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Abstract: The transference of metals from water irrigation and soil to plants is a possible pathway
of contamination for the trophic chain. This research is focused on the distribution of 16 analytes in
the water–soil–tree (Pyrus malus) interaction in an agricultural region in the state of Chihuahua in
Mexico from August 2019 (first sampling) to August 2020 (second sampling). The apple variety under
investigation was Golden Delicious; it was found that the trace elements of As (0.18–0.34 mg·kg−1)
and Cd (0.11–0.14 mg·kg−1) in the apple were above the corresponding permissible limit, according
to FAO/WHO, and Cr (0.08–0.86 mg·kg−1) was below the limit. Furthermore, the health risk impli-
cations were estimated by the Hazard Quotients (HQ) and carcinogenic risk (CR). For carcinogenic
risk, As, Cd, and Cr exceeded the risk limit (CR > 10−4). This investigation as well provides a link
for similar research around the globe. Major and trace elements detection was performed with the
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) technique, along with a prior
homogenization of samples and microwave acid digestion. To obtain the statistical behavior, an
analysis of variance and correlation was performed.

Keywords: trace elements; Hazard Quotient; carcinogenic risk assessment; health risk; apple;
ICP-OES; water–soil–plant interaction; accumulation in plants

1. Introduction

Urbanization, industrialization, farming, and pathways of transference are responsible
for the global increase in trace elements in irrigation water and agricultural soil. Neverthe-
less, there is a lack of research on the risk and health implications of the bioaccumulation of
trace elements in living beings. Plants can bioaccumulate trace elements from contaminated
water and soil [1–3]. The major and trace element concentrations in plants are known
to be affected by the variety of the crop, soil conditions, weather conditions during the
plant’s growth, use of fertilizers, and the state of the maturity of the harvest [4,5]. The
trace elements (TEs) contamination in irrigation water and agricultural soils has drawn
worldwide attention for its health implications by consumption of the food produced under
these conditions [6–10] because these elements have the following characteristics: they are
non-biodegradable, harmful to living organisms, carcinogenic, and also, they have accumu-
lative and lasting capabilities. The arrangement of trace elements in the environment is
conditioned by their local mineralization interactions and the weather-specific conditions of
each site [11]. The use of fertilizers and pesticides, industrial emissions, and transportation
resulted in a significant increase in the heavy metal content of the agricultural soil. In the
same way, the plants consume both nutrients and toxic metals by absorbing them from
contaminated irrigation water and agricultural soil as well as from air parts of the plants
exposed to polluted environments [12,13]. These metals are first absorbed in the roots and
then transported and translocated in different parts of the plant through various pathways.
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The processes of transport and absorption are different for every plant species. These
phenomena depend on the different chemical differences and the characteristics of the
environment, such as the pH, electrical conductivity, area of study, and site geology, among
other processes [14,15].

According to several studies, people are exposed to TEs by ingestion; an important
part of the nourishment diet consists of fruits and vegetables, which contain vitamins
and minerals. The minerals are classified into micro (trace) or macro (major) elements.
The macro-minerals include potassium (K), calcium (Ca), sodium (Na), magnesium (Mg),
phosphorus (P), and sulfur (S), and micro-minerals (mainly metals) include iron (Fe), zinc
(Zn), manganese (Mn), and copper (Cu). Trace elements have no known function in the
plants; nevertheless, lead (Pb), cadmium (Cd), chromium (Cr), arsenic (As), antimony (Sb),
and selenium (Se) can also be found in fruits and vegetables and those can be accumulated
in the food chain [16–18]. Apples are well-known and widely consumed fruits of the Pyrus
malus belonging to the Rosaceae family, which represent a good source of vitamins and
minerals [19]. Studies are focused mainly on the polyphenolic composition and antioxidant
activity of apples and to a lesser extent on the major and trace elements content, the transfer
pathway, and the health risk. Therefore, studying the content of TEs in food and analyzing
the carcinogenic and non-carcinogenic effects on human health is of high importance [20].
Therefore, it is necessary to analyze and assess the approximate levels of TEs in local fruits
grown in the agricultural areas in Chihuahua. This research is important to understand
the dynamics of trace elements in agricultural apple fields to know the health implications,
through Hazard Quotients (HQ) and carcinogenic risk (CR).

The apple-producing region of Chihuahua is the national leader in apple production
with an overall production of 561,000 tons, which represents 70% of the apples produced
in Mexico, the main grown variety being Golden Delicious (60%). The apple production
region is located to the northwest of Chihuahua state [21]. The goal of this research is
to determine the dynamics of the major and trace elements in the water, soil, and plant
interaction; this system is studied in the Pyrus malus tree with the variety Golden Delicious
in four municipalities: Temósachic, Bachíniva, Namiquípa, and Cuauhtemoc Chihuahua.
Finally, the health risk of the apples produced in the studied regions is evaluated through
the Hazard Quotient (HQ) and the carcinogenic risk (CR); these indicators were estimated
by the apple intake.

2. Materials and Methods
2.1. Study Area

In this research, six orchards across four counties in the state of Chihuahua were
studied. These four counties are Temósachic, Bachíniva, Namiquípa, and Cuauhtemoc,
which are municipalities in the state of Chihuahua, which is in the north of Mexico. In
Figure 1, the area of study and the sampling points are presented. The agricultural area is
in the west of the state, in the Sierra Madre Occidental; in this region, sub-humid conditions
prevail with an annual temperature mean of 14 ◦C and an annual precipitation average
of 445 mm in Temósachic, 409 mm in Bachíniva, 482 mm in Namiquípa, and 528 mm in
Cuauhtémoc [22].
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Figure 1. Area of study.

2.2. Sample Collection and Treatment

This study took place in six apple orchards: Rancho Verde and Cristina in Temósachic,
La Esperanza in Bachíniva, Solis and La Mesa in Namiquípa, and Las Bebas in Cuauhtémoc.
The sampling took place prior to the harvest of the apples in August to September 2019
for Rancho Verde, Cristina, and La Esperanza, and in August 2020 for Solis, La Mesa, and
Las Bebas. Samples of irrigation water, soil, tree leaves, and apples were collected in every
orchard, for an overall total of 162 samples in the two years of sampling (2019 and 2020).
The samples of irrigation water were obtained from spring water in Rancho Verde and
Cristina; in the cases of La Esperanza, Solis, and La Mesa, the water was pumped from
wells; at last, the water used in Las Bebas was treated water. The water samples were
collected in a 1-L bottles. In situ parameters, such as pH and electrical conductivity (EC),
for water samples and soil were measured.

