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Abstract: The assessment of sediment contamination is a critical component in understand-
ing the dynamics of potentially toxic elements (PTEs) in aquatic ecosystems, particularly in
regions with intensive mining activities. This study focuses on the Rio das Velhas basin,
located in the Iron Quadrangle (IQ), one of the most important mining provinces in the
world, characterized by extensive anthropogenic pressures and rich geological diversity.
A comprehensive evaluation of sediment contamination in this region was conducted,
applying multiple univariate and multielement indices, including the contamination factor
(CF), enrichment factor (EF), modified contamination degree (mCd), pollution index (PI),
modified pollution index (MPI), and ecological risk index (RI). A high sampling density
(1 sample per 15 km2) enabled the creation of geochemical maps and the identification
of contamination hotspots. The results revealed that As and Cd are the most concerning
elements, with concentrations exceeding regional background levels. While EF provided
a more sensitive and comprehensive spatial distribution of contamination, MPI emerged
as a robust index for capturing geochemical trends in complex environments. The study
also highlighted that over 20% of the samples exceeded guideline values for sediment
quality, posing ecological risks. Elevated concentrations of PTEs, particularly As and Cd,
raise concerns about their potential mobilization and bioaccumulation, threatening aquatic
ecosystems. These findings underscore the urgent need for enhanced monitoring and
targeted management strategies in mining-impacted basins. This work not only advances
the understanding of sediment contamination dynamics in the IQ but also establishes a
methodological framework for evaluating sediment quality in heavily impacted mining
regions worldwide.

Keywords: environmental risk assessment; pollution indices; mining impact; geochemical
mapping; Velhas River basin

1. Introduction
Sediments are among the most sensitive environmental compartments to contamina-

tion by potentially toxic elements (PTEs), mainly due to their high adsorption/desorption
capacity. This property is primarily attributed to clay minerals and iron and aluminum
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oxides–hydroxides in the clay size fraction, which facilitate the accumulation and binding
of PTEs [1]. As a result, sediments act as critical geochemical reservoirs for toxic elements
and play a key role in their distribution and bioavailability in aquatic ecosystems [2].

Studies show that more than 90% of the total PTE concentration in river environments
is typically sequestered in sediments [3,4]. Consequently, sediments serve as a controlling
matrix for the mobility, availability, and eventual transfer of these substances to the hydro-
sphere and/or biota. This dynamic poses potential risks to ecosystems and human health,
as many metals and metalloids are known to be toxic and carcinogenic [4–6].

Beyond contamination, sediments serve as natural archives of recent environmental
change [7], providing a historical record of pollution and allowing spatial analyses to
determine the patterns of contamination distribution patterns in aquatic systems [8–10].
This role is crucial in heavily industrialized or anthropogenically affected regions. For
example, studies in mining-affected basins show significantly elevated PTE concentrations
in river sediments compared to regional backgrounds or crustal averages [9–12]. This trend
is demonstrated by the Velhas River basin, located in Brazil’s Iron Quadrangle (IQ), one of
the most important mineral provinces in the world.

Sediment Quality Control Guidelines (SQCQs) are widely employed to assess sediment
pollution. These guidelines estimate the degree of contamination and the potential adverse
effects of PTE on aquatic organisms [13,14]. However, sediment quality indicators can often
achieve a more comprehensive understanding of geochemical trends [10,15]. These tools
classify sediment quality based on specific PTE concentrations and offer valuable insight
into contamination levels. Several methods have been developed to quantify metal enrich-
ment and accumulation in sediments, allowing the classification of contamination levels
and their associated impacts [16–19]. Typically, these methods involve comparing observed
concentrations with regional background values, as well as average crustal concentrations.
Ecological indices further complement this analysis by integrating contamination levels
with ecological risks, providing a holistic evaluation of the status of aquatic systems [17,20].

The upper course of the Velhas River basin, within the IQ, has been the subject of nu-
merous geochemical studies due to its extensive mining legacy, present activity, and diverse
geological framework [11,21–26]. Despite substantial research efforts, existing studies often
lack sufficient sampling density and fail to incorporate comprehensive multielement sedi-
ment quality assessments. As a result, the broader environmental and ecological impacts of
sediment contamination in this region remain inadequately explored.

To address these limitations, this study undertakes a detailed evaluation of the envi-
ronmental quality and ecological health of the sediments in the upper course of the Velhas
River. A set of ecological indicators—including the contamination factor (CF), enrichment
factor (EF), modified contamination degree (mCd), pollution index (PI), and modified
pollution index (MPI)—is applied to characterize the contamination levels and risks.

Additionally, high-density geochemical maps are generated, providing spatially ex-
plicit information on sediment contamination patterns and intensity. This comprehensive
approach aims to enhance the understanding of contamination dynamics in the Iron Quad-
rangle while establishing a robust framework for monitoring and managing sediment
quality in heavily impacted mining regions.

