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The contamination of water, air and soil with potentially toxic elements (PTE) compromises the supply of
contaminant free food. Vegetables grown in contaminated soils can absorb and accumulate PTE at con-
centrations that are toxic to human health. In this context, the human risk associated with the intake
of artichokes grown in soils irrigated with PTE contaminated water was assessed. 120 samples of surface
soil and artichoke heads were collected and the concentrations of Cu, Fe, Pb, Zn and As were determined.
The results showed that the concentrations of Cu, Fe and Zn in soil did not exceed the standards of the
Ministry of Environment of Peru, but they did exceed those of Pb (125.45mgkg™!) and As
(28.70mg kg~!). The decreasing order of mean PTE concentration in artichoke heads was
Fe >Zn > Cu > Pb > As, exceeding the permissible levels of FAO/WHO CODEX Alimentarius. However,
the concentrations of As comply with the maximum limits of inorganic contaminants in vegetables
(0.3 mg kg~ ') established in the MERCOSUR regulations. The non-carcinogenic and carcinogenic risk of
Pb and As indicated that the ingestion of artichoke heads does not represent a health risk.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Water and soil contamination by potentially toxic elements
(PTE) is a global concern because it threatens food security and
human health (Bui et al., 2016; da Silva Janior et al., 2019; Deng
et al., 2021; Pereira et al., 2021). Soil contamination comes mainly
from industrial and urban waste, excessive use of fertilizers and
pesticides, and air pollution (Ahmed et al., 2019); as well as, soil
erosion, lithogenesis, weathering, and geological processes
(Alfaro et al., 2019). Irrigation of agricultural soils with water con-
taminated with PTE in the long term can influence the metal spe-
ciation and sorption capacity of the soil favoring its availability.
The uptake of PTE from soil by plants depends on the physico-
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chemical properties and solubility of the metal element, soil pH,
redox potential, soil type and plant species (Ali and Al-Qahtani,
2012; Khan et al., 2019). PTE are not degradable, are not metabo-
lized, can accumulate and persist for years (Bortey-Sam et al.,
2015; Gruszecka-Kosowska, 2019; Pehoiu et al., 2020), increasing
their persistence in soil.

Vegetables grown in soils irrigated by PTE contaminated water
can absorb and accumulate these elements in concentrations that
are toxic to human health. Pb accumulates mainly in roots and
As can be concentrated in grains and fruits (Fagnano et al., 2020).
Some metals such as copper (Cu), zinc (Zn), manganese (Mn), iron
(Fe) and nickel (Ni) are micronutrients and enzyme cofactors
essential for the normal development of biochemical and physio-
logical processes (Jan et al., 2015; Arévalo-Gardini et al., 2017;
Tyopine et al., 2020). However, excessive accumulation of toxic
and essential elements in vegetables as well as excessive intake
can induce negative effects on human health (Yin et al., 2017). High
concentrations of Fe have been associated with Parkinson’s disease
(Hussien et al., 2018), of Cu with liver disorders and of Zn with
reduced immune system activity (Jomova et al., 2010; Adimalla,
2020).

The central region of Peru is one of the regions that bases its
economy on the mining industry and agricultural activity. Environ-
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mental contamination problems due to the development of the
mining-metallurgical industry almost a century ago have affected
the environmental quality of the region, especially the Mantaro
River basin. In addition, the Mantaro River receives wastewater
discharges throughout the basin. The waters of the Mantaro River
are contaminated by PTE (Mantaro Water Management Authority,
2015), but are used for irrigation of large agricultural extensions of
the Mantaro Valley. Different types of food crops are grown
throughout the year, such as potatoes, corn, quinoa, barley, wheat,
and vegetables. Artichoke (Cynara scolymus L.) is a highly valued
vegetable for its nutritional and therapeutic properties
(Pagnottaet al., 2017). It is hepatoprotective, choleretic, chola-
gogue, hypocholesterolemic and adjuvant in diets aimed at weight
control. As a nutrient it is very suitable to avoid the excesses of the
diet poor in vegetables and fiber and excessively rich in fats (Zayed,
et al., 2020).

Exposure to PTE through direct ingestion of soil, water and food
crops, inhalation of soil particles and dermal contact with contam-
inated soil and water has a major impact on human health (US EPA,
2011; Gruszecka-Kosowska, 2019). The present study applied the
EPA (2004) methodology that considers exposure dose (ingestion
dose, dermal contact and inhalation), non-carcinogenic risk assess-
ment (hazard quotient and hazard index) and carcinogenic risk
(chronic daily intake and cancer risk). Although the health risk of
toxic metals has been extensively studied (Yafiez et al., 2018;
Natasha et al., 2021), most research has focused on ingestion as a
pathway to assess potential health risks (Woldetsadik et al.,
2017; Kumar and Prasad, 2018; Afonne and Ifediba, 2020; Xie
et al., 2021), revealing little attention to the other exposure path-
ways in the soil-crop system

Since the use of PTE contaminated water in agricultural soil irri-
gation is a common practice that threatens food security, economic
development and human health, there is a great need for informa-
tion on the concentrations of these toxic elements in agricultural
soil and this crop. In addition, there is a lack of available informa-
tion on potential health risks in areas where PTE contaminated
water is being used for agricultural production in central Peru. In
this context, the objective of the present study was to evaluate
the human risk associated with the ingestion of artichoke grown
in soils irrigated with water contaminated by potentially toxic ele-
ments in the Junin region, Peru.

