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Abstract: The Upper Velhas River Basin, in the mining region of the Iron Quadrangle, is one of
the most polluted basins in Minas Gerais, Brazil. The region has been exploited for gold and iron,
among other substances of interest. In addition to abandoned mines, active works and mineralized
rocks contribute to the discharge of contaminated waters into the rivers and streams. Thus, high-
density geochemical mapping with the determination of reference values has become very important,
as it allows the spatial distribution of contaminant elements to be obtained, contributing to the
recognition of areas with deviant values in the basin. Two hundred and eight sediment samples were
collected from streams throughout the Velhas River Basin, with a density of one sample per 15 km?.
Geochemical maps were compiled using the distance-weighted inverse interpolation method, and
concentrations were distinguished from anomalies using the box plot Upper Inner Fence technique.
It was found that 73-78% of the basin area does not present geogenic and anthropic anomalies, with
values up to the third quartile for As, Cd, Cr, Ni, Cu, Pb, and Zn. However, anomalies related to
human actions, mainly mining works and rock types, occupy 2 to 11% of the area. This first high-
density mapping in the Upper Velhas River Basin found numerous streams with concentrations of the
elements studied above the Probable Effect Level, allowing us to determine which locations, cities,
and river sub-basins are exposed to environmental risks and should be monitored and protected.

Keywords: high-density geochemical mapping; reference values; mining contamination; Brazil

1. Introduction

Mining works typically drive river system degradation, including water and sed-
iment reservoirs. Contaminated sediments are considered the problem that most con-
tribute to aquatic ecosystem degradation, acting diffusely. This makes it challenging to
control pollution and is therefore considered an eminent concern to be solved for pre-
serving water resources [1]. This environmental compartment has a great capacity for
the absorption/adsorption of potentially toxic elements (PTEs), which can cause harm
to human health [2]. In addition, factors such as the lack of rainfall and the consequent
reduction in flow cause greater concentrations of these pollutants in the sediments [3,4].
Geochemical mapping of stream sediments contributes significantly to the control of pol-
lution, which is important for the sustainable growth tripod (environmental, social, and
economic development) [5,6]. Hence, this issue has been relevant in environmental analysis
studies in the last few years [7]. The maps generated allow the visualization of the spatial
distribution of chemical elements in a specific area, contributing to recognizing regions
with anomalous values and identifying their main sources, whether natural or associated
with anthropic activities, mainly mining [8-11]. New areas for mineral exploration can
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be delineated from these mappings, and reference and safety concentrations can be es-
tablished so that the population may become aware of potential environmental risks and
environmental policies may be implemented [6].

Due to the long history of mining and the geological complexity, the upper basin of
the Velhas River, in the Iron Quadrangle (IQ) region, was the subject of several geochemical
studies that reported high levels of PTEs in stream sediments [12-20], all using aqua regia
as an extraction method and a particle size fraction below 63 pm. Table 1 summarizes the
most well-known survey areas, with the number of monitored points and the concentration
values characterized by local and low-density studies.

Table 1. Summary of main geochemical studies in the Upper Velhas River Basin—Iron Quadrangle—Minas
Gerais, Brazil. Min—Minimum; Max—Maximum; Q3—Third quartile.

. - No of the . 1
References Basin/Cities Sampled Points Stream Sediments (mg kg—1)
= Velhas River—Nova Lima and Min Mean Q3 Max
Deschamps Matschullat (2007) [15] Rio Acima 24 As 47 140 = 3300
Min Mean Q3 Max
As 1.6 7 1.6 69
Mata P Cr 8 79 94 198
Mendonca (2012) [18] Ri ’“‘,S“ 01“‘]’35, . 12 Cu 0.3 41 48 180
iverside—Itabirito Pb 1 26 33 47
Ni 0.6 19 30 47
Zn 30 60 72 119
Min Mean Q3 Max
Velhas River—Ouro Preto, As 2 35 580
. Itabirito, Rio Acima, Nova Cr 30 - 180 510
P t al. (2007) [16 ’ 4
ereira et al. ( ) 16l Lima, Raposos, Belo Horizonte, 19 Cu 20 - 60 110
and Sabara Ni 5 - 95 480
Zn 40 - 105 380
Min Mean Q3 Max
Microbasins of Andaime and As 16 >0 7 167
D' Auda S EPA Cr 197 393 520 632
Gongalves (2010) [17] \juda Stream— 8 Cu 8 43 48 97
Cachoeira das Andorinhas and Pb 1 10 17 50
Floresta do Uaimii Ni 65 146 177 220
Zn 50 84 104 131
Min Mean Q3 Max
As 4.1 91 85.3 873
Middle Velhas River—Itabirito, o e 2 ot >
APA SUL (2005) [14] Rio écutn’a,R Nova Lima, 44 Cu 17 85.4 875 841
aete, Raposos Pb 7 20 27 47
Ni 10 74 84 332
Zn 28 73 85 175

These surveys are scattered in several sub-basins of the Velhas River; so far, no high-
density sampling study covers the whole basin area and relates the results obtained with
the diversity of existing lithotypes. Aiming to fill this gap, a high-density geochemical
mapping was carried out in the upper course of the Velhas River Basin. Pollutants of
ecological and human health concerns, like the PTEs (As, Cd, Cr, Ni, Cu, Pb, and Zn), were
surveyed and mapped for the river sediments in this catchment.

