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Abstract Mineral exploration areas are recognized for
negatively affecting site environmental quality. The re-
cent contaminations in the cities of Brumadinho,
Mariana, Santo Antonio do Grama (Minas Gerais),
and Barcarena (Pard) point to the seriousness of this
issue in Brazil. However, studies on the influence of
mining tailings from the extraction of semiprecious
rocks on the quality of the sediments of water systems
are rare. The aim of this study is to evaluate the influ-
ence of mining activities (amethyst, quartz, agate, cal-
cite, and gypsum) on the quality of the sediments of Rio
de Varzea, southern Brazil, the biggest region of ame-
thyst rock extraction in the world. The concentrations of
the chemical species Al,O3, SiO,, P,0s, K>,0, CaO,
TiO,, Fe,O3, Cr, Mn, Co, Cu, Zn, Zr, Ba, Cd, and Pb
were determined by the technique energy-dispersive X-
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ray emission spectrometry (EDXRF). In the study, mod-
erate contamination of the sediments of the Varzea
River was demonstrated by means of background strat-
egies (contamination factor, enrichment factor, and
geoaccumulation index). Statistical analysis with the
use of ANOVA, Tukey test, and principal component
analysis revealed significant differences of concentra-
tions of the chemical species of the sediments at the exit
of the mining zone in relation to the other study areas.

Keywords Sediments - Index of quality - Mining -
Metals

Introduction

Mineral exploration activities tend to induce environ-
mental impacts in the regions where they develop, and
their wastes (solid waste not yet recoverable by techno-
logical and/or economically viable processes) are rec-
ognized by the contribution of potentially deleterious
species to the water systems (Ayari et al. 2016;
Paspacaud et al. 2015). In mining areas, the release of
contaminants can occur through acid drainage of wastes,
dam breakage, erosion, and surface runoff (Vosoogh
et al. 2016; Fan et al. 2014).

The environmental risk in these regions is due to
the concentrations of chemical species, such as
metals and nutrients, present in the wastes normally
stored in the open air, which can be fragmented and
transported by rainwater, leading to the entry of
these species into the water systems (Ontiveros-
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Cuadras et al. 2018; Vosoogh et al. 2016). These
materials, when going into the aquatic environment,
are associated with surface processes such as adsorp-
tion, complexation, and reprecipitation, and tend to
decant, becoming part of the sediments (Remor et al.
2018; Sundararajan et al. 2017; Fan et al. 2014).

The contamination of sediments by chemical
species such as metals and nutrients represents a
threat to aquatic ecosystems due to their possible
toxicity, persistence, bioavailability, bioaccumula-
tion, and biomagnification in the food web (Silva
et al. 2016; Pejman et al. 2015). In watersheds
where mining activities take place, concentrations
of chemical species in sediments are higher than
the background levels and may pose risks as envi-
ronmental stressors (Ontiveros-Cuadras et al. 2018;
Vosoogh et al. 2016).

In this sense, the evaluation of the risks associated
with the sediment quality by indexes that use the back-
grounds of local concentrations of chemical species has
been a widely used approach and a tool for the manage-
ment of water resources (Silva et al. 2017a, b;
Sundararajan et al. 2017; Maanan et al. 2015). The basis
of the background method is the assumption that con-
centrations above background values cause adverse ef-
fects on ecosystems (Maanan et al. 2015; CCME 1995).

This approach is well suited for areas where there are
no values indicative of sediment quality in the water
systems, providing an adequate reference for environ-
mental assessment (Remor et al. 2018; Vosoogh et al.
2016; CCME 1995). In this context, this study charac-
terizes the influence of the mineral extraction activities
(amethyst, quartz, agate, calcite, and gypsum) on the
quality of the sediments of Varzea River, southern
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Brazil, where the region of the greatest extraction of
amethyst geodes of the world is located (Hartmann
et al. 2017; Hartmann et al. 2015; Baggio et al. 2015).

Materials and methods
Study area and selection of sampling points

The watershed of Varzea River is located in the north of
Rio Grande do Sul State, covering 55 municipalities with
a drainage area of 9324 km? and a population of 328,057
inhabitants. The main water body component is the
Varzea River, which is approximately 165 km long (State
Foundation for Environmental Protection (FEPAM)
2018, Secretary of Environment and Sustainable Devel-
opment (SEMA) 2012). Figure 1 highlights the Varzea
River and locates the sampling points.

In the northern part of the river basin, mining activities
in horizontal underground mining are observed in the
municipalities of Ametista do Sul, Frederico Westphalen,
Rodeio Bonito, Cristal do Sul, Planalto, Irai, Trindade do
Sul, and Gramado dos Loureiros (Hartmann et al. 2017,
Baggio et al. 2015). Currently, there are 500 mines (active
and inactive), most them in Ametista do Sul, the munici-
pality that is the largest amethyst producer in the world
(Hartmann et al. 2017; Rosenstengel and Hartmann 2012).

The area is characterized by geological faults and
successive volcanic spills that occurred in the region;
however, the event that originated the basalts of in-
terest for mineral exploration was influenced by hy-
drothermal character alterations due to a connection
with the Guarani Aquifer (Gadens-Marcon et al.
2004). The monthly extraction in the areas varies
around 600 gross tons of semiprecious rocks (quartz,
agate, amethysts, calcite, and gypsum); about 80% of
the rocks are destined for markets in China, Taiwan,
Hong Kong, Thailand, the USA, Germany, Spain, and
Italy, moving around R $ 30 million only in 2018
(Folha do Noroeste 2019; Hartmann et al. 2017;
Rosenstengel and Hartmann 2012).

The activity generates as environmental liabilities
basalt rock tailings (rock of volcanic origin rich in iron
and magnesium silicates), normally stored in the open
(Hartmann et al. 2017; Pinto and Hartmann 2011;
Branco 2002). Figure 2 shows the spatial location of
the mines in the municipality of Ametista do Sul.