The sample collection method that was used was a systematic random sampling which
considered 6 trees per orchard; each tree was considered a sampling unit, from which it
was sampled also randomly 6 apples (edible fruit and peel), tree leaves, soil as close as
possible to the tree, and irrigation water used in the orchard. Each tree was from a random
point in the orchard to try to capture the variability across the orchard.
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2.3. Digestion of Samples

An aliquot of soil (500 mg), leaves (200 mg), peels (250 mg), walnuts (250 mg), apples
(250 mg), and irrigation water (45 mL) were taken and transferred to a poly vial of tetrafluo-
roethylene (PTFE). The samples were exposed to acid digestion by using different reagents.
For soils, leaves, and water irrigation, 9 mL of HNO3 (69–70% J.T. Baker Instra-Analyzed)
and 3 mL of HCl (36.5–38% J.T. Baker Instra-Analyzed) were added to the aliquots. The
apples were peeled and homogenized. For peel and apple, 9 mL of HNO3 (69–70% J.T.
Baker Instra-Analyzed) and 1 mL of H2O2 (30% J.T. Baker) were added to the aliquots.
After tight closure, the vessels were placed into a microwave MARS Xpress (CEM). After
acid digestion, the vessels were cooled at room temperature, and the samples were quanti-
tatively recovered by filtration in 50-milileter class A volumetric flasks, then brought to
50 mL with Mili-Q water.

2.4. Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-OES) Conditions

All the chemical analyses of irrigation water, soil, leaves, apples, and peels were made
by inductively coupled plasma-atomic emission spectrometry. The ICP-OES used was
ICP-OES IcapTM 7000 series, manufactured by Thermo ScientificTM with an Ultrasonic
Nebulizer CETAC U5000AT+. The use of an Ultrasonic Nebulizer in conjunction with an
ICP-OES has long been accepted as a simple and cost-effective way to increase sensitivity
and decrease detection limits.

The standard solutions were prepared from 1000 mg·L−1 for each element (National
Institute of Standards and Technology, NIST; Gaithersburg, MD, USA). All measurements
were performed in triplicates. The elements measured with the equipment were As, Ca,
Cd, Cu, Cr, Fe, K, Mg, Mn, P, Pb, S, Sb, Se, and Zn.

2.5. Statistical Analysis

To identify the statistical behavior of variables obtained, an analysis of variance and
correlation was performed. The procedure GLM (General Linear Model) in SAS 9 (Statistical
Analysis System, 2002) (SAS institute, Cary, NC, USA) was used to obtain the estimators.

To determine the levels of variability, the association, and the behavior of absorption
patterns between the elements, bivariate and multivariate analysis techniques were used.
Initially, an analysis of correlations between pairs of variables of each matrix was analyzed
for the trace elements and nutrients, using the CORR procedure of the package SAS (SAS
9.0). Subsequently, a cluster analysis was carried out with the physicochemical variables of
irrigation water and soil (temperature, pH, electrical conductivity) and for the chemical
variables, the concentration of nutrients and the trace elements in water, soil, leaves, apple,
and peel. For the cluster analysis, the procedure CLUSTER from SAS software was used.

2.6. Estimated Daily Intake (EDI)

The estimated daily intake (EDI) was calculated with the following Equation (1) [23,24].

EDI = C × IR × EF × ED/(Bw × AT) (1)

In the numerator, C is the concentration mean of TE (mg/kg), IR is the ingestion rate
of food (kg/day), EF is the exposure frequency (365 days/year), and ED is the exposure
duration (70 years). In the denominator, BW refers to the average body weight (72 kg), and
AT is the average time of the dose. For assessment of the carcinogenic risk, an AT of 70
years (25,550 days) was considered [25].
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2.7. Health Risk Assessment
2.7.1. Non-Carcinogenic Risk Assessment

The health risk assessment (non-carcinogenic and carcinogenic risk) of heavy metals
in fruits was estimated via the model described by the EPA [26]. The Hazard Quotient (HQ)
was used to calculate the non-carcinogenic risk of heavy metals (Equation (2)) [10].

HQ = EDI/RfD (2)

where RfD is the daily intake reference dose (mg/kg of body weight per day), an estimate
of daily exposure to the human population that is likely to be without an appreciable risk
of deleterious effects during a lifetime [24].

2.7.2. Carcinogenic Risk Assessment

The carcinogenic risk assessment for trace elements was estimated according to the
equation below (Equation (3)) [27]:

CR = SF × EDI (3)

where CR is a carcinogenic risk for a lifetime, and SF is a slope factor for estimating the
probability of an individual developing cancer from exposure to the contaminant for a
lifetime. The SF for As, Cd, and Cr are 1.5, 0.38, and 0.5 (mg/kg/day−1), respectively [10].
Overall, CR < 10−6 is the safe limit, CR of 10−6 to 10−4 is the acceptable cancer risk range
depending on the exposure circumstances, and CR > 10−4 is the threshold limit and is
considered unacceptable [25].

3. Results
3.1. Chemical Parameters In Situ and Concentration of Major and Trace Elements in Soil and
Irrigation Water

The parameters measured in soil and irrigation water samples collected in the study
area are shown in Table 1.

Table 1. Chemical parameters measured in situ in soils and irrigation water of the orchards.

Orchard Variety Latitude Longitude
pH EC (mS/cm)

Water Soil Water Soil

Rancho Verde Golden Delicious 29◦3′15.58′′ 107◦50′55.35′′ 7.24 6.95 0.173 0.168
Cristina Golden Delicious 29◦8′16.89′′ 107◦51′9.64′′ 7.31 6.78 0.226 0.231

La Esperanza Golden Delicious 28◦59′19.59′′ 107◦25′51.30′′ 7.51 7.6 0.377 0.178
Solis Golden Delicious 29◦9′48.90′′ 107◦25′11.54′′ 8.14 6.92 0.244 0.269

La Mesa Golden Delicious 29◦12′3.69′′ 107◦23′7.82′′ 8.07 7.94 0.343 0.385
Las Bebas Golden Delicious 28◦26′17.8′′ 106◦53′7.00′′ 7.61 5.54 0.380 1.406

The measured pH in the irrigation water tends to be neutral with a maximum value of
8.14, which is a slightly alkaline value [28]. However, the measured pH of the soils tends to
be acid; for example, the orchard Las Bebas showed a pH value of 5.54, which is a strong
acid value. Soils that have below 5.5 generally have low availability of calcium, magnesium,
and phosphorus; because of those low values of pH, the solubility of iron is high [29].

The results of the ICP-OES analysis show the concentration of major and TEs in
irrigation water (Table 2) of the six apple orchards. From the results, it can be observed that
Sb was only detected in irrigation water collected from Las Bebas. From the results, it can
be observed that Cd, Pb, and Se were not found in irrigation water.
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Table 2. Concentrations of elements in irrigation water. Data are reported in mg·L−1 as mean ± SD.

