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Abstract: This study evaluated the concentration of toxic elements in soil samples from agricultural
fields in the districts of Sachaca, Socabaya, Hunter, Quequefia, Yarabamba, Characato and Tiabaya
in the city of Arequipa, Peru. The ecological risk, enrichment factor (EF), geo-accumulation index
(Igeo) and integrated ecological risk index (RI) were estimated, while the health risk was determined
with hazard coefficient (HQ) and hazard index (HI) values. Seven soil samples were collected in July
2019 and 17 toxic elements were analyzed in an accredited laboratory using the inductively coupled
plasma-mass spectrometry (ICP-MS) methodology. The results were compared with environmental
samples where no element exceeded what is established in the standard. The enrichment factor
(EF), according to the background of Wedepohl, indicated that As (12.26 + 3.66) presented a severe
enrichment (high) in agricultural soils, while Cd (6.87 & 3.25) presented moderate values. As, Cd, Pb,
Cu and Zn (2.85 £ 0.85; 3.53 + 1.67; 2.71 4= 1.25; 3.83 £ 0.81; 2.55 £ 0.79) presented low to moderate
enrichment in agricultural soils, while Cr did not present enrichment in soils. The Igeo for As in
Sachaca, Socabaya, Quequefia and Characato showed moderate contamination, Cu also showed
moderate contamination in all the districts evaluated, and Cd showed the same contamination in the
districts of Sachaca, Hunter, Quequefia and Tiabaya. The ecological risk in the districts evaluated
showed a low degree of risk due to contamination by toxic elements. Finally, the health hazard index
for toxic elements present in agricultural soils was evaluated, where the HQ values were negligible
and the HI was less than 0.1 (H1 < 0.1) for children and adults.

Keywords: ecological risk; soil; health risk; agricultural soils; Peru; Arequipa

1. Introduction

Soil is a natural body with physical, chemical and biological characteristics composed
of organic particles, organic matter, water, living organisms and air [1]. It is the medium for
plant growth and water storage and the sink for most toxic elements such as lead, cadmium,
chromium, nickel, silver and zinc from pesticides [2] and industrial activities, which
in excess can be phytotoxic and have health effects [1,3-5]. The soil can be considered
as a source of contamination due to a resuspension process caused by meteorological
events [6-8]. Furthermore, the contaminants could filter to deeper layers, reaching the

Sustainability 2023, 15, 3829. https:/ /doi.org/10.3390/s5u15043829

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15043829
https://doi.org/10.3390/su15043829
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-0786-6555
https://orcid.org/0000-0002-3913-6576
https://orcid.org/0000-0001-5820-125X
https://orcid.org/0000-0002-9713-1829
https://doi.org/10.3390/su15043829
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15043829?type=check_update&version=1

Sustainability 2023, 15, 3829

2 of 14

groundwater where they can be absorbed by the roots of plants and be distributed to the
entire crop that later would be consumed by animals and humans [6-8].

Toxic elements generated from various industrial activities such as solid waste and
wastewater from cities can modify the physicochemical characteristics of soils [9], affecting
the nutrients and anti-nutrients [10-12] that are absorbed by crops that are later consumed
by the population [13]. The high content of toxic elements deposited in the soil can be
potentially hazardous once consumed, inhaled or coming into contact with the skin [14-16],
causing health concerns in farmers and final consumers [17]. Toxic elements present
various reactions in the soil, which influence the mobility and availability for absorption
of nutrients by plants [18,19], affecting trophic levels due to the presence of these toxic
elements [8,20,21].

There are different indices used to identify metal concentrations, such as enrichment
factor (EF) and geo-accumulation indices (Igeo) [22,23]. These geo-accumulation indices
serve as statistical and numerical tools to estimate the source and magnitude of toxic
element contamination and are widely used to assess the presence of these elements in
agricultural soils [24,25].