The basaltic rejects tend to change and can decom-
pose under favorable conditions in 10 months (Baggio
et al. 2015; Branco 2002). It is believed that the wastes
stored on the slopes of the mineral extraction areas can
alter the water system influencing the quality of the
sediments of the Varzea River. Figure 3 highlights (a)
the accumulation of wastes in front of mines in the
municipality of Ametista do Sul, RS; (b) the details of

Fig. 2 Zones of mineral
extraction in the municipality of
Ametista do Sul and the Varzea
River
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Fig. 3 a Mining rejects accumulated in a mining zone in the municipality of Ametista do Sul; b different stages of fragmentation of basalt
wastes in open air in the municipality of Ametista do Sul, southern Brazil

the basalt wastes in several states of decomposition in a
mine in the municipality of Ametista do Sul, RS.
Studies have been conducted to characterize the con-
centrations of the elements present in the wastes in order
to determine the formation and extent of the effluent that
gave rise to the region and the gems (Baggio et al. 2015,
Hartmman et al. 2015; Rosenstengel ¢ Hartmann 2012;

Pinto e Hartmann 2011). However, none sought to eval-
uate the influence of mineral extraction activities on
sediment quality. Table 1 shows the mean concentration
of chemical species present in the basalt rejects of the
region.

The predominant soil in this hydrographic basin is
the humid dystrophic red latosol (of strong acidity,

Table 1 Mean concentrations of chemical species in basalts of the Serra Geral group

Studies developed in the mining zone

Pinto and Hartmann (2011)

Rosestengel and Hartmann (2012)

Baggio et al. (2015) Hartmman et al. (2015)

(Frederico Westphalen-Iraf) (Ametista-Rio da Varzea) (Ametista-Parque museu) (COOGAMALI)

Oxides (%)

Al 04 12.6 12.9 12.9 14.8
SiO, 50.3 48.8 48.5 48.1
P,05 0.3 0.3 0.3 3.7
K,0 1.3 1.0 1.2 1.3
CaO 8.6 9.5 9.6 8.3
TiO, 2.5 25 2.3 12.5
Fe, 04 15.7 14.9 15.5 0.2
Elements (ug g ')

Cr £ * ES £

Mn & k 3 %

Co 432 43.7 44.0 34.6
Cu 237.5 * 219.7 150.3
Zn * * 71.7 *

Zr 167.8 162.2 150.2 226.5
Cd * sk * *

Ba 310.1 358.7 321.2 471.2
Pb * * 1.6 *

*Chemical species not characterized in the study
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Table 2 Sediment contamination rank for evaluation by environmental quality indices

Value Geoaccumulation index Value Enrichment factor Value Contamination factor

<0 Unpolluted <1 Minimal enrichment limit <1 Low contamination

0-1 Unpolluted/moderately polluted 2-5 Moderate enrichment 1-3 Moderate contamination
1-2 Moderately polluted 5-20 Significant enrichment 3-6 Considerable contamination
2-3 Moderately/heavily polluted 2040 Very highly enriched >6 Very high contamination
34 Heavily polluted >40 Extremely enriched

4-5 Heavily/extremely polluted

>5 Extremely polluted

advanced weathering, low nutrient reserve, reddish col-
or, and clay texture, and which needs corrections in its
fertility and fertilization), where crops such as wheat,
maize, and soybean grow (MSRS 2019; EMBRAPA
2013; Kampf and Streck 2010).

Sampling, packaging, and preparation of samples

Soil and sediment sampling procedures followed
clean technique protocols (National Water Agency
(ANA) & Environmental Company of Sdo Paulo
State (Cetesb), 2011; Filizola et al. 2006). Bottom
sediment collection was performed with a stainless
steel Petersen dredge (3 kg), and the procedures
respected the representativeness of the region, with
sampling in the cross section of the river (margins
and center) forming a composite sample represen-
tative of the point.

Soil samples from the riparian forests were made by
cleaning the surface with a stainless steel hoe and Dutch
auger to 20 cm of depth (four samples, on the right bank
and on the left bank) with a distance exceeding 50 m
(upstream and downstream of the sediment sampling
site) at the river bank.

The samples were stored in double polypropylene
bags (2 L) of the Ziplock type, identified, and sent to
the laboratory in cooling boxes for analysis. At the
laboratory, the sediment samples were homogenized in
clean trays with the aid of spatulas, both of polypropyl-
ene, and routed for drying in a circulation oven at 50 °C
for 48 h.

The samples were disaggregated in agate mortar
and separated into fine granulometric fractions (<
63 pm) for analysis of the chemical species. In
this study, the results (in quintuplicates) of three

sampling campaigns carried out between July 2016
and January 2017 were presented, comprising 15
samples composed of sediments (75 analyses) and
5 samples composed of soils (25 analyses).

Analytical method and determination of mean
concentrations of chemical species

Table 3 Characterization of the EDXRF analytical process using
certified reference material

_ L CV (%) R (%)
MRC (x 4+ CI) Determined (x 4+ CI)

Oxides (%)

ALO; 6.5+0.2 6.4+0.1 4.5 97.5

Si0, 282+02 273+04 4.1 96.6

P,Os 0.33+£0.07 0.33+0.01 3.1 99.1

K, 0 1.6+0.1 1.6+0.03 5.0 96.7

CaO 84+£02 8.1£0.1 4.7 96.1

TiO, 0.2+0.02 0.2+0.05 5.2 95.8

Fe,O3 3.0£0.1 29+0.5 45 96.1

Elements (ug g ')

Cr 30.0+5 28.1+1.16 113 95.4

Mn  267.0+34 261.5+3.0 33 97.9

Co 12.0+1.5 12.7+0.1 24 105.7
Cu 66.0+9.0 66.7+0.9 3.7 101.1
Zn 74.0+£9.0 70.2+1.0 4.0 94.8

Zr 53.0 53.1+04 22 100.2
Cd 0.9 1.3+0.1 16.7 105.4
Ba 290.0+£40.0 285.6+1.8 1.8 98.5

Pb 38.0+4.0 36.5+1.3 9.9 96.0

X mean concentration, C/ confidence interval, CV (%) coefficient
of variation, R (%) recovery, MRC reference material
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Energy-dispersive X-ray emission spectroscopy
(EDXREF) is a simultaneous, non-destructive, simplified
preparation technique that has been employed in the
quantification of species in environmental samples
(Ontiveros-Cuadras et al. 2018; Ryan et al. 2017, Silva
et al. 2016, Kontos et al. 2016). The EDXRF perfor-
mance was evaluated by retrieving the Green River
Shale (SGR-1b) certified sample from the United States
Geological Survey with the safety of 30 data collection.