Element

Water

Ala AlbCristina and
Rancho Verde La Esperanza Solis La Mesa Las Bebas

As 0.003 ± 0.0002 0.007 ± 0.002 0.009 ± 0.002 0.030 ± 0.0005 0.030 ± 0.0037 0.400 0.100
Ca 14.25 ± 2.66 20.77 ± 1.20 23.4 ± 0.70 27.9 ± 0.36 40.6 ± 0.35 - -
Cr 0.015 ± 0.0029 0.001 ± 0.0002 0.006 ± 0.0004 0.008 ± 0.001 0.006 ± 0.0015 1 0.1
Cu 0.004 ± 0.002 0.004 ± 0.001 0.027 ± 0.002 0.033 ± 0.002 0.036 ± 0.006 - -
Fe 5.2 ± 0.8 0.50 ± 0.2 0.09 ± 0.007 0.06 ±0.001 0.10 ± 0.003 - -
K 14.7 ± 2.2 2.5 ± 0.09 12.7 ± 0.9 18.1 ± 6.2 15.7 ± 0.29 - -

Mg 4.3 ± 0.60 2.4 ± 0.23 3.4 ± 0.06 2.5 ± 0.05 2.2 ± 0.03 - -
Mn 0.18 ± 0.003 0.04 ± 0.009 0.004 ± 0.00001 0.002 ± 0.0006 0.02 ± 0.0007 - 0.2
Na 10.0 ± 0.33 40.6 ± 2.10 15.3 ± 0.2 40.3 ± 1.2 129.5 ± 2.4 - -
P 0.66 ± 0.19 0.04 ± 0.01 1.0 ± 0.03 1.1 ± 0.03 1.9 ± 0.01 - -
S 0.9 ± 0.15 4.3 ± 0.33 2.6 ± 0.07 5.5 ± 0.13 35.6 ± 0.39 - -

Sb <LOD <LOD <LOD <LOD 28 ± 6.4 - -
Zn 0.024 ± 0.002 0.004 ± 0.001 0.0341 ± 0.015 0.025 ± 0.002 0.064 ± 0.002 20 2

Ala = Allowed limit by CONAGUA. Alb = Allowed limit by FAO. <LOD = Result lower than the detection limits
of ICP-OES—there is no allowed limit established by agencies. Note: Data are the mean of n = 7. Cd, Pb, and Se
were not found in irrigation water.

The results of the concentrations of elements in the soil are presented in Table 3. As
and Cd were not found in soils collected from Solis, La Mesa, and Las Bebas orchards.
Likewise, it may observed that Sb and Se were not found in the soil.

Table 3. Concentrations of elements in the soil. Data are reported in mg·kg−1 as mean ± SD.

Element
Soil

Cristina Rancho Verde La Esperanza Solis La Mesa Las Bebas

As 24.42 ± 3.3 22.25 ± 2.4 18.79 ± 1 <LOD <LOD <LOD
Ca 11,505 ± 927 14,256 ± 730 39,777 ± 4695 14,811 ± 560 17,301 ± 3433 8819 ± 73
Cd 1.4 ± 0.0002 1.48 ± 0.0001 4.1 ± 0.0001 <LOD <LOD <LOD
Cr 11.5 ± 1.1 13.5 ± 1.3 12.3 ± 2.9 8.6 ± 1.2 5.4 ± 1.2 12.9 ± 1.5
Cu 408.6 ± 148.3 51.4 ± 12.3 52.4 ± 4.9 4.0 ± 0.8 5.2 ± 2.0 5.8 ± 0.4
Fe 12,283 ± 1603 13,928 ± 1538 14,807 ± 4027 80,380 ± 10,495 63,087 ± 7510 11,2305 ± 12,446
K 2407 ± 261 2771 ± 360 1750 ± 231 11,310 ± 1276 12,805 ± 3040 15,393 ± 2853

Mg 2331 ± 355 2289 ± 156 1444 ± 237 207 ± 5.7 203 ± 8.2 196 ± 10.1
Mn 533 ± 36 426 ± 45 392 ± 22 185 ± 41 125 ± 7 143 ± 21
Na 199 ± 19 177 ± 29 249 ± 45 1571 ± 224 1047 ± 137 1352 ± 253
P 1226 ± 105 1892 ± 194 419 ± 66 202 ± 42 168 ± 30 258 ± 13

Pb 19.8 ± 1.8 20.8 ± 3.7 15.0 ± 1.7 5.9 ± 1.1 5.1 ± 0.3 8.8 ± 0.5
S 484 ± 67 343 ± 83 172 ± 8 130 ± 31 72 ± 5 125 ± 47

Zn 61.4 ± 14 73.6 ± 14 44.3 ± 14 19.6 ± 6 20.2 ± 3 17.8 ± 2

Note: Data are the mean of n = 7. Sb and Se were not found in soil.

3.2. Concentration of Major and Trace Elements in Pyrus malus

In Table 4, the averages of 14 element concentrations in apples and peel samples from
six apple orchards in the apple-producing region of Chihuahua are presented. The results
are the average concentration in peel and apple.

It may be observed that Pb and Se were not found in apples and peels. Likewise, Sb
was not present in the apple; however, the Sb was only detected in peel collected from Solis,
La Mesa, and Las Bebas orchards.

3.3. Concentration of Major and Trace Elements in Apple Leaves

The elements present in leaves were found in the following order of abundance
(Table 5): Ca, K, P, Mg, and S > 1000 mg·kg−1; Na and Fe > 100 mg·kg−1; Zn and
Mn > 10 Mg·kg−1; finally, Cu, Cr, As, Pb and Cd < 10 mg·kg−1.
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Table 4. The concentration of major and trace elements in apple and peel. Data are reported in mg·kg−1, as mean ± SD.