2. Materials and Methods
2.1. Study Area

The upper Velhas River region is located in the Iron Quadrangle, a major mining
region in Minas Gerais, Brazil, covering an area of 3200 km2. This area includes nine towns:
Rio Acima, Itabirito, Nova Lima, Ouro Preto, Raposos, Caeté, Belo Horizonte, Sabará, and
Santa Luzia. It supplies water to the metropolitan area of Belo Horizonte, which has more
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than 5.7 million inhabitants, making it the third-largest urban center in Brazil [27]. The
river basin is bordered by Belo Horizonte to the north, Ouro Preto to the south–southeast,
Serra da Moeda to the west, and Serra da Piedade to the east (Figure 1). The Velhas River
and its tributaries cross areas of varying land use, from forested areas to highly urbanized
and mined regions.
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The presence of such economically significant deposits is the result of the region’s
geological diversity, which includes Archean and Proterozoic rocks (Figure 1). The IQ
is recognized for its geological diversity and complexity, encompassing a variety of
lithostratigraphic units that offer insights into the region’s tectonic, sedimentary, and
metamorphic history.

The geology of the basin is thought to be organized into four major lithostratigraphic
units, from oldest to youngest: (i) Metamorphic complexes, which constitute the crys-
talline basement, composed of poly-deformed gneissic rocks of tonalitic composition and
granite, granodiorite, mafic, and ultramafic intrusions forming the Bonfim, Santa Rita,
Caeté, Belo Horizonte, Santa Bárbara, and Bação complexes [28,29]; (ii) the Rio das Velhas
supergroup, composed of metasedimentary and metavolcanic rocks [30,31], subdivided
into two groups: Nova Lima and Maquiné. The Nova Lima group predominantly features
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volcano–sedimentary rocks such as carbonate schists, metacherts, banded iron formations,
and phyllites. The Maquiné group includes a basal unit of metaconglomerates, overlain by
massive and sericitic quartzites, sericite–quartz–schists, and phyllites [31]; (iii) the Minas
supergroup is up to 6000 m thick, composed mainly of pelitic and quartzose metasedi-
ments, placed discordant above the Rio das Velhas green belt, and subdivided into four
groups that record a progression of depositional environments, including the Caraça group
(basal metaconglomerates and metarenites, indicating fluvial to shallow marine conditions),
Itabira group (composed of chemical sediments, particularly BIFs, marking a period of
significant iron deposition), the Piracicaba group (metapelites and additional chemical
sedimentary sequences), and the Sabará group (the youngest unit, consisting mainly of
terrigenous sediments, with a basal conglomeratic phyllite, indicating a more dynamic
sedimentary regime during the late stages of basin evolution) [31]; (iv) the Itacolomi group,
which comprises quartzites and metaconglomerates that represent fluvial-deltaic to shallow
marine environments; (v) and Tertiary and Quaternary deposits, representing the ongoing
sedimentary processes within the region, thus typically associated with modern fluvial
systems and weathering profiles [30].

The economy of the region is mainly based on mining activities (iron, gold, limestone,
dolomite, bauxite, manganese, and topaz), as well as the steel industry and tourism [32].

Mining activities, particularly for iron and gold ores, have had a significant impact
on the basin, contributing to widespread sediment contamination and environmental
problems. The combination of mining, urbanization, and industrial activities highlights the
need for comprehensive environmental monitoring in this region.

Gold is the primary mineral resource extracted in the Alto Rio das Velhas region,
predominantly associated with the volcanic–sedimentary sequences of the Nova Lima
group, which hosts Brazil’s most significant gold district. The Cuiabá, Morro Velho, and
Raposos mines contain the largest gold reserves in the region, with estimated resources
of 11.20, 6.60, and 4.30 million tonnes, respectively, and average gold grades of 8.49, 10.00,
and 6.27 g per tonne [33]. As by-products of gold extraction, all active mines produce silver,
sulfur, and arsenic. Arsenic concentrations range between 3.07 and 8.87 mg/kg, while
sulfur concentrations vary between 6.61% and 9.06%. Additionally, gold mineralization is
associated with the conglomerate lenses of the Maquiné group. Beyond gold, the region also
hosts significant deposits of serpentinites from the Córrego dos Boiadeiros complex and
ultramafic rocks from the Quebra-Osso group, both widely used as smelting materials [34].

Regarding iron ore, the region contains high-grade iron ore bodies, typically with iron
(Fe) content above 64%. Enriched itabirites, with Fe concentrations ranging from 30% to
60%, are also mined. Major active deposits include the Água Limpa (Itabirito), Vargem
Grande (Nova Lima), Fábrica and Fábrica Nova (Ouro Preto and Congonhas), and Casa de
Pedra (Congonhas) mines [35]. Over the past 30 years, these deposits have been extensively
exploited, with an estimated annual production of 190 million tonnes (Mt). In terms of
mining waste, it was reported that, in 2016, approximately 295 Mt of tailings were stored in
dams, while 183 Mt of waste was deposited in open-air storage sites [36].