2. Material and methods
2.1. Description of the study area

The study area is located in the Mantaro river basin in central
Peru, between 75°18’ 33” west longitude and 11° 54’ 59” south lat-
itude, between 2500 and 4000 m altitude. The Mantaro river is the
main river in the basin that is fed by tributaries that run through
the central Andean Mesozoic belt (Petersen, 1965). For decades,
the Mantaro river has experienced contamination by potentially
toxic elements that exceed the environmental quality standards
for water from rivers in the sierra (National Water Authority,
2014). Most of the agricultural area of the Mantaro valley in the
dry season is irrigated with water from the Mantaro river
(Agriculture Ministry, 2008). The climate is semi-frigid and humid
with temperatures ranging from 7 to 12°Celsius. The highest rain-
fall occurs during the rainy season, on average it rains about
280 mm per month, equivalent to 80% of the annual rainfall. The
relative humidity varies from 52 to 71% (Rodbell et al., 2014).
The sampling areas were established in sectors with artichoke cul-
tivation. Sector 1 (S1) was established in the Mantaro district of
Jauja province and sectors S2, S3 and S4 were established in the
Matahuasi, Mito and Orcotuna districts of Concepcién province in
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the Junin region, respectively (Fig. 1). These four districts have a
long history of agricultural production with the Mantaro river as
their water source.

2.2. Sampling and pre-treatment of samples

The sampling was carried out in agricultural areas with arti-
choke cultivation in sectors S1, S2 and S3 and S4 established in dis-
tricts of the provinces of Jauja and Concepcion, in September 2020.
A total of 120 samples of surface soil and artichoke heads were col-
lected. In each sector five plots were sampled and in each of them
five sub-samples of soil were collected from the 20 cm depth using
a stainless steel drill type device. The soil subsamples were mixed
to obtain three composite samples for each plot according to the
standard method of the Ministry of Environment. Artichoke head
samples were collected from the same soil sampling sites of the
respective plots (FAO, 2004). he samples were placed in zippered
plastic bags, labeled and then transferred to the laboratory.

The soil samples were air-dried at room temperature, disaggre-
gated and sieved through a 2 mm stainless steel mesh sieve to
remove stones and plant debris. The sieved soil was placed in a
Binder electric oven (model FD-115) at 80 °C for 48 h. The com-
pletely dry samples were ground in a Fritsch Pulverisette 2 mortar
mill (with zirconium oxide chamber and 0.074 mm mesh). The
resulting soil was stored in 250 ml high density polyethylene
(HDPE) containers until further analysis. Bracts from artichoke
heads were separated and washed with deionized water and air-
dried for 10 days at room temperature. The dried samples were
ground and transferred to HDPE containers for PTE analysis.

2.3. Digestion and analytical procedures

In soil samples, the digestion was performed from one gram of
the sample contained in a 250 ml beaker and 10 ml of concentrated
HNO; was added. The beakers with the mixture were heated at
100 °C for 45 min to oxidize all oxidizable matter. After cooling,
5 ml of 70% HCLO4 was added and the mixture was brought to boil-
ing until the appearance of white fumes. These were allowed to
cool and 20 ml of distilled water was added and again brought to
boiling. The digested samples were allowed to cool and filtered
through Millipore filters. The filtrates were transferred to 25 ml
volumetric flasks and made up to volume with distilled water.

Samples of powdered artichoke heads (1 g) were digested with
10 ml of a mixture of HNO3 and HCLO,4 in a 2:1 ratio and left over-
night. The next day, the samples treated with the mixture of the
acids were heated until the brown fumes turned white. The
digested samples were filtered into 50 ml graduated tubes and
transferred to volumetric flask and the final volume was adjusted
to 50 ml with distilled water (Mahmood et al., 2013). The concen-
tration of Cu, Fe, Pb and Zn (mg L~') was analyzed using flame
atomic absorption spectrophotometry (F-AAS) and As using gra-
phite furnace atomic absorption spectrophotometry (GF-AAS) with
an Atomic Absorption Spectrophotometer (Varian AA240). All sam-
ples were analyzed in triplicate.

2.4. Quality control and assurance

Quality control and quality assurance was performed by quality
control methods that included replication, the use of norms for
each metal investigated as indicated by the standard method, con-
sidering the detection limit, accuracy procedures or optimal recov-
ery percentage of the instrument (Table S1). All chemicals and
standard solutions for heavy metals and metalloid were of analyt-
ical grade (99.98% purity level) purchased from Merck (Germany).
With the 1000 mg L~! standard for Pb, Cu, Fe, Zn and As, an average
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Fig. 1. Location map of the sampling sectors in the Mantaro valley.

standard of 100 mg L™! concentration was prepared. Working stan-
dards were prepared with 1% nitric acid.

2.5. Statistical analysis

The statistical analyses were performed with the Vegan package
of the R software. The Kruskal-Wallis test was used as a non-
parametric method to compare PTE concentrations in artichoke
heads by sector. To quantify the distinct absorption capacity of
artichoke heads in relation to soils, transfer factors (TF) were calcu-
lated that result from the ratio of the mean PTE concentrations in
the heads to the soil multiplied by 100. In addition, TF are used
in several studies to determine the relationship between PTE con-
tent in crops and soil content (Peris et al., 2007). Redundancy anal-
ysis (RDA) was used to investigate relationships between PTE
levels in artichoke heads and soil concentrations (Gan et al.,
2017), using canonical ordination analysis in the Canoco 5 soft-
ware. Spearman’s rho correlation analysis was used to identify
the interaction of environmental and physiological parameters of
the metals. The analysis of permutational multivariate variance
test (PERMANOVA) was used to determine the significant differ-
ences (a = 0.05) at multivariate level of the sectors under study
either for PTE concentration in soils and artichoke heads.