The analyses were performed on a Shimadzu equip-
ment (model EDX-720), under the following condi-
tions: Rh X-ray tube 3.0 kW; excitation of 15 kV for
Si Ka and 50 kV for UL&; 10 mm collimator; Si (Li)
detector cooled with liquid nitrogen; and integration
time of 100 s. Measurements on samples (mass of 2 g)
were supported (31 mm Closed X-Cell - SPEX) using
thin film (Mylar®, 6.0 pm SPEX).

Sediment environmental quality indexes

The sediments are a complex mixture resulting from the
transport of the eroded particles of the different compo-
nent soils of a watershed, reflecting all the interactions
that occur in the surface (Silva et al. 2016; Esteves and
Camargo 2011). In this sense, the soil uses of the river
basin itself have been a very useful strategy when local
quality references to the sediments are not available
(Sundararajan et al. 2017; Fan et al. 2014, CCME 1995).

The basis of the background method is the assump-
tion that concentrations above background values cause
adverse effects on ecosystems (Maanan et al. 2015,
Matschullat et al. 2000, CCME 1995). Based on back-
ground strategies in relation to the presence of chemical
species, quality indices were established from samples
of soils obtained under the same conditions and in areas

Table 4 Concentrations in samples composed of soils collected in the riparian forest of Varzea River

Barra Funda Rodeio Bonito Ametista Irai-Ponte Velha Irai-BR 386
_ CV _ CvV _ Ccv _ CV _ CV
x+CI (%) x+IC (%) x+IC (%) x+IC (%) x+CI (%)
Oxides (%)
17.0 £ 0.1 0.5 129+ 04 32 134 £ 04 37 12.7 £ 0.7 5.5 152 +0.5 35
Al,.
03
Si0, 26.6 0.1 0.4 302 +£09 32 29.7 £0.5 1.6 27812 43 311 £13 4.8
P,Os 0.3 +0.01 4.1 0.3 +0.01 5.1 0.3 +£0.01 55 0.3 +£0.01 1.1 0.3 +0.01 4.6
K,O 0.2 +0.01 3.0 0.4 +0.01 1.1 0.4 +0.01 14 0.3 +£0.01 3.0 0.4 +0.01 43
CaO 0.7 £0.01 1.8 1.1 £0.01 1.0 1.2 +£0.02 1.5 0.9 + 0.02 2.7 1.0 £ 0.03 39
TiO, 6.3 =+0.1 24 77 +0.6 9.5 70+04 6.2 63+0.2 32 54+02 35
19.5 £ 0.5 2.8 16.6 £ 0.2 1.7 164 +£0.2 1.2 16.8 £0.5 32 173 £0.5 33
Fez,
03
Elements (ug g )
Cr 93.0 +11.0 134  80.1 £9.7 138 752 +11.5 174 79.0 £ 11.1 144 83.0+114 15.6
Mn  2201.8+61.5 3.2 2640.9 = 108.3 4.7 2310.8 £ 11.5 0.6 27393 +90.3 34 3184.0 £96.1 3.4
Co 69.3 £2.0 33 594 +1.7 33 60.3 £ 0.7 1.3 61.1 £24 4.1 625+ 14 2.5
Cu 147.6 £5.1 39 88.6 £9.2 119 975+£1.7 2.0 97.8 £ 7.1 74 983 £4.0 4.7
Zn 789 £5.3 7.7 774 £54 7.9 76.8 £4.7 6.9 769 + 7.8 104 803 +5.7 8.0
Zr 1329 +£52 4.5 1323 £ 3.6 3.1 126.6 = 7.7 6.9 1254 £ 6.2 5.1 133.6 £ 6.8 5.7
Cd 20+02 94 23+02 8.3 22+02 12.1 1.9 +0.1 6.8 22+02 9.6
Ba 7055.4 £166.2 2.7 8863.6 £ 791.9 102  7962.7 +4132 59 7234.0 +£248.0 3.5 6205.2 £191.3 3.5
Pb 60.1 £12.2 232 492 +54 125 445+27 6.8 457 +3.8 8.4 529 +5.0 10.7

X mean concentrations, CI confidence interval
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Table 6 ANOVA: sediment samples from the Varzea River

Analyte Sources of variation SS DF MS F p value

ALO; Between groups 173.9 4 435 17.5 7.8 x 10710
Within groups 163.9 66 25
Total 337.8 70

SiO, Between groups 267 4 66.7 3.8 7.9 x 107
Within groups 1185.9 67 17.7
Total 1452.9 71

P,0s Between groups 0.003 4 0.0006 2.1 9.0 x 1072
Within groups 0.02 67 0.0003
Total 0.023 71

K,0 Between groups 0.1 4 0.03 8.2 19 x 107
Within groups 0.2 67 0.003
Total 0.3 71

CaO Between groups 0.3 4 0.08 5.1 1.1 x 1072
Within groups 1.1 67 0.02
Total 14 71

TiO, Between groups 324.7 4 81.2 10.4 13x10°°
Within groups 523.5 67 7.8
Total 848.2 71

Fe,0; Between groups 6.5 4 1.6 14 2.0x 107!
Within groups 74.3 66 1.1
Total 80.8 70

Cr Between groups 1871.9 4 468.0 29 3.0 x 1072
Within groups 1094.7 69 158.7
Total 12,819.8 73

Mn Between groups 3.5x%10° 4 875,782 11.3 4.0 x 1077
Within groups 53x10° 69 77,299.8
Total 8.8x 10° 73

Co Between groups 450.6 4 112.6 12 3.0 x 107
Within groups 6572.5 69 95.2
Total 7023.1 73

Cu Between groups 1557.4 4 389.3 1.9 1.0 x 107"
Within groups 14,098.5 68 207.3
Total 15,655.9 72

Zn Between groups 4610.0 4 1152.5 4.7 20x107
Within groups 15,592.3 68 244.0
Total 21,202.3 72

Zr Between groups 4865.8 4 1216.4 6.1 3.0 x 107
Within groups 13,317.1 67 198.8
Total 18,182.8 71

Cd Between groups 0.1 4 0.02 0.1 1.0 x 10°
Within groups 114 69 0.2
Total 11.5 73

Ba Between groups 3.8x10° 4 9.5x 107 9.0 6.7 x10°¢
Within groups 73x10% 69 1.0x 107
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Table 6 (continued)

Analyte Sources of variation SS DF MS F p value
Total 1.1x10° 73

Pb Between groups 2050.6 4 512.6 5.0 14 x 107
Within groups 7125.3 69 103.3
Total 9175.9 73

SS sum of squares, DF degrees of freedom, MS mean square, F' Fisher’s value

close to study points in the riparian forest (Sundararajan

etal. 2017; Fan et al. 2014). (Co/Crar)

The use of environmental quality indices in the eval- EF = — X/ —ref/sediment (2)
uation of sediment quality has been a widely used (C/ C““'f)background

approach as a tool for the management of water re-
sources (Lone et al. 2018; Sundararajan et al. 2017 and
Maanan et al. 2015). Ciliary forests protect river banks
due to their physical retention capacity and usually
present soils with no horizons defined by the constant
deposition of particles (Periotto and Cielo Filho 2014).