2. Materials and Methods

The Upper Velhas River region is inserted in the Iron Quadrangle in the central region
of the state of Minas Gerais, covering an area of 3200 km?, comprising nine municipalities,
with the city of Ouro Preto as the south-southeast limit, the municipalities of Belo Horizonte
and Sabara as the border with the north, Serra da Moeda (Itabirito) as the west limit and
Serra da Piedade (municipality of Caeté) delimiting its east-northeast region (Figure 1).
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* 208 samples
Figure 1. Simplified geological map of the Upper Velhas River Basin.

Four major lithostratigraphic units mainly define the regional geology (Figure 1).
At the base, there are the granite—gneiss metamorphic complexes (Bonfim, Santa Rita, Caeté,
Belo Horizonte, Santa Barbara, and Bagao), which represent the crystalline basement of
the region, formed by poly-deformed gneissic rocks of tonalitic composition and granite,
granodiorite, mafic and ultramafic intrusions [21]. Following the three metamorphic units,
(a) Velhas River Supergroup, consisting of metasedimentary and metavolcanic rocks, forms
the Rio das Velhas Greenstone Belt (RVGB). The RVGB rocks are constrained in the Homony-
mous Supergroup, which comprises two groups (from bottom to top): (i) Nova Lima Group
(metavolcanic-sedimentary sequence) and (ii) Maquiné Group (siliciclastic metasedimen-
tary rocks) [22,23]. The upper Nova Lima Group comprises a basal volcanic unit ranging
from tholeiitic to komatiitic, associated with a large amount of chemical sedimentary rocks.
This group is subdivided into three units, named Catarina Mendes, Cérrego da Paina,
Cérrego do Sitio, Minda, and Fazenda Velha, which presents the predominance of volcanic—-
sedimentary rocks composed of carbonate schists, metacherts, ferriferous formations, and
phyllites. The Maquiné Group, which presents metaconglomerates at the base, overlapped
by massive and sericitic quartzites, sericite quartz schists, and phyllites [22,23]; (b) Minas
Gerais Supergroup, divided into three groups (from bottom to top): Itabira, Piracicaba, and
Sabara, whose basal units are composed of metaconglomerates and metarenites grading for
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marine metapelites, which were covered by a sequence of chemical sediments. The Itabira
Group consists of banded iron formations in the Caué Formation and carbonate rocks in the
Gandarela Formation. The Piracicaba Group comprises quartzites and ferruginous schists,
conglomerates with itabirite pebbles, and carbonaceous phyllites deposited in a shallow
to deep marine environment [22]. The Sabara Group is the youngest unit of the Minas
Supergroup. It is positioned above the Piracicaba Group and is composed of essentially
terrigenous sedimentation, with a base marked by conglomeratic phyllite, schists, and
quartzites [22,23]. The Itacolomi Group is above the Minas Supergroup, following the
crystalline base from bottom to top. Locally, Tertiary deposits and Quaternary sediments
occur, forming polymictic conglomerates, sericitic quartzites, and pelites [23].

The region’s estimated population is 4.3 million [24], which represents 22% of the
total population of Minas Gerais state, which is the largest urban concentration area in
the state. The region’s production corresponds to 26.8% of Minas Gerais gross domestic
product. The population’s average income varies between 1 and 3.5 minimum wages, and
only 23% has completed secondary education. The regional economy is based on mining
and tourism with additional intense industrial activities, particularly in the steel sector and
metallurgy [24]. Among mining activities, there are essential iron mines, as well as vast
resources of gold, limestone, dolomite, bauxite, manganese, topaz, and clay, among others,
making it one of the most important productive mineral provinces in the country and the
most well known in geological terms [19]. This socioeconomic importance is also increased
since the area provides water for the entire metropolitan area of Belo Horizonte, which
concentrates 70% of the basin’s population [25].

A total of 208 stream sediment samples were collected throughout the study area (3200 km?),
providing a density of 1 sample per 15 km?. The selection of the sampling points was carried
out with the collection of sediments being carried out in the mouth of the third-order basins [26],
which were determined from the ArcGis 10.8 software, with the hypsometric, topographic, and
hydrographic maps of the region on the scale of 1: 25,000, provided by the Institute of Water
Management and by the Company of Mineral Resources Production.