Few studies have investigated the effects of toxic elements on agricultural soils in the
Arequipa countryside and their effects on health and environmental contamination. The
main objective was to evaluate the environmental contamination of the toxic elements and
the risk to health present in agricultural soils of the Arequipa. This study will contribute
to the knowledge about soil contamination and its health risks due to the consumption of
plants grown in Arequipa, Peru.

2. Methodology
2.1. Description of the Study Area

The study area was based in seven districts of the city of Arequipa, Sachaca, Socabaya,
Hunter, Quequeiia, Yarabamba, Characato and Tiabaya, as shown in Figure 1, where
the main crops consumed by the Arequipa population are produced. Table 1 shows the
sampling coordinates.
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Figure 1. Map of the study area in the city of Arequipa, Peru.
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Table 1. Sampling coordinates in the city of Arequipa, Peru.

Coordinates UTM WGS84 (19K)

District Abbreviation
East North

Sachaca SA 225819 8183073
Socabaya SO 230704 8175775
Hunter HU 225219 8178877
Quequeiia QU 238594 8167183
Yarabamba YA 235836 8169865
Characato CH 237006 8177599
Tiabaya TB 226557 8178991

The sampling was carried out as indicated in the soil sampling guide by the Ministry
of Environment of Peru [26] using a random sampling approach. Before sampling, the area
to be sampled was cleaned, which was 4 m?Z; later, with the help of a borehole, sampling
was carried out to a depth of no more than 20 cm, removing 4 sub-samples that were
placed in a container to carry out the quartet. This process was repeated for the 7 districts
under study, then the samples were stored in Ziploc bags for later transfer to an accredited
laboratory for the quantification of toxic elements.

2.2. Method of Analysis

Concentrations of the elements Al, Sb, As, Ba, B, Cd, Co, Cu, Cr, P, Fe, Mn, Hg, Mo,
Ni, Pb and Zn were measured in soil samples using inductively coupled plasma-mass
spectrometry (ICP-MS, ICP THERMO ICAP 6500DUO, Thermo Scientific, Cambridge, UK)
following the ICP-MS: EPA METHOD 6020A—Revision 1, 2007. The samples were prepared
using EPA Method 3051A: microwave-assisted acid digestion of sediments, sludges, soils
and oils. Calibration and control solutions were prepared from stock solutions.

Control of the element chemical analyses was achieved by analyzing analytical blanks
and certified reference materials (CRM). The soil analysis recovery for the determined
elements ranged between 81 and 117%. For single extraction procedures, the recovery of
the elements ranged from 74 to 121%.

2.3. Toxicity Evaluation

The toxicity assessment stage of the contaminants, also known as the characterization
of the dose-response to which humans are exposed, was performed identifying the relevant
toxicological profile and identifying the toxicity criteria for each toxic metal. Tables 2 and 3
contain the toxicological profiles of each element with the toxicity reference values (TRVs)
derived from USEPA (IRIS) and other internationally accepted sources.

Table 2. Toxicity reference values.

Ecotoxic Element Oral Reference Dose (RfD Oral Pending Factor Adverse Effects References
Oral) (Oral SF)
Hyperpigmentation and
- - -1 yperpigmentatio
As RfD = 0.0003 mg/kg x day SF = 1.5 (mg/kg x day) Keratosis,/skin cancer IRIS, 2015 [27]
Cr RfD = 0.003 mg/kg x day No oral SF Not reported IRIS, 1998 [28]
Neurodevelopment in
Pb RfD = 0.0036 mg/kg x day No oral SF children and systolic De Miguel et al., 2007 [29]
blood pressure in adults
Cd RfD = 0.0001 mg/kg x day No oral SF Significant proteinuria IRIS, 1989 [30]
_ Immunologic
Hg RfD = 0.0003 mg/kg x day No oral SF glomerulonephritis RAIS, 1998 [31]

Source: Wu et al., 2020 [32].
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Table 3. Definitions and reference values of exposure parameters.

