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Abstract: One hundred and twenty-eight stream sediment samples were collected in the Misiones
province of Argentina by the low-density geochemical mapping project of the China Geological
Survey. The analyzed data were used to study the concentration, spatial distribution, local pollution
level and potential ecological risk of eight heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) by
factor analysis, geoaccumulation index (Ige), enrichment factor (EF) and the Hakanson’s potential
ecological risk index (E’, and RI) methods. Results showed that the background values (median) of
those elements were 2.97 ppm, 0.13 ppm, 212.60 ppm, 322.53 ppm, 0.013 ppm, 64.42 ppm, 12.58 ppm,
and 198.85 ppm, respectively. Except for Hg, the contents of other elements were higher than the
abundance of continental crust. The spatial distribution of Cu and Zn in stream sediments were
consistent, while that of other elements were different. The factor analysis results implied that Cd, Cr,
Cu, Ni and Zn were mainly affected by geological background and inherited the characteristics of
regional parent rocks. Furthermore, Pb was not only controlled by natural conditions but also related
to human activities, while As and Hg represented the anthropogenic sources, and their concentrations
were affected by human activities. The results of Ipe, and EF told us that Cu was heavily polluted
in stream sediments; Pb and Zn were largely mildly polluted; As, Cr, Cd, Ni and Hg were mostly
nonpolluted. The ecological risks were ordered as As > Cu > Cd > Pb > Hg > Cr > Ni > Zn. In general,
the potential ecological risk of heavy metals in the Misiones province was low, but As and Cu also
have a high ecological risk at some sampling points, which should be considered.
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1. Introduction

Stream sediments are an essential destination and central storage place of heavy
metals in water and potential pollution receptors and sources [1]. Modern human activities
have brought many harmful heavy metals, radionuclides and organic pesticides into rivers.
They are adsorbed by suspended solids, settled along with them, and finally enriched
in stream sediments [2]. The content of pollutants in sediments are several times higher
than that in water, even up to several orders of magnitude. However, sediments can
release heavy metals into the water when environmental conditions change, causing
secondary pollution. Therefore, stream sediments have become a vital enrichment site for
pollutants in the earth surface system and can reflect the geochemical characteristics of
the river basin [3]. The geochemical information on stream sediments is widely used in
large-scale geochemical mapping and plays an essential role in investigating the regional
environmental background and evaluating environmental pollution [4-7]. In China, the Cu
geochemical map was drawn based on the analysis results of millions of stream sediments
across the country, revealing the distribution of Cu at the national scale [8].
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Heavy metals are typical cumulative pollutants with the characteristics of nondegrad-
ability, significant biotoxicity and persistence [9,10]. After heavy metals enter the water
environment, they usually combine with Fe, Mn oxides, sulfides, organics and clay miner-
als in the sediments and quickly settle into the sediments. Then, they will be enriched in
plants or other objects to varying degrees and eventually cause potential risks to human
health through the food chain [11]. In addition, anthropogenic heavy metals in sediments
have higher mobility, bioavailability and biotoxicity [12]. Therefore, environmental pollu-
tion and ecological risks of heavy metals have attracted more and more attention. Local
environmental and human-health protection requires the ascertainment of heavy metals’
concentration, distribution characteristics, and pollution status in sediments.

Although the tropical forest region is rich in agriculture, forestry, water resources,
and tourism, its environmental carrying capacity is weak and it is a relatively fragile
ecological environment [13]. The Misiones province has a typical subtropical rainforest
climate located in the northeast of Argentina, across the Misiones Plateau. The landform
is mainly mountainous, with a highest elevation of 843 m. This area is famous for its
abundant natural vegetation, with more than 80% forest coverage. The economy of the
study area is dominated by agriculture and tourism, known for its rich mate tea, followed
by forest products, soybeans, tobacco and fruits. The Iguazu Falls on the northern border is
a world-famous tourist attraction. The Cretaceous basalts cover almost the entire Misiones
province [14], some of which have undergone weathering to form widely distributed
laterite layers on the surface [15]. Previous studies on heavy metals in soils of Argentina
have generally focused on Pampas Estepa [16-18], with few studies on this area and few
geological and environmental investigations carried out in the past. Boglione et al. [19]
studied the adsorption kinetics of As on the lateritic soil from Misiones province and be-
lieved that the laterites have a good adsorption capacity for As. Therefore, relevant regional
environmental assessment data are relatively scarce, and there is no unified understanding
of the geochemical background and distribution of heavy metals in this region. Agricul-
ture and tourism, which account for most of the economy of the Misiones province, are
closely related to environmental protection. Only by knowing the concentration of heavy
metals can we achieve real-time understanding and monitoring of the pollution status and
level in this area and provide a better basis and reference for agricultural production and
tourism development. So, it is necessary for local government to obtain information on the
concentrations, distribution characteristics and sources of heavy metals.

