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Abstract: The aim of this research was to evaluate the impact of heavy metals on Maradol papaya
cultivation soil, through the geoaccumulation index (Igeo) and the ecological potential risk index (RI).
Soil samples from 15 locations in the Cotaxtla municipality of Veracruz, Mexico were tested for pH,
soil texture, and concentrations of lead (Pb), chromium (Cr), cadmium (Cd), zinc (Zn), copper (Cu),
and organic matter (MO). The pH varied between values of 5.5 ± 0.10 and 7.7 ± 0.22, while the MO
varied from 1.57% ± 0.97% to 13.1% ± 1.342%. The type of soil texture represented 48% sandy loam,
40% loam, 8% clay loam, and 4% silt-loam. For heavy metals, average levels were found in the
following order Cr (0.695 ± 0.018) > Zn (0.615 ± 0.016) > Pb (0.323 ± 0.012) > Cu (0.983 ± 0.011) >

Cd (0.196 ± 0.011) mg kg−1. The Igeo values from 96% of the analyzed sampling points were below
zero and were considered uncontaminated. The other 4% of samples, from the Potrerillo1 (PT) site,
had Igeo values of 1.13, where the highest concentration of Cd was found, which indicates moderate
contamination levels. The RI index at the PT site was in the category of moderate contamination,
and the rest of the points correspond to the category of low pollution.

Keywords: accumulation; potential risk; heavy metals

1. Introduction

Heavy metals are currently the pollutants of greatest concern because they are highly toxic at low
concentrations and can bioaccumulate and enter the food chain [1,2].

The distribution dynamics followed by heavy metals in soil can reach groundwater by leaching,
and by runoff reach surface waters. These chemical compounds, in addition to being retained
in the soil, interact with solutions present in the environment [3]. Heavy metals have a strong
ability to bind to organic molecules or can simply precipitate in the form of carbonates, phosphates,
or hydroxides [4]. In the soil, metals are found in different forms of oxidation, such as inorganic
compounds, metal complexes, and organometallic compounds. When these metal compounds dissolve
in water, they dissociate into ions and tend to behave like cations; they become part of the exchange
complex and are available for absorption in plants, by displacing the essential cations [5].

In agricultural soils, metals accumulate through various sources, such as industrial waste,
wastewater, inorganic fertilizers, manure, agrochemicals, and irrigation water, among others [6].
Some chemical fertilizers carry traces of heavy metals to the ground, due to the impurities of natural
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materials and minerals, mainly phosphate and nitrogen compounds, which causes an increase in the
concentration of these significantly over time [7–9]. The prolonged exposure of crop plants in soils
with heavy metals increases their absorption and depends on factors such as pH, cation exchange
capacity, organic matter content, clay content, and redox potential; these determine the soil capacity to
retain or mobilize heavy metals [10]. The solubility of trace cations increases as the pH is more acidic,
thus increasing its mobility in soil and availability of absorption to crop plants; it has been reported
that at pH 5, it is considered a medium absorption for Cd, weak for Co and Zn, and too weak for Cu,
Cr, and Pb [11].

While heavy metals with organic matter form complexes that vary according to each metal, for Cu
the complexes that are formed are considered unavailable, however, for the Cd in its interchangeable
form, it increases its availability to be absorbed by the plants [12].

Heavy metals in plants cause a stress factor that develops physiological reactions [13]. Metallic
stress has notable effects on crop productivity and growth; different responses are triggered, ranging
from biochemical reactions to impacting crop yields [14]. Heavy metals can be absorbed by plants
by replacing essential elements required as nutrients, such as P, K, and Mg [15]. However, some
micronutrients such as Zn, Cr, and Cu, when they exceed the limits required by the plants, can cause
toxicity. The bioaccumulation of heavy metals in the edible parts of agricultural crops represents a risk
to humans, since metals can pass through the trophic links [16].

To evaluate the bioaccumulation of heavy metals in agricultural soils, several studies have been
carried out, in which the spatial distribution of these pollutants in impacted areas, with toxic effects on
public health, is reported by the consumption of food grown in these contaminated soils [17]. Heavy
metals in trace amounts can accumulate in soils of agricultural areas, due to their characteristics and
buffer capacity [18,19].

