and PI values for Zn, Ba, V,

and Cr compared with C. dactylon and H. altissima, indicating

an association with comparatively lower contamination indices,

although HM concentrations and risk classes remained similar

among treatments. The U. brizantha plots also exhibited a higher

abundance of soil fauna, particularly Acari and Hymenoptera, but

without corresponding increases in fauna diversity or evenness, and

with the absence of earthworms, which were present under the other

grasses. Overall, the observed differences among treatments represent

associative patterns rather than causal evidence, highlighting the

importance of continued monitoring using key bioindicators and

further investigation of plant–soil–metal–biota interactions to better

understand the ecological functioning of such restored minesoils.

Concerning human health, exposure to the minesoil at this

restoration stage offers a high carcinogenic risk for children (CR

>1E-04), especially by inhalation, associated with the presence of Cr
TABLE 7 Continued

Grass Layer (m) Carcinogenica (chromium)

Adults Children Adults Children

CRing CRinh

C. dactylon 0.00–0.10 5.4E-08 9.8E-08 3.9E-08 2.3E-04

C. dactylon 0.10–0.20 4.8E-08 8.5E-08 3.5E-08 2.0E-04

H. altissima 0.00–0.10 6.9E-08 1.2E-07 5.0E-08 2.9E-04

H. altissima 0.10–0.20 5.4E-08 9.8E-08 3.9E-08 2.3E-04

U. brizantha 0.00–0.10 5.2E-08 9.3E-08 3.8E-08 2.2E-04

U. brizantha 0.10–0.20 5.6E-08 1.0E-07 4.1E-08 2.4E-04
aThe CR by dermal contact was not estimated because of absence of a carcinogenic slope factor.
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in the soil, regardless of the perennial grass species used for minesoil

restoration. Regarding the non-carcinogenic elements, Ba was the

largest contributor to the total HI, with contribution rates of 39%

for children and 60% for adults. Overall, our results demonstrate the

unsuitability of the study area for general human activities despite

20 years of active restoration of the land. The risk assessment results

presented here are unprecedented for the studied site and may serve

as a valuable baseline for future monitoring of the quality of this

mined land.
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Litter quality, mycorrhizal association, and soil properties regulate effects of tree species
on the soil fauna community. Geoderma. (2022) 407:115570. doi: 10.1016/
j.geoderma.2021.115570

21. Wierzbicka A, Dyderski MK, Kamzcyc J, Rac̨zka G, Jagodziński AM. Responses of
soil mite communities (Acari: Oribatida, Mesostigmata) to elemental composition of
mosses and pine needles and long-term air pollution in Scots pine (Pinus sylvestris L.)
stands. Sci Total Environ. (2019) 691:284–95. doi: 10.1016/j.scitotenv.2019.07.138

22. Prüss-Üstün A, Wolf J, Corvalán, Carlos F, Bos R, Neira MP. Preventing disease
through healthy environments: a global assessment of the burden of disease from
environmental risks. Geneva, Switzerland: World Health Organization ([amp]]
lrm;2016). Available online at: https://iris.who.int/handle/10665/204585 (Accessed
June 12, 2024).

23. Xu X, Nie S, Ding H, Fan HF. Environmental pollution and kidney diseases. Nat
Rev Nephrol. (2018) 14:313–324. doi: 10.1038/nrneph.2018.11

24. Zulfiqar U, Farooq M, Hussain S, Maqsood M, Hussain M, Ishfaq M, et al. Lead
toxicity in plants: Impacts and remediation. J Environ Manage. (2019) 250:109557.
doi: 10.1016/j.jenvman.2019.109557

25. Deng S, Zhang X, Zhu Y, Zhuo R. Recent advances in phyto-combined remediation
of heavy metal pollution in soil. Biotechnol Adv. (2024) 72:108337. doi: 10.1016/
j.bioteChadv.2024.108337

26. Kumar B, Singh UK. Source apportionment of heavy metals and their ecological
risk in a tropical river basin system. Environ Sci pollut Res. (2018) 25:25443–57.
doi: 10.1007/s11356-018-2577-9

27. Verma F, Singh S, Dhaliwal SS, Kumar V, Kumar R, Singh J, et al. Appraisal of
pollution of potentially toxic elements in different soils collected around the industrial
area. Heliyon. (2021) 7:e08122. doi: 10.1016/j.heliyon.2021.e08122

28. Kijowska-Strugała M, Baran A, Szara-Bak̨ M, Wiejaczka Ł., Prokop P. Soil quality
under different agricultural land uses as evaluated by chemical, geochemical and
ecological indicators in mountains with high rainfall (Darjeeling Himalayas, India). J
Soils Sediments. (2022) 22:3041. doi: 10.1007/s11368-022-03258-w

29. Yang J, Sun Y, Wang Z, Gong J, Gao J, Tang S, et al. Heavy metal pollution in
agricultural soils of a typical volcanic area: Risk assessment and source appointment.
Chemosphere. (2022) 304:135340. doi: 10.1016/j.chemosphere.2022.135340
Frontiers in Soil Science 18
30. Hoque MM, Islam A, Islam ARMT, Pal SC, Mahammad S, Alam E. Assessment of
soil heavy metal pollution and associated ecological risk of agriculture-dominated mid-
channel bars in a subtropical river basin. Sci Rep. (2023) 13:11104. doi: 10.1038/s41598-
023-38058-0

31. Gui H, Yang Q, Lu X, Wang H, Gu Q, Delgado Martıń J. Spatial distribution,
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