In cooperation with Argentina’s Geological and Mineral Survey, the Development and
Research Center of China Geological Survey carried out low-density geochemical mapping
in the Misiones province, Argentina, in 2019 and obtained high-quality geochemical data of
71 elements and oxides. The purpose of this work is to carry out a multiobjective geochem-
ical survey in the Misiones province with a view to providing basic data and information
for agricultural, environmental and mineral resource studies. Based on that data, this paper
aimed to give the geochemical background and spatial distribution characteristics of eight
heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) in stream sediments of the Misiones
province, discuss the sources of these elements and evaluate their contamination status
and potential ecological risk. This study also aims to provide the scientific basis for the
environmental investigation and pollution prevention of heavy metals in the study area.

2. Materials and Methods
2.1. Sampling

Sampling grids were divided according to 15" of longitude and 10’ of latitude when
designing. One sample was collected from the relatively low-lying places of each grid
to ensure that sampling points were evenly distributed as much as possible. A total of
128 samples were collected in the Misiones province (Figure 1), with a sampling depth of
5-20 cm. Duplicate samples were distributed at the same site but at different locations (at
least 2 m apart), and their quantity was seven (5% of the total samples). Three subsamples
of equilateral triangles with a distance of 50 m were collected at each sampling site for
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combination. Each combination sample weighed about 500 g, half of which were brought
back to China for analysis. The remaining half was left in Argentina. In order to be
consistent with the soil environmental-assessment standard stipulated by the International
Soil Society, the particle size of samples collected in the field should be less than 2 mm.
Moreover, the sampling medium should mainly be stream sediment, supplemented by
fine-grained soil in the low-lying area. The soils at each sampling site were all formed by
natural deposition and not modified by human activities later, and there was no obvious
pollution source near the sampling sites.
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Figure 1. Sampling sites of stream sediments in the Misiones province, Argentina. (a): administrative

map of Argentina; (b): the Misciones province.

2.2. Sample Processing and Analysis

The stream sediment samples were dried indoors and stored in nonpolluting polyethene
plastic bottles. They were prepared before sending to laboratory for analysis. The pro-
cedures were as follows: drying (not directly under the sun)—crushing (to prevent the
grains clustering into lumps)—sieving (discarding the portion over or lower the x mesh)—
grinding (grind samples to 200 mesh in agate or a pure-aluminum-porcelain mill)—
splitting and weighing (depending on the requirement of analysis)—bottling (polypropy-
lene or plastic bottle)—storing (store the rest of samples in storage room) [20-22]. The
sample pretreatment method was as follows: 0.25 g sample was dissolved by HF + HNOs +
HClOy + aqua regia, then add 25 mL solution in 5% aqua regia, pipette 1 mL clear solution,
and then dilute to 10 mL with 2% HNOj3 [23]. The samples were analyzed in the laboratory
of the Institute of Geophysical and Geochemical Exploration (IGGE), Chinese Academy of
Geological Sciences. In order to ensure the reliability and consistency of geochemical data,
strict quality control measures have been taken to ensure that the whole testing process is
carried out in a steady state at all times. Certificate samples were used, and the accuracy of
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analyses was better than 10% for trace elements. Duplicate samples with random sampling
at 5% of the total number of samples in secret code were analyzed, and the relative errors
of repeated sample analyses were less than 10%. The quality control results of the sample
analysis are shown in Table 1.

Table 1. Analytical methods and quality control.