Parameter Definition Children Adult Reference
Concentration of
C (mg/kg) contaminant in fresh Laboratory results for each metal
weight
EF (day/year Frequency of exposure 365 365 USEPA, 1989 [33]
SA (cm) Skin exposure area 2800 57,000 USEPA, 2001 [34]
AF (mg/cm?/day) Soil-skin adhesion 0.2 0.07 MEPPRC, 2014 [35]
factor
CF (kg/mg) Conversion factor 10-6 10-6
ABS Dermaflaazlsssrptlon For As 0.03 and other elements 0.00 De Miguel et al., 2007 [29]
ED (year) Duration of exposure 6 30 USEPA, 2002 [36]
Body weight of the
BW (gg) exposed individual 12 70 USEPA, 1993 [37]
AT (day) Average exposure time Non-carcinogenic effect AT = ED x 365 USEPA, 1989 [33]

Carcinogenic effect AT =70 x 365

Source: Wu et al., 2020 [32].

2.4. Human Health Risk Assessment

Human health risk was evaluated using the hazard quotient (HQ) and the risk index
(HI). In this step, HQ was determined by dividing the average daily dose (ADD) by the
oral reference dose (RfD) of each element, using Equation (1) [33].

HQ = ADD/RfD 1)

where HQ is the hazard quotient of each element found in each sample. The HQ is an
estimate of the level of non-carcinogenic risk due to exposure to an individual toxic element.

The hazard risk index (HI) represents the potential risk of adverse health effects caused
by the sum of HQ of the chemical elements. This work calculated HI using Equation (2) [33].

HI=Y HQ @)

2.5. Environmental Pollution Assessment

Equation (3) was used to determine the enrichment factor.

(M) sample

®)

- (M) background

where EF is the enrichment factor, (M/Fe) sample is the ratio between the metal/Fe of the
sample and (M/Fe) background is the ratio between the metal/Fe of the reference value.
The EF values were classified as follows: EF <1 indicates no enrichment, 1 < EF <3 is
low, 3< EF < 5 is moderate, 5< EF < 10 is moderately severe, 10 < EF < 25 is severe, 25 < EF
< 50 is very severe and EF > 50 is extremely severe enrichment [38,39].
The geo-accumulation index (Igeo) was used to evaluate contamination by ecotoxic
elements in sediments and is defined from the following equation (Equation (4)) [40].

C
Ioeo=L — 4
geo=L08, KB 4)

where C is the measured concentration of the sample, B is the reference value and k is the
geo-accumulation constant (1.5). The Ige, value of each toxic element was classified into
seven classes: <0 uncontaminated, 0-1 uncontaminated to moderately contaminated, 1-2
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moderately contaminated, 2-3 moderate to heavily contaminated, 3—4 heavily contami-
nated, 4-5 heavily to extremely contaminated and 5-6 extremely contaminated [41].

The determination of the potential ecological risk index of soils from the districts evalu-
ated in the city of Arequipa was performed using a previously described method [42] where
the potential ecological risk index was determined based on the individual contamination
factor of each toxic element and the toxic response factor for each element analyzed.

Cx

Cif = b (5)

Eri = Tri x Cif (6)
n

RI =) Eri )
i=1

where Cif is the contamination factor, Cx is the concentration of toxic element in the sample
and Cb is the recommended value of toxic element concentration in soils. The recommended
values for Shandong Province were selected. Eri is the individual contamination factor. Tri
is the toxic response factor (Cd: 30; Cu: 5; Pb: 5; Zn: 1; Cr: 2).

According to Saeedi and Jamshidi-Zanjani [42], based on the measured RI values, the
soil can be classified as follows: low toxicity (RI < 150), moderate toxicity (150 < RI < 300),
considerable toxicity (300 < RI < 600) and very high toxicity (RI > 600).

2.6. Data Processing

The statistical analysis was carried out using the Statistic 8 software. Among the
concentrations of the toxic elements of the soils, a Pearson correlation was applied to
indicate the association of the toxic elements between the soil samples of the districts under
evaluation. The significance level was set at a p-value < 0.05.

3. Results

Table 4 shows the concentrations of toxic elements evaluated in the soils of the Are-
quipa countryside.