The risks, the degree of toxicity, and persistence of the metals depend on the impact that the soils
receive by different anthropogenic activities. The use and application of geoaccumulation indexes
(Igeo) and the potential ecological risk index (RI) will identify the source of pollutants and the degree
of bioaccumulation in soil [20]. The geoaccumulation index is applied to quantify the concentration
of heavy metals in soils at the level of the earth’s crust, with respect to the natural concentration,
and thus the origin of the possible sources of contamination is identified [21]. On the other hand,
the ecological risk index reveals the level of accumulation and toxicity of metals, to determine the degree
of contamination to which the soils are exposed. In agricultural production systems, the intensive use
of fertilizers provides metallic elements in trace amounts, as well as through organic amendments,
use of agrochemicals, irrigation water, atmospheric depositions, and wastewater [22,23].

In Mexico, there are 1.2 million hectares dedicated to agriculture distributed in various entities; the
production of fruit trees such as papaya stands out (Carica papaya L.), which is exported to the United
States and Canada [24]. The municipality of Cotaxtla is the one with the highest papaya production in
the central area of the Gulf of Mexico, representing 24% with 25,775 tons [25]. This study evaluated the
concentration of heavy metals Pb, Cd, Cr, Cu, and Zn in the papaya cultivation soils of this important
export zone, and its relationship with soil characteristics, such as pH, organic matter, and textural soil
type. Geoaccumulation rates were evaluated (Igeo), as was the potential ecological risk index (RI) of
metals exposed to soils with trace concentrations.

2. Materials and Methods

This research was carried out in the Sotavento region where Cotaxtla is located, the main export
zone for papaya cultivation (Carica papaya L.) from the central area of the Gulf of Mexico. The area is
located at the geographical coordinates 18◦44′–18◦59′ north latitude and 96◦11′–96◦32′ west longitude,
at an altitude of 10 to 200 m above the sea level. Twenty-five hectares corresponding to production
units (UP) of papaya cultivation were analyzed. Quadrant areas were selected of 100 × 100 m (1 ha) and
five simple subsamples of 500 g were taken for each production unit, one collected in the central part
of the area and the others directed to cardinal directions at a distance of 25 m [26]. The five subsamples
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were taken at 20 cm depth, using a hole digger. The 125 subsamples were grouped by production unit
and homogenized to obtain composite samples of 2 kg, as shown in Figure 1 [27,28]. The samples were
kept in sealed polythene bags, labeled, and transported for analysis to the Aquatic Resources Research
Laboratory (LIRA) of the Technological Institute of Boca del Río.
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Figure 1. Location of the study area and sampling points in the municipality of Cotaxtla.

The pH measurements were made with a CONSORT Model C6010 table potentiometer in a
soil/distilled water ratio of 1:2. Organic matter was analyzed by the ignition method, proposed by
Schulte and Hopkins [29]. The soil texture was made by the Bouyoucos hydrometer procedure [30].

2.1. Heavy Metal Analysis

Soil samples were analyzed for heavy metals Pb, Cd, Cr, Cu, and Zn under the specifications of
NOM-117-SSA1-1994 [31], by atomic absorption spectrometry. The soil was dried in trays at 35 ◦C,
and subsequently screened to obtain the finest particles. Then, 0.5 g of these particles were weighed
and 10 mL of nitric acid (HNO3) 70% reactive grade was added (suprapuro) J.T. Baker®, for digestion in
Teflon vessels, and they were introduced to the microwave CEM Mars 5 (CEM, Corporation Mathews,
NC, USA). After digestion, samples were filtered using a Nalgene bottle with a Millipore model filter
HAWP04700 of 0.45 µm, and a vacuum pump. The filtrate was transferred to a 25 mL volumetric flask
and titrated with deionized distilled water (1 µmho·cm−1 at 25 ◦C). The samples were transferred to
amber glass bottles previously labeled and kept refrigerated until analysis. The atomic absorption
equipment used was the Thermo Scientific Model Ice 3500 AA System (Thermo Scientific®, China),
using flame spectrophotometry. The parameters used in the atomic absorption equipment for the
analysis of the samples and standards were performed in triplicate.