All sediment samples were collected along a 300 to 500 m stretch, in which nine
subsamples were taken, to cover different patterns of the fluvial geomorphology (riffles,
pools, and transition). In each morphological type, samples were collected in the right
margin, left margin, and middle of the channel. The samples of the margins were collected
at 0.50 m from the riverbed, always trying to avoid the collection of organic matter and still
in the field. The subsamples were mixed to obtain a representative sample of the stretch [27].
After complete homogenization, a 500 g sample was packed in plastic bags [27].

The sediment samples were dried at room temperature and sieved, and 1 g of the
granulometric fraction smaller than 63 pm was subjected to digestion by aqua regia
(HCl1 mixed with HNO3, 3:1), carried out at the Laboratory of Geochemistry of the Uni-
versity Federal of Ouro Preto. After forming sediment “pulp” with Milli-Q water, in a
volumetric flask to 100 mL total volume, 7.0 mL of concentrated HCI and 2.3 mL of con-
centrated HNO;3; (Merck p.a.) were added. The samples were allowed to stand at room
temperature for 16 h in the exhaust hood. After this period, the beakers were heated
(hot plate) to 100 £ 5 °C for 2 h for volume reduction, then cooled to room temperature
and filtered through 0.45 pm pore filter paper. After that, the solution was diluted with
Milli-Q water in a volumetric flask to 100 mL total volume [28]. To evaluate the accuracy
of analyses, blank samples were produced at every tenth sample, and 10% of the samples
were performed in duplicate. The results were additionally controlled for accuracy using
certified reference material (LKSD-01, CCRMP, Ottawa, Ontario, Canada). Recovery rates
were always between 93 and 107%. The digestion with aqua regia is called pseudo-total
digestion. It allows the extraction of the elements associated with oxy-hydroxides, sulfides,
clay minerals, and elements bound to organic matter, which are of greater environmental
interest [8,29,30].

After the digestion, the samples were analyzed in the Spectrophotometer of Atomic
Emission with Inductively Coupled Plasma Source (ICP-OES), brand Spectro/Ciros CCD,
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where the concentrations of Al, As, Ca, Cd, Co, Ct, Cu, Fe, K, Mg, Mn, Ni, Pb, Ti, and Zn
were obtained. Detection limits are provided in Table 2. From the database obtained, iso-
values maps were prepared for the potentially toxic elements (PTEs). The GIS environment
was designed according to the World Geodetic System 1984 (WGS84) [31] datum, and the
IDW (inverse distance weighted) geostatistical tool of interpolation was used, applying
as a neighborhood technique the choice of 12 points [8,9,32]. The whole dataset of stream
sediment chemical analyses was submitted to exploratory data analysis using Minitab 18
software, and box plot graphs were created. The analytical data that presented values below
the detection limit were replaced by 0.8 LLD (Lower Limit of Detection) [8]. To distinguish
between normal concentrations and anomalies, the quartile separation technique (Q1, Q2,
and Q3) was adopted to classify the data into reference values, high values (reference), and
outliers, in which anomalies are defined by the box plot Upper Inner Fence (UIF). This is
obtained by multiplying by 1.5 times the interval between quartiles (IQR), which means
the anomaly threshold = Q3 + (Q3 — Q1) x 1.5[7,33,34].

Table 2. Detection limits for major, minor, and trace elements determined by ICP-OES.

Elements Detection Limit (mg kg—1)
Al 2.6
As 1.6
Ca 1.0
Cd 0.4
Cr 0.2
Cu 0.3
Fe 0.8
Mg 0.1
Mn 0.1
Ni 0.6
Pb 1.0
Zn 0.1

3. Results

The statistical parameters of the element concentrations of the 208 sediment samples and
the medians of the projects in Europe, Australia, Portugal, and Italy are shown in Table 3.

Table 3. Descriptive statistics of sediment samples from Upper Velhas River; IQ region, Minas Gerais,
Brazil, compared to data from Europe (EUR), Australia (AUS), Portugal (Port), and Italy.

Elem Unit Min Max Mean Median é Ylgst Q1 Q3 EUR* AUS** Port*** Italy
Al % 02 8 25 19 1.0 38 55 15 16 15
Ca % 71'g,§ 18 01 01 01 02 17 03 02 64
Fe % 11 622 129 104 54 166 20 23 25 21

o 1.3 x
Mg % o 13 0.1 0.1 0.1 0.1 07 03 04 0.6
As mgkg!  <LLD 1687 323 2.0 2 16 20.6 6 2.1 9 57
cd mgkg!  <LLD 147 11 0.4 0.1 04 11 03 0.1 nd. 02
Cr mg kg1 65 572 115 928 126 417 1513 21 294 23 20
Cu mgkg !  <LLD 233 27.7 23 25 127 37.9 14 165 2 30
Mn mg kg~ 4 10,000 1317 756 305 1771 452 387 411 811
Ni mg kg1 12 157 363 305 56 1.2 569 16 138 19 21
Pb mgkg!  <LLD 702 25 202 15 146 284 14 105 19 2
Zn mg kg ! 186 181 53.8 487 65 384 63.1 60 373 74 71