2.2. Sampling Procedures

To achieve a high sampling density, sediments were collected at the mouth of all 3rd-
order basins within the region [37], as defined using ArcGIS 10.8 software. The selection
process involved overlaying the hypsometric, topographic, and hydrographic maps at
a 1: 25,000 scale, provided by the Institute of Water Management (IGAM) and the Com-
pany of Mineral Resources Production (CPRM). This approach results in the collection of
208 stream sediment samples, achieving a density of approximately one sample per 15 km2.
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To account for the channel geomorphological variability, nine subsamples were col-
lected along a stretch of 250 to 500 m of each sampling site, representing distinct geomor-
phological patterns, such as riffles, pools, and transitional areas. Samples were taken from
the right margin, left margin, and center of the channel. Margin samples were collected at
a depth of 0.50 m from the riverbed. The subsamples were mixed in the field to create a
composite sample representative of the site. The homogenized material was quartered to
obtain a 500 g composite sample, which was stored in labeled plastic bags and transported
to the laboratory under refrigerated conditions to preserve its integrity [38,39].

2.3. Chemical Analyses and Quality Control

The sediment samples were air-dried and sieved, and 1 g of the fraction smaller than 63
µm was subjected to aqua regia digestion (HCl with HNO3, in a 3:1 ratio) at the Laboratory
of Geochemistry of the Federal University of Ouro Preto. The process was begun by adding
a small volume of Milli-Q water to form a sediment “pulp”. Subsequently, 7.0 mL of
concentrated HCl and 2.3 mL of concentrated HNO3 (Merck p.a.) were added to each
sample. The samples were left to react in a fume hood for 16 h, followed by heating on a
hot plate at 100 ± 5 ◦C for two hours to reduce the volume. After cooling, the samples were
filtered through 0.45 µm pore filter paper, and the final volume was adjusted to 100 mL
with Milli-Q water in a volumetric flask [39].

The digested samples were analyzed using a spectrophotometer of atomic emission
with an inductively coupled plasma source (ICP-OES), a brand called Spectro/Model Ciros
CCD. The instrument was used to quantify the concentrations of elements, such as Al, As,
Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Ti, and Zn.

The digestion with aqua regia is known as pseudo-total digestion, extracting elements
from the non-silicate fraction. This method captures trace elements of significant environ-
mental interest, including those associated with oxides, sulfides, clay minerals, and organic
matter [40–42]. To ensure robust and reliable data, quality assurance measures included
the preparation of a blank for every ten samples and the duplicate analysis of 10% of the
samples. Accuracy was verified by comparing results against certified reference material
LKSD-01 (CCNRP-Ottawa, Canada). Recovery rates ranged between 93.3% and 102.5%
(Table 1), indicating satisfactory precision and reliability.

Table 1. Percentage recovery rates for elements in certified reference material (LKSD-01—CCNRP-
Ottawa, Canada).

Element Measured Concentrations
(mg·kg−1)

Certified Value
LKSD 01 (mg·kg−1) Recovery Rates (%)

As 29.2 ± 0.8 30 97.3
Cd 1.14 ± 0.02 1.2 95
Cr 11.2 ± 0.3 12 93.3
Cu 45.1 ± 1.2 44 102.5
Pb 83.4 ± 2.6 84 99.3
Zn 330.3 ± 9.3 337 98

2.4. Pollution Quantification Indices
2.4.1. Contamination Factor (CF)

The CF calculation was performed using Equation (1) [17]:

CF =
CPTE

Cbackground
(1)



Minerals 2025, 15, 199 6 of 19

where CPTE represents the concentration of PTE in the sediments of the Velhas River basin,
and Cbackground corresponds to the background value of the same element in the basin.
The background values adopted as reference were As = 20.6 mg·kg−1; Cd = 1.02 mg·kg−1;
Pb = 28.4 mg·kg−1; Cu = 37.9 mg·kg−1; Cr = 151.3 mg·kg−1; Ni = 56.9 mg·kg−1; and
Zn = 63.1 mg·kg−1 [43]. The adoption of regional reference values is especially recom-
mended in complex geological environments [44].

This index is among the simplest methods for evaluating sediment contamination. It
categorizes contamination into four qualitative levels based on the CF value:

• CF < 1: low contamination;
• 1 < CF < 3: moderate contamination;
• 3 < CF < 6: considerable contamination;
• CF > 6: very high contamination.