The calibration curve was performed using certified standards High-Purity Standards®

(High-Purity Standards, Charleston, SC, USA) at the concentration of 1000 µg mL−1 at 2% in HNO3.
The calibration curve was performed at an adjusted range from least to greatest near the analyte to
obtain a correlation coefficient greater than 0.95. In the analysis of sample readings for metals Cd and
Pb, an argon gas graphite furnace was used (5.0 ultra-high purity, Praxair®, Danbury, CT, USA) at a
wavelength of 228.8 and 217 nm, respectively. Meanwhile, with metals like Cr, Cu, and Zn, a flame
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was used with air -C2H2 and nitrous oxide (5.0 ultra-high purity, Praxair®). The wavelength for the Cr
was 357.9 nm, for Cu 324.8 nm, and for Zn 213.9 nm.

2.2. Geoaccumulation Index (Igeo)

In order to know the risk factors in the agricultural soils of the Sotavento region in the center
of the Gulf of Mexico, the geoaccumulation index was determined (Igeo) proposed by Muller [32],
which allows the evaluation of the degree of contamination of heavy metals in soil and sediments. This
index is defined with the following equation:

Igeo = log2
Cn

kBn
(1)

where Cn represents the metal concentration in the analyzed soils, Bn represents the background
geochemical concentration of the metal in the earth’s crust, the constant k (k = 1.5) is a correction
coefficient that determines the influence of natural fluctuations and the influences of anthropic sources.

The values of Igeo are classified according to seven degrees of contamination, where Grade 1
corresponds to uncontaminated soil (Igeo ≤ 0); Grade 2 refers to soil without contamination to moderately
contaminated (0 < Igeo ≤ 1); Grade 3 corresponds to soil with moderate pollution (1 < Igeo ≤ 2); Grade 4
indicates moderate to highly contaminated soil (2 ≤ Igeo < 3); Grade 5 indicates high pollution (3 ≤ Igeo

< 4); Grade 6 is high to extremely contaminated soil (4 ≤ Igeo < 5); and Grade 7 indicates extremely
contaminated soil (Igeo ≥ 5) [33].

2.3. Index of Potential Ecological Risk

To assess the degree of contamination by heavy metals in soil, the potential ecological risk
index (RI), presented by Hakanson, will be calculated [34] that assesses the risk in soils according
to the toxicity of heavy metals and the response in the environment. Thus, it is calculated with the
following equation:

RI = Σ Ei, (2)

Ei = Ti
Ci

Bi
, (3)

where RI is calculated with the sum of the risk factors for heavy metals in soil. Thus, Ei represents the
potential ecological risk factor that is calculated with Equation (3), where Ci represents the concentration
obtained from metals in the cultivated soils evaluated, while Bi is the background geochemical
concentration [18,35]. Ti is the metallic toxic factor, which was standardized by Hakanson [34], and that
is classified according to the level of toxicity of metals, so Cd > Pb = Cu > Zn; in this way, the risk
factor for Cd is 30, Pb and Cu is 5, Cr with risk factor 2, and Zn 1 [36].

Sun et al. [37] reported four categories to classify the potential ecological risk index (RI); range RI
≤ 50 represents low pollution, 50 < RI ≤ 100 is moderate pollution, 100 < RI ≤ 200 refers to considered
pollution, while high pollution is when RI ≥ 200.

2.4. Statistical Analysis

The heavy metal results were represented on a spatial distribution map of the study area of the
Sotavento region. The ArcGIS version program used was 10.3. For the data, a one-way analysis of
variance (ANOVA) was applied, and to evaluate significant differences in the concentration of metals,
the physicochemical data by UP and a Tukey test in case of being significant (p < 0.05), was used with
the program Statistic 7.0 (StatSoft, Inc. Tulsa, USA), Likewise, a Pearson linear regression analysis was
performed to determine if there was a relationship between pH, organic matter (MO), and the textural
characteristics regarding the concentrations of the metals analyzed in soil.
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3. Results