Element

Apple Peel

Cristina Rancho
Verde La Esperanza Solis La Mesa Las Bebas LPa Cristina Rancho

Verde La Esperanza La Mesa Solis Las Bebas

As 0.34 ± 0.14 0.18 ± 0.03 0.49 ± 0.14 <LOD <LOD <LOD 0.05 0.93 ± 0.11 1.61 ± 0.69 1.83 ± 0.57 <LOD <LOD <LOD
Ca 223 ± 21.9 214 ± 14.7 317 ± 53.3 152 ± 32.5 551 ± 86.6 161 ± 20.8 - 1232 ± 89 1085 ± 155 889 ± 177 312 ± 71 378 ± 113 315 ± 51
Cd 0.14 ± 0.02 0.11 ± 0.01 0.13 ± 0.02 <LOD <LOD <LOD 0.05 0.02 ± 0.01 0.25 ± 0.02 0.24 ± 0.02 <LOD <LOD 0.04 ± 0.03
Cr 0.60 ± 0.17 0.61 ± 0.12 0.86 ± 0.28 0.08 ± 0.02 0.21 ± 0.05 0.77 ± 0.11 1 0.60 ± 0.08 1.10 ± 0.39 3.20 ± 1.13 0.40 ± 0.08 0.54 ± 0.08 1.70 ± 0.53
Cu 1.1 ± 0.28 1.9 ± 0.28 2.0 ± 0.22 1.9 ± 0.40 3.0 ± 0.34 6.1 ± 1.20 4.5 1.7 ± 0.43 2.1 ± 0.25 2.0 ± 0.36 6.0 ± 1.05 2.0 ± 0.70 1.2 ± 0.31
Fe 6.8 ± 0.96 3.2 ± 0.39 8.6 ± 1.50 6.5 ± 0.27 10.6 ± 0.85 34.2 ± 8.14 - 11.9 ± 2.83 13.8 ± 4.34 31.3 ± 5.34 16.6 ± 2.72 16.0 ± 2.85 20 ± 6.13
K 9428 ± 2664 16,381 ± 2499 10,322 ± 998 7311 ± 685 8055 ± 1040 7401 ± 363 - 12,983 ± 309 15,043 ± 4414 11,241 ± 2589 7294 ± 1170 7609 ± 655 5674 ± 532

Mg 258 ± 23 308 ± 26 338 ± 19 168 ± 10 194 ± 13 199 ± 16 - 645 ± 70 721 ± 61 864 ± 94 272 ± 22 321 ± 15 276 ± 22
Mn 1.16 ± 0.14 1.59 ± 0.21 2.17 ± 0.27 1.30 ± 0.24 1.94 ± 0.31 3.90 ± 0.57 - 5.0 ± 0.90 6.8 ± 1.04 8.2 ± 1.11 4.3 ± 1.15 3.3 ± 0.57 2.3 ± 0.33
Na 184 ± 14.4 204 ± 38.0 142 ± 18.9 61 ± 4.1 244 ± 33.3 65 ± 18 - 359 ± 62.0 245 ± 26.7 167 ± 6.2 98 ± 24.1 39 ± 11.7 58 ± 14.1
P 594 ± 37.6 651 ± 40.6 689 ± 54.0 528 ± 55.2 531 ± 92.5 412 ± 65.7 - 1529 ± 218 1566 ± 274 1796 ± 210 424 ± 119 793 ± 127 307 ± 28
S 177 ± 29 191 ± 23 326 ± 9 101 ± 14 229 ± 30 139 ± 47 - 396 ± 50 417 ± 35 472 ± 42 221 ± 43 166 ± 30 184 ± 54

Sb <LOD <LOD <LOD <LOD <LOD <LOD - <LOD <LOD <LOD 1.6 ± 0.56 1.1 ± 0.26 2.5 ± 0.73
Zn 8.0 ± 1.2 5.5 ± 0.9 16.0 ± 2.7 1.7 ± 0.1 4.8 ± 0.08 5.0 ± 0.6 - 4.0 ± 0.9 2.7 ± 1.4 8.0 ± 1.7 10.5 ± 2.6 8.3 ± 1.3 7.0 ± 0.7

Note: Data are the mean of n = 7. Pb and Se were not detected. LPa = Permissible limit (FAO/WHO, 2011).

Table 5. Concentration of major and trace elements in leaves and Reference Material Analysis. Data are reported in mg·kg−1, as mean ± SD.

Apple Leaves NIST SRM 1515 Apple Leaves

Orchard Cristina Rancho Verde La Esperanza La Mesa Solis Las Bebas Certified Value
± U

Measured
Value ± U

Mean Recovery
(%) (n = 10) RSD (%) (n = 10)

As 0.61 ± 0.17 4.94 ± 0.10 4.81 ± 0.20 <LOD <LOD <LOD N.A. 0.012 ± 0.003 106.32 7.2
Ca 15,080 ± 227 12,542 ± 958 16,875 ± 1600 19,116 ± 1812 16,346 ± 150 13,028 ± 1016 15,250 ± 100 15,301 ± 74 100.33 2.9
Cd <LOD 1.17 ± 0.09 0.50 ± 0.02 <LOD <LOD <LOD 0.0132 ± 0.0015 0.0135 ± 0.0012 102.27 6.2
Cr 1.84 ± 0.16 1.83 ± 0.22 2.71 ± 0.54 0.84 ± 0.10 0.69 ± 0.11 0.68 ± 0.12 N.A. 0.42 ± 0.03 103.25 4.6
Cu 3.53 ± 0.8 4.28 ± 0.9 4.90 ± 0.4 15.97 ± 2.2 7.92 ± 1.6 15.70 ± 1.2 5.69 ± 0.13 5.57 ± 0.15 97.89 3.1
Fe 78.3 ± 6.7 139.6 ± 20.3 165.7 ± 28.2 192.4 ± 20.9 90.8 ± 13.4 110.3 ± 2.7 82.7 ± 2.6 80.5 ± 3.2 97.34 3.2
K 13,646 ± 2157 23,672 ± 4004 15,121 ± 1186 18,392 ± 1742 19,721 ± 1708 12,631 ± 1284 16,080 ± 210 17,010 ± 178 105.78 4.1

Mg 2125 ± 367 2475 ± 381 3283 ± 188 559 ± 13 550 ± 23 583 ± 10 2710 ± 120 2801 ± 154 103.36 2.3
Mn 14.08 ± 2.6 25.95 ± 4.9 42.69 ± 4.0 59.17 ± 4.3 19.81 ± 3.3 45.34 ± 2.6 54.1 ± 1.1 55.1 ± 1.4 101.85 2.9
Na 292 ± 38 198 ± 22 182 ± 17 842 ± 145 283 ± 27 2403 ± 282 24.4 ± 2.1 24.2 ± 2.5 99.18 2.8
P 3886 ± 493 3459 ± 115 2981 ± 373 2430 ± 9 3010 ± 252 1335 ± 134 1593 ± 68 1550 ± 80 97.30 4.1

Pb 1.61 ± 0.1 <LOD <LOD <LOD <LOD <LOD 0.470 ± 0.024 0.490 ± 0.030 104.26 5.2
S 1259 ± 130 958 ± 53 1262 ± 83 1569 ± 116 1213 ± 136 1672 ± 183 N.A. 1042 ± 72 98.23 3.6

Zn 19.2 ± 3.0 11.5 ± 1.8 25.9 ± 4.5 118.2 ± 12.2 7.9 ± 1.6 31.6 ± 4.1 12.45 ± 0.43 12.8 ± 0.65 102.81 4.2

Note: Data are the mean of n = 7. Sb and Se were not detected.
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The method was validated using Standard Reference Material (SRM) NIST 1515 apple
leaves. For trace elements As, Cr, and major element S, which are not included in the list of
certified values for elements in SRM, the tests were carried out by the addition of a standard
solution. The recovery factors for the three added concentrations of As, Cr, and S varied
from 98.23% to 106.32%, confirming the good precision of this method. Three replicates
were analyzed for each sample, and the concentrations of the elements were evaluated as
the mean of the three measurements. It received good repeatability (less than 10%) for all
the measurements.