Table 4. Concentration of toxic elements in the Arequipa countryside.

Concentration (mg/kg)

Sampling

Points Al Sb  As Ba B Cd Co Cu Cr P Fe Mn Hg Mo Ni Pb Zn
SA 3100 031 760 740 000 017 330 230 230 630 7100 180 0.00 045 480 130 33.0
SO 4400 018 880 122 120 013 500 350 660 540 9300 150 0.00 034 610 650 29.0
HU 3900 040 540 790 680 028 370 350 140 980 8100 150 0.00 035 570 120 400
QU 3700 033 770 910 130 025 410 380 510 640 7600 190 000 070 420 920 300
YA 2800 0.6 340 670 370 010 360 250 390 330 8300 140 0.0 048 300 570 150
CH 530 015 730 930 680 012 540 300 920 600 11,000 140 0.00 0.64 680 560 320
TB 2400 170 500 950 500 020 320 240 870 870 6300 200 010 060 490 110 29.0
Min 2400 015 340 670 0000 010 320 230 390 330 6300 140 000 034 3.00 560 150
Max 5300 170 880 120 13.0 028 540 380 230 980 11,000 200 010 070 680 13.0 40.0
Mean 3700 046 650 890 670 018 400 300 100 660 8300 170 001 050 510 9.00 300
SD 1000 055 190 180 450 010 083 590 650 210 1600 240 004 014 130 310 7.60

The concentration of arsenic ranged from 3.44 to 8.84 mg/kg, cadmium 0.12 to
0.28 mg/kg, copper 23.44 to 37.54 mg/kg, chromium 3.86 to 13.74 mg/kg and lead 5.64
to 12.73 mg/kg. Table 5 shows the Pearson correlation analysis for metals, which shows
a significant correlation between the metals Al-Co-Ni-Mn, while the other elements do
not correlate with each other. To determine the ecological risk of the soils of the Arequipa
countryside, the enrichment factor and the geo-accumulation index were evaluated.
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Table 5. Pearson correlation between soil elements in the Arequipa countryside.