The pH recorded in the UP, as shown in Table 1, ranges from 5.5 ± 0.01 to 7.7 ± 0.22, where it
is observed that the cultivation areas LO (Lomitas1), TR (El Trapiche), TA (Los Tamarindos), and SI
(Santa Inés), correspond to basic soils higher than pH 7, while LY, PT (Potrerillo1), PP (Potrerillo2),
and VC (Vista Clara) are at a slightly neutral pH between 6.6 and 6.8. On the other hand, the rest of the
crops that are 68% of the UP are at a pH that ranges from 5.5 to 6.5; the optimal range for plants to
absorb essential nutrients. The pH showed significant differences (p ≤ 0.05) among TA, TR, and SY
(Soyolapa2), however, between TA and TR no statistical differences are shown, as well as with the sites
BV (Buena Vista) and SI. However, pH is an essential factor for the mobility of heavy metals in soil,
that is, at more acidic pH there is a greater availability of metals to be absorbed in crops [11].

For MO, the highest values reported among the UPs are reported for SI with 13.1%± 1.342% and for
VC with 12.8% ± 1.061%, that, according to the reference values of the NOM-021-SEMARNAT-2000 [30],
corresponds to soils with high content of MO. The lowest reported value is for LA (Loma de Angosta)
with 1.57%, characterized by being a very low soil in MO. Twelve percent of MO corresponds to
soils with medium levels, while 32% are in low levels; also, 48% with levels are reported as very low,
as established in the official standard. The content of MO is a determining factor in the absorption
of heavy metals in crops, since at higher MO content, chelates are formed, which capture metal
ions, causing immobility and possibility of absorption towards plants [4,38]. The MO concentration
of the present study shows significant differences (p ≤ 0.05) between the points SI, VC, PP, and
LA; however, there are no significant differences between the SI and VC points. It is observed
that LA does not show significant differences with respect to the points BV, LH (Loma de Hoyos1),
LI (Lomitas3), LM (Lomitas2), LO, LT (Lomitas4), ML (Mata Limón), MT (Mata Tambor), SF (San
Francisco), SL (Soyolapa3), SO (Soyolapa1), SP (Soyolapa4), and SY.

The texture characteristics of the analyzed soils are presented in Table 1, where 48% of the
production units are made up of FA (sandy loam) soil, while 40% corresponds to F (franc) soils; on the
other hand, the 8% and 4% correspond to FR (clay loam) and FL (silt loam) soils, respectively.

Figure 2 shows the spatial distribution of heavy metal concentration in the study area. Heavy
metal values are reported in Table 1, which represents the mean and standard deviation by location.
The highest concentrations of Pb meet at the points in VC with 0.32 ± 0.01 mg kg−1 and MP (Mata
Espino3) with 0.31 ± 0.02 mg kg−1. The minimum concentration reported for Pb was at point TR with
0.18 ± 0.01 mg kg−1, as shown in Figure 3.

Regarding what was obtained for Cr, the highest concentration was in VC with 0.70 ± 0.02 mg kg−1

and 0.63 ± 0.02 mg kg−1 at point MS (Mata Espino2), while point SF shows the lowest value
with 0.212 ± 0.011 mg kg−1. The points VC, SI, MS, LT, SF, and TA show the greatest significant
differences (p ≤ 0.05), however, between the points LT and TA, no significant differences were observed.
No differences were observed among the points BT (Bajos Tlachiconal), LO, ME (Mata Espino1),
and MP, as was the same case for points BV, LA, LH, LI, LM, LT, ML, MT, and TR, which did not
indicate significant differences (p ≤ 0.05).

In relation to Cd concentrations, the values range from 0.02 to 0.03 mg kg−1, however, the highest
reported value was the PT point with 0.20 ± 0.01 mg kg−1; this shows that there are significant
differences (p ≤ 0.05) between the PT point and the rest of the cultivation areas, however, no significant
differences were observed between these sites (p ≤ 0.05).

The highest Zn values were reported in the points ME 0.62 ± 0.02 mg kg−1 and MS with
0.55 ± 0.01 mg kg−1, and the PP point shows the lowest value with 0.11 ± 0.01 mg kg−1. Significant
differences were observed (p ≤ 0.05) among the points ME, SL, SO, BV, LI, LT, PP, SI, TA, TR, and VC,
however, BV and LT did not reflect significant statistical differences, as did the SF point.
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Table 1. Values of soil texture, pH, organic matter (MO), and heavy metal concentration in the study area of the Sotavento region.