Thus, the use of soil chemical concentrations of ciliary
forests for background strategies should be taken as a
guideline rather than as a marker of sediment quality, since
these tend to underestimate the significance of contamina-
tion levels (Silva et al. 2017a, b, CCME 1995). A number
of geochemical techniques have been employed in an
attempt to differentiate the natural concentrations of poten-
tially pollutant concentrations in sediments. In this sense,
this study determines the indices of contamination factor,
enrichment factor, and geoaccumulation index (Lone et al.
2018; Silva et al. 2017b; Sundararajan et al. 2017).

The contamination of sediments can be expressed by
the contamination factor (CF), expressed in the equation
below, and allows individually evaluating the contami-
nation of the sediments for a given individual chemical
species:

Cm

CF = Z (1)
where C,, is the mean concentration determined in the
sediment samples and B is the mean concentration value
of a representative baseline for the study site (Remor et al.
2018; Sundararajan et al. 2017; Pejman et al. al. 2015).
The enrichment factor (FE) indicates possible anthropo-
genic contributions of an individual chemical species by
the double rationalization of the concentrations deter-
mined in the sediments and the local background value,
and its values are expressed by the following equation:

@ Springer

where C is the concentration of the element in the sample
and C,.¢is the concentration of the reference element in the
sediment. The reference element must have low concen-
tration variability in the matrix; it is common to use
concentrations of the chemical species Al, Mn, and Sr
for this purpose (Lone et al. 2018; Remor et al. 2018).

In this study, the mineral oxide Fe,O5 was used as a
normalizing element because it showed high abundance
and low variability of concentrations between the sam-
ple points (see Tukey’s test in Table 7) in the samples of
local soils (Hanif et al. 2016; Pejman et al. 2015). FE
values higher than 1 are associated with the contribution
of chemical species in the water system (Herath et al.
2018; Sundararajan et al. 2017). The geoaccumulation
index (Ige,) performs a logarithmic normalization pro-
cess of concentrations and indicates the level of contam-
ination for sediments; the values are defined by the
following equation:

<) G)

oo = log, (m

where C,, is the concentration in the sediment samples,
B,, is the background concentration, and factor 1.5 is the
background correction factor of the matrix (Sundararajan
et al. 2017). To each quality index is associated a score
that allows classifying the deleterious influence existing
(Pejman et al. 2015). These classifications for the quality
indexes enrichment factor, contamination factor, and geo-
chemical index are presented in Table 2.

Statistical methods

The Kolmogorov-Smirnov test, ANOVA, Tukey test,
and principal component analysis (PCA) were
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Table 7 Tukey test of concentrations of chemical species in the sediments