Passing Rates (%)

Detection Limit  Reportable

Parameters  Sample Preparation  Analytical Method (ppm) Rate (%) SRMs Labo.ratory Fie}d
Replicates  Duplicate

As Aqua regia HG-AFS 0.1 99.7 99.8 98.5 949
Cd Acid digestion ICP-MS 0.01 99.9 99.7 100 95.3
Cr Powder pellet XRF 0.5 99.8 99.7 98.6 95.8
Cu Acid digestion ICP-MS 1 100 100 99.7 98.1
Hg Aqua regia CV-AFS 0.0005 100 99 96.2 88.8
Ni Acid digestion ICP-MS 0.5 99.9 100 99.7 97.7
Pb Acid digestion ICP-MS 1 100 100 99.9 99.5
Zn Acid digestion ICP-MS 2 100 99.8 100 98.1

Notation: Acid digestion: HF, HNO3, HClOy, aqua regia; CV-AFS: Cold Vapor Atomic Fluorescence Spectroscopy (IGGE, Langfang,
China); HG-AFS: Atomic Fluorescence Spectrometry (IGGE, Langfang, China); ICP-MS: Inductively Coupled Plasma Mass Spectrometry
(IGGE, Langfang, China); XRF: X-Ray Fluorescence Spectrometry (IGGE, Langfang, China); SRM: Standard Reference Material; Laboratory
Replicates: Laboratory replicate analysis; Field Duplicates: Field Duplicate samples.

2.3. Evaluation Method
2.3.1. Geoaccumulation Index (Igeo)

The I, is used to assess the level of heavy-metal contamination of river, estuarine and
marine sediments by comparison with the background level of natural fluctuations [24].
The mathematical equation that represents this index is as follows:

Loeo =10g2[C; /(1.5 X B;)] 1)

where C; is the metal concentration determined, 1.5 represents the attenuation factor to
account for lithogenic variations in background concentrations at the site, and B; is the
background concentration of the corresponding element. Results obtained are classified to
give us an understanding of the pollution status of the site.

Contamination assessment of stream sediments depends on the accurate determina-
tion of the background values. To assess the degree of contamination and evaluate the
adequate background for determining anthropogenic contamination in Cd, Cr, Cu, Ni, Pb
and Zn in bed sediments of the Pampean area river basin, Castro et al. [25] calculated the
Igeo values using selected lithogenic backgrounds (loess, loessial sediments and paleosoils),
the metal concentrations of riverbed sediments in the residual fraction and the global
average shale (ASTW) [26]. Magni et al. [27] used the ASTW to evaluate the anthropogenic
contamination of Cd, Cr, Cu, Ni, Pb and Zn in riverbed sediments of the Pampean area of
Argentina. In this study, the global average basalt [26] was used as B; to calculate the Igs.
According to the results, the pollution degree is divided into seven levels corresponding to
different contamination grades (Table 2).

Table 2. The Ige, and contamination grades of heavy metals.

Igeo Class Contamination Grades
<0 1 uncontaminated
0-1 2 mild contamination
1-2 3 moderately contaminated
2-3 4 moderate to heavily contaminated
34 5 heavily contaminated
4-5 6 heavily to extremely contaminated
5-6 7 extremely contaminated
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2.3.2. Enrichment Factor (EF)

Enrichment factor is an essential index for quantitative evaluation of sediment pollu-
tion level [28-30], and the mathematical equation is as follows:

EF = (Ci/cn)sample/(Ci/crl)background 2)

where C; is the metal concentration, C, is the concentration of the reference element, and
the global average basalt [26] was used as the concentrations in the selected background.

The classification rules of enrichment factors on heavy-metal pollution levels of sedi-
ments are listed in Table 3. In this case, a reference element refers to a geochemically stable
one, characterized by the absence of vertical mobility and degradation phenomena during
weathering and soil formation, and includes elements such as Al, Ti, Fe and Sc [31,32]. The
Sc concentration in stream sediments of the study area was relatively stable (3.29-49.18),
with an average of 28.21, close to the Sc content (30) in the global average basalt. Therefore,
Sc was selected as the reference element in this study.

Table 3. The enrichment factors and pollution level.

EF Degree of Enrichment Pollution Level
<2 no or minor uncontaminated
2-5 moderate moderately contaminated
5-20 signifcant moderately severe contaminated
2040 very high severe contaminated
>40 extremely high extremely severe contaminated

2.3.3. Potential Ecological Risk Index (PERI)

An ecological risk assessment was conducted using the method developed by Hakan-
son [33] to evaluate the potential effect of heavy metals in stream sediments. The assessment
combined the concentrations of heavy metals, ecological effects, environmental effects, and
toxicity coefficients, which could reflect the pollution level of pollutants in the sediments
and reveal the potential ecological risk of pollutants [34]. The mathematical equation is

as follows: ,

mo mo . mo . i
RI:ZR:ZT;XC;:ZT,'XE 3)
i i i n

where RI is the comprehensive potential ecological risk index of heavy metals; Eir is the
potential ecological risk coefficient of a single heavy metal; C', is the pollution index; C' is
the concentration of heavy metals; Ct, is the concentration of reference elements selected
from the average globe blast; T, is the toxicity coefficient of metals, and the coefficients for
each metal are As =10,Cd =30,Cr=2,Cu=5Hg=40,Ni=5Pb=5and Zn=1.