Al Sb As Ba B Cd Co Cu Cr P Fe Mn Hg Mo Ni Pb Zn
Al Pearsqn 1
correlation
Pearson
correlation —0.600
Sb Sig. 0.154 1
(bilateral)
Pearson
As correlation 0.601 —0.331 1
Sig. 0.154  0.469
(bilateral)
Pearson
B correlation 0449 0.110  0.656 1
a Sig. 0312 0.814 0.110
(bilateral)
Pearson
B correlation 0476  —0.167 0.470  0.694 1
Sig. 0280 0.721 0.287  0.084
(bilateral)
Pearson
cd correlation —0.114 0.306 0.053 —0.067 0.257 1
Sig. 0.808 0505 0910 0.887 0.578
(bilateral)
Pearson 0.926
Co correlation o —0.517 0.601 0.617 0569 —0.352 1
Sig. 0.235 0.153 0.140 0.182 0.438
. 0.003
(bilateral)
Pearson 0.884
Cu correlation 0.607 —0.365 0481 0.466 ey 0.492 0518 1
Sig. 0.149 0421 0274 0.292 0.262  0.233
. 0.008
(bilateral)
Pearson
Cr correlation —0.083 —0.003 0.211 —0.333 —0.639 0.240 —0.337 —0.334 1
Sig. 0860 0995 0.651 0465 0122 0.604 0460 0.464
(bilateral)
Pearson 0.824
P correlation —0.062 0.567 —0.020 0.064 0.014 N —0.290 0.214 0.383 1
Sig. 0.895 0.184 0967 0.891 0976 0.528 0.644 0.397
. 0.023
(bilateral)
Pearson
Fe  correlation 08% 062 0304 0200 0281 0467 O0° 038 0209 0312
Sig. 0.134 0507 0.527 0.541 0.290 0473 0590 0453
. 0.006 0.005
(bilateral)
Pearson —0.802
Mn correlation —0.584 0.671 0.063 —0.002 0.030 0.562 —0.551 —0.085 0.141 0.420 . 1
Sig. 0.168 0.099 0.893 0997 0949 0.189 0.200 0.857 0.763  0.348
. 0.030
(bilateral)
Pearson 0.984
H correlation —0.569 .. —0.339 0.163 —0.170 0.144 —0433 —0.427 —0.089 0.446 —0.533 0.590 1
& Sig. 0.183 0457 0727 0716 0759 0332 0339 0849 0316 0217 0.163
. 0.000
(bilateral)
Pearson
Mo correlation —0.009 0.258 0.005 —0.057 0.162 0.052 0.112 —0.018 —0.319 —0.057 0.004 0472 0.285 1
Sig. 0984 0576 0991 0903 0728 0913 0.810 0970 0485 0903 0993 0.285 0.536
(bilateral)
Pearson 0777
Ni correlation e —0.076 0.590 0594 0245 0059 0.677 0353 0233 0391 0.600 —0.309 —0.065 —0.130 1
Sig. 0.040 0.872 0.163 0.159 059 0900 0.095 0437 0.615 038 0.154 0501 0.891 0.781
(bilateral) ’
Pearson
Pb correlation —0434 0412 -0.016 —0.310 —0.356 0.749 —0.683 —0.105 0.738 0.742 —0.709 0.606 0262 —0.172 —0.041 1
Sig. 0330 0358 0973 0499 0433 0053 0.091 0.823 0.058 0056 0.075 0149 0570 0713 0.930
(bilateral)
Pearson 0.814
7n correlation 0392 0074 0432 0176 0.091 0689 0.100 0411 0.595 ',‘ 0.035 0.136 —0.043 —0.183 0.694  0.632 1
Sig. 0384 0874 0333 0705 0846 0.087 0.831 0.359 0.159 0.026 0940 0771 0928 0.694 0.084 0.128
(bilateral) ’

** Correlation is significant at the 0.01 level (bilateral); * correlation is significant at the 0.05 level (bilateral).
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3.1. Enrichment Factor (EF)

We observed that the EF values for As, Cd, Pb, Cu and Zn were between low to
moderately enriched, and Cr and Ni did not show soil enrichment according to Turekian
and Hans [43] (Table 6), while according to Wedepohl [44] (Table 7) only As shows a severe
enrichment for the soils of the Arequipa countryside. Cd presented EF values between
moderate to moderately severe. Pb, Ni, Cu and Zn presented EF values between low to
moderate, and only Cr presented no enrichment.

Table 6. Enrichment factor (EF) values for soils of the Arequipa countryside, according to Turekian
and Wedepohl [43].

Enrichment Factor (EF)

Sampling

Points As Cr cd Pb Ni Cu Zn
SA 3.85 1.67 3.75 421 0.47 3.45 3.23
SO 3.42 0.37 2.18 1.62 0.45 3.87 2.16
HU 2.37 0.88 5.35 3.52 0.48 4.48 3.42
QuU 3.66 0.35 5.14 2.84 0.38 5.15 2.68
YA 1.49 0.24 1.69 1.60 0.24 3.09 1.26
CH 2.31 0.42 1.65 1.16 0.41 2.79 1.95
TB 2.86 0.71 4.95 4.01 0.53 4.01 3.18
Min 1.49 0.24 1.65 1.16 0.24 2.79 1.26

Max 3.85 1.67 5.35 4.21 0.53 515 3.42

Mean 2.85 0.66 3.53 2.71 0.42 3.83 2.55

SD 0.85 0.50 1.67 1.25 0.09 0.81 0.79
Table 7. EF values for soils of the Arequipa countryside, according to Wedepohl [44].
Sampling Enrichment Factor (EF)