ALO;
BF
RB
A
PV
IBR

P,0s
BF
RB

PV
IBR
CaO
BF
RB

PV
IBR
Fe,O3
BF
RB

PV
IBR
Mn
BF
RB

PV

IBR
Cu

BF

PV

IBR
Zr

BF

IPV

IBR

BF
RB

BF

3.7
3.1

11.2

2.1
BF

1.8
3.0
2.1
39
BF

53
3.4
1.3
0.1
BF

2.7
1.0
2.0
1.6
BF

29
3.1
29
9.1
BF

3.6
1.6
2.7
2.5
BF

0.8
0.2
6.1
24
BF

0.9
0.1

x 1072

RB
0.1

0.6
8.0
1.6
RB
0.7

1.3
0.4
2.1
RB
3.7%107%

1.7
3.7
5.1
0.3
1.7
0.6
2.7
0.2
0.1
0.04
6.3
0.08
1.9
0.9
1.1
1.0
0.6
53

1.6

1.0

A
0.2
1.0

8.1
1.0
A

0.2
0.9

0.9
0.8

0.1
0.7

2.0
33

1.0
0.7

1.1
0.9

0.2
1.0

0.1
6.1

0.8
0.6

1.0
0.8

1.0
1.0

5.8
2.1

1.0
0.9

IPV
3.6% 10710
8.1 x 1076
2.6 %107

9.2
IPV
0.6
1.0
1.0

1.6
PV
0.9
73 %1072
0.6

12
IPV
0.6
1.0
0.9

2.0
IPV
0.2
1.0
1.0

6.1
IPV
0.3
1.0
1.0

0.2
PV

5.6x 10 4
32%x10 73
1.1x 1073

38
IPV

4.5 %107
3.8 %1073
3.1 %10 %

IBR
0.6
0.8
0.9
1.5x107*

IBR
6.0x 1072
0.6
1.0
0.8

IBR
10
48x 107
0.1
0.9

IBR
1.0
0.3
1.0
0.6

IBR
1.0x 1077
33 %10 %
4.8 %10 4
4.8 %10 4

IBR
0.4
0.9
1.0
1.0

IBR
0.4
0.8
0.5
0.07

IBR
0.7
0.3
0.8

Si0,
BF
RB
A
PV
IBR
K,O
BF

PV
IBR
TiO,
BF

IPV
IBR
Cr
BF

IPV
IBR
Co
BF

PV
IBR
Zn
BF

1PV
IBR
Cd
BF

PV
IBR
Pb

>§E

BF

2.7
1.9
2.4
0.1
BF

7.3
6.2
32
52
BF

0.9
0.1
6.8
1.8
BF

4.3
3.7
3.7
2.8
BF

1.4
1.0
2.9
1.8
BF

0.3
0.9
4.3
1.0
BF

0.2
0.4
0.3
0.5
BF

2.3
3.1

RB
0.3

0.7
5.0
2.8
RB
2.5x 1075

0.9
3.8
2.0
RB
1.0

0.8
5.9
2.7
RB
2.6x10 %

0.6
0.5
1.5
RB
0.8

0.5
1.5
0.4
RB
1.0

0.7
4.5
0.7
RB
1.0

0.2
0.5
0.3
RB
0.5

0.8

A
0.7
1.0

42
2.0

A

3.5%x 107
1.0

29
1.1
A

1.0
1.0

6.6
1.9

0.08
1.0

0.1
0.9

0.9
1.0

2.0
0.9

1.0
1.0

5.1
58%1073

1.0
1.0

0.3
0.6

0.2
1.0

PV
0.4

6.7 x 107
33 %1072

22
IPV
0.2
0.07
0.3

1.9
PV

8.2 x 107
7.8 x 107
1.4 x 107

8.6
IPV
0.07
1.0
1.0

1.0
IPV
0.2
0.8
0.6

1.1
IPV

2.7 %10 %
1.6 x 1072
4.6x 107

52
IPV
1.0
1.0
1.0

0.8
IPV
3.7 %107
0.2
0.5

IBR
1.0
0.3
0.6
0.5

IBR
3.7 %1073
0.6
0.9
0.6

IBR
0.7
0.3
0.7
7.1x107

IBR
0.3
0.8
1.0
0.9

IBR
0.7
1.0
1.0
0.9

IBR
1.0
1.0
1.0
3.8x 1073

IBR
1.0
1.0
1.0
1.0

IBR
291073
0.2
0.5
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Table 7 (continued)

IPV 6.1 5.2 6.3
IBR 1.8 2.7 1.7 8.0

3.9% 107

IPV 52 29 22 1.0
IBR 53 3.0 22

1.1x107°

O of Tukey below the diagonal and p (similar) above the diagonal

BF Barra Funda, RB Rodeio Bonito, A Ametista, /PV Irai-Ponte Velha, /BR Irai-BR 386

*Differed significantly (p <0.05)

performed by PAleontological STatistics software, ver-
sion 3.08 (Hammer 2015). The Grubbs statistical test
was performed by the software QuickCalcs outlier cal-
culator (Graphpad Software 2018). Data such as mean,
confidence interval, and coefficient of variation were
obtained in spreadsheets of the Microsoft Excel pro-
gram, and the software SciDAVis (Sourceforge 2018)
was used for the construction of graphs.

Results and discussion
Quality of the analytical process

The analytical quality of the EDXRF in species quanti-
fication was established in a test with 30 data recovery
of MRC Green River Shale sediment (SGR-1b) from the
United States Geological Survey. Simultaneous quanti-
fication via the fundamental parameters method was
performed with the equipment Shimadzu, model EDX-
720. The EDXRF technique demonstrated to meet the
application requirements, according to figures of analyt-
ical merit INMETRO 2018; Silva et al. 2016), assuring
the reliability of the results for Al,O3, Si0,, P,Os, K,0,
Ca0, TiO,, Fe,03, Cr, Mn, Co, Cu, Zn, Zr, Ba, Cd, and
Pb, as shown in Table 3.

The results of Table 3 confirm the good accuracy of
the EDXRF technique, with coefficient of variance less
than 20%, acceptable for environmental samples, and
recovery compatible with MRC concentrations, with
recoveries varying between 94.8 and 105.7%
(INMETRO 2018). In the Supplementary Material
(Table 1S), we present the results of the Grubbs test
for elimination of outliers from the data set and the
Kolmogorov-Smirnov test, which confirmed the fit of
the data set in the Gaussian model.

The general table of mean concentrations obtain-
ed in the EDXRF analyses of the certified reference
material (SGR-1b sediment) is presented in Supple-
mentary Material (Table 2S), together with the

@ Springer

established analytical merit figures. The accuracy
of the method EDRXF was assessed by the chi-
square criterion (p =0.05), presented in the Supple-
mentary Material (Table 3S).

Mean concentrations of chemical species

The concentrations of the chemical species present in
the samples composed of soils collected on the banks of
the Varzea River (riparian forest) are presented in Ta-
ble 4 and served as reference in the calculations of the
indices of environmental quality of the sediments.

Table 4 shows good accuracy in the data collection,
with a small variance in the batch, ensured by CV values
(%). The concentrations of the chemical species in the
sediment samples are presented in Table 5.

It is possible to evaluate in Table 5 the spatial varia-
tion of the chemical species according to the sampling
points, as well as the temporal variation in the different
sampling campaigns. It is possible to emphasize the
variation of the mineral oxide TiO, (second campaign)
and the elements Zn and Cu (first campaign), Ba (sec-
ond campaign), and Mn and Ba (third campaign) in the
Irai-Ponte Velha (IPV) sampling point.

Statistical analysis data set of the samples

ANOVA (Table 6) was performed on the sample set of
sediments of Rio de Varzea, in order to evaluate the
dispersion in relation to the different sampling points
(p=0.05). ANOVA does not show significant differ-
ences for the oxides P,Os and Fe,O5 and elements Co,
Cu, and Cd. This reinforced the choice of Fe,O5 as a
reference element due to its low variability.

The Tukey test (Table 7) was used to identify signif-
icant differences between the sampling points in relation
to the chemical species for the collection points. The
Tukey test showed differences in the concentrations of
Al,O3, TiO», Zn, Zr, and Ba present in Irai-Ponte Velha
(IPV), output of the mining zone, in relation to the other



Page 13 of 19 364

364

(2019) 191

Environ Monit Assess

19 Sampling Campaign

R R RN,

& Barra Funda (BF)

@3 Rodeio Bonito (RB)

Ametista (A)

& Irai- Ponte Velha (IPV)
&8 Irai-BR386 (IBR)

)

FE > 1 (Aporte

KRR

o

Fe203

502 P205 K20 ca0 o2

A203

18+

T
o

m.mr.c hoawa,m Eoﬂ-..o?.:m-

6|
2

0,6 —}

Chemical Species

@
2
<
N2
A

w

B e e R A R e

w
=
g © 9
D by
[ 2
IS 7]
g 3=
3 B
g
? §
S £.2
m Q
o [+]
N
g
2
O e e e e e e 0 R e e ot e et e e e et e e et e
e
(=]
3
3
8
=
>
~ A "
=2 S 8
=% Sm
S8.25
§ELe 8
EL=RY
oA m
e,
e :
Ac<s 8 8
BENEBE '
I
T T T T 1
n n - n °
5 2 3