2.6. Human health risk assessment

2.6.1. Exposure dose

The risk assessment was conducted on the basis of exposure
doses to PTE in artichoke soil using equations (1), (2) and (3)
(EPA, 2004) and their respective parameters (Table 1).
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Cs x IngR x EF x ED
BW x AT

Ding = ( ) x10°°

Cs x SA x SL x ABS x EF x ED _
Dder:( s BW x AT ) x10° @)
Cs x inhR x EF x ED
Dinn = = ppr S BW < AT (3)

Where, Dj,g is the exposure dose through ingestion, Dge, is the
exposure dose through dermal absorption and Dj,y, is the exposure
dose through inhalation of the element from the soil (mg kg™!
body weight-day). C; is the concentration of the element in the soil
(mg kg 1).

2.6.1.1. Non-carcinogenic risk assessment. The non-carcinogenic risk
has been evaluated through the hazard quotient (HQ), calculated
by dividing the average daily intake value by the reference dose
(Antoniadis et al., 2019).

(4)

Where, HQing/der/inh iS the hazard quotient for ingestion, dermal
contact or inhalation.

If HQ < 1 means that adverse health effects are unlikely. HQ > 1
reveals probable adverse health effects. HQ > 10 indicates high
chronic risk (Khalili et al., 2019).

The overall potential for non-cancer effects has been assessed
by integrating the HQs calculated for each element and expressed
as a hazard index (HI) (Al-bagawi, 2019).

HI = Z?:lHQng/der/inh

HQing/der/inh = Ding/der/inh/RfDing/der/inh

()
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Table 1
Dose parameters of exposure to potentially toxic elements in soil (US EPA, 2011).
Parameter Symbol Unit Child Adult Farmer
Soil ingestion rate IngR mg days~! 200 100 330
Exposure frequency EF days year™! 350 350 350
Duration of the exhibition ED years 6 30 30
Non-Cancerous Contaminants 6 24 24
Cancer-causing contaminants
Average body weight of the exposed person BW Kg 15 70 70
Average exposure time AT days 2,190 10,950 10,950
Exposed skin surface SA cm? 2,800 5,700 2,800
Soil to skin adherence factor SL mg cm 2 day ! 0.2 0.07 0.3
Soil Inhalation Rate InhR mg day~! 7.6 20 20
Dermal Absorption Factor ABS 0.03 (As) y 0.001 (other elements)
Particulate Emission Factor PEF 1.36 x 10°
Where, Hling/derjinn is the total chronic hazard index for each 3. Results

route of exposure. “n” is the total number of PTE considered.

If HI < 1, it is assumed that the non-cancer adverse effect due to
a certain exposure pathway or chemical is negligible, while the
potential for chronic effects may be a concern when HI > 1.

2.6.1.2. Carcinogenic risk assessment. The carcinogenic risk was
evaluated considering the United States Environmental Protection
Agency’s risk assessment guidance (US EPA, 2011). Chronic daily
intake (CDI) and cancer risk (CR) were calculated using equations
(6) and (7), respectively.

CDl;g = CsxDI/BW (6)

CRing = CDlipgXSFing (7)

Where SF, is the slop factor for cancer (Kamunda et al., 2016).
If risk>1.0x10"* is considered unacceptable;1.0 x 107%<-
risk < 1.0 x 107% is considered an acceptable range depending on
exposure conditions; risk < 1.0 x 107 is considered no significant
health effects.

2.6.1.3. Risk to human health from heavy metals and arsenic in
artichoke heads. The transfer factor (TF), was calculated as the ratio
between the concentration of PTE in the edible parts of the plants
and the concentration of PTE in the soils. The TF was determined
with the equation (8) (Té6th et al., 2016).

Cplant
TF (kml (8)

Where Cpjanc ¥ Csoil are the total concentrations of a given PTE in
the plant and soil (mg kg~ '), respectively.

The human risk from ingestion of artichoke heads contaminated
with PTE was assessed using the THQ first proposed by US EPA
which defines it as the relationship between the body intake dose
of a contaminant and the reference dose (EPA, 2004).

If THQ > 1, the ratio reveals a potential health risk associated
with the contaminant. If THQ < 1, there is no potential health risk
associated with the contaminant. To evaluate the carcinogenic risk
of PTE in artichoke heads, only the risk of ingestion was considered
(Table 2), and it was calculated following the equations (9) y (10).

EDI EF x ED x IngR x C 3
THQ = = x 10 9
Q RDiyg  RfDjpg x BW x ATy ©)
CRing = EDI x SFipg (10

Where EDI is the estimated daily intake of each PTE and the
average daily intake (ADI) for adults and children was 0.021 and
0.0105 kg per person~! day~! (Gatta et al., 2018).

3.1. Content and distribution of potentially toxic elements in soil and
artichoke heads

The mean and standard deviation of PTE concentrations deter-
mined in soil samples and artichoke heads from sectors S1, S2,
S3, and S4 of the provinces of Jauja and Concepcién in the Junin
region are presented in Table 3. The decreasing order of mean
PTE concentrations in soil samples of artichoke cultivation was:
Fe>Zn>Pb>Cu>As. The highest mean concentration of Cu
(62.68 mg kg~ ') was recorded in S3, Pb (125.45 mgkg™ ') in S4,
Zn (681.60 mg kg™!) in S1, Fe (14988.80 mg kg~!) in S1 and As
(28.70 mg kg~ 1) in S3. The mean concentrations Cu in soil samples
recorded in all sectors did not exceed the limit values of interna-
tional environmental quality standards, except for the standards
for soil protection of the Ministry of Environmental Protection of
China (EPMC) in their lower range values (50-200 mgkg™')
(EPMC, 2014). The mean Pb concentrations recorded in all sectors
under study did not exceed the standard values of the Food and
Agriculture Organization of the United Nations (FAO) and the
World Health Organization (WHO) (100 mg kg™!) (FAO/WHO,
2011a), Environmental Protection Agency (200 mg kg™') (US EPA,
2002) and Ministry of Environment Canada (CME) (200 mg kg™ ')
(CME, 2004) but were higher than the standard values of the EPMC
(80 mg kg™!) and the Ministry of Environment of Peru (MINEN)
(70 mg kg~!) (MINEN, 2017).