Points As Cr Cd Pb Ni Cu Zn
SA 16.56 2.83 7.29 3.28 1.14 1.48 2.79
SO 14.71 0.62 4.24 1.26 1.09 1.42 1.87
HU 10.19 1.49 10.41 2.74 1.15 1.50 2.95
QU 15.75 0.60 10.00 221 0.93 1.20 2.31
YA 6.42 0.41 3.29 1.24 0.59 0.77 1.09
CH 9.94 0.71 3.21 091 1.00 1.30 1.69
TB 12.28 1.22 9.63 3.12 1.29 1.68 2.75
Min 6.42 0.41 3.21 0.91 0.59 0.77 1.09

Max 16.56 2.83 10.41 3.28 1.29 1.68 2.95

Mean 12.26 1.13 6.87 211 1.03 1.34 2.21

SD 3.66 0.84 3.25 0.98 0.22 0.29 0.69

3.2. Geo-Accumulation Index (Igeo)

The present work found values less than zero (Igeo < 0) according to the values estab-
lished by Turekian and Hans [43], considering the soils of the Arequipa countryside as non-
contaminated soils for most of the metals under study (Table 8). The determined Ige, values
were in the following order: Cu (—1.19 &+ 0.29) > Cd (—1.45 £ 0.59) > As (—1.66 £ 0.48) >
Pb (—1.88 £ 0.52) > Zn (—2.31 £ 0.44) > Cr (—3.99 +£ 0.86) > Ni (—4.38 + 0.40).
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Table 8. Ige, values for soil samples from the Arequipa countryside, according to Turekian and

Hans [43].
Sampling Igeo

Points As Cr cd Pb Ni Cu Zn
SA —1.37 —2.57 —1.40 —1.24 —4.40 —1.53 —-2.10
SO —1.14 —4.36 —1.79 —2.22 —4.06 —0.96 —2.29
HU —1.86 —3.30 —0.68 —1.29 —4.17 —0.94 —1.82
QU —1.34 —4.72 —0.85 —-1.70 —4.60 —0.85 —2.27
YA —2.50 —5.13 —2.32 —2.40 —5.11 —1.45 —3.23
CH —1.42 —3.88 —-1.91 —241 —3.90 —1.15 —2.15
TB —1.96 —3.96 —-1.17 —1.47 —4.39 —1.47 —2.29
Min —2.50 —5.13 —2.32 —2.41 —5.11 —1.53 —3.23
Max —1.14 —2.57 —0.68 —1.24 —3.90 —0.85 —1.82
Mean —1.66 —3.99 —1.45 —1.82 —4.38 —-1.19 —2.31

SD 0.48 0.86 0.59 0.52 0.40 0.29 0.44

Table 9 shows that the geo-accumulation index according to Wedepohl [44] presents the
following order: As (1.04 £ 0.48) > Cu (0.46 & 0.29) > Cd (0.11 £ 0.59) > Sb (—0.57 £ 1.20) >
Zn (—1.44 £ 0.44) > Pb (—1.58 £ 0.52) > Ni (—2.51 £ 0.40) > Cr (—2.63 + 0.86).

Table 9. Ige, values for soils of the Arequipa countryside, according to Wedepohl [44].

Sampling Igeo

Points As Cr cd Pb Sb Ni Cu Zn
SA —1.34 -1.21 0.15 —1.00 —0.58 —2.53 0.13 -1.23
SO 1.56 —3.00 —0.24 —~1.98 -1.37 —2.19 0.69 —1.42
HU 0.84 -1.93 0.87 —1.05 —0.22 —2.30 0.71 —0.95
QU 1.36 —3.36 0.71 —1.47 —0.49 —2.72 0.81 —1.40
YA 0.20 —3.77 —0.77 —2.17 —1.54 —3.24 0.20 —2.36
CH 1.28 —2.52 —0.35 —2.18 ~1.63 —2.03 0.50 —1.28
TB 0.74 —2.60 0.39 —1.24 1.85 —2.52 0.18 —1.42
Min 0.20 —3.77 —0.77 —2.18 —~1.63 —3.24 0.13 —2.36
Max 1.56 -1.21 0.87 —1.00 1.85 —2.03 0.81 —0.95
Mean 1.04 —2.63 0.11 —1.58 —0.57 —251 0.46 —1.44

SD 0.48 0.86 0.59 0.52 1.20 0.40 0.29 0.44

3.3. Ecological Risk Index (RI)

It was observed that cadmium represented one of the elements that contributed a high
value to the sum of the RI compared to the other four elements analyzed (Cu, Pb, Zn and
Cr). Figure 2 shows the ecological risk index (RI) for the sampling points in the Arequipa
countryside, with low ecological risk (values below 150).