The RI classification standard proposed by Hakanson was estimated based on the
total toxicity coefficients (133) of As, Cd, Cr, Cu, Hg, Pb, Zn and Polychlorinated biphenyls
(PCBs), and the corresponding RI limit was 150 [35]. In this study, PCBs were excluded,
and the total toxicity coefficient of the eight heavy metals was 98. Hence, the ecological risk
of heavy metals in stream sediments is likely to be underestimated if the original standard
is adopted. Due to the above considerations, we decided to revise the RI grading standard,
RI =150 x (98/133) ~ 110, and then double it in turn. The individual heavy metals in
sediments and the modified RI grade are listed in Table 4.

2.4. Data Processing

Excel 2007 and SPSS (20, IBM, New York, NY, USA) were used for data processing
and statistical analysis, and the maps were drawn by Arcgis 10.5 and Coreldraw (X4, Corel,
Ottawa, ON, Canada).
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Table 4. Ecological risk index and grades of risk intensity. /: null.

Ei, Ecological Risk Level RI Comprehensive Potential Ecological Risk Level
<40 low <110 low
40-80 moderate 110-220 moderate
80-160 considerable 220-440 considerable
160-320 high >440 very high
>320 Very high /

3. Results and Discussion
3.1. The Concentration of Heavy Metals

The average contents of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn are 6.48 ppm, 0.14 ppm,
252.98 ppm, 339.23 ppm and 0.017 ppm, 61.98 ppm, 13.54 ppm and 221.96 ppm, respectively
(Table 5). Taking the calculated median of elements as their background values, we
can conclude that the background values of the above metals were 2.97 ppm, 0.13 ppm,
212.60 ppm, 322.53 ppm, 0.013 ppm, 64.42 ppm, 12.58 ppm and 198.85 ppm, respectively.
Compared with the abundance of the continental crust [36,37], the stream sediments in the
study area are enriched in Cu, and moderately enriched in As, Cd, Cr, Ni and Pb, which
may be partly inherited from the geochemical characteristics of basalt basement covering
the whole region. While relatively depleted in Hg. Among the eight elements, the content
of As has the most extensive range and variation coefficient, and its average is higher than
the median, indicating that the As may have multiple sources. However, the contents of
the remaining elements have small ranges and variation coefficients, and their average is
slightly higher than the median or equivalent, indicating that there are fewer outliers with
high contents and fewer human sources [38].

Turekian et al. [26] presented a table of abundances of the elements in the various
significant units of the earth’s lithic crust and gave the global average basalt concentration.
Compared with the results of this paper, the As, Cr, Cu, Pb and Zn of the global average
basalt are lower than those in stream sediments of the Misiones province, while the Cd, Hg
and Ni are higher than those of the study area. The risk assessment information system
(RAIS), sponsored by the US Department of Energy, provides the latest generic background
values of soil on its website (https:/ /rais.ornl.gov/, accessed on 12 July 2021) [39], in which
the background values of As, Cd, Hg and Pb are higher than that of the stream sediments
obtained in this study. However, Cr, Cu, Ni and Zn are significantly lower than the results
of this study. According to the European Commission Technical Guidance Document,
the UK Environmental Protection Agency has developed soil screening values to screen
possible ecological risks. If the concentration of pollutants exceeds the screening value,
more advanced methods of investigation and evaluation should be carried out to determine
whether there are ecological risks [40,41]. The background values of Cr, Cu, Ni and Zn in
stream sediments of the study area are significantly higher than the screening value, while
As, Cd, Hg and Pb are below the screening value. At the same time, the US environmental
protection agency has also developed its ecological soil screening value system, which
provides a general screening value of soil pollutant concentrations based on ecological and
environmental protection. The background values of Cr, Cu and Zn in stream sediments
are significantly higher than the screening values, while the values of As, Cd, Hg, Ni
and Pb are lower than the screening values. The Canadian Council of Ministers of the
Environment issued agricultural soil quality guidelines for environmental and human
health protection in 1999 [42], and the guide values of Zn and Ni were updated in 2015
and 2018, respectively. The background values of Cr, Cu, and Ni in stream sediments are
significantly higher than those guidelines, while As, Cd, Hg, Pb and Zn are lower than
those guidelines. In conclusion, the Cr, Cu, Ni and Zn concentrations in the Misiones
province stream sediments are higher, which is more likely to cause ecological risks. In
contrast, the ecological risks of As, Cd, Hg and Pb are unlikely in this area.
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Castro et al. [25] gave the concentrations(ppm) of Cd, Cr, Cu, Ni, Pb, Zn in the soils of
Buenos Aires province and Cérdoba province, respectively, which were 2.25, 46.3, 30.55,
15, 20.1, 87.33 and 1.4, 51, 29.7, 15.95, 19.05, 105.25. Compared with the results of this
study, the concentrations of Cr, Cu, Ni and Zn are significantly lower, while that of Cd
and Pb are higher. Chaparro et al. [43] showed that the concentrations(ppm) of Pb, Cu,
Zn, Ni and Cr in stream sediments around La Plata city of Buenos Aires province were
17.5,11.25,55.5, 7.25 and 5.5, respectively. Except for Pb, the concentrations of other metals
are lower than our study results. The provinces of Buenos Aires and Cérdoba are located
in the most economically developed region of Argentina, with the largest populations
and high levels of industrialization. As a result, the concentrations of Pb and Cd closely
related to human activities are higher than that of Misciones province, which is relatively
underdeveloped. The basalts throughout the Misciones province are rich in Cr, Cu, Nj,
Zn and other elements. Therefore, it can be considered that the high content of these four
metals is a reflection of the geological background, and given this, it has become easy to
explain why the concentrations of Cr, Cu, Ni, Zn in the alluvial plains of central and eastern
regions are lower.