UP
Textural Features (%) pH MO (%) Average Concentration (± SD) (mg kg−1)

GF A L AG GT Pb Cr Cd Zn Cu

BT 3.7 59.3 34.0 2.9 SL 6.5 ± 0.05 4.5 ± 0.26 0.26 ± 0.02 0.49 ± 0.01 0.02 ± 0.01 0.42 ± 0.01 0.18 ± 0.01
BV 3.0 47.1 38.7 11.2 L 7.5 ± 0.04 4.1 ± 0.12 0.20 ± 0.02 0.32 ± 0.03 0.02 ± 0.01 0.19 ± 0.02 0.98 ± 0.01
TR 2.1 76.1 17.0 4.8 SL 7.6 ± 0.03 5.1 ± 0.35 0.18 ± 0.01 0.34 ± 0.02 0.02 ± 0.01 0.26 ± 0.01 0.14 ± 0.01
LO 12.3 53.5 26.5 7.7 SL 5.5 ± 0.10 2.4 ± 0.25 0.22 ± 0.02 0.46 ± 0.01 0.02 ± 0.01 0.47 ± 0.02 0.16 ± 0.02
LM 6.9 53.4 36.0 3.8 SL 6.5 ± 0.26 2.0 ± 0.05 0.23 ± 0.01 0.31 ± 0.02 0.02 ± 0.01 0.43 ± 0.01 0.16 ± 0.01
LI 4.6 82.3 11.1 2.0 SL 5.8 ± 0.28 2.1 ± 0.19 0.19 ± 0.01 0.29 ± 0.02 0.02 ± 0.01 0.29 ± 0.01 0.17 ± 0.01
LT 2.9 61.1 33.8 2.2 SL 6.5 ± 0.02 4.1 ± 0.10 0.24 ± 0.02 0.28 ± 0.02 0.02 ± 0.01 0.19 ± 0.02 0.13 ± 0.01
LA 0.3 57.6 15.6 26.5 SL 5.8 ± 0.05 1.6 ± 0.97 0.26 ± 0.01 0.29 ± 0.02 0.03 ± 0.01 0.15 ± 0.01 0.16 ± 0.01
LH 1.9 22.8 62.7 12.6 LS 6.4 ± 0.04 3.2 ± 2.57 0.21 ± 0.01 0.29 ± 0.01 0.02 ± 0.01 0.52 ± 0.01 0.18 ± 0.01
LY 0.0 51.6 38.4 10.1 SL 6.6 ± 0.10 5.4 ± 0.43 0.27 ± 0.01 0.42 ± 0.01 0.03 ± 0.01 0.36 ± 0.01 0.19 ± 0.01
TA 9.7 38.9 43.0 8.4 L 7.7 ± 0.22 5.8 ± 0.34 0.24 ± 0.01 0.28 ± 0.01 0.02 ± 0.01 0.28 ± 0.01 0.18 ± 0.01
ME 6.7 19.4 37.4 36.5 L 6.3 ± 0.02 5.9 ± 0.27 0.25 ± 0.02 0.48 ± 0.02 0.02 ± 0.01 0.61 ± 0.02 0.27 ± 0.01
MS 4.4 21.3 38.3 36.0 CL 6.4 ± 0.02 5.8 ± 0.24 0.27 ± 0.03 0.63 ± 0.03 0.02 ± 0.02 0.55 ± 0.01 0.20 ± 0.01
MP 4.1 34.6 37.6 23.7 CL 6.2 ± 0.02 6.4 ± 0.77 0.31 ± 0.02 0.45 ± 0.03 0.03 ± 0.01 0.39 ± 0.01 0.20 ± 0.01
ML 9.9 56.0 25.7 8.5 L 6.2 ± 0.05 3.1 ± 1.19 0.27 ± 0.02 0.34 ± 0.02 0.03 ± 0.01 0.39 ± 0.01 0.22 ± 0.01
MT 13.6 47.5 25.9 13.0 SL 5.8 ± 0.26 3.4 ± 0.38 0.27 ± 0.02 0.33 ± 0.02 0.03 ± 0.01 0.46 ± 0.01 0.20 ± 0.01
PT 6.8 29.5 39.8 23.9 SL 6.7 ± 0.02 6.6 ± 0.33 0.24 ± 0.02 0.36 ± 0.02 0.20 ± 0.01 0.45 ± 0.01 0.13 ± 0.01
PP 1.8 62.3 32.0 3.9 L 6.8 ± 0.02 8.1 ± 2.38 0.29 ± 0.02 0.43 ± 0.02 0.03 ± 0.01 0.11 ± 0.01 0.19 ± 0.01
SF 6.8 52.5 27.8 12.9 SL 6.2 ± 0.02 3.8 ± 0.56 0.23 ± 0.01 0.21 ± 0.01 0.02 ± 0.01 0.16 ± 0.01 0.22 ± 0.01
SI 2.4 34.2 35.1 28.4 SL 7.2 ± 0.03 13.1 ± 1.34 0.29 ± 0.01 0.55 ± 0.02 0.02 ± 0.01 0.36 ± 0.01 0.12 ± 0.01
SO 0.0 50.9 36.4 12.7 L 5.8 ± 0.20 3.8 ± 0.18 0.22 ± 0.02 0.38 ± 0.02 0.02 ± 0.01 0.54 ± 0.01 0.19 ± 0.01
SY 0.0 54.1 36.8 9.0 L 5.6 ± 0.11 3.0 ± 0.24 0.27 ± 0.02 0.38 ± 0.02 0.02 ± 0.01 0.42 ± 0.01 0.22 ± 0.01
SL 1.8 50.1 36.8 11.3 L 6.3 ± 0.02 3.2 ± 0.27 0.29 ± 0.01 0.39 ± 0.01 0.03 ± 0.01 0.53 ± 0.01 0.25 ± 0.02
SP 2.3 50.2 38.1 9.4 L 6.4 ± 0.03 3.5 ± 0.87 0.28 ± 0.01 0.35 ± 0.01 0.02 ± 0.01 0.50 ± 0.01 0.26 ± 0.01
VC 2.2 77.6 18.1 2.1 L 6.8 ± 0.04 12.8 ± 1.06 0.32 ± 0.01 0.70 ± 0.02 0.02 ± 0.01 0.26 ± 0.01 0.22 ± 0.01