3.4. Non-Carcinogenic Risk Assessment

In Figure 2, the HQ values obtained for the most contaminated orchards are shown,
presenting only the elements with high values for the non-carcinogenic risk assessment;
these elements were As, Cd, Cr, and Zn. These values indicate the health risk assessment
by chronic exposure to apple consumption, assuming ingestion of 200 g per day, which
is an approximate weight of one apple. The element with the highest value of HQ was
cadmium, followed by arsenic, zinc, and chromium.
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Figure 2. Hazard Quotient (HQ) of trace elements of the most contaminated orchards.
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3.5. Carcinogenic Risk Assessment

The CR values of As, Cd, and Cr were estimated and presented in Figure 3. The
mean CR values of As (1.40 × 10−3), Cd (1.34 × 10−4), and Cr (9.58 × 10−4) exceeded
the threshold limit, meaning that there is a potential carcinogenic risk for the long-term
ingestion of the apples produced in these orchards (CR > 10−4) (Table 6).
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Table 6. CR of apple consumption.

Element CR of Apple

As 1.40 × 10−3

Cd 1.34 × 10−4

Cr 9.58 × 10−4

4. Discussion
4.1. Element Characterization in Water and Soil

Trace elements, such as As, Cd, Cr, Sb, Se, and Pb, are highly toxic to the environment.
Moreover, the irrigation of agricultural soils with water with high concentrations of TEs
does not only result in the transfer of those elements from the water to the soil, but also
increases the bioavailability of these analytes for trees and plants [11].

The solubility and bioavailability of the elements in the plants may be affected by
physicochemical parameters such as pH and EC [30].

The salinity in the soil is mainly measured by Electrical Conductivity (EC). The EC in
the soil showed values from 0.17 to 1.40 mS/cm. In the Las Bebas orchard, the EC value
was 1.40 mS/cm, which can be attributed to the continuous application of treated irrigation
water on the soil, which can increase the EC. In some cases, soil with high EC resulting
from a high concentration of sodium can become toxic to plants (Table 3), generally caused
by a poor structure and bad drainage in the soil. The harvest at Las Bebas was considered
unsuccessful with no growth for the apples. The high levels of precipitation can flush
soluble salts out of the soil and reduce EC; the Rancho Verde, Cristina, and La Esperanza
orchards were sampled in 2019, which was a rainy year in the region. On the other hand,
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the Solis, La Mesa, and Las Bebas orchards were sampled in 2020, a drought year. However,
the EC from 0 to 2 mS/cm is a non-saline class [31].

Contrarily, the EC in irrigation water showed values of 0.173 to 0.380 mS/cm; it did
not exceed the degree of restriction of 0.7 mS/cm [32].

The concentrations of As, Cu, Cd, and Cr in the soil were above the world soil
average of 4.7, 14, 1.1, and 0.3 mg·kg−1 [32]. In the Cristina orchard, Cu concentration was
408.6 mg·kg−1, and the phytotoxic levels of Cu in the soil were from 36 to 698 mg·kg−1,
which is attributed to the regular long-term utilization of Cu-based sprays. On the other
hand, the results in Table 3 show high concentrations of Na from 1047 to 1571 mg·kg−1

in three orchards. An excess of Na is frequently assumed to be largely responsible for the
reductions in growth and yield under salinity, which is attributed to limited rainfall [33,34].

The concentrations of Ca, Mg, and P in the samples of soil in the orchards with low
levels of precipitation in Solis, La Mesa, and Las Bebas were lower than in the Cristina,
Rancho Verde, and La Esperanza orchards, which can be attributed to the difference in the
precipitation levels and EC between the years of sampling.

The concentrations of major and TEs in the irrigation water that were analyzed in
this research were below the recommended maximum concentration for irrigation water
(Table 2) by CONAGUA, which is the National Water Commission in Mexico, which is an
administrative organization of the Ministry of Environment and Natural Resources, created
in 1989, whose responsibility is to manage, regulate, control, and protect national waters
in Mexico.

4.2. Element Characterization in Pyrus malus

The elements in the environment can enter the food chain through different pathways
delivering toxic effects on health [12]. Accordingly, it is fundamental to understand the
incidence of TEs in plants, above all, those intended for eating, and to realize if there
are differences in patterns of accumulation by different plant varieties to give useful
information to consumers.

The measured concentration of As in the Cristina, Rancho Verde, and La Esperanza or-
chards ranged from 0.18 to 0.34 mg·kg−1 in apples and ranged from 0.93 to 1.83 mg·kg−1 in
the peel. These values exceeded the maximum allowable level of As for fruits 0.05 mg·kg−1.
In the same way, in the literature, a similar study in Serbia reported a mean concen-
tration of As of 1.25 mg·kg−1 in apples [35]. This value is within the range obtained
in this study for the peel. One study of honey in Armenia reported that As ranged
from 0.005 to 0.048 mg·kg−1 [10] and was close to the values detected in China in maize
0.0428 mg·kg−1 [7]. The As values in apples reported in the present study are higher than
the majority of As values in fruits [7,10,35,36]. In the orchards with low levels of precipita-
tion, Solis, La Mesa, and Las Bebas, arsenic was not detected, which can be attributed to
the difference in precipitation between the years of sampling (2020 was a drought year).

The concentrations of Cd in the present study ranged from 0.11 to 0.14 mg·kg−1 in
apple samples; on the other hand, in peel samples, Cd ranged from 0.04 to 0.25 mg·kg−1.
All the orchards exceeded the maximum allowable level of Cd for fruits 0.05 mg·kg−1.
On the same hand, in the literature, one study of apples in Italy that reported Cd ranging
from 0.011 to 0.019 mg·kg−1 [37] can be found, which is below the results obtained in this
study. In comparison to other studies, Cd in maize was reported to range from 0.0025 to
0.2134 mg·kg−1, similar to the range in results obtained [7]. Elevated concentrations of Cd
can be attributed to the earlier application of agrochemicals that contained this analyte;
nevertheless, the utilization of that chemical is no longer used. Cd also has a high solubility
in water as well as relatively high mobility in the soil–plant system.