European, Australian, Portuguese, and Italian data refer to median values. Q1: First quartile; Q3: Third quartile.
EUR*: Data from European Stream Sediment Survey [27] with Al, Ca, Mg, K, Ti, Cd, co-analyzed by WD-XRE.
AUS**: Data from the Australian National Geochemical Survey with all elements obtained on the fraction <75 pm
(aqua regia) [6]. Port*** = Data from Portugal low-density geochemical mapping [30]. Italy: Data from Campagna
Region [8]. LLD—Lower Limit of Detection.
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The concentration values and the classification of concentration ranges, with all values
above the UIF being considered anomalies, are represented in Table 4, with the limits of
intervention established by Brazilian legislation, which adopts the same values as Canadian
and the average distribution of elements in the upper continental crust [33].

Table 4. Regional concentration values (RCV), reference value classification (RVC), CONAMA
454 /2012 (Probable Effect Level) established by the Brazilian legislation, and the average distribution
of elements in the upper continental crust [32] to PTEs in the Velhas River Basin, IQ region, Minas
Gerais, Brazil. Reference Range (RR), High Reference Values (HRV).

% of
RCV CONAMA 454 [1] Concentration
Element (mg kg—1) RVC (mg kg—1) Range to
Total Area
1.6-20.6 RR 17 78
As >20.6-49 HRV 11
>49 Anomalies 11
0.4-1.02 RR 35 76
cd >1.02-1.96 HRV 15
>1.96 Anomalies 09
6.48-151.3 RR 920 74
Cr >151.3-315.7 HRV 24
>315.7 Anomalies 02
0.3-37.9 RR 197 76
Cu >37.9-75.6 HRV 22
>75.6 Anomalies 02
0.4-28.4 RR 91.3 78
Pb >28.4-49 HRV 18
>49 Anomalies 04
1.1-56.9 RR 35.9 77
Ni >56.9-125.7 HRV 18
>125.7 Anomalies 05
18.6-63.1 RR 315 75
Zn >63.1-100.2 HRV 21
>100.2 Anomalies 04

3.1. Arsenic (As)

The pattern of behavior can be observed in the geochemical map of As (Figure 2a).
The 78% of the area presents values up to 20.6 mg kg~! and an intermediate range with
concentrations up to 49 mg kg~!, closely related to carbonate-quartz schist and sericite
schist rocks that are part of the Nova Lima Group. This appears mainly in Ouro Preto,
Itabirito, Rio Acima, Nova Lima, and Caeté.

The areas with concentrations above these values correspond to 11% of the studied
area and are represented by 21 points with concentrations between 50.6 and 1687 mg
kg~ L. Fifteen of those points are in third-order basins, with more than 60% draining on the
aforementioned rocks in locations with intense historical gold mining activity, urbanization,
and land occupation.

According to the Guideline Values for Sediment Quality (GVSQ), 61 points with a
concentration of As higher than the limit of intervention determined by Brazilian legislation
were found, most of them located in rural and peri-urban locations, which generally have
a low-income population with low education level, unaware of the risk they are exposed
to. The As mobility only occurs if pH and Eh are low [35], which does not occur in most
sampled areas, where measured pH values were close to neutral to moderately alkaline
(6 to 8), but negative Eh values were found in urbanized locations.

3.2. Cadmium (Cd)

The spatial distribution of Cd presented 76% of the area with values below 1.02 mg
kg~ (Figure 2b), which can be considered a reference range. There was also an intermediate
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interval with contents up to 1.96 mg kg !, which covers 15% of the basin (HRV), and a third
set of data with concentrations between 1.96 and 14.73 mg kg !, classified as anomalies.
Eighteen points form this group, and the vast majority drains on carbonate—quartz schist
and sericite schist from the Nova Lima Group.

The influence of these rocks on the Cd concentration must be relevant since it was
found that the median and third quartile values of 2.1 and 2.4 mg kg, respectively, were
statistically higher than the other lithologies that drained in the basins. In an area with
intense mining exploration in the 90's, 2.4 to 5.7 mg kg ~! values were observed in the upper
part of the basin. However, in the intermediate portion of the study area (municipalities of
Caeté and Nova Lima), the highest concentration points ranged from 3 to 14.7 mg kg !

Cadmium demonstrated a similar spatial distribution to As, with higher values in the
same regions. However, higher levels were found in the southwestern portion of the Basin,
in the Mata Porcos stream sub-basin, a region characterized by intense iron mining activity
and previous gold exploration.