() 1039 ] JuomydIIUY

FE > 1 (Aporte)

g
S
]
£
N
g :
3 ]
S i
3
o
™
1
s

5 8.
Y
S8 L m R e
ELR-
Momam

D2
ES2ss
Aac<sE
BEEBE !

o - ) x“ T T
(4.1 10398, JudWYdLIUT

cd

Ca0 Tio2 Fe203 Cr Co Cu
Chemical Species

K20

1 species present in rocks, soils, and sediments

ical

the chem

ring

| component analysis (PCA) conside

rincipal

Fig.4 P

pringer

A's



364 Page 14 0of 19

Environ Monit Assess (2019) 191:364

Table 8 Table of the PCA of the basalt rocks. Soil and sediment
arrays—Varzea River

Summary Forces

MC Eigenvalue % variance Analyte MCI1 MC2
1 38.0 75.0 Al,O4 —-0.01 0.8

2 4.1 8.0 SiO, -0.1 0.3

3 2.7 53 P,05 -0.1 0.2

4 1.5 29 K,0 -0.1 0.1

5 1.1 2.1 CaO -0.1 0.07
6 0.9 1.8 TiO, -0.002 0.1

7 0.7 1.4 Fe,04 0.1 0.06

8 0.6 1.1 Cr 0.5 0.1

9 0.5 0.9 Mn 0.5 0.2

10 0.3 0.7 Co 0.1 0.01
11 0.1 0.3 Cu —-0.03 -0.1
12 0.1 0.2 Zn 0.3 0.3

13 0.1 0.1 Zr -0.1 0.08
14 0.04 0.07 Cd 0.4 -0.08
15 0.02 0.04 Ba 0.1 —0.08
16 0.003 0.005 Pb 0.2 0.07

MC main component, MCI! MCA axis 1, MC2 MCA axis 2

points. This fact reinforces the thesis that the activities of
mineral extraction influence the quality of the sediments
of River of Varzea, RS.

There were significant differences of Mn in the sam-
pling point Irai-BR386 (IBR), downstream of the min-
ing zone, and CaO in the Barra Funda point (BF),
upstream of the mining zone, in relation to the others,
and from Pb to the same point in relation to IPV and
IBR. It is believed that such differentiations are associ-
ated with agricultural activities and the contribution of
urban effluents prior to and after the mining zone. The
availability of Mn results from the combination of the
pH, oxidation, organic matter, and equilibrium condi-
tions with the Fe and Ca elements. Figure 4 shows the
PCA result of crossing data of average concentrations of
soils, rocks, and sediments.

Principal component analysis (PCA) was applied to
the data set of EDXRF sediment and soil samples, as well
as the concentrations found in basalt rocks (Table 1). In
the PCA, we observed an approximation of the behavior
of soil samples and sediment samples, both of which
present a distance with respect to the behavior of basalt
rocks as a function of Cr, Mn, Cd, Zn, Co, Ba, and Fe,0O5

@ Springer

concentrations (axis 1-75.04%) and Al,O3, SiO,, TiO,,
P,0s, K50, and Zr (axis 2-8.04%).

Also in Fig. 4, it is possible to observe the differ-
entiation of the IPV sample point in relation to the
other sediment collection points explained by the
positive relations with Ba, Cu, and Zn concentrations
and with negative relations with Al,O;, SiO,, and
TiO,. The results of the PCA differentiate the sedi-
ment samples from the IPV sample point (exit of the
mining zone) in relation to the others regarding the
average concentration of the chemical species. This
fact reinforces the hypothesis that the basalt tailings,
from the mineral extraction process, are fragmented
by inclement weather, are transported, and contribute
to the river of Varzea, influencing the quality of its
sediments.

Table 8 presents the explanations of the PCA axes
according to their main components and the forces in-
volved for all the chemical species of interest in this study.
In Table 8, we observe the interaction forces that explain
the influence of variance involved between axes 1 and 2
that explain more than 84% of the PCA data. With the
PCA, we could find similarities and differences in the
environmental factors and the average concentrations of
the chemical species, in the different places of study.

Environmental quality indices

The calculation of the environmental quality indexes
based on background strategies used as baseline soils
of the riparian forests and allowed establishing the con-
tamination factor (CF) and the geoaccumulation index
(Igeo) presented in Table 9.

Table 9 classifies the quality of sediments of Varzea
River by CF as moderately contaminated with Cr, Zn,
and Ba (point BF); SiO,, K,0, CaO, TiO,, and Ba (RB);
Si0,, K0, CaO, TiO,, and Ba (point A); SiO,, K0,
and Zn (point IPV); and Al,0; and Mn (IBR point)
during the first campaign. The FC in relation to the
second campaign indicates moderate contamination for
Al,O5 and Cr (point BF); SiO, (RB point); SiO, and Zr
(point A); TiO,, Mn, and Ba (IPV point); and Mn (IBR
point). Also, Table 9 shows the moderately contaminat-
ed FC degree of the third campaign for Zr and Pb (point
BF); Si0,, K50, Ca0, TiO,, Ba, and Pb (RB); Cr and Pb
(point A); SiO,, K;,0, CaO, TiO,, Zr, Ba, and Pb (IPV
point); and SiO,, CaO, and Cr (IBR point). /G, classi-
fied sediment pollution as unpolluted to moderately
polluted with TiO,, Ba, Zn (Point Irai-Ponte Velha, exit
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Table 9 Values of environmental quality indices (enrichment factor and geoaccumulation index) established for the Varzea River sampling

points, southern Brazil

BF RB A j14% IBR

Analyte FC IGeo CF IGeo CF IGeo CF IGeo CF IGeo

Ist sampling ALO; 1.0 -05 0.9 -0.7 0.9 -0.6 0.9 -0.8 1.1 -05
campaign Sio, 0.9 -0.7 1.1 -04 1.1 -05 1.1 -04 1.0 -05
P,0s 0.9 -0.7 0.9 -0.7 0.9 -0.7 0.9 -0.7 1.0 —-0.6