The mean Zn concentrations did not exceed the standard values
of the US EPA (1100 mg kg~!) but they did exceed those of the CME
(500 mg kg~!) and EPMC (200-300 mg kg~!). The highest mean Fe
concentrations were recorded at S4 (14988.80 mg kg~ !). However,
these values are lower than those recorded in 2012
(17000 mg kg~ ') by Pefia and Beltran (2017) in S1 soils. These
results indicate a process of resilience of the soils in the study area
to the contribution of this heavy metal by the waters of the Man-
taro river. The mean concentrations of As exceeded the interna-
tional standard values, except for the EPMC in its higher range
values (20-40 mg kg~!) and the national standard values of MINEN
(50 mg kg~!). However, compared to what was reported by Pefia
and Beltran (45 mg kg~ !) As concentration in S1 soils decreased
significantly (18.09 mg kg~!). These results are supported by
Guan et al.,, (2018) who report that metals may continue to accu-
mulate on the soil surface if their input exceeds the output. In com-
parison to other studies globally, the present results show higher
mean concentrations than those reported by Goni et al. (2014)
for Cu (40.97 mgkg™'), Pb (46 mgkg™'), Zn (116.10 mg kg~ ') and
Fe (2145.25 mg kg™ !). As well as, to that reported by Haghnazar
et al. (2021) who report mean concentrations of 7.24, 63.0 and
296 mg kg~! for As, Pb and Zn, respectively. The spatial distribu-
tion maps of PTE in the agricultural soils of the study area reveal
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Table 2
Reference dose (RfD) and cancer slop factor (SF) for potentially toxic elements (PTE) in mg kg~ day .
PTE RfDi"g RfDder RfDinh SFi"g Sngr SFi"h Reference
As 3 %1074 3 %1074 3 %1074 1.50 1.50 1.5 x 10 Kamunda et al. (2016)
Pb 3.50 x 107 85x 1073 42 x1072 Haidong et al. (2017)
Zn 3x107" 7.5 x 1072 Antoniadis et al. (2019)
Cu 3.7 x 1072 24 x 1072 Zhuang et al. (2009)
Fe 3% 107! 14 x 107! Al-bagawi (2019)
Table 3
Concentration and standard deviation of potentially toxic elements in soil and artichoke heads (mg kg™, dry weight), transfer factor and regulatory standards (mg kg™ !).
PTE Sector Soil Artichoke TF MPL soil MPL artichoke
Mean + SD Mean * SD FAO/WHO USEPA CME EPMC MINEN FAO/WHO MERCOSUR
Cu S1 34.810 + 8.810 4610 + 2.033 0.132 100.0 270.0 150.0 50-200 0.40
S2 46.460 + 8.840 5.272 + 1.099 0.111
S3 62.680 + 16.340 6.068 + 1377 0.100
S4 60.500 + 23400 7.369 + 1.538 0.120
Pb S1 94.960 +  7.960 0.418 + 0.146 0.004 100.0 200.0 200.0 80 70.0 0.10
S2 93.640 + 10.400 0.470 + 0.035 0.005
S3 98.100 + 12.200 0.710 + 0128 0.007
S4 125.450 +  9.660 0.706 + 0.202 0.006
Zn S1 681.600 +  66.400 31910 + 9.060 0.047 1100.0 500.0 200.0-300.0 0.30-1.00
S2 575.000 +  40.900 28.630 + 4.640 0.050
S3 582.700 + 54400 23420 + 4960 0.040
S4 628.400 + 82.000 34450 * 6.930 0.055
Fe S1 14988.800 + 2092.190 93.590 + 15.020 0.006 5.00
S2 14876.198 + 1070.246 75.040 + 11.130 0.005
S3 14376.546 + 1445.026 77.110 + 13.240 0.005
S4 12419.682 + 2341.105 71320 + 17.330 0.006
As S1 21.100 + 4340 0.136 + 0.031 0.006 20.0 240 20.0 20.0-40.0 50.0 0.10 0.30
S2 22.290 +  8.940 0.180 + 0.051 0.008
S3 28.700 + 3.850 0.198 + 0.063 0.007
S4 27.940 + 8.620 0.192 + 0.046 0.007

the safe and unsafe zones for agricultural production. The spatial
patterns of these toxic elements are dissimilar in their geographic
distribution (Fig. S1) The spatial distribution maps of Cu and As
show concentrations in the S3 and S4 sectors and that of Pb in
the S4 sector on the right bank of the Mantaro River. While the
highest Fe concentrations extended to the S1 sector. The spatial
distribution of Zn was similar in the four sectors.

The decreasing order of mean PTE concentration recorded in
artichoke heads was Fe>Zn>Cu>Pb>As. Artichoke heads
obtained from S1 plots recorded the lowest mean concentrations
of Cu (461 mgkg™!), Pb (0.42mgkg™!) and As (0.14mgkg ')
and the highest concentrations of Fe (93.59 mg kg~!). In contrast,
artichoke heads obtained from S3 and S4 plots recorded the high-
est mean concentrations of the PTE studied, except for Fe. All reg-
istered PTE in artichoke heads exceeded the maximum permissible
levels (MPL) established by CODEX Alimentarius (FAO/WHO,
2011b). However, the concentrations of As recorded in artichoke
heads comply with the maximum limits of inorganic contaminants
in vegetables (0.3 mg kg~ for As) established in the MERCOSUR
regulation (acronym of the Southern Common Market in Spanish)
(MERCOSUR/GMC/RES. No 12/11, 2011).