2.4.2. Enrichment Factor (EF)

This index normalizes PTE concentrations by comparing the region’s reference concen-
trations with a reference metal, called a normalizing element, allowing for more effective
comparison, especially in regions with older soils and sediments and with great geolog-
ical diversity [44]. Although iron (Fe) is commonly used as a normalizing element, its
high background value in the Rio Velhas basin (166,000 mg·kg−1) [40]—four times higher
than the average value in the upper crust [45]—may lead to the underestimation of FE
values [46]. In this study, aluminum (Al) was selected as the normalizing element [46,47]
due to its low natural mobility and role as a primary constituent of clay minerals found in
river sediments [48–50]. EF for each element was calculated according to Equation (2) [51]:

EF =

Ci
CAl
Bi

BAl

(2)

where,

• Ci is the concentration of each element in the sediment sample;
• CAl is the concentration of the normalization element, in this case aluminum (Al), in

the same sediment sample;
• Bi is the reference geochemical background value of each element;
• BAl is the reference geochemical background value of the reference element, aluminum (Al).

Five qualitative categories are used to describe the enrichment levels, as summarized
in Table 2.

Table 2. Enrichment factor (EF) classes.

Class Value Description—Sediment Enrichment

1 EF < 2 No enrichment/natural influence
2 2 < EF < 5 Moderate enrichment
3 5 < EF < 20 Severe enrichment
4 20 < EF < 40 Very severe enrichment
5 EF > 40 Extremely severe enrichment

The enrichment factor (EF) can provide insight into how to differentiate an anthro-
pogenic source from a natural process. EF values close to 1 indicate a crustal source, while
values greater than 10 are related to anthropogenic sources and/or processes [51].
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2.4.3. Modified Contamination Degree (mCd) and Modified Pollution Index (MPI)

Multielement indices were developed to address the limitations of pollution indices
based on single elements. The modified contamination degree (mCd) and pollution in-
dex (PI) provide more comprehensive assessments by integrating data from multiple
PTEs [17,52]. Building on these, the modified pollution index (MPI) was introduced [53],
incorporating the enrichment factor (EF) into its calculation for a more nuanced evaluation
of contamination levels. These indices are calculated using Equations (3)–(5). Table 3
presents the quality classification ranges for the multielement indices.

mCd =
∑n

i=1 cfi

n
(3)

PI =

√
(Cf average)2 + (Cfmax)²

2
(4)

MPI =

√
(Ef average)2 + (Efmax)²

2
(5)

Table 3. Thresholds for sediment quality classification for multielement indices.

Class Sediment Qualification mCd PI MPI

0 Unpolluted mCd < 1.5 PI < 0.7 MPI < 1
1 Slightly polluted 1.5 < mCd < 2 0.7 < PI < 1 1 < MPI < 2
2 Moderately polluted 2 < mCd < 4 1 < PI < 2 2 < MPI < 3
3 Moderately–heavily polluted 4 < mCd < 8 ---- 3 < MPI < 5
4 Severely polluted 8 < mCd < 16 2 < PI < 3 5 < MPI < 10
5 Heavily polluted 16 < mCd < 32 PI > 3 MPI > 10
6 Extremely polluted mCd > 32 --- ----

2.4.4. Ecological Risk and Potential Ecological Risk

The potential ecological risk index (RI) evaluates the sensitivity of the biological com-
munity at a given site by considering the toxicity and environmental effects of individual
elements [15]. This index compares the concentration of the element in the local samples
with regional reference values, adjusting for a factor known as the biological toxic response.
This factor reflects the relative toxicity of each element and varies as follows: As = 10;
Cu = Pb = 5; Zn = 1; Cr = Ni = 2; Cd = 30 [15,17]. The formula for the potential ecological
risk of an individual element is expressed in Equation (6).

RI = ∑n
i=1 Eri =∑n

i=1 Tri × Cfi (6)

where,

• Eri is the potential ecological risk index of an individual element;
• Tri is the biological toxic response factor of an individual element;
• Cfi is the contamination factor for each single element.

The overall RI aggregates the individual risks to provide a comprehensive assessment
of ecological vulnerability. This index categorizes ecological risk into four levels, ranging
from low to very high, as summarized in Table 4.
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Table 4. Potential and modified ecological risk index classification grades.

Eri Ecological Grade (Eri) RI Ecological Grade (RI)

Eri < 40 Low risk RI < 150 Low risk
40 < Eri < 80 Moderate risk 150 < RI < 300 Moderate risk

80 < Eri < 160 Considerable risk 300 < RI < 600 Considerable risk
160 < Eri < 320 High risk ---- ----

Eri > 320 Very high risk RI > 600 Very high risk

2.4.5. Mapping of Pollution Indices

Maps with several indices were prepared using ArcGIS 10.8 software, adopting the
World Geodetic System 1984 (WGS84) datum and the IDW (inverse distance weighted)
geostatistical interpolation tool.