K,O 0.7 -13 1.1 -0.6 1.1 -0.6 1.1 -0.5 1.0 =07

CaO 0.7 -1.0 1.1 -04 1.2 -04 1.0 -0.6 0.9 -0.7

TiO, 1.0 -0.5 1.3 -02 1.1 -04 1.0 -0.6 0.7 -1.1

Fe,05 1.0 -0.6 1.0 -0.6 1.0 -0.6 0.9 -0.7 1.0 -0.6

Cr 1.2 -04 0.9 -0.8 0.9 -0.8 0.9 -0.8 1.0 -0.6

Mn 0.8 -0.8 0.8 -0.8 0.8 -1.0 0.9 -0.7 12 -04

Co 0.9 -0.7 0.8 -09 0.8 -09 0.7 -1.1 0.8 -09

Cu 1.0 -04 0.8 -0.6 1.0 -0.5 12 -0.2 0.9 -05

Zn 1.1 -0.5 0.9 -05 0.9 -0.7 1.7 0.2 1.0 —-0.6

Zr 1.0 -0.5 1.0 -05 1.0 -0.6 0.9 -0.8 0.9 -0.7

Cd 1.0 -0.6 1.0 -0.6 1.0 -04 1.0 -0.6 1.0 -05

Ba 1.1 -0.5 1.3 -02 1.1 -04 0.9 -0.7 0.7 -12

Pb 1.0 -0.5 1.0 -0.6 0.9 -0.7 0.7 -12 0.8 -1.0

2nd sampling ALOs 1.1 -04 0.9 -0.7 1.0 -0.6 0.5 -1.6 0.9 -0.7
campaign SiO, 1.0 -0.5 1.1 -05 1.1 -04 0.5 -14 0.8 -0.8
P,Os 0.9 -0.7 1.0 -0.6 1.0 -0.6 1.0 -0.6 0.9 -0.7

KO 0.7 -1.1 0.9 -0.9 0.9 -0.8 0.5 -1.7 0.1 -43

CaO 0.9 -0.7 0.8 -09 0.9 -0.8 0.8 -09 0.8 -09

TiO, 1.0 -0.5 0.9 -0.7 1.0 -0.6 2.9 1.0 0.7 -1.0

Fe,05 1.1 -0.5 0.9 -0.7 1.0 -05 1.0 -0.5 1.0 -05

Cr 12 -03 1.0 -0.6 1.1 -05 1.1 -04 1.0 -05

Mn 0.7 -1.0 1.0 -0.6 1.0 -05 0.8 -09 1.1 -05

Co 1.0 -0.6 0.9 0.7 1.0 -0.6 0.9 -0.7 0.9 -08

Cu 1.0 -04 0.8 -0.7 1.0 -04 0.6 -1.1 0.9 -05

Zn 0.9 -0.7 1.0 -0.6 1.0 -0.6 0.9 -0.7 1.0 -0.6

Zr 1.0 -0.6 1.0 -0.6 1.1 -0.5 0.6 -12 0.9 -0.7

Cd 0.9 -0.8 0.8 -09 0.9 -0.7 0.9 -0.8 0.8 -0.38

Ba 1.0 -0.6 0.9 -0.7 1.0 -0.6 2.9 1.0 0.7 -1.0

Pb 0.9 -0.7 0.9 -0.8 0.8 -09 0.8 -0.8 0.7 -1.0

3rd sampling ALO; 1.0 -0.6 1.0 -0.6 1.0 -0.6 0.9 -0.8 1.0 —-0.6
campaign SiO, 1.0 -05 1.1 -05 1.0 -0.6 1.1 -04 1.1 -05
P,0s 0.9 -0.7 0.9 -0.7 1.0 -0.6 0.9 -0.7 1.0 —-0.6

K,O 0.8 -1.1 1.2 -05 0.9 -0.8 1.1 -0.6 1.0 -0.7

CaO 0.9 -0.7 1.2 -03 0.9 -0.7 1.0 -0.6 0.9 -0.7

TiO, 1.0 -0.5 12 -04 1.0 -0.6 1.3 -02 1.1 -05

Fe,05 1.0 -0.6 1.0 -0.6 1.0 -0.6 1.0 -0.6 1.0 -0.6

Cr 1.0 -0.5 1.0 =05 1.1 -05 1.0 -0.6 1.1 -05

Mn 0.9 -0.7 0.9 -0.8 0.9 -0.7 1.0 -0.6 1.0 —-0.6

Co 1.2 -04 1.1 -04 1.2 -04 1.1 -04 1.0 -04
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Table 9 (continued)

BF RB A PV IBR

Analyte FC Teo CF Igeo CF e CF e CF Teo
Cu 1.1 -0.3 1.0 -0.5 0.9 -05 1.0 04 1.1 -0.5
Zn 1.0 -0.5 1.0 -0.6 1.0 -0.6 1.0 -05 0.9 -0.6
Zr 1.1 -05 1.0 -0.5 1.0 -0.6 1.1 -05 1.0 -0.6
cd 1.0 -0.6 1.1 -0.5 1.0 -05 1.1 —04 12 —04
Ba 1.0 -0.5 12 ~04 0.9 -0.6 13 02 1.0 -0.5
Pb 13 0.2 1.1 -0.5 1.1 04 1.1 —04 1.0 -0.5

FC contamination factor, /5., geoaccumulation index, BF Barra Funda, RB Rodeio Bonito, A Ametista, /PV Irai-Ponte Velha, /BR Irai-BR

386

from the mining area), and Co (Rodeo Bonito Point
(RB), entrance to the mining zone).

When comparing the average concentrations of the
chemical species present in the basalt rocks (rejects)
(Table 1) with the average concentrations present in
the soil samples collected in the riparian forest
(Table 4), we verified that the wastes present higher
concentrations in relation to the soils for K,O, SiO,,
TiO,, CaO, Zn, and Zr, which could support the
hypothesis of sediment enrichment by inorganic chem-
ical species as a consequence of mineral extraction
activities.

In Fig. 5, the enrichment factors (EF) for chemical
species are presented in the different collection points in
different campaigns. Figure 5 shows a trend of contri-
bution of some analyzed chemical species, such as SiO5,
K,0, TiO,, CaO, Ba, Mn, and Zn. However, it is worth
noting the proximity to the transition line of some
chemical species in Fig. 5, which slightly exceeds the
threshold FE > 1 (Tiwari et al. 2013), such as Al,O3, Cr,
Co, and Zr. This situation does not necessarily imply an
abnormal entry of elements into the water system, as
these values may be reflecting uncertainties associated
with the baseline taken as background.