The transfer factor (TF) result reflects the potential ability of PTE
to move from soil to edible parts of artichoke from sectors irrigated
by PTE contaminated water (Table S2) (Custodio et al., 2021). The
transfer of PTE from soil to food crops is one of the key processes
through which humans are exposed (Kumar et al., 2019). The
transfer factor (TF) values recorded in this study indicate that Cu
and Zn are elements that tend to have greater mobility in the arti-
choke and a bioavailability proportional to their concentration in
the soil (Table 3). The TF of the PTE in the four study sectors
showed an order of Cu > Zn > As > Fe > Pb, which is consistent with
the conclusions of other studies (Latif et al., 2018). The TF showed a
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maximum of 0.132 for copper and 0.055 for Zn, in line with other
research indicating Zn as having a high transfer rate from soils
(Peris et al., 2007).

The concentrations of Cu, Pb and Zn differ significantly from one
sector to another according to the Kruskal Wallis test (Fig. 2). The
highest Cu and Pb concentrations were significantly (p < 0.05) in
the areas that were closest to the Mantaro river. The highest con-
centrations of Zn were recorded in the most distant sectors of
the river where agricultural activity is intensive and the applica-
tion of fertilizers and insecticides is frequent. Several studies indi-
cate that Zn is a component of fertilizers and pesticides (Naz et al.,
2018; Gupta et al., 2019). Therefore, the indiscriminate use of these
agrochemicals would be another important source of Zn in the soil
of the study area. The behavior of Cu and Pb would be due to con-
tinuous irrigation with water from the Mantaro river with a history
of contamination from copper mining activity. The proximity of
agricultural areas to the main road (hydrocarbon burning) with
high vehicle traffic and atmospheric deposition would also be con-
tributing to the Pb content.

The Pb concentrations recorded in artichoke heads were not
homogeneous. This could be attributed to the fact that the highest
value of PTE accumulation in vegetables occurs in the roots, which
would indicate a limited translocation rate of the toxic systemic
level. However, the accumulation will depend on the mechanism
of heavy metal absorption, the plant species, age and part of the
plant. The interaction between PTE is another reason for the non-
uniform distribution in plant parts. Kruskal Wallis’ test showed
that in the S3 and S4 sectors the Pb concentrations are significantly
higher than the S1 and S2 sectors (p < 0.05). The concentrations of
Cu, Zn, Fe and As were homogeneous in all plots of the sampled
sectors (Fig. 3). This behavior was due to the effect of contamina-
tion from hydrocarbon burning the growing environment, and
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Fig. 2. Concentration distribution of potentially toxic elements in soils of artichoke
crops and Kruskal Wallis analysis.

exaggerated use of agrochemicals among other factors (Machado
et al., 2017).

Fig. 4 shows the ordination biplot of the redundancy analysis of
PTE concentrations in soil and artichoke heads. The two axes rep-
resented a variation of 38.62% of the distribution, showing for
the first and second axis an explanation value of 24% and 14%,
respectively. Distance analysis based on redundancy indicates that
Pb and Zn concentrations in soil explain the distribution of concen-
trations in artichoke heads. Pb in soil has a greater contribution in
the distribution and correlates significantly and positively with the
concentration of Pb in artichoke heads, with an explanation per-
centage of 18.3% of the total (39.4%). Zn in soil has an explanation
percentage of 13% and is the second metal that determines the dis-
tribution, with positive correlation with the concentration of Zn in
artichoke heads. Pb and Zn enter the roots from the soil through
the intake of water mixed with minerals and nutrients and then
they are mobilized to the shoots and other organs. Cu, Fe and As
showed no spatial correlation, indicating that soil was not their
only source.

Spearman’s correlation analysis for both factors individually
explains this contrast. In the artichoke head, Pb only correlates
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Fig. 3. Concentration distribution of potentially toxic elements in artichoke heads
and Kruskal Wallis analysis.
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Fig. 4. RDA for concentration of potentially toxic elements in artichoke heads with
additional variables (concentration in soil).

positively and significantly with Cu at a rho of 0.49. In the soil,
As correlates positively and significantly with Cu, with a rho of
0.72. The PERMANOVA analysis for PTE concentrations in artichoke
heads indicates that S1 is significantly different from S3 and S4
(p < 0.05). While for PTE concentrations in soil S3 is significantly
different from the other sectors.

3.2. Health risk assessment for exposure to potentially toxic elements

In Peru, many studies focus on assessing heavy metal and met-
alloid contamination of water and soil, but information on health
risks from eating vegetables contaminated with heavy metals is
quite limited. The results of the non-carcinogenic risks to humans
from exposure to Pb and As for children, adults and farmers are
shown in Table 4 and the carcinogenic risk in Table 5. The non-
carcinogenic risks were determined by the hazard quotient and
hazard index. In general, the HQ of ingestion was the most signif-
icant with respect to HQinn ¥ HQqer. In children, the HQjng of Pb in
soil was higher than the HQji,g of adults and farmers. Los valores
del HQj,g values in all sectors sampled indicated that adverse
health effects are unlikely (HQing < 1). Similar behavior to the HQing
of Pb showed the values of the HQin, of As in sectors S1 and S2.
However, the HQjng of As in sectors S3 and S4 indicated probable
adverse health effects (HQing > 1). In adults and farmers, the HQjng
de Pb and As indicated that adverse health effects are unlikely
(HQing < 1).

The Pb hazard index recorded HI<1 values, indicating that
there is no evident risk for the population to suffer from non-
carcinogenic effects in the study sectors. However, in the S4 sector
the HI registered values of 0.52 for children, 0.04 for adults and
0.13 for adult farmers, indicating that this sector is the one with
the highest HI value; since the risk quotients for the metal expo-
sure pathways are high. The sectors S1, S2 and S3 have a homoge-
neous distribution of risk indexes, with values close to the third
decile of the maximum recommended value for children, the third
percentile for adults and the first decile of the maximum value for
farmers. These results indicate that there is a probable risk for chil-
dren whose risk index values are significantly higher than those of
an adult or a farmer. The As hazard index for children recorded HI
values > 1, indicating evident risk of non-carcinogenic effects in
the S1-S4 sectors of the study area.