The mean Cr concentrations in apples were evaluated in the range from 0.08 to
0.86 mg·kg−1; for peels, the concentration of Cr ranged from 0.4 to 3.2 mg·kg−1. It did not
exceed the maximum allowable level for fruits 1 mg·kg−1. However, the Rancho Verde, La
Esperanza, and Las Bebas orchards exceeded that maximum allowable level. Furthermore,
a study in China reported Cr ranged from 0.1206 to 0.6142 mg·kg−1 in maize [7].
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These results indicate that As, Cd, and Cr pollution is a serious threat to apple safety
and poses a high potential risk to human health.

Concentrations of Sb found in the peel in the present study ranged from 1.1 to
2.5 mg·kg−1; Sb in the apple was not detected. In the literature, the values reported
for this element are in carrots (0.02–0.03 mg·kg−1), red beets (0.02–0.09 mg·kg−1), onions
(0.02–0.03 mg·kg−1), and potatoes (0.02–0.02 mg·kg−1 [38]. Other studies in plants show
that antimony was especially translocated in leaves; on the other hand, storage organs,
seeds, and fruits had lower concentration values. However, in the present study, the
capacity to accumulate Sb in apples is also in the peel, although in a lower concentration.

Concentrations of Major and Toxic Elements in Apple Leaves

The concentrations of As, Cd, and Cr in the leaves were found in a range between
0.61 and 4.94 mg·kg−1; 0.50 and 1.17 mg·kg−1; 0.68 and 2.71 mg·kg−1; however, in the
La Mesa, Solis, and Las Bebas orchards, these analytes were not detected, which can be
attributed to the difference in precipitation between the years of sampling, 2020 being a
year of drought or water deficit. Although considerable studies on TEs and water deficit
as individual stresses have been conducted, studies with simultaneous exposure to these
two stresses in the literature are very few [39]; however, the results also showed that the
transfer of trace elements is decreased in the plant, due to water deficit, water being one of
the most important factors for plant development.

The concentration of Cu in the leaves was found to range between 3.53 and 15.97 mg·kg−1.
In the literature, the mean reported for this analyte in apple leaves is 16.320 mg·kg−1 and
in peach leaves, it is 33.0 mg·kg−1 [35].

On the other hand, the concentration of Na ranged from 182 to 842 mg·kg−1; however,
in the Las Bebas orchard, the mean concentration of this analyte was 2403 mg·kg−1; this
high value can be attributed to a drought or water deficit at that orchard.

4.3. Health Risk Assessment
4.3.1. Non-Carcinogenic Risk Assessment

The order of the mean HQ value was Cd > As > Zn > Cr. When the HQ is equal to
or higher than one, the element represents a health risk. The HQ value in As, Cd, Cr, and
Zn in the most contaminated orchards Cristina, Rancho Verde, and La Esperanza were
lower than one; however, it is important to note that the prolonged ingestion of these trace
elements may pose a health risk, due to their high concentration in apples.

In the present study, the HQ for As in apples was in a range of 0.167 to 0.315, Cd of
0.306 to 0.389, Cr of 0.001 to 0.002, and Zn of 0.051 to 0.149. In contrast, research in China
found HQ values for As of 1.09, Cd of 0.3, Cr of 0.8 in maize, respectively [7]. On the other
hand, a study in Armenia found a maximum value of As in honey of 0.0432 [10]. Finally,
fruits and vegetables in Bangladesh found HQs for Cr of 0.0004, 0.002, and 0.006 for banana,
bean, and tomato, respectively [40].

4.3.2. Carcinogenic Risk Assessment

Depending on the time of exposure and intake dose, an element can represent a
potential carcinogenic risk for a person. According to the EPA, there are three cancer risk
levels to assess the carcinogenic risk of an element. The first one is the CR < 10−6, which is
the safe limit indicating that there is no risk; the second one is if CR is in the range of 10−6

to 10−4, which indicates an acceptable cancer risk; CR > 10−4 is the threshold limit and it
is considered unacceptable since it can represent a health risk for people [41]. The CRs in
the most contaminated orchards were: As 1.4 × 10−3, Cd 1.3 × 10−4, and Cr 9.58 × 10−4.
These results indicate that there is a possible carcinogenic risk caused by these elements
if there is prolonged ingestion of these apples. On the same hand, this result indicates
that these TEs should be of preoccupation because they exceed the safety values of the
carcinogenic risk. This finding indicates that even without other plausible rich sources of
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those TEs (rice, drinking water, fruits, vegetables, etc.), apple consumption itself is already
a possible carcinogenic risk for the apples produced in the studied regions in Chihuahua.

Another study on maize in China found CR for As (1.17 × 10−4), Cd (4.93 × 10−4),
and Cr (2.74 × 10−4) [7]. On the same hand, a study of honey in Armenia found CR of
Cd ranged from 4.79 × 10−8 to 2.48 × 10−7 and As from 1.58 × 10−6 to 1.51 × 10−5 [10].
Finally, a study of tomato in India found CR of As ranged from (0.0006–6.963), of Cd
(0.00042–0.04962), and of Cr (0.0087–0.041), respectively [41].

5. Conclusions

The present research presented the concentration of the major and toxic heavy metals
in agricultural soils, irrigation water, and apple trees collected from the agricultural area in
Chihuahua, Mexico. The study results highlight the importance of investigating exposure
to trace elements through apple consumption. In the studied regions, apple is consumed in
high amounts and this has an important contribution to the intake of investigated trace
elements. High levels of As, Cd, and Cr were found in the apple samples; however, As and
Cd were translocated in the apples in a year with high precipitation and only Cr can be
absorbed by the plant in drought conditions. On the other hand, the HQ for As, Cd, and Cr
indicate a potential health risk in the short term. However, it is important to note that the
prolonged ingestion of As, Cd, and Cr may pose a health risk. Meanwhile, carcinogenic
risk values of As, Cd, and Cr exceed the threshold limit and are considered unacceptable
(CR > 10−4) in the studied region which shall warrant concern.

It can be concluded that there is a difference in the translocation of trace elements
in a year with rain and a year with drought or water deficit. Drought is an extended
threat to crops. Ultimately, the TEs could be transferred from the soil to the apple tree and
increase the availability of toxic elements to the apple trees. Therefore, it is suggested that
the Mexican authorities establish health risks assessments and legislation with maximum
allowable concentrations for these toxic elements in fruits and vegetables to monitor.