Figure 5 shows the moderate enrichment of the sedi-
ment samples by SiO,, K,O, Mn, Cu, and Zn (sample
point IPV, mining zone) and TiO, and Ba (sample point
RB, zone entry of mining). In the second sample cam-
paign, the moderate sediment enrichment by TiO, and Ba
(sampling point IPV, mining zone) can be highlighted.
The third sample campaign highlights the moderate en-
richment of the sediment samples by the Cr, Co, Mo, and
Pb chemical species (sample point BF, upstream of the
mining zone); Si0,, K,0, Ca0, TiO,, Co, Cd, Ba, and Pb
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(sample point RB, input of the mining zone); and SiO,,
K0, Ca0, TiO,, Co, Zn, Zr, Cd, and Ba of mining.

The FE values vary spatially and seasonally for dif-
ferent chemical species. This fact may be associated
with the deposition and mining processes in the mining
zone and the respective transport of fine sediments (<
63 um) enriched due to hydrodynamic influences.

The sample points A (mining zone) and IPV (exit of
the mining zone) are presented as moderately contami-
nated for the mineral oxides TiO,, K,0, SiO,, Ca0, and
Al,O5 by the FC classification; FE indicates the contri-
bution of these oxides, and the /., classifies the points
as moderately polluted for TiO,. Pagnossin and Pires
(2008), point out the presence of large concentrations of
silica (SiO,) in the mineral rocks of the region, this
being the main constituent element of the Geodesy of
amethyst. The volcanic effluent associated with the
hydrothermal event that gave rise to the region altered
the concentrations in the rocks of the mineral oxides
AL O3, K0, and Fe,O; (Wildner and Lopes 2010;
Branco 2002).

However, the same studies consider the oxides TiO,,
P,0s, and MgO as mineral oxides and properties in the
geochemical event (Pinto and Hartmman 2011;
Hartmann et al. 2015, Baggio et al. 2015). The sample
points A (mining zone) and IPV (exit of the mining
zone) are presented as moderately contaminated by the
trace elements Cr, Zn, Ba, Mn, Zr, and Pb by the
classification of FC, the FE indicates the contribution
of these oxides in the same sample points, and IGeo
classifies the points as moderately polluted for Ba, Zr,
and Co.

The volcanic effluent associated with the hydrother-
mal event that gave rise to the region altered the Rb, Ba,



Environ Monit Assess (2019) 191:364

Page 17 of 19 364

29

ARRO3

0Barra Funda Sediment
@Rodeio Bonito Sediment
OAmetista Sediment

olrai - Ponte Velha Sediment

=1.0

e
e sioz {3 * olrai- Br 386 Sediment
N 0. o g ; i
=] P2054| /o N 4 Soils of the Margins

A 7oa TSI
a o\, ;("}’5 Basalt Rock

. . ! - .

N 45 -0 05 gh 08 e 10 15 2
wn Zne
4 e
:E 0.5 . .

=20

Axis 1 (75,4%)

Fig.5 Graph of the geochemical enrichment factor of the chemical species in relation to the sediment samples and taking as background the
average concentrations present in soil samples from the riparian forest of Varzea River, southern Brazil

Sr, and Cu concentrations in the rocks. However, these
same studies consider the oxides Zr, Th, Hf, Nb, Zr, and
Ta as mineral oxides as immobile in the geochemical
event (Hartmann et al. 2015; Baggio et al. 2015).

Conclusions

The mean concentrations of the mineral oxides Al,Os,
Si0,, P,0s, K,0, Ca0, TiO,, and Fe,O; and of the
elements Cr, Mn, Co, Cu, Zn, Zr, Cd, Ba, and Pb and
their possible deleterious effects on the environmental
quality in river basins were investigated through soil
samples from the ciliary woods and sediments of the
Varzea River in southern Brazil. The study was devel-
oped in the mining region in the northern portion of the
hydrographic basin where semiprecious rocks are ex-
tracted and where the municipality of Ametista do Sul is
located which is the largest producer of amethyst rock in
the world.

ANOVA showed the existence of significant differ-
ences between the campaigns and sample points
(p <0.05) for the chemical species Al,O3, SiO,, K50,
Ca0, TiO,, Cr, Mn, Zn, Zr, Ba, and Pb. Tukey’s test
showed differences (p < 0.05) for Al,O3, TiO,, Zn, Zr,
and Ba at the IPV point (exit of the mining zone), Mn at
the IBR point, and CaO at the BF point in relation to the
other sampling points.

The PCA differentiated sediments from the IPV
point, leaving the mining zone, in relation to the others,

reinforcing the hypothesis that the basalt tailings influ-
ence the sediment quality of Rio de Varzea, southern
Brazil. The contamination factor (FC) classified the
sediment samples as moderately contaminated in the
sample campaigns for Al,Os, Cr, Zn, Ba, Cr, Zr, and
Pb (point BF, upstream of the mining zone); SiO,, K,0,
CaO, TiO,, Ba, and Pb (point RB, entrance of the
mining area); Si0,, K,O, CaO, TiO,, Ba, Cr, Pb, and
Zr (point A, mining zone); SiO,, K,0, CaO, TiO,, Zn,
Zr, Mn, and Ba (point IPV, exit of the mining zone); and
Mn, SiO,, CaO, Cu (Point IBR, upstream of the mining
zone).

The use of Ig., made it possible to evaluate the
pollution of sediment samples indicating class 1 (non-
polluted to moderately polluted) for TiO,, Ba, Zn (point
IPV, exit from the mining area), and Co (point RB,
mining). The enrichment factor (FE) demonstrated the
occurrence of chemical species due to anthropogenic
mining activities, and classified sediment samples from
Rio de Varzea as moderately enriched for SiO,, K,O,
TiO,, CaO, Mn, Cu, Zn, Zr, Ba, Co, and Cd (point PVI,
exit of the mining zone), near the municipality of
Ametista do Sul.

Nevertheless, the concentrations of chemical species
and the environmental quality indices point to a moder-
ate contamination of the area due to the mineral extrac-
tion activities, indicating a low possibility of occurrence
of adverse effects to biota.
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