The carcinogenic risk (CR) of Pb to children through soil inges-

tion from sectors included in the study ranged from 1.80 x 10~ to
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Table 4
Non-carcinogenic risks to humans by lead and arsenic exposure in artichoke-growing soil in the Junin region of Peru.
PTE Crop Cmg Pathways CDI HQ HI
sector  kg™' e€xposure Children Adult Farmer Children Adult Farmer Children  Adult Farmer
Pb  S1 94.96  Ingestion 121x1073 1.04x10* 343x10% 347x107" 297x10% 981x102 39x10' 33x102 1.0x10"
Inhalation  670x10® 536x10°% 536x10°% 191x10° 153x10° 153x107°
Dermal 153x10% 125x107° 125x107° 437x10% 356x103 356x107°
S2 93.64  Ingestion 120x 103 1.03x10* 339x10% 342x10"' 293x102 968x102 39x10' 33x102 1.0x10"
Inhalation  660x10% 528x10% 528x10® 189x107> 151x10° 151x107°
Dermal 151x10% 123x10° 123x10° 431x102 351x103% 351x10°3
S3 98.10  Ingestion 125x103 1.08x10* 355x10% 358x10"' 3.07x102% 101x10"' 40x10"' 34x102 1.1x107!
Inhalation 692 x10® 553x10®% 553x10°% 198x10° 158x10° 158 x 107>
Dermal 158x10% 129x107° 129x107° 452x102 368x10°> 3.68x10°
sS4 12545  Ingestion 1.60x 103 137x107* 454x10™% 458x107' 393x10% 130x107!' 52x107! 44x102 13x107!
Inhalation  885x10% 7.08x10% 7.08x10°% 253x10° 202x10° 202x10°
Dermal 202x10% 165x107° 165x107° 577x102 470x10>  470x 10>
As Sl 21.10  Ingestion 270x107% 231x107° 763x10° 899x10°!' 7.71x102 254x10' 1.0 86x102 26x107!
Inhalation 149 x10% 1.19x10% 1.19x10% 496x10° 397x10° 397x10°
Dermal 340 x107° 277 x10°% 277x10°® 1.13x107' 923x10> 923x10*
52 22.29  Ingestion 285x107% 244 x107° 806x10° 950x10"! 814xx10% 269x10! 1.1 91x102 28x107!
Inhalation 157 x10% 126x10° 126x10° 524x107° 419x10° 419x107°
Dermal 359 x 1070 292x10°% 292x10°® 120x10!' 975x10° 9.75x10*
S3 28.70  Ingestion 367 x10™% 3.15x107° 1.04x10% 122 1.05x 107"  346x107" 14 12x107" 36x107!
Inhalation  202x10% 162x10°% 162x10°% 675x10° 540x10° 540x10°°
Dermal 462 %107 376x10° 376x10° 154x107" 125x10% 125x1072
S4 27.94  Ingestion 357x107% 3.06x107° 1.01x10* 119 1.02x107"  337x10!' 13 1.1x107" 35x107"
Inhalation 197 x10°® 158x10% 158x10°% 657x10° 525x107° 525x107°
Dermal 450 x 107> 367x10°% 367x10° 150x107! 122x1072 122x1072
Table 5
Carcinogenic risks to humans by exposure to lead and arsenic in soil from artichoke cultivation in the Junin region of Peru.
PTE Crop sector Pathways exposure Carcinogenic risk TCR
Children Adult Farmer Children Adult Farmer
Pb S1 Ingestion 1.82 x 1073 1.56 x 1074 5.15x 1074 1.16 x 107 9.90 x 1077 3.02 x10°°
Inhalation 242 %1073 1.9x 10734 1.94 x 1073
S2 Ingestion 1.80 x 1073 1.54 x 107> 5.08 x 107> 1.15 x 107> 9.77 x 1077 298 x10°°
Inhalation 2.3 %1073 1.91 x 1073 1.9 x 10731
S3 Ingestion 1.88 x 1073 1.61x 107> 532 x107° 1.20 x 107° 1.02 x 107 3.12x10°°
Inhalation 2.50 x 1073 2.00 x 1073 2.00 x 1073
S4 Ingestion 241x 1073 2.06 x 107° 6.81 x 107° 1.54 x 107> 131 x10°° 400 x 10°°
Inhalation 3.20x 1072 2.56 x 1072 2.56 x 1072
As S1 Ingestion 4.05 x 1074 3.47 x 1072 114 x 1074 210 x 1074 173 x 1074 253 x107*
Inhalation 538 x 1074 430 x107* 430 %1074
S2 Ingestion 427 x 1074 3.66 x 1072 121 x 1074 222 x107* 1.83 x 1074 267 x 1074
Inhalation 5.68 x 1074 4.55 % 1074 4.55 % 1074
S3 Ingestion 5.50 x 1074 472 x 107° 1.56 x 1074 2.86 x 1074 235 %1074 3.44 x 1074
Inhalation 732x 1074 5.86 x 1074 5.86 x 1074
S4 Ingestion 536 x 1074 459 x 107° 152 x 1074 279 x 1074 229 x 1074 335x 1074
Inhalation 713 x 1074 5.70 x 1074 5.70 x 1074

2.41 x 1072 (high cancer risk). These results reveal that the CR of
Pb from ingestion of soil contaminated by this PTE is higher in chil-
dren than in adults and farmers. The CR of As for children ranged
from 4.05 x 10™* to 5.50 x 10~* (medium cancer risk) and for
farmers ranged from 1.14 x 10~ to 1.56 x 10~* (medium cancer
risk). The CR of Pb and As for children and adults (including farm-
ers) through inhalation of soils from the sectors evaluated qualified
as high and medium risk, respectively (US EPA, 2011). Pb CR for
children qualified as low cancer risk and in adults and farmers as
very low cancer risk. The As TCR for children qualified as high can-
cer risk and in adults and farmers as medium cancer risk (Table 5).