3. Results and Discussion
Table 5 presents the statistical parameters for element concentrations in 208 sediment

samples from the upper Velhas River basin and compares these concentrations with similar
studies conducted in the IQ. Table 6 provides additional context by comparing these
concentrations to those observed in rivers worldwide, along with the threshold effect
concentration level (TEL) and probable effect level (PEL).

Table 5. Descriptive statistics of sediment samples from the upper Velhas River and comparison of
PTEs concentration with similar studies in the IQ, Minas Gerais, Brazil.

Element Unit Min Max Mean Median
APA Sul

(2005) [24]
Min–Max

Pereira et al.
(2007) [23]
Min–Max

Gonçalves
(2010) [25]
Min–Max

Mendonça
(2012) [26]
Min–Max

As

mg·kg−1

1.6 1691 32.3 1.6 4–873 2–580 1.6–167 1.6–69
Cd 0.4 14.7 1.13 0.4 1.6–12.2 ---- ---- ----
Cr 6.5 572 115 92.8 44–1077 30–510 197–632 8–198
Cu 0.3 234 27.7 22.3 17–841 20–110 8–97 0.3–180
Mn 41 10,053 1317 756 ---- ---- ----
Ni 1.2 157 36.3 30.5 10–332 ---- 65–220 0.6–47
Pb 0.4 70.2 22.5 20.2 7–47 ---- 1–50 1–47
Zn 18.6 181 53.8 48.7 28–175 ---- 50–131 30–119

All analyzed elements showed skewed distributions, with a median consistently lower
than the mean. The disparity between these two values was particularly pronounced for
As, with the mean approximately 20 times higher than the median. This highlights the
probable influence of localized enrichment in the dataset.

The elements with the highest variability were As, Ni, Cu, and Pb, with maximum
concentrations of two to three orders of magnitude greater than their respective minimum
values. In contrast, Cd and Zn displayed more uniform concentrations.

The abundance sequence of PTEs in the basin followed the order Cr > Zn > Ni > As
> Cu > Pb > Cd, which differs from the typical sequence in the Earth’s crust (Cr > Ni > Zn
> Cu > Pb > As > Cd). As and Cd stand out, with average concentrations 16 and 11 times
higher than their crustal averages, respectively [54]. Pb and Cu were also slightly elevated,
with concentrations 1.5 times above their crustal abundances.

Compared to global rivers affected by mining and other anthropogenic activities
(Table 6) the Velhas River basin displayed alarming PTEs concentrations. The maximum
As concentration (1691 mg/kg) was the highest among all datasets considered, while the
average As concentration (32.3 mg/kg) exceeded the maximum values reported for rivers
such as the Liaohe, Luanhe, Luan, and Yangtze Rivers (China), the South Plate River
(United States), and the Tigris River (Turkey). Similarly, the maximum concentrations
of Cd and Cr in the Velhas River sediments surpassed the extreme values observed in
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most other river systems. This study revealed maximum concentrations higher than those
documented in previous research within the same basin, likely due to the higher sampling
density. Therefore, this comprehensive sampling approach allowed for a more detailed
characterization of localized contamination hotspots.

Table 6. PTEs concentrations in sediment samples from various rivers around the world and TEL
(threshold effect concentration level) and PEL (probable effect level) values.

River/Location As Cd Cr Cu Pb Zn

Liaoche River, China [55] 9.9 1.2 35.1 17.8 10.6 50.2
Luanhe River, China [1] 3.4–13.6 0.02–0.24 11.6–76.2 9.6–35.6 23–43.7 12.9–94.7

Yangtze River, China [56] 9.1 0.2 79.1 24.7 23.8 82.9
Tigris River, Turkey [57] 2–85 0.7–3 28.4–163.4 11.2–297 62–392.4 60–247

Danubio River, Europe [58] 8.1–388 1.1–32.9 26.5–556.5 31.1–8088 14.7–542 78–2010
Axios River, Greece [59] 1–40 1–11 39–180 14–93 11–140 42–271

South Plate River, USA [60] 2.8–31 0.1–22 33–71 18–480 19–270 82–3700
Rimac River, Peru [61] 21–1543 0.5–31 24–71 51–796 62–2281 160–8076
Luan River, China [62] 2–12.9 0.03–0.37 28.7–152.7 6.5–179 8.6–38.3 21–25.7

S. Domingos, Portugal [63] - 1.2 78.9 331.2 3307 168.8

TEL [64] 5.9 0.6 37.3 35.7 35.8 123
PEL [64] 17 3.5 90 197 91.3 315

Comparisons with the Guideline Values for Sediment Quality (GVSQs) [64] revealed
important exceedances for several elements. Cr, As, Cu and Cd concentrations exceeded
the TEL and PEL values in 57.9%, 33.3%, 32,7%, and 1.6% of the samples, respectively,
suggesting a high potential for harmful effects on aquatic organisms interacting with the
river sediments. For Pb, none of the samples exceeded the PEL value, but 16.9% of the
samples exceeded the TEL. The average concentrations of As and Cr were above the PEL
and that of were between the TEL and PEL thresholds, indicating a substantial ecological
problem. This pattern highlights the pressing need for targeted mitigation strategies in the
study basin, particularly As, Cr, and Cd.