Table 5. Statistical characteristics of heavy metals in stream sediments of the Misiones province (ppm).

Elements Range AV ME SD EC VvC a b c d e f
As 0.42-33.77 6.48 2.97 7.42 119 114 2.5 2 7.7 - 46 12
Cd 0.028-0.502 0.14 0.13 0.06 1.62 0.4 0.08 022 073 1.15 0.36 1.4
Cr 34.70-696.90 25298  212.60 13792 157  0.55 135 170 55 21.1 34/130 64
Cu 20.61-966.85  339.23 32253 146.79 1195 043 27 87 24 88.4 49 63
Hg 0.007-0.078 0.017 0.013 0.013 045 075 003 009 007 0.06 - 6.6
Ni 4.28-104.79 61.98 64.42 20.18 1.09 033 59 130 18.5 25.1 130 45
Pb 4.06-34.12 13.54 12.58 5.63 114 042 11 6 20 167.9 56 70
Zn 28.70-583.40  221.96 19885  92.34 276 042 72 105 58.5 90.1 79 250

Notation: AV = average; ME = median; SD = standard deviation; EC = enrichment coefficient (median/b); VC = variation coefficient
(SD/average); a = the abundance of continental crust; b = the concentration of global average basalt; ¢ = RAIS generic background values of
soil; d = the soil screening values of UK Environmental Protection Agency; e = the soil screening values of US Environmental Protection
Agency; f = the soil quality guidelines of Canadian Environmental Protection Agency.

3.2. The Distribution Characteristics of Heavy Metals

Based on the obtained data on eight heavy metals, we drew their geochemical maps
with the 85th percentile as the anomaly threshold (Figure 2). The threshold of As in stream
sediments of the Misiones province is 14.29 ppm, and its distribution in the whole region is
characterized as high in the west and low in the east. The high values are mainly distributed
along Iguazu, Eldorado and Rico cities in the west, and around the city of Apostoles in
the southwest. These areas have high population densities and relatively intense human
activities, which may increase anthropogenic emissions of As and cause anomalies.