Regarding the intervention limits, 11 streams in urbanized, industrialized, and mining-
impacted areas have concentrations higher than those established by environmental legislation.

44°1 (IJ'O"W 44°0|'0"W 43°5(|)'0"W 43°4(|)'0"W 43°3(|)'0"W
a = -
As (mg kg) N
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- -0
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- o
-Oo
)
N
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o
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Figure 2. Cont.
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Figure 2. (a,b) As and Cd geochemical map—Upper Velhas River Basin, IQ region, Minas Gerais, Brazil.

3.3. Lead (Pb)

Lead showed an average value of 22.5 mg kg !, 1.5 times higher than the continental
crust average [33]. The behavior of lead can be observed in Figure 3a, with 78% of the
area showing points with concentrations ranging from 0.4 to 28.4 mg kg~ !. A second
group, with HRV ranging from 28.4 to 49 mg kg !, covers 18% of the region and has a close
relation with geology since most of the points are in basins where itabirites and phyllites of
the Minas Supergroup or the sericite quartzites of the Maquiné Group predominate.

3.4. Zinc (Zn)

The distribution of Zn values (Figure 3b) showed a variation between 18.6 and 181.2 mg
kg1, with an average of 53.8 mg kg, slightly below the one of continental crust. Also, 11 points
with values greater than the UIF (100.2 mg kg 1) were verified.

It is a region highly affected by gold mining and urbanization, with 25 high reference
values and anomalies, showing concentrations between 65.7 and 157 mg kg~ !, all draining
metabasalts and quartz—carbonate schists of the Nova Lima Group.

In the municipality of Itabirito, draining on the hematite, itabirite, and phyllites of
the Minas Supergroup, six points with excessive concentrations ranging between 72.8 and



Minerals 2023, 13, 1545 90f 19

120 mg kg ! were found, which are located in intensely impacted areas by iron mining and
also presented anomalies for Fe and Pb.

44°1 9'0"W 44°OI'O"W 43°5(')'0"W 43°49’0"W 43°3(|)'0"W
d
Pb (mg kg™) N
Sediments A "
2
- -O
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- o
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N
%)
o
® Reference Value: (0.4-28.4 -
O High Reference Values: >28.4-49.0 &
Uaimi EPA

A Anomaly: >49.0

Value )
) High : 70.2 ) _8
— Low: 0.4 %
-
—
| . . 0 5 10 20 Km
|

Figure 3. Cont.
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Figure 3. (a,b) Pb and Zn geochemical map—Upper Velhas River Basin, IQ region, Minas Gerais, Brazil.

3.5. Chromium (Cr)

The distribution of Cr in the Upper Velhas River presented a very strong correlation
with Ni (70% of the points presented joint anomalies). The pattern showed a group with
concentrations up to 151 mg kg~! covering 74% of the basin, which can be observed in
Figure 4a. A second set with values between 151.3 and 315.7 mg kg~! was observed,
comprising 24% of the area, located mainly in the central region of the study area, which
showed a close relation with the rocks of the Nova Lima Group (carbonate—quartz schist,
quartz—carbonate schist, and sericite schist).

The Cr had 106 points (51% of total points) with concentrations above the intervention
limits [1]. Most of these streams are tributaries of the rivers Itabirito, Maracuja, and the
Velhas River, which are responsible for the water supply of many regional cities and
neighborhoods. In addition, these streams cross through numerous rural communities,
where water is captured directly for human consumption.

3.6. Nickel (Ni)

Ni presented values up to 56.9 mg kg ™! in 77% of the study area, which can be consid-
ered a reference range. It deserves attention because they exceed Level 2 of intervention
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limits (35.9 mg kg~ !). A second group with HRV comprises 18% of the area, including
concentrations between 56.9 and 125.7 mg kg ! in 47 streams (Figure 4b).

According to the Guide Values for Sediment Quality (GVSQ), Ni presented 94 points
with values above the intervention limits [1], located in the urban areas of Itabirito, Rio
Acima, Caeté, in rural communities, and through peri-urban localities where water has
been used directly for human consumption for several years, which causes the exposure of
a large population contingent to significant environmental risks.
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) High : 572.0 } .‘i EOD
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L

Figure 4. Cont.
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Figure 4. (a,b) Cr and Ni geochemical map—Upper Velhas River Basin, IQ region, Minas Gerais, Brazil.

3.7. Copper (Cu)

Due to its chalcophile character and high concentration of sulfide minerals, Cu pre-
sented a geochemical signature strongly related to the basic volcanic rocks in the Nova
Lima Group (Rio das Velhas Supergroup) within a characteristic association between
Cu-As-Ni-Cr and Cu-Zn.