The concentration of Pb and As in artichoke heads determined
by the TF showed a homogeneous trend, except in the S1 sector

that registered minimum TF values of 0.004 and 0.006 for Pb and
As, respectively (Table 6). In all study sectors, artichoke head sam-
ples showed a TF value < 1 for Pb and As, indicating that artichoke
absorbs heavy metal, but it does not concentrate it in the heads.
This result coincides with several studies that indicate that edible
plant organs are not the main site of heavy metal accumulation
(Toth et al., 2016; Yafiez et al., 2018). Other studies that support
our findings refer to Pb as one of the low-mobility PTE that can
accumulate in the root and shoots (Gatta et al., 2018). The non-
carcinogenic risk (THQ) and the carcinogenic risk (CR) were also
quantified. In children, adults and farmers, the THQ of Pb and As
was lower than the target value (THQ < 1), indicating that in this
population group they do not represent a potential health risk after
ingestion of artichoke heads. The RC of Pb in artichoke heads for
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Table 6
Non-carcinogenic and carcinogeni ¢ human risks from exposure to lead and arsenic in artichoke heads.
PTE Crop sector THQ CR
Children Adult Farmer Children Adult Farmer
S1 0.03 0.03 0.03 7.89 x 1077 7.70 x 1077 7.70 x 1077
Pb S2 0.03 0.03 0.03 8.87 x 1077 8.65 x 1077 8.65 x 1077
S3 0.05 0.05 0.05 1341 x 107 1.31x10°° 131 x 107
S4 0.05 0.05 0.05 133x10°° 1.30x 107 1.30x 107
As S1 0.1 0.10 0.10 481 x107° 469 x 107° 4.69 x 107>
S2 0.14 0.14 0.14 6.37 x 107° 6.21 x 107° 6.21 x107°
S3 0.16 0.15 0.15 7.01 x 107° 6.84 x 10~° 6.84 x 107°
54 0.11 0.10 0.10 481x107° 469 x 107° 469 x 107>

the three groups of the population under study showed an accept-
able risk of 1076 (US EPA, 2011). In contrast, the CR of As obtained
revealed a low 107> cancer risk from exposure to As through inges-
tion. Therefore, frequent consumption of vegetables contaminated
with Pb results in a high body accumulation of Pb that will increase
the risk of neurological disorders and anemia. The high concentra-
tion of As has impacts on human health such as: skin disorders and
respiratory and dermatogenic problems.

4. Discussion
4.1. Content of potentially toxic elements in soil and artichoke heads

The contamination of water and soil by PTE is a problem of
great concern worldwide, as it compromises the supply of food free
of these contaminants (Neumann, 2016). Access to good quality
water for agriculture is decreasing due to the degradation of water
bodies. Soil contamination through irrigation with PTE contami-
nated water leads to cross-contamination of food. In the Mantaro
River basin in the central region of Peru, large extensions of agri-
cultural soils are irrigated with PTE contaminated water for more
than eight decades (Custodio et al., 2021). The continuous use of
these waters for irrigation has led to the accumulation of PTE in
the agricultural soils of the study area, as revealed by our findings.

The results obtained reveal that soils in sectors S3 and S4
recorded PTE concentrations that exceeded the maximum permit-
ted limits of the national and international standard (MINEN, 2017;
FAO/WHO, 2011a; CME, 2004; EPMC, 2014), which means that the
soils in these sectors are undergoing degradation processes. The
mean concentrations of As, Pb and Zn in this study were higher
than the concentrations reported by Orellana et al. (2020) in high
Andean areas with rainfed agriculture in the central region of Peru.
The high concentration of Pb and As in sectors S3 and S4 reveal that
the bioavailable concentration of heavy metals is higher in soils
irrigated with contaminated water than in soils irrigated with rain-
water. Soil quality is affected by the accumulation of Pb and As,
which is one of the consequences of the mining and metallurgical
activity that has been going on for more than eight decades in the
Mantaro basin (Ministry of Agriculture, 2010). However, industrial
waste, excessive use of agrochemicals and untreated urban efflu-
ents also contribute to soil contamination with PTE.

The results of the present study are supported by many studies
around the world that report that irrigation with water contami-
nated with heavy metals and metalloids increases the mobile frac-
tion of these contaminants in the soil (Marrugo-Negrete et al.,
2017; Xiao et al., 2017; Keshavarzi and Kumar, 2019; Kumar
et al.,, 2019; Adimalla et al., 2020; Filimon et al., 2021). The mean
concentrations of Cu, Zn and As recorded in the study area were
similar to the concentrations reported by Xiao et al. (2017) for agri-
cultural soils with mining influence. Marked differences were only
observed in comparison to mean Pb concentrations. However, all
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PTE concentrations recorded in this study did not exceed the max-
imum allowable concentrations for agricultural soils in China
(350 mg kg !), revealing that the soils are safe for agricultural
production.

The highest concentrations of PTE in artichoke heads were
recorded in sectors S3 and S4. The result observed in S1 and S2
may be due to the continuous extraction of these toxic elements
by the food crops grown during the year. Generally, PTE availability
and mobility in the rhizosphere are influenced by root exudates
and microorganisms (Kharazi et al., 2021). Other studies indicate
that plants in soils irrigated by PTE contaminated water can absorb
and accumulate these elements in concentrations that pose a
potential threat to human health (Jan et al., 2015; Rehman et al,,
2016). The high TF values of Cu and Zn reflect the high bioavailabil-
ity of these elements in artichokes from the evaluated sectors. The
TF values for all PTE in this crop were <1, revealing that their
uptake by the crop did not increase linearly with increasing metal
concentrations in the soil of the study area. However, this behavior
is determined by parameters, such as soil texture, soil pH, plant
species, translocation and transpiration rate of metals, bioavailabil-
ity of metals (Gupta et al.,, 2019).