The threshold of Cd is 0.18 ppm, and its distribution has no apparent regularity. The
high-value areas are mainly distributed in the east and west of Salto city and Bernardo city.
In contrast, the low-value areas are concentrated in the north of this area. The threshold of
Cr is 390.53 ppm, and its distribution in the whole region showed high values in the north
and low values in the south. The high values are concentrated, and distributed mainly
along the cities of Rico, Eldorado, and Iguazu, and the northern region. In contrast, the
low values are scattered in the central and southern regions, opposite to Cd. The threshold
of Cu is 390.53 ppm, and its distribution is related to geological background, weathering
and mineralization. The low values are primarily located in the Quaternary calcareous
sedimentary areas, mainly distributed along Posadas and Apostoles and South of Iguazu
city. In contrast, the high values are concentrated and mainly distributed between the cities
of Salto and San Pedro in the central and eastern part of the study area, consistent with the
distribution of tholeiites in this area. It can be interpreted that the supergene weathering of
basalts and other basic rocks can cause Cu anomalies. The threshold of Hg is 0.0237 ppm,
and its extremal regions are scattered. The high values are primarily distributed in the
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central and eastern parts of the province and the middle of the cities of Posadas and Salto.
In contrast, the low-value areas were mainly located in the vicinity of Posadas, Apostoles
and Iguazu. The threshold of Ni is 79.60 ppm, and the high and low values were scattered.
The high values were distributed in the middle region between Posadas and Salto, while
the low values were mainly distributed in the vicinity of Posadas, Apostoles and Iguazu.
The threshold of Pb is 18.93 ppm, and its extremal regions are concentrated. The high
values are primarily distributed in Posadas and Apostoles cities in the south and Iguazu
city in the north. In contrast, the low values mainly occurred in the middle of Eldorado
and San Pedro. The threshold of Zn is 321.85 ppm, and its distribution characteristics are
similar to Cu, which may be related to mineralization. The high values primarily occurred
in the tholeiite area of the study area, while the low values mainly appeared around the
Posadas and Apostoles cities in the south.

The concentration of metals in stream sediments mainly depends on the source of par-
ent materials and the influence of human activities in the basin. Concentration correlation
analysis of different elements is helpful to understand the spatial variation trends of them,
and can reflect the source, existence form and pollution status to a certain extent [44]. The
Pearson correlation matrix analysis of heavy-metal contents in stream sediments of the
Misiones province is shown in Table 6. The results showed that Cd, Cr, Cu, Ni and Zn were
significantly positively correlated with each other, with correlation coefficients ranging
from 0.320 to 0.890, implying that these metals may have similar sources. Furthermore, As,
Hg and Pb were positively correlated with each other, with correlation coefficients ranging
from 0.298 to 0.692, indicating that they may have similar sources.

San Pedro

Brazil

Bérnardo

P
Yigiirs o

*

Berhardo
7 « Eldorade,

e
#Rico

' Eldorado

San Pedro San Pedro

Paraguay . # Rico 808 #Rico
E — ' s r - F
N ) - ¥
" s d . I - 4 2
Pos Brazil tas . oL Brazil Brazil
4 > .‘;m?. v
| *Apostoles ™ | = ApbRiotes v
| 5 -

T
San Pedro

Brazil

o
) Bephardo
I #Fldorado i
o
§ Rica

g B g 919 #a AN
R I r Y
. . o .
: s "
it o e ] 3 1
X [R5 . 3
! e : .
3 Bernardo bt 3 Berhardo
. Eldorado . [t + El ]

. .
Sap Pedro San Pedro

Paraguay & Rico 1 Paraguay i
r £ . . d = E
4 & » “
A T ~ i i
“‘Nﬂ . s . Brazil Brazil Brazil
\ pSalte -,

Sangmly

g e,
B 3 Sy 2 .
ostales , - - ) | gl s B Promincial [57] gnies
1 L [ 50 100 )
y el 10,

Figure 2. Geochemical maps of As (a), Cd (b), Cr (c), Cu (d), Hg (e), Ni (f), Pb (g) and Zn (h).

In order to further analyze the pollution sources of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn
in stream sediments of the Misciones province, the factor analysis method was used. The
results showed that two factors were extracted (Table 7), which could explain 85.16% of the
total variation. The first factor includes Cd, Cr, Cu, Ni and Zn. He et al. [45] considered that
Cu-Cr-Ni-Zn is a set of probasic rock—element associations, which is widely distributed in
the area of basalts and their peripheral pyroclastic rocks. Therefore, we believe that this
factor explains the natural source of heavy metals in stream sediments of the study area.
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Table 6. Pearson correlation coefficients between heavy metals in stream sediments.
Elements As Cd Cr Cu Hg Ni Pb Zn
As 1
Cd —0.163 1
Cr —0.256 ** —0.217 * 1
Cu —0.190 * 0.350 ** 0.047 1
Hg 0.692 ** 0.258 ** —0.322 ** —0.154 1
Ni 0.055 0.396 ** 0.320 ** 0.651 ** —0.182* 1
Pb 0.428 ** 0.004 0.288 ** 0.003 0.298 ** —0.018 1
Z/n —0.153 0.374 ** 0.075 0.890 ** —0.121 0.579 ** 0.079 1

Notation: ** = the correlation was significant at the level of 0.01 in bilateral test; * = the correlation was significant at the level of 0.05 in
bilateral test; N = 128.