AG: thick clay, A: sand, GF: fine gravel, L: silt, MO: organic matter, Cd: cadmium, Cr: chromium, Cu: copper, Pb: lead, Zn: zinc, GT: textural group, UP: production units.
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Figure 2. Special distribution of heavy metals from the study area of the Sotavento region in the central
area of the Gulf of Mexico; (a) Cotaxtla, Veracruz, México, (b) lead, (c) chromium, (d) cadmium, (e) zinc,
(f) chromium. Note: BT, Bajos Tlachiconal; LI, Lomitas3; TA, Los Tamarindos; MT, Mata Tambor; SO,
Soyolapa1; BV, Buena Vista; LT, Lomitas4; ME, Mata Espino1; PT, Potrerillo1; SY Soyolapa2; TR, El
Trapiche; LA, Loma de Angosta; MS, Mata Espino2; PP, Potrerillo2; SL, Soyolapa3; LO, Lomitas1; LH,
Loma de Hoyos1; MP, Mata Espino3; SF, San Francisco; SP, Soyolapa4; LM, Lomitas2; LY Loma de
Hoyos2; ML, Mata Limón; SI, Santa Inés; VC, Vista Clara.
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and 0.26 ± 0.01 mg kg−1 at point SP, while the lowest concentration was reported at point SI with
0.12 ± 0.01 mg kg−1. Therefore, crop areas BV, ME, and SI show significant differences (p ≤ 0.05),
however, among BT, LH, LI, LM, LO, MP, MS, MT, PP, SP, and TA, no significant statistical differences
were shown (p ≤ 0.05).