3.4. Health Risk Assessment

The results found on the coefficient and risk index on the health of people by dermal
contact showed that the concentrations of elements present in the soils of the Arequipa
countryside do not mean a health risk. Table 10 shows the values of HQ and HI, where the
values in children and adults were insignificant. We found HI values for children between
0.011 and 0.030 and in adults between 0.0023 and 0.0059. According to the USEPA, values
above 1 are considered a risk to people’s health.
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Figure 2. Ecological risk index of the 7 monitoring points in the Arequipa countryside.
Table 10. Health risk assessment the toxic elements of the Arequipa countryside.
District il t Concentration
1stric emen (mg/kg) Children Adults
As 7.50 0.03 0.01
Pb 12.73 3.07 x 107° 6.12 x 107
Cr 22.60 1.27 x 10~7 2.53 x 108
Sabandia Al 3133.60 2.64 x 107° 5.28 x 107°
(SA) Fe 7058.70 851 x 107° 1.70 x 105
Mn 177.50 3.26 x 107> 6.501 x 10~°
Cu 23.00 485 x 107 9.68 x 1077
HI 0.03 0.01
As 5.30 0.02 0.004
Pb 12.23 295 x 107> 5.88 x 10~
Cr 13.00 7.32 x 1078 1.50 x 1078
Hunter Al 3937.20 332 x 107° 6.63 x 107°
(HU) Fe 8141.90 1.96 x 107° 1.96 x 1075
Mn 154.70 2.84 x 107° 5.66 x 107°
Cu 35.00 7.39 x 107 1.47 x 107°
HI 0.02 0.003
As 7.27 0.02 0.01
Pb 5.00 1.21 x 107> 241 x 10~
Cr 9.00 5.07 x 1078 1.01 x 10°8
-5 —6
Characato Al 5292.76 447 x 10 8.91 x 10
(CH) Fe 11,312.30 0.0001 272 x 107°
Mn 140.30 258 x 107° 5.14 x 107
Cu 30.00 6.33 x 107 1.26 x 10~°
HI 0.02 0.01
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Table 10. Cont.

District Element Concentration HO
(mg/kg) Children Adults
As 8.84 0.03 0.01
Pb 6.45 1.56 x 107 3.10 x 107
Cr 6.57 3.70 x 1078 738 x 1077
Socabaya Al 4443.00 3.75 x 1072 7.48 x 107°
(SO) Fe 9282.60 0.0001 223 x 1075
Mn 148.70 2.73 x 107> 5.44 x 1076
Cu 34.62 7.31 x 107° 1.46 x 1076
HI 0.03 0.01
As 3.44 0.01 0.002
Pb 5.67 1.37 x 1075 2.73 x 107°
Cr 3.859 217 x 1078 433 x 1077
Yarabamba Al 2815.72 238 x 107> 474 x 1076
(YA) Fe 8277.80 9.98 x 105 1.99 x 10~5
Mn 144.49 2.65 x 1072 5.29 x 107°
Cu 24.67 521 x 107° 1.04 x 10~®
HI 0.01 0.002
As 7.72 0.03 0.01
Pb 9.22 222 x 107> 444 x 107°
Cr 5.12 2.88 x 1078 5.75 x 107
Quequefia Al 5292.76 447 x 107> 8.91 x 107°
QU) Fe 7571.10 9.13 x 1075 1.82 x 1075
Mn 194.90 3.58 x 107° 7.14 x 107°
Cu 37.54 7.92 x 107° 1.58 x 1076
HI 0.03 0.01
As 5.00 0.02 0.003
Pb 10.80 261 x 1072 5.20 x 107°
Cr 8.66 487 x 1078 9.72 x 10~
Tiabaya Al 2395.00 2.02 x 107° 4.03 x 107°
(TB) Fe 6290.00 757 x 1075 151 x 1073
Mn 198.00 3.63 x 1072 7.25 x 107°
Cu 24.30 5.13 x 107° 1.02 x 1076
HI 0.02 0.003