4.2. Health risk assessment for exposure to potentially toxic elements

The HQjpg of soil contaminated with PTE in the central region of
Peru is the most significant with respect to HQinn ¥ HQger. Pb HQing
values in children, farmers and adults revealed that adverse health
effects are unlikely (HQing < 1). The results indicate that children
have a higher Pb ingestion than farmers and adults. These results
coincide with those of (Ghasemidehkordi et al., 2018) who
reported HQjp, values of Pb in children older than adults. The same
was also found in other similar works (Yang et al., 2018;
Gruszecka-Kosowska, 2019; Gruszecka-Kosowska et al., 2020;
Rehman et al., 2020; Haghnazar et al., 2021), indicating the high
vulnerability of children’s exposure to ingestion of PTE contami-
nated soil. An increased risk in children could also be attributed
to low body weight.

Many studies indicate that Pb intake can cause significant
changes in several biological processes at the cellular and molecu-
lar level, such as interfering with enzyme function, protein synthe-
sis, biochemical defects, and blocking the release of
neurotransmitters and encephalopathies. There is great evidence
of the relationship of Pb exposure with various disorders. Exposure
to Pb in the prenatal period can cause miscarriages, premature
births, low birth weight and neonatal deaths (Sanders et al.,
2018). In children, Pb exposure affects cognitive abilities, intelli-
gence, memory, processing speed, and motor functions (Ji et al.,
2018; Donzelli et al., 2019). Other diseases associated with Pb
exposure are diabetes, hypertension, and cardiovascular disease
(Thayer et al., 2012).



M. Custodio, R. Pepaloza, S. Ochoa et al.

Arsenic HQing values in sectors S3 and S4 indicated probable
adverse health effects. These results indicate that continued expo-
sure to soils contaminated by this metalloid can cause serious
health disorders. Several studies have shown that arsenic induces
cognitive deficits in children, even at low concentrations (Karri
et al,, 2016; Kuo et al., 2017). Higher concentrations of arsenic
exposure can alter children’s growth and development, leading to
neurological deficits. In general, acute and sub-acute arsenic toxi-
city involves the gastrointestinal, dermal, nervous, renal, oph-
thalmic, and other systems (Tyler and Allan, 2014; Emenike
et al., 2019); this will depend on the magnitude of the dose and
the time of exposure. The HI values of As for children were
HI > 1 in the study area, indicating an obvious health risk for chil-
dren. These results are similar to those reported by Tang et al.
(2017), who found HI of 1.40 and Antoniadis et al. (2017), who
reported an HI ranging from 0.63 to 1.66.

The THQ values of Pb and As for artichoke in the four study sec-
tors showed that the population is exposed to a relatively high
health risk. However, Zhuang et al. (2009) point out that the
ingested dose of heavy metals is not equal to the absorbed contam-
inant dose in reality, since a fraction of the ingested heavy metals
can be excreted, and the rest accumulates in body tissues where it
affects human health. Our results indicate that Pb and As represent
a potential health risk from ingestion of artichoke contaminated
with these elements (US EPA, 2007). As was the main contributor
to total CR in all sectors of the study area. The present results are
similar to those reported by Wu et al. (2020), who found that chil-
dren had a higher risk of developing cancer than adults. Therefore,
the results of the health risk assessment reveal the need to imple-
ment measures to control PTE contamination in soil and reduce the
translocation of metals from soil to edible crops in the Mantaro
watershed.

5. Conclusions

In Peru, as well as in other regions of the world, the shortage of
water for irrigation is becoming increasingly evident. Large agricul-
tural areas are irrigated with water contaminated by PTE that in
the long term would be favoring its availability for absorption by
food crops. Cu, Zn and Fe in soil presented concentrations in the
range of national and international regulatory limits. In artichoke
heads all PTE exceeded the maximum allowable levels established
in the FAO/WHO CODEX Alimentarius. However, the concentra-
tions of As recorded in artichoke heads comply with the maximum
limits of inorganic contaminants in vegetables (0.3 mg kg~! for As)
established in the MERCOSUR regulation. Our findings indicate that
Cu and Zn are the elements that tend to have greater mobility in
artichokes and a bioavailability proportional to their concentration
in soil.

In the human risk assessment for PTE exposure in artichoke soil,
Pb HQipg values in all sectors sampled indicated that adverse health
effects are unlikely (HQing < 1). The Pb hazard index recorded HI < 1
values, indicating that there is no evident risk for the population to
suffer from non-carcinogenic effects in the study sectors. The Pb
TCR for children rated as low cancer risk and in adults and farmers
as very low cancer risk. The As TCR for children qualified as high
cancer risk and in adults and farmers as medium cancer risk. In
all study sectors, samples of artichoke heads showed a value of
BCF<1 for Pb and As, indicating that artichoke absorbs heavy
metal, but does not accumulate it. The THQ of Pb and As in chil-
dren, adults and farmers was lower than the target value
(THQ < 1), indicating that in this population group does not repre-
sent potential health risk after ingestion of artichoke heads. The CR
of Pb in artichoke heads for the three groups of the population
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under study showed an acceptable risk and the CR of As a low risk
of cancer.

These findings suggest the implementation of continuous mon-
itoring strategies for soil, food crop and water quality in order to
prevent health problems caused by the ingestion of contaminated
vegetables. It is recommended that farmers in the study area be
informed about the appropriate use of agrochemicals. Also, con-
duct a more detailed study and on several crops to ensure that con-
taminant free food reaches consumers.
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