3.1. Sediment Quality Assessment by Single Pollution Indexes
3.1.1. Contamination Factor (CF)

Table 7 summarizes the results of the CF for each PTE. Except for Cr, Pb, and Zn, all the
analyzed PTEs showed at least one sampling point classified as having high contamination.

Table 7. Minimum and maximum CF values for PTEs and percentage of samples in each CF
class—Velhas River basin.

As Cd Cr Cu Pb Zn

Minimum 0.08 0.4 0.04 0.01 0.01 0.3
Maximum 84.1 14.4 3.8 6.2 2.5 2.9

Percentage of Element Samples by Class

Absence of Contamination 71.5 70.7 71.6 72.1 72.7 71.6
Moderate Contamination 16.9 22.9 26.8 26.2 27.3 28.4

Considerable contamination 4.9 3.9 1.6 1.1 0.0 0.0
High Contamination 6.7 2.5 0.0 0.6 0.0 0.0

The highest CF values were recorded for As and Cd, with 11.6% of the samples indicat-
ing considerable contamination for As and 6.4% for Cd. For other elements, less than 2% of
samples exhibited CFs in this contamination range. However, moderate contamination was
prevalent in over 25% of the samples for Cu, Cr, Pb, and Cd, underscoring the widespread
impact of these elements.
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3.1.2. Enrichment Factor (EF)

Table 8 shows the percentages of samples classified in each class for the enrichment
factor (EF). Except for Cr and Zn, all the analyzed PTEs show at least one point with very
high enrichment.

Table 8. Minimum and maximum EF values for PTEs and percentage of samples in each EF class—
Velhas River basin.

As Cd Cr Cu Pb Zn

Minimum 0.03 0.2 0.04 0.02 0.03 0.17
Maximum 226.5 21.9 18.8 24.5 25.6 13.5

Percentage of Element Samples by Class

No enrichment 68.3 61.2 61.2 61.8 64.5 53.5
Moderate enrichment 18.0 26.8 29.0 27.9 21.9 32.9

Severe enrichment 9.3 10.4 9.8 9.8 13.1 13.6
Very severe enrichment 2.2 1.6 0.0 0.5 0.5 0.0

Extremely severe enrichment 2.2 0.0 0.0 0.0 0.0 0.0

The enrichment factor (EF) values (Table 8) reveal varying levels of enrichment for
all analyzed PTEs in the Velhas River basin, with Pb, Zn, As, and Cd showing the most
severe enrichments. Notably, Pb and Zn exhibited severe enrichment in more than 13% of
the samples, while As and Cd showed 9.3% and 10.4%, respectively. Cr and Cu followed
closely, with 9.8% of samples classified under the severe enrichment category.

A maximum EF of 226.5 was observed for As, with 4.4% of samples classified as severe
to extremely severe enrichment. Cd, Cu, and Pb also showed enrichment in this range,
though at much lower frequencies (1.6% for Cd and 0.5% for Cu and Pb).

The enrichment pattern indicates localized contamination hotspots within the Velhas
River basin. Regional background values for EF calculations instead of global crustal
averages ensure a more accurate representation of local geochemical conditions [43,47,54].
If global averages were used, the proportion of samples classified as contaminated would
significantly increase.

The EF results highlight As as a major contaminant, with its severe enrichment values
requiring particular attention. Pb and Zn also demonstrate notable enrichment, suggesting
potential anthropogenic contributions, such as the historical mining activities in this basin.

3.2. Spatial Distribution of Quality Indexes (EF and CF)

Figure 2a,b illustrate the spatial distributions of univariate sediment quality indices,
highlighting locations with CF > 3 and EF > 10. These thresholds correspond to considerable
contamination and severe enrichment from anthropogenic sources, respectively. The maps
also delineate the distribution of the Nova Lima group lithology, which is known to
contribute to higher concentrations of PTEs in the basin.

Samples with EF > 10 and CF > 3 for As and Cd are concentrated in the headwater
of the basin, near Ouro Preto. In this region, elevated EF values were also recorded for
Cu, Zn, Pb, Cr, and Ni. However, the central portion of the basin, particularly in Rio
Acima, Nova Lima, Caeté, and Sabará, presents a higher density of samples with elevated
EF and CF values, primarily for As, Cd, and Cu. These areas experience considerable
anthropogenic influence and are geologically dominated by the carbonate–quartz–schist of
the Nova Lima group.