Author Contributions: A.C.-T. participated in the sampling collection, sample processing, spectra
analysis, results interpretation, statistical data processing, results interpretation, discussion, and
article writing. She is the corresponding author. L.O.L. participated in results interpretation and
discussion. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by CONACyT.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We want to thank the technical support given by CIMAV (Centro de Investiga-
cion en Materiales Avanzados).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kovacheva, A.; Vladov, I.; Gabrashanska, M.; Rabadijeva, D.; Tepavitcharova, S.; Nanev, V.; Dassenakis, M.; Karavoltsos, S.

Dynamics of trace metals in the system water-soil-plant-wild rats-tapeworms (Hymenolepis diminuta) in Maglizh area, Bulgaria.
J. Trace Elem. Med. Biol. 2020, 58, 126440. [CrossRef] [PubMed]

2. Al-Hamarneh, I.F.; Alkhomashi, N.; Almasoud, F.I. Study on the radioactivity and soil-to-plant transfer factor of 226Ra, 234U
and 238U radionuclides in irrigated farms from the northwestern Saudi Arabia. J. Environ. Radioact. 2016, 160, 1–7. [CrossRef]
[PubMed]

3. Antoniadis, V.; Golia, E.E.; Liu, Y.T.; Wang, S.L.; Shaheen, S.; Rinklebe, J. Soil and maize contamination by trace elements and
associated health risk assessment in the industrial area of Volos, Greece. Environ. Int. 2019, 124, 79–88. [CrossRef] [PubMed]

4. Ekholm, P.; Reinivuob, H.; Mattila, P.; Pakkala, H.; Koponen, J.; Happonen, A.; Hellstrom, J.; Ovaskainen, M.L. Changes in the
mineral and trace element contents of cereals, fruits and vegetables in Finland. J. Food Compos. Anal. 2007, 20, 487–495. [CrossRef]

5. Hattori, H.; Chino, M. Growth, cadmium, and zinc contents of wheat grown on various soils enriched with cadmium and zinc.
Dev. Plant Soil Sci. 2001, 92, 462–463.

http://doi.org/10.1016/j.jtemb.2019.126440
http://www.ncbi.nlm.nih.gov/pubmed/31775071
http://doi.org/10.1016/j.jenvrad.2016.04.012
http://www.ncbi.nlm.nih.gov/pubmed/27108351
http://doi.org/10.1016/j.envint.2018.12.053
http://www.ncbi.nlm.nih.gov/pubmed/30640132
http://doi.org/10.1016/j.jfca.2007.02.007


Int. J. Environ. Res. Public Health 2022, 19, 12032 13 of 14

6. Adimalla, N.; Qian, H.; Wang, H. Assessment of heavy metal (HM) contamination in agricultural soil lands in northern Telangana,
India: An approach of spatial distribution and multivariate statistical analysis. Environ. Monit. 2019, 191, 246. [CrossRef]

7. Cao, L.; Lin, C.; Gao, Y.; Sun, C.; Xu, L.; Zheng, L.; Zhang, Z. Health risk assessment of trace elements exposure through the
soil-plan (maize)-human contamination pathway near a petrochemical industry complex, Northeast China. Environ. Pollut. 2020,
263, 114414. [CrossRef]

8. Noli, F.; Tsamos, P. Concentration of heavy metals and trace elements in soils, waters and vegetables and assessment of health
risk in the vicinity of a lignite-fired power plant. Sci. Total Environ. 2016, 563–564, 377–385. [CrossRef]

9. Fytianos, K.; Katsianis, G.; Triantafyllou, P.; Zachariadis, G. Accumulation of heavy metals in vegetables grown in an industrial
area in relation to soil. Bull. Environ. Contam. Toxicol. 2001, 67, 423–430. [CrossRef]

10. Pipoyan, D.; Stepanyan, S.; Beglaryan, M.; Stepanyan, S.; Asmaryan, S.; Hovsepyan, A.; Merendino, N. Carcinogenic and
non-carcinogenic risk assessment of trace elements and POPs in honey from Shirak and Syunik regions of Armenia. Chemosphere
2020, 239, 124809. [CrossRef]

11. Cervantes-Trejo, A.; Pinedo-Álvarez, C.; Santellano-Estrada, E.; Cortes-Palacios, L.; Rentería-Villalobos, M. Distribution of
chemical species in the water-soil-plant (Carya illinoinensis) system near a mineralization area in Chihuahua, Mexico- Health Risk
Implications. Int. J. Environ. Res. Public Health 2018, 15, 1393. [CrossRef]

12. Esposito, M.; De Roma, A.; Cavallo, S.; Miedico, O.; Chiaravalle, E.; Soprano, V.; Baldi, L.; Gallo, P. Trace elements in vegetables
and fruits cultivated in Southern Italy. J. Food Compos. Anal. 2019, 84, 103302. [CrossRef]

13. Gupta, N.; Kumar Yadav, K.; Kumar, V.; Kumar, S.; Chadd, R.; Kumar, A. Trace elements in soil-vegetables interface: Translocation,
bioaccumulation, toxicity and amelioration—A review. Sci. Total Environ. 2019, 651, 2927–2942. [CrossRef] [PubMed]

14. Cary, L.; Surdyk, N.; Psarras, G.; Kasapakis, I.; Chartzoulakis, K.; Sandei, L.; Guerrot, C.; Pattenati, M.; Kloppmanna, W.
Short-therm assessment of the dynamics of the elements in wastewater irrigated Mediterranean soil and tomato fruits through
sequential dissolution and lead isotopic signatures. Agric. Water Manag. 2015, 155, 87–99. [CrossRef]

15. Singh, S.; Parihar, P.; Singh, V.P.; Prasad, S.M. Heavy metal tolerance in plants: Role of transcriptomics, proteomics, metabolomics
and ionomics. Front. Plant Sci. 2015, 6, 1143. [CrossRef] [PubMed]

16. Pan, X.D.; Wu, P.G.; Jiang, X.G. Levels and potential health risk of heavy metals in marketed vegetables in Zhejiang, China.
Sci. Rep. 2016, 6, 20317. [CrossRef] [PubMed]

17. Fakhri, Y.; Mousavi Khaneghah, A.; Hadiani, M.R.; Keramati, H.; Hosseini, R.; Moradi, B.; Da Silva, B.S. Non-carcinogenic risk
assessment induced by heavy metals content of the bottled water in Iran. Toxin Rev. 2017, 36, 313–321. [CrossRef]

18. Fathabad, A.E.; Shariatifar, N.; Moazzen, M.; Nazmara, S.; Fakhri, Y.; Alimohammadi, M.; Azari, A.; Khaneghah, A.M. Determina-
tion of heavy metal content of processed fruit products from Theran’s market using ICP-OES: A risk assessment study. FCT 2018,
115, 436–446.