Table 7. Rotated matrix of factor analysis (%).

Elements F1 F2
As —0.13 0.90
Cd 0.56 —-0.24
Cr 0.67 0.13
Cu 0.92 —0.06
Hg -0.13 0.86
Ni 0.82 0.19
Pb 0.32 0.65
/n 0.91 —0.02

Notation: extraction method = principal component analysis; rotation method = orthogonal rotation method with
Kaiser standardization.

The second factor includes As, Hg and Pb. Wu et al. [46] found that nonferrous
metal smelting, coal-burning, and chemical plant production can discharge much Hg
to nature. In addition, improper disposal of household wastes containing Hg, such as
batteries and fluorescent lamps, will also cause Hg pollution in soil [47]. Most of the
soil investigated in this study are related to agriculture. Chen et al. [48] pointed out that
pesticides would cause the increase of As in agricultural soil. Most areas of the Misiones
province are dominated by agricultural land. Meanwhile, Boglione et al. [19] believed
that the laterite weathered from basalt in this region has a strong adsorption effect on
As. The use of sludge as farmland soil, the application of pesticides and fertilizers, and
industrial wastewater and domestic sewage for irrigation can also lead to an increase in the
concentration of various heavy metals [49,50]. In summary, we conclude that the second
factor represents the anthropogenic source of heavy metals. The loading of Pb in the first
factor is 0.32, indicating that Pb content also superimposed the influence of parent soil.
The concentrations of As, Hg and Pb in Posadas, Apostoles and Iguazu are relatively high,
indicating that they may come from human activities.

3.3. The Pollution and Ecological Risk Assessment of Heavy Metals
3.3.1. Igeo

The average geoaccumulation indices of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn in
the stream sediments of the Misiones province calculated by the method of I, are
025 (—2.83-349), —1.34 (—3.56-0.60), —0.22 (—2.88-1.45), 1.21 (—2.66-2.89), —3.18 (—4.34——0.79),
—1.78 (—5.51-—-0.90), 047 (—1.15-1.92) and 0.36 (—2.46-1.89), respectively. According to the
classification criteria in Table 2, 94.53% of sampling points were Cu contaminated, and
some sites had been moderately to heavily contaminated. Pb, Zn, and As were mildly con-
taminated, and their polluted sites account for 78.91%, 78.13%, and 49.22% of the total. Cr
was uncontaminated except for a few points with mild and moderate contamination. Only
two sampling points of Cd were mildly contaminated, and the rest were pollution-free.
All points of Hg and Ni were uncontaminated. The order of heavy-metal pollution levels
in stream sediments is Cu > Pb > Zn > As > Cr > Cd > Ni > Hg (Figure 3), which tell us
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that attention should be paid to the pollution of Cu, Pb and Zn in stream sediments of the
Misiones province.

|-
As Cr Cu Hy Ni Pb Zn
Igco =1

Figure 3. Histogram of the average geoaccumulation indices of heavy metals.

3.3.2. EF

As shown from Figure 4, Cu, Pb and Zn in the stream sediments of the Misiones
province were generally moderately enriched, belonging to the moderate pollution level,
with the median of EF being 3.99, 2.38, and 2.12, respectively. Among them, Cu reached
moderately severe enrichment at 24 sampling points, while most of the others were mod-
erately enriched. There were six sites of moderately severe Pb enrichment and 82 sites
of moderate Pb enrichment. Except for one moderately severe enrichment site and 74
moderately enriched sites, all the other sites were pollution-free of Zn. As, Cr, Cd, Ni and
Hg showed no or minor enrichment, belonging to the uncontaminated level, and their
median of EF was 1.52, 1.37, 0.64, 0.50 and 0.17, respectively. Among them, all sites of Ni
and Hg showed no or minor enrichment; Cd showed no or minor enrichment except for
one point with moderately enriched; 13 sites were moderately Cr enriched, and the rest
were pollution-free of Cr. Although As was uncontaminated on the whole, there was severe
enrichment at one site, moderately severe enrichment at 32 sites and moderate enrichment
at 26 sites, which also needs attention. The assessment results of heavy-metal pollution in
stream sediments of the Misiones province by EF is similar to Ig,.