In Nova Lima, the highest EF and CF values for As were identified in rural communi-
ties, such as Honório Bicalho, a finding corroborated by earlier studies [22,24]. Similarly,
Cd showed its peak levels (CF = 14.4 and EF = 21.9) in the Caeté region. Both elements
demonstrated overlapping spatial distribution, with their highest concentrations recorded
in similar areas.
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The contamination by As is strongly linked to the presence of Nova Lima group rocks,
rich in sulfide deposits, and historical and ongoing gold mining activities. These activities,
prominent between the 17th and 19th centuries, have left a legacy of abandoned mines and
tailings piles that continue to impact the environment.

Cr and Ni exhibited comparable spatial patterns, with their highest EF values concen-
trated in the basin’s headwaters, where rocks from the Nova Lima group dominate. Cu,
being a chalcophile, shares a similar spatial presence with As, reflecting its association with
Nova Lima group lithology and its typical Cu-As-Ni-Cr geochemical signature.

Pb presented the highest EF levels in the southwestern part of the basin, particularly in
the Mata Porcos Creek watershed. This area is heavily influenced by six active mining oper-
ations, which notably contribute to Pb release into the environment. Pb concentrations were
correlated with Fe, likely due to its association with magnetite and co-precipitation pro-
cesses involving Fe compounds [54,65]. Zn, while exhibiting a similar spatial distribution
to Pb, has fewer points with EF > 3.

Although both CF and EF indicate contamination, CF tends to show higher proportions
of uncontaminated samples while identifying more points with very high contamination
levels for As, Cr, and Cu. This discrepancy suggests that CF may have lower sensitivity in
evaluating contamination, particularly in complex geological and environmental settings.
In contrast, EF provides a more detailed spatial representation due to its normalization with
Al, which reduces the variability associated with natural geochemical conditions [47,53].
Previous studies [8,15] confirm that EF is better suited for identifying subtle contamination
trends, underscoring the limitations of CF in such complex environments.

3.3. Sediment Quality Assessment by Multielemental Pollution Indexes

The multielement indices revealed distinct insights into sediment quality, as shown
in Table 9. The modified contamination degree (mCd) ranged from 0.2 to 16.8, while the
PI and MPI demonstrated broader ranges, from 0.3 to 60.7 and 0.3 to 163.3, respectively.
This disparity arises from the distinct methodology used to calculate each index, with PI
and MPI incorporating maximum values in their formulas, thereby amplifying the final
values. According to the mCd classification, 87% of the sediment samples were categorized
as non-polluted, a proportion considerably higher than those determined by PI (18.5%) and
MPI 1 (21.3%).

Table 9. Minimum and maximum mCD, PI, and MPI values for PTEs and percentage of samples in
each mCD, PI, and MPI class—Velhas River basin.

Values %mCD %PI %MPI

Minimum 0.2 0.3 0.3
Maximum 16.8 60.7 163.3

Percentage of Element Samples by Class

No Pollution 86.9 18.5 21.3
Slightly Polluted 6 21.8 16.9

Moderate Pollution 4.4 41.7 14.8
Moderate to Strong

Pollution 2.2 --- 18.6

Severe Pollution 0.50 6.5 17.5
Strong Pollution 0 11.5 10.9

Extreme Pollution 0 --- ---

In contrast, when examining polluted samples, mCd classified only 0.5% of samples
as severely polluted and did not identify any sample in the strong pollution range. In
comparison, PI and MPI identified 18% and 28.4% of the samples, respectively, as having
severe or strong pollution. These discrepancies highlight the variability in the sensitivity
and classification thresholds among the indices.
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The integrated analysis of these indices reveals overlapping areas of substantial pollu-
tion. Specifically, points with PI values above five and mCd values higher than four were
observed in the Ouro Preto, Itabirito, Nova Lima, and Caeté regions. These locations also
correspond to areas with MPI values exceeding 12, suggesting a consistent spatial pattern
of contamination.

Among the indices, mCd appears to overestimate the proportion of sediment samples
classified as non-polluted. This discrepancy arises from the higher thresholds required for
mCd to indicate pollution, which are comparatively lower in PI and MPI [15]. Consequently,
PI and MPI identified a larger fraction of polluted samples. Notably, MPI demonstrated
greater sensitivity, effectively classifying sediment samples across all pollution categories.
This characteristic makes MPI particularly advantageous for evaluating complex geochemi-
cal environments, as it incorporates enrichment factors normalized by Al.

In summary, while mCd provides a conservative pollution estimate, MPI is a more
robust tool for assessing sediment quality in the Velhas River basin. Its ability to normalize
elemental data and classify pollution across a comprehensive range of categories makes it es-
pecially valuable for understanding contamination dynamics in complex mining-impacted
environments. Table 10 summarizes the ecological risk potential (Er) for each element and
the ecological risk index (RI) for all analyzed sediments in the Velhas River basin.