19. Cindric, I.; Krizman, I.; Zeiner, M.; Kampic, S.; Medunic, G.; Stingeder, G. ICP-AES determination of minor- and major elements
in apples after microwave assisted digestion. Food Chem. 2012, 135, 2675–2680. [CrossRef] [PubMed]

20. Ru, Q.M.; Feng, Q.; He, J.Z. Risk assessment of heavy metals in honey consumed in Zhejiang province, southeastern China. FCT
2013, 53, 256–262. [CrossRef] [PubMed]

21. Ramírez-Legarreta, M.; Ruiz-Corral, J.A.; Medina-García, G.; Jacobo-Cuéllar, J.; Parra-Quezada, R.; Ávila-Marioni, M.; Amado-
Álvarez, J. Perspectivas del Sistema de producción de manzano en Chihuahua, ante el cambio climatico. Rev. Mex. Cienc. Agrícolas
2011, 2, 251–263.

22. CONAGUA. Normales Climatológicas por Estado, Chihuahua. 2021. Available online: https://smn.conagua.gob.mx/es/
informacion-climatologica-por-estado?estado=chih (accessed on 7 June 2022).

23. EPA, US. Exposure Factors Handbook. EPA/600/P-95/002F. In Integrated Risk Information System (IRIS) Chemical Assessment
Summary; EPA: Washington, DC, USA, 2022. Available online: https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=12464
(accessed on 8 June 2022).

24. EPA, US. Reference Dose (RfD): Description and Use in Health Risk Assessments. Available online: https://www.epa.gov/iris/
reference-dose-rfd-description-and-use-health-risk-assessments (accessed on 8 June 2022).

25. EPA, US. Screening Level Ecological Risk Assessment Protocol for Hazardous Waste Combustion Facilities, Appendix E: Toxicity
Reference Values. United States Environmental Protection Agency. Available online: https://archive.epa.gov/epawaste/hazard/
tsd/td/web/html/ecorisk.html (accessed on 8 June 2022).

26. EPA, US. Regional Screening Level (Rsl) Tapwater Supporting Table. Available online: https://www.epa.gov/risk/regional-
screening-levels-rsls-generic-tables (accessed on 8 June 2022).

27. EPA, US. Zinc and Compounds; CASRN 7440-66-6. In Integrated Risk Information System (IRIS) Chemical Assessment Summary; EPA:
Washington, DC, USA. Available online: https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0426_summary.
pdf (accessed on 8 June 2022).

28. CONAGUA. Ley Federal de Derechos, Disposiciones Aplicables en Materia de Aguas Nacionales; Agua, C.N.D., Ed.; Gobierno de la
Republica Mexico: Mexico City, Mexico, 2017; pp. 1–166.

29. USDA. Natural Resources Conservation Service. Soil Quality Indicators. Available online: https://www.nrcs.usda.gov/wps/
portal/nrcs/detail/soils/health/assessment/?cid=stelprdb1237387 (accessed on 8 June 2022).

http://doi.org/10.1007/s10661-019-7408-1
http://doi.org/10.1016/j.envpol.2020.114414
http://doi.org/10.1016/j.scitotenv.2016.04.098
http://doi.org/10.1007/s001280141
http://doi.org/10.1016/j.chemosphere.2019.124809
http://doi.org/10.3390/ijerph15071393
http://doi.org/10.1016/j.jfca.2019.103302
http://doi.org/10.1016/j.scitotenv.2018.10.047
http://www.ncbi.nlm.nih.gov/pubmed/30463144
http://doi.org/10.1016/j.agwat.2015.03.016
http://doi.org/10.3389/fpls.2015.01143
http://www.ncbi.nlm.nih.gov/pubmed/26904030
http://doi.org/10.1038/srep20317
http://www.ncbi.nlm.nih.gov/pubmed/26831758
http://doi.org/10.1080/15569543.2017.1358747
http://doi.org/10.1016/j.foodchem.2012.07.051
http://www.ncbi.nlm.nih.gov/pubmed/22980857
http://doi.org/10.1016/j.fct.2012.12.015
http://www.ncbi.nlm.nih.gov/pubmed/23261649
https://smn.conagua.gob.mx/es/informacion-climatologica-por-estado?estado=chih
https://smn.conagua.gob.mx/es/informacion-climatologica-por-estado?estado=chih
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=12464
https://www.epa.gov/iris/reference-dose-rfd-description-and-use-health-risk-assessments
https://www.epa.gov/iris/reference-dose-rfd-description-and-use-health-risk-assessments
https://archive.epa.gov/epawaste/hazard/tsd/td/web/html/ecorisk.html
https://archive.epa.gov/epawaste/hazard/tsd/td/web/html/ecorisk.html
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables
https://www.epa.gov/risk/regional-screening-levels-rsls-generic-tables
https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0426_summary.pdf
https://cfpub.epa.gov/ncea/iris/iris_documents/documents/subst/0426_summary.pdf
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/health/assessment/?cid=stelprdb1237387
https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/health/assessment/?cid=stelprdb1237387


Int. J. Environ. Res. Public Health 2022, 19, 12032 14 of 14

30. Alloway, B. Trace metals and metalloids in soils and their bioavailability. In Heavy Metals in Soils, 3rd ed.; Trevor, J., Ed.; Springer:
Dordrecht, The Netherlands; Berlin/Heidelberg, Germany; New York, NY, USA; London, UK, 2013; Volume 22, pp. 4–18.
[CrossRef]

31. USDA. Soil Quality Indicators, Soil Electrical Conductivity. Natural Resources Conservation Service. Available online: https:
//www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_053280.pdf (accessed on 8 June 2022).

32. FAO. Water Quality and Crop Production. Rome: Food and Agriculture Organization of the United Nations. Available online:
https://www.fao.org/3/t0234e/t0234e00.htm (accessed on 8 June 2022).

33. Tavakkoli, E.; Rengasamy, P.; McDonald, G.K. High concentrations of Na+ and Cl− ions in soil solution have simultaneous
detrimental effects on growth of faba bean under salinity stress. J. Exp. Bot. 2010, 61, 4449–4459. [CrossRef] [PubMed]

34. Unno, Y.; Tsukada, H.; Takeda, A.; Takaku, Y.; Hisamatsu, S. Soil-soil solution distribution coefficient of soil organic matter is a
key factor for that radioiodide in surface and subsurface soils. J. Environ. Radioact. 2017, 169–170, 131–136. [CrossRef] [PubMed]
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