The distribution of Cu in the basin (Figure 5) presented levels of up to 37.9 mg kg ! in
76% of the area. Considering that the HRV is 37. 9 to 75.6 mg kg ™!, 41 drainage segments are
within this range, of which nine points are located in rural communities and environmental
preservation areas (EPA) draining on the quartz—carbonates schists of the Cérrego do Sitio and
Catarina Mendes Units. Thus, weathering allied to the erosive processes can release elements
to the sediments in important concentrations even in low-anthropogenic interference.
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Figure 5. Cu geochemical map—Upper Velhas River Basin, IQ region, Minas Gerais, Brazil.

4. Discussion

The As and Cd showed to be remarkably abundant, with average concentrations
16 and 11 times higher than the average continental crust, respectively [33]. Cu and
Pb, although above the crustal average, are only 1.1 and 1.5 times higher, respectively.
The other elements are below the earth’s average crust [33].

When these results are compared with studies carried out in Europe, Australia, Portu-
gal, and Italy [8,30], it is possible to observe that sediments from the Upper Velhas River
present average contents of Fe, Cd, Cr, Mn, and Ni considerably higher, showing a relative
enrichment, which results from the presence of geogenic anomalies, associated with the
availability of these metals through the mining activity. The high Fe concentrations reflect
tropical weathering and iron enrichment processes. On the other hand, the elements that
act as plant nutrients (e.g., Ca and Mg) demonstrate strong relative depletion, typical of
soils and sediments originating from ancient geological and pedological environments,
characteristic of subtropical regions.

The environmental mobility of these elements, the very long weathering time
(the youngest rocks are at least 2.1 Ga old), and the climate situation (subtropical) ex-
plain their deviation from the average conditions of other studies. This context confirms
the need to define regional backgrounds to have anomalous values truly representative of
the area.
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It is observed that 74-78% of the basin area shows values up to the third quartile
for As, Cd, Cr, Ni, Cu, Pb, and Zn. Furthermore, it is verified that 11 to 24% of the area
demonstrated HRV derived from geogenic sources, which was possible to conclude from the
overlap of geological maps and geochemical maps. This, together with statistical analyses
(e.g., Cluster analysis) indicates a behavioral pattern of elements in certain lithologies.
Also, 2 to 12% of the whole basin has anomalies, which may be related to lithologies as
well as to the anthropic influence, mainly due to the land occupation and mining activities
associated with the extraction of gold and iron

Regarding As, the relation between high concentrations and lithology is evidenced
in the elevated portion of the basin, which was mined for gold in the past. This process
accelerated the mobilization of trace elements to the environment [7]. In this area, current
EPA Cachoeira das Andorinhas, where intense gold mining occurred in the river’s head-
waters in the past centuries, concentrations between 130 and 306 mg kg ! were observed,
considerably higher than in previous studies [17]. Extending along the river’s course in
rural communities (Sao Bartolomeu and Glaura) and in the EPA Floresta do Uaimii, there
was a high density of anomalous points. In this region, it was observed that in an area of
7.6 km?, there are eight points with values ranging from 60.6 to 374.1 mg kg~ !. In these
locations, anomalies also occur in the sediments that drain into the sericitic quartzites and
quartz-sericitic schists, which are also higher than in previous research [16,17]. The pres-
ence of As in these lithotypes is based on the occurrence of minerals such as arsenopy-
rite, lollingite, realgar, and arseniferous pyrite, which are abundant in these rocks [15].
In addition, As is associated with sediments through adsorption in iron oxides (goethite)
and as a function of the precipitation of secondary minerals of arsenic as scorodite [35,36].

In the municipality of Itabirito, several tributaries of the Velhas River also presented
relatively high values, up to 122 mg kgfl. In the rural communities of this city, 31 and
83 mg kg~! concentrations were observed, which have upstream gold mining. In the
Portdes community, still in Itabirito city, concentrations ranging from 13 to 122 mg kg !
were observed in streams with low anthropic interference and draining on the granite,
granodioritic, and gneiss rocks of the Bagao complex. This was a relevant detection since
these rocks are not normally enriched with As, which may suggest a dispersion of geogenic
sources or anthropogenic influence, which was not found in previous studies [14,16-18].

Continuing upstream, in the cities of Rio Acima, Nova Lima, Caeté, and Sabara, there
is also a great density of anomalous points: in an area of 74 km?, samples 32 samples
were collected, whose 19 had high reference values or anomalies, 10 with concentration
in the range of 20.6 to 49 mg kg~!, three presented As values between 49.1 and 255 mg
kg~ ! and six showed concentrations between 255 and 1687 mg kg~ !. These values are
similar to previous studies and confirm the intense As pollution in these cities [14-16].
All these streams drained predominantly on Nova Lima Group (quartz—carbonate-mica—
chlorite schists lithology). In the municipality of Nova Lima, still, over the same lithology,
anomalous concentrations were found in rural communities in the sub-basin of Ribeirao
dos Macacos, a fact corroborated by several studies [11,15,19]. The highest concentration
of As of the entire basin, 1687 mg kg~!, occurred in the Agua Suja stream, one of the
tributaries of the Velhas River, and showed As contents in the waters of 414 ug L-1[11].