o Mild outliers

* Extreme outliers

00 0OO0*

EF

T
[} ocoe*x
HI oo + 5+
—IH
o

1
As Cd Cr Cu Hg Ni Pb Zn

Figure 4. Boxplot for enrichment factors of heavy metals in stream sediments of the Misiones province.
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3.3.3. PERI

As shown in Table 7, the Ei, of Cr, Hg, Ni, Pb and Zn in stream sediments of the
Misiones province were lower than 40, indicating a low ecological risk level. Cd and Cu
showed low ecological risk except for two points of moderate risk. As also presented a
low-risk level on the whole, but the sites with E, greater than 40 account for 26.56% of the
total, among which one point was a severe risk level, 16 points were a moderately severe
risk level, and 17 points were a moderate risk level. These points with high ecological risk
of As also need attention.

The order of E/, in stream sediments of the study area is As > Cu > Cd > Pb > Hg > Cr
> Ni > Zn, which is generally consistent with the ranking of pollution levels obtained by
Ieeo and EF. However, due to the different focus on these methods, there are also differences
in the ranking of elements. The first two methods can give the pollution level of heavy
metals intuitively but do not consider the biological toxicity; the latter reflects the toxicity
and relative contribution ratio of heavy-metal pollution to organisms. Therefore, in the
actual assessment of heavy-metal pollution levels and potential ecological risk levels, these
methods must be effectively combined to comprehensively and scientifically evaluate
heavy-metal pollution [34].

Table 8 shows that the RI of heavy metals at 128 sampling points ranges from 18.26
to 240.44, and the average is 97.35. Among them, 75% (96 sites) had low ecological risk
(RI <110), 24.22% (31 sites) had moderate ecological risk (110 < RI < 220), and one site had
severe ecological risk (220 < RI < 440). On the whole, the potential ecological risk of heavy
metals in stream sediments of the Misiones province is low. However, As and Cu have the
highest contribution rate (53.32%) to the RI of heavy metals in the study area, implying
that As and Cu are the primary pollutants in stream sediments of Misiones province, and
individual sampling points have high ecological risk and need attention.

Table 8. PERI results of heavy metals in stream sediments of the Misiones province.
P t E RI
arameters As cd Cr Cu Hg Ni Pb Zn
Max 168.85 68.44 8.20 55.57 34.76 4.03 28.43 5.56 240.44
Min 2.11 3.81 0.41 1.18 297 0.16 3.38 0.27 18.26
AV 32.41 18.95 2.98 19.50 7.74 2.38 11.28 211 97.35
ROC 33.29% 19.47% 3.06% 20.03% 7.95% 2.45% 11.59% 2.16% 100%

Notation: ROC = rate of contribution.

4. Conclusions

We believe that this paper still has shortcomings in heavy-metal fractions and miner-
alogical composition of stream sediments. In future research, we plan to focus on the study
of soil types, heavy-metal forms and mineral composition of stream sediments in this area.
Despite the shortcomings, this paper still makes a series of conclusions, listed as follows:

(1) The background values of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn in stream sediments
of the Misiones province are 2.97 ppm, 0.13 ppm, 212.60 ppm, 322.53 ppm, 0.013 ppm,
64.42 ppm, 12.58 ppm and 198.85 ppm, respectively. Compared with the abundance of
continental crust, Cu is significantly enriched, Zn, As, Cd, Cr, Ni and Pb are moderately
enriched, while Hg is relatively depleted.

(2) Except for Cu and Zn, the distribution characteristics of these heavy metals are
different. Factor analysis showed that Cd, Cr, Cu, Ni and Zn in stream sediments of the
Misiones province were primarily controlled by geological background and belong to
natural sources; As and Hg represent anthropogenic sources, and their concentrations were
affected by human activities. Pb was not only controlled by geological background but was
also related to human activities.

(3) The pollution evaluation results obtained by the geoaccumulation index and
enrichment factor are similar. Both showed moderately severe Cu contamination in the
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stream sediments of the study area, Pb and Zn were of mild contamination, and most of
As, Cr, Cd, Ni and Hg were at uncontaminated levels.

(4) The order of potential ecological risk index of heavy metals was As > Cu>Cd > Pb
> Hg > Cr > Ni > Zn. The comprehensive potential ecological-risk index indicated that the
potential ecological risk of heavy metals in the Misiones province was low. However, the
sum of the As and Cu ecological risk indices accounted for 53.32% of the total, implying that
these two metals have the highest potential ecological risk in stream sediments. Therefore,
attention should be paid to the ecological risks of As and Cu in stream sediments of the
Misiones province.
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