4. Discussion

In the study by Loska et al. [45] that quantified the geo-accumulation index and
enrichment factor in soils of the Suszec commune, it was observed that most of the soils
were acidic, directly affecting the mobility of toxic elements, which are easily absorbed by
the plant entering the food chain and representing a risk to human and animal health. As
pointed out by Wu et al. [32], who evaluated toxic element contamination in agricultural
soils near a smelter, the results of ecological risk assessment of Cd, Hg and PB were very
high. The results of non-carcinogenic health risk assessment in children decreased in
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the order of As > Pb > Cr > Hg > Ni > Cu > Zn, concluding that residents face cancer
risk due to As contamination. Gujre et al. [46] assessed the ecological and human health
risks in soils with municipal solid waste discharges, and it was found that Cr and Zn
concentrations in soils were higher than the maximum permissible limit, since the Igeo
value for Cr was between heavily to extremely contaminated. In contrast, Zn was found
between strongly to moderately contaminated, high Cr and Zn enrichment was observed,
and from the health risk assessment, Zn was negligible [46]. At the same time, Cr posed
higher carcinogenic and non-carcinogenic risks in the case of adults and children, as shown
by Loska et al. [45] who found high levels of Ige, for cadmium, lead, arsenic, mercury
and antimony that represent up to 90% of soil contamination by the presence of these
elements. Milicevi¢ et al. [47] evaluated 26 potentially toxic elements (PTE) in an organic
vineyard to determine the soil-plant-air pollution. Cadmium (Cd) was identified at low
concentrations and to originate mostly from soil, and that presented an influence on the
increase in environmental risk, while grapevine showed not to be a hyperaccumulator of
potentially toxic elements [47]. The same research group determined that the grapevine
leaf was a reliable biomonitor for PTE [48] and that the non-carcinogenic and carcinogenic
risk for grape consumers and farmers was low [49]. Tang et al. [50] evaluated 120 soil
samples from residential areas surrounding the coal-fired power plant in Huainan City,
China, determining the concentrations of 10 environmentally sensitive elements (ESE).
They found that the ESE concentrations were higher in favor of the direction of the wind,
which implies a potential entry of ESE by the coal plant. The ecological risk indicated a
relatively low risk, but the health risk (HQ) was 1.5, indicating a potential risk to the health
of children. However, the carcinogenic risk did not represent a danger [50]. In comparison
with the present study, the values of enrichment and geo-accumulation of As present a
serious enrichment and moderate contamination, respectively, in the districts of Sachaca,
Socabaya, Quequefia and Characato, where the soils were affected by pesticides that
contain metals in their composition and industries that discharge their effluents without
prior treatment to the waters of the Chili River. Furthermore, said waters are used for the
irrigation of agricultural products, and these concentrations might affect the values of the
geo-accumulation, enrichment and ecological risk indices in the districts under evaluation.

5. Conclusions

According to the evaluation of the environmental contamination by toxic elements in
the soils of the Arequipa countryside, As presented a severe enrichment while Cd presented
a moderate to moderately severe enrichment. Regarding the geo-accumulation index, As
in Sachaca, Socabaya, Quequefia and Characato, Cu at all monitoring points and Cd in
Sachaca, Hunter, Quequefia and Tiabaya presented moderate contamination. The ecological
risk index in the evaluated districts presented a low degree of risk due to the contamination
of ecotoxic elements, and the values of HQ and HI for the risk to the health of adults and
children did not represent a danger to health because they are below what is listed in
the USEPA.
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