Table 10. Minimum and maximum Er and RI values for PTEs and percentage of samples in each Er
and RI class—Velhas River basin.

Values As Cd Cr Cu Pb Zn RI

Minimum 0.8 1.3 0.1 0.04 0.07 0.3 7.1
Maximum 820.9 433.2 2.2 30.8 12.3 2.0 1092.2

Percentage of Element Samples by Class

Low Contamination 91.8 83.6 100 100 100 100 92.3
Moderate Contamination 3.8 9.8 0.0 0.0 0.0 0.0 3.8

Considerable Contamination 2.8 2.2 0.0 0.0 0.0 0.0 3.4
High Contamination 1.1 3.8 0.0 0.0 0.0 0.0 0.5

Very High Contamination 0.5 0.6 0.0 0.0 0.0 0.0 0.0

Approximately 96% of the analyzed trace elements (excluding As and Cd) were
classified as presenting a low ecological risk at all sampled locations (Er < 40). However,
As and Cd stood out for their elevated Er values, with 4.4% and 6.6% of the samples,
respectively, falling into the categories of considerable to very high contamination.

The RI values varied considerably, ranging from 7.1 to 1092.2, with 3.9% of the samples
exhibiting a considerable to high ecological risk. Spatial analysis of RI highlighted clusters
of sampling points with high RI values (316 to 446) located in the municipalities of Ouro
Preto, Caeté, and Itabirito. The highest RI value (1092.2) was recorded in Nova Lima,
near abandoned gold mining tailings, underscoring the contribution of historical mining
activities to contamination in an area with gold mining tailings.

The high Er values for As and Cd predominantly drove the elevated RI values. These
two elements showed mean Er values of 17.7 and 33, respectively, markedly higher than
those of the other analyzed elements, whose average RI values ranged between 0.90 and
4.12. Cd, recognized as a highly toxic and persistent element, is often found in elevated
concentrations in sediments and soils near mining regions [66,67]. Its toxicity is of particular
concern due to its potential to bioaccumulate benthic organisms and propagate through
the food chain, ultimately impacting aquatic ecosystems and human health [68,69].
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3.4. Spatial Distribution of Multielement Quality Indexes

The spatial distribution of the multielement indices (mCd, PI, MPI, and RI) in the
Velhas River basin, overlaid with the mining concession areas for Au, Fe, and Mn, reveals
critical contamination hotspots (Figure 3).
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and RI > 300.

The results indicate a prominent area of contamination extending from the basin’s
headwaters near Ouro Preto, through Itabirito, Nova Lima, and Caeté. This region has been
historically impacted by mining operations, as reflected in the dense clustering of mining
concession areas. The association between gold mining concessions and the Nova Lima
group lithology is particularly evident, highlighting their contribution to contamination.
Elevated values of mCd, PI, and MPI are concentrated in these areas, suggesting a strong
relationship between mining activities and pollution levels.

The analysis focused on sites exceeding thresholds indicative of severe pollution, with
mCd > 8, PI > 2, MPI > 5, and RI > 300.

4. Conclusions
The present study represents a comprehensive calculation of PTE contamination

indices across the Velhas River basin, the most polluted in Minas Gerais, and located in
one of the world’s most important mining provinces. The high sampling density enabled
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a detailed evaluation of lithological controls on sediment geochemistry, revealing well-
defined patterns in elemental behavior.

Intense contamination of As and Cd was identified across large portions of the basin,
with two areas consistently showing high contamination across all analyzed parameters.
The first is centered on the municipalities of Ouro Preto and Mariana, while the second
encompasses Rio Acima, Nova Lima, Caeté, and Sabará.

The elevated concentrations of these elements in these regions are closely linked to the
geology, mainly the carbonate–quartzite–schist rocks of the Nova Lima group, as well as
centuries of mining activity since the 18th century and rapid urbanization over the past four
decades. While many points near mining areas are monitored according to environmental
legislation, this study revealed high uni- and multielement index values in areas influenced
by the natural weathering of geological materials. For the first time, detailed geochemical
mapping has delineated these risks, which are not currently monitored.

Previous studies in the basin highlighted high levels of As and Cd contamination, but
this study advances the understanding by applying contamination indices that account
for regional background values, effectively distinguishing natural from anthropogenic
contributions. The geochemical maps created in this study provide a more effective envi-
ronmental assessment tool, pinpointing critical contamination hotspots and identifying
rural communities and urban areas exposed to severe environmental risks. These findings
underscore the need for relevant authorities to intervene and take protective measures.

In conclusion, this study provides a robust foundation for targeted environmental man-
agement in the Velhas River basin, emphasizing the need for comprehensive monitoring
and remediation to mitigate the risks posed by PTE contamination.
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