Despite the remarkable presence of the quartz—carbonate-mica—chlorite schists of the
Nova Lima Group and its relationship with the sulfide deposits, the anthropic influence
and mineral exploitation probably also determine the availability of As in the environment.
In the cities mentioned above, where there was intense gold mining between the 17th and
19th centuries, extending to the present day, there is abundant evidence of the extraction
and mineral processing, including mines and abandoned mining tailings. This activity
accelerates sulfide oxidation and contamination by providing various chemical elements to
the waters and secondary minerals in the sediments [36,37].

Regarding Cd, in sections where significant anomalies were observed, these were
often associated with high concentrations of Pb and Zn, which has already been reported in
another research [14,38]. Parallel to this, the albite and ilmenite minerals that usually host
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the Cd in their structures are associated with these rocks [33]. This association was verified
very clearly in the Mata Porcos stream sub-basin, a region characterized by intense iron
mining activity and previous gold exploration, and which, until then, had not demonstrated
anomalies for Cd [18].

The Pb demonstrated eight HRV and anomalies in the central portion of the basin
(Ouro Preto and Itabirito) in places where the granitic and granodioritic rocks of the Bagao
metamorphic complex predominate, which was not found in previous studies [14,16-18].
These points are divided into two distinct cities: Ouro Preto, with values between 33.8 and
40.8 mg kg~ and Itabirito, with concentrations of 39.6 and 61.2 mg kg~!. As Pb mobility
is low in any environment [19,33], it can be concluded that there is a geogenic source in
these regions.

In the rural communities of Itabirito, a cluster of points with high Pb levels, between
37.9 and 41.6 mg kg~ !, was also observed, which occurs in basins where there is a predomi-
nance of sericites and sericite schists of the Maquiné Group, with occurrences associated
with the “greenstone Belts” of the Rio das Velhas Supergroup associated with mineraliza-
tion. Furthermore, it is essential to highlight that these streams are located downstream of
a gold mine.

Furthermore, nine points with levels above 35.9 mg kg ! are located mainly in the
southwestern portion of the basin, in the Mata Porcos stream, a region that notably presents
the release of Pb into the environment. An advanced stage of silting with a large amount of
sediment was also observed at these collection points. In addition, Pb concentrations in
streams decrease significantly with increasing distance from iron ore miners (Figure 3a).
This element showed a significant correlation with Fe, with 78% of the points show-
ing joint anomalies; this affinity may be related to the presence of Pb in iron minerals
(e.g., hematite and magnetite) [33], intensely explored in the region. There is also the pro-
cess of co-precipitation of Pb with Fe compounds, which has already been reported [39,40].

The Cr anomalies were found to begin at the headwaters of the basin, in the city of
Ouro Preto, in a region with an environmental preservation area and two rural communities,
which were targets of gold mining in the past [15,16]. In this area, 10 high reference values
and anomalies with concentrations between 155 and 365 mg kg~! were found in the
stream where rocks from the Nova Lima Group predominate. Furthermore, on the same
lithology, in the municipalities of Rio Acima, Nova Lima, Caeté, and Sabara, which have
urbanization and mining activity mainly related to gold, 22 HRV and anomalies were found
with concentration values varying between 170 and 572 mg kg~ !.

Demonstrating a strong correlation with Cr, Ni anomalies also started in the Rio das
Velhas headwaters, with an area of 10 km? in which nine sampled streams presented
concentrations between 57.4 and 93.0 mg kg ~!. In the intermediate portion of the study
area, in Itabirito, five points were observed draining over the granite rocks and gneisses of
the Bagao Metamorphic Complex, which also presented high Ni and Cr contents (Figure 4b).
Also, the highest concentration of anomalous points was observed in this region, where
quartz—carbonate—sericitic schists from the Cérrego do Sitio and Mestre Caetano Units
predominate. In this area, samples were collected at 33 points, of which 25 showed
concentrations above RR or HRV, with values between 56.9 and 156.7 mg kg ~!. As with As,
Cu, and Zn, the Ni and Cr also presented anomalies related to sulfide mineralization in the
northernmost part of the upper Velhas River.

Concerning Cu, the highest concentration of points with a high reference value oc-
curred in the municipalities of Rio Acima and Nova Lima, where sediments were collected
in an area of 20 km? and 15 samples showed values ranging from 39.4 to 147.5 mg kg !,
all draining on quartz—carbonate—sericitic schists from the Cérrego do Sitio and Mestre
Caetano Units. It is important to highlight that 15 streams presented HRV and anomalies,
of which 12 presented values between 39.4 and 68.4 mg kg ™!, the vast majority in areas
with less anthropogenic impact and three points with the highest concentration (between
93.5 and 147.5 mg kg 1) were in urban areas. Above the UIF, five points were found in the
cities of Itabirito, Rio Acima, Nova Lima, and Caeté, in highly urbanized areas with intense
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industrial and mining activity (gold). These points drain over the rocks mentioned above,
hosting chalcopyrite, and may have the capacity of Cu adsorption due to the presence of
iron oxides, hydroxides, and clay minerals [34]. This region also presented As, Cd, Cu, and
Ni anomalies, which reflects the intense anthropogenic interference observed through gold
mining and the high degree of urbanization.

Regarding Zn, in contrast to most of the elements, the highest concentrations of this
element did not show a direct relation with a specific lithotype since excessive concentra-
tions were found in the carbonate—quartz schists rocks, quartz—carbonate—sericite schists
from the Rio das Velhas Supergroup that is associated with sulfide mineralization, as well
as in the phyllites and itabirites of the Minas Supergroup. Concentrations of Zn above
90 mg kg ! can be attributed to the combination of the geology factor with anthropogenic
interference. This undefined behavior of Zn can be partially explained by its ability to
substitute Fe and Mn in oxides and silicates, which provides its presence in clay minerals,
iron oxides, and organic compounds. This allows its occurrence even in regions far from
the source areas [32]. As with As and Cu, the Zn also showed anomalies related to sulfide
mineralization in the municipalities of Caeté, Sabard, Rio Acima, and Nova Lima.

Mining works or mining accidents (e.g., Aznarcollar in Spain [41] and Brumadinho in
Brazil [42]) are important sources of sediment contamination. The present work provides
knowledge about PTEs in stream sediment, highlighting the pollution problem and may
help mitigate or manage the affected river basins.

5. Conclusions

For the first time, reference values for stream sediments were determined in the upper
portion of the Velhas River Basin. In addition, the high-density geochemical mapping
allowed anomalies to be detected in places where they had not previously been reported,
for example, the Cr, Ni, and Cd on the basin headwater (EPA Cachoeira das Andorinhas)
and the Pb and Cd on the Itabirito river basin.

The high sampling density allowed for assessing the lithology control in the geochem-
istry of the sediments and established a pattern of well-defined behavior of the elements
for each type of rock. This allowed the detection of anomalies due to anthropic interference,
which was verified with Pb, Mn, and Cd in regions close to the iron mines in the Itabirito
River Basin.

The anomalous concentrations of several elements are scattered throughout the basin
on a greater or smaller scale. Numerous streams with As, Cd, Cr, Cu, Ni, Pb, and Zn
concentrations above the intervention limits were found throughout the region, often
demonstrating clear mining interference. They need to be monitored since any changes
in pH and Eh (redox potential) that may occur due to the discharge of effluents or mine-
influenced waters could modify the environmental conditions and promote the availability
of the toxic elements to the water system and, consequently, to the whole food chain.

Rio Acima, Nova Lima, Caeté, and Sabard regions had the highest density of As, Cd,
Cu, Ni, Cr, and Zn anomalies. The high concentration of these elements occurs due to the
interaction between geology and anthropic interference. Many of these points present a
high concentration of PTEs due to mining influence. Therefore, in many cases, the sites are
monitored internally or externally according to the constraints established in environmental
legislation. However, many localities have demonstrated anomalous concentrations due to
the natural weathering process of the geological material. With this, a hidden ecological
risk is not monitored, but it begins to unravel in the face of the mapping performed.

There were notable differences in the concentration of various elements between the
geological domains of the basin, which points to the need to determine different reference
values for each specific lithotype, as exemplified by Fe and As.

Geochemical mapping in third-order basins proved extremely useful for identifying
anomalous values for environmental concerns. This approach accurately confirmed the
influence of local lithologies and human action in the Upper Velhas River Basin.
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The reference values for Cr and Ni are higher than the limits of intervention established
by Brazilian legislation, and the high reference values for As are similar to this level. It is
possible to conclude that working with uniform values of sediment quality guidelines is
not appropriate.

The results reflect the true geochemical signature of the river sediments of the basin, which
is the most polluted in the state of Minas Gerais and is located in one of the most important
mining provinces in the world. In addition to the scientific aspect, this research may prove useful
for formulating environmental policies in Brazil, for example, in defining geochemical guidelines.
Knowledge of the elements’ natural or geogenic distribution will help define environmental
background values and cleaning levels for ecotoxicological studies.

The mobilization of PTEs from sediments is dangerous, not only for the ecosystem
but also for drinking water supplies. In addition, high-density mapping has demonstrated
which locations, cities, and sub-basins are exposed to environmental hazards and thus need
to be protected.
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