Table 2 reflects the analysis of Pearson’s correlation between the variables reported in the present
study. The average correlations are between Pb and Cr (r = 0.607, p = 0.002) and a negative correlation
between Pb and MO (r = -0.612, p = 0.001); on the other hand, there is an average correlation between
Zn and sand content (r = 0.573, p = 0.003), however, the strongest correlation was observed between MO
and pH (r = 0.749, p < 0.001). Table 3 shows the reference limits for heavy metals in agricultural soils
according to studies carried out in several countries, where it can be observed that for Pb, Cd, Cu, Cr,
and Zn values below the reference limits were found. However, the PT point with 0.20 ± 0.01 mg kg−1

is above the limits established in China (0.056 mg kg−1), but they are among the regulated limits
for Mexico.
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Table 2. Pearson correlation coefficient and P value among the variables reported in the study.

AG A GF L pH MO Cd Cr Cu Pb Zn

AG 1.00

A −0.769
<0.001 1.00

GF −0.003
0.988

−0.164
0.444 1.00

L 0.232
0.276

−0.761
<0.001

−0.9
0.677 1.00

pH −0.271
0.201

0.263
0.214

−0.084
0.695

−0.119
0.579 1.00

MO −0.141
0.511

0.156
0.466

−0.287
0.174

−0.007
0.973

0.749
<0.001 1.00

Cd 0.206
0.335

−0.239
0.261

0.132
0.537

0.127
0.554

−0.161
0.453

−0.205
0.337 1.00

Cr 0.306
0.146

−0.128
0.55

−0.14
0.514

−0.049
0.821

−0.324
0.122

−0.376
0.07

−0.065
0.762 1.00

Cu −0.012
0.956

−0.066
0.76

−0.074
0.732

0.141
0.51

−0.136
0.526

0.032
0.883

−0.131
0.541

−0.082
0.703 1.00

Pb 0.217
0.309

−0.122
0.569

−0.024
0.912

−0.012
0.956

−0.34
0.104

−0.612
0.001

−0.044
0.838

0.607
0.002

−0.238
0.263 1.00

Zn 0.391
0.059

−0.573
0.003

0.141
0.511

0.468
0.021

−0.174
0.416

−0.182
0.395

0.107
0.618

0.291
0.168

−0.168
0.434

0.119
0.58 1.00

AG: thick clay, A: sand, GF: fine gravel, L: silt, MO: organic matter, Cd: cadmium, Cr: chromium, Cu: copper, Pb:
lead, Zn: zinc.

Table 3. Established reference limits for heavy metals for agricultural use in different countries.

Reference Limits Heavy Metals in Agricultural Soils (mg kg−1) References
Pb Cd Cu Cr Zn

Study Data 0.32 0.20 0.98 0.70 0.62
Mexico * 400 37 −280 300 [39]
Mexico ** 35 0.35 - - - [30]
Canada 70 1.4 63 64 250 [40]
China 36 0.056 17 50.5 47.3 [41]

European Union 100–600 2–6 - - - [42]
United States 100 3 100 100 [43]

* NOM-147-SEMARNAT/SSA1-2004, ** NOM-021-SEMARNAT- 2000. Own elaboration.

Accumulation and Risk Index

Table 4 shows the analyzed results of the geoaccumulation index, which according to the
classification of Müller [32], all points are in Grade 1 as uncontaminated soils, however, the point
PT with a Igeo of 1.13 is in Grade 2, identified as moderately contaminated. On the other hand,
the ecological risk factor (Ei) and the potential ecological risk indexes (RI) for each of the study sites
showed a sequence of the risk factors that goes in order of Cd > Pb > Cu > Cr > Zn; however, the
risk index for each sampled point represents low contamination, unlike the PT point, which shows a
medium degree of contamination, since it is within the range 50–100 for the risk index (RI).
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Table 4. Results of the geoaccumulation index (Igeo), ecological risk factor (Ei), and potential ecological
risk index (RI) for each study site in the Sotavento region.

Code
Igeo Ei RI GC

Pb Cr Cd Zn Cu Pb Cr Cd Zn Cu

BT −6 −4 −2 −6 −6 0.26 0.14 10.67 0.03 0.15 11.50 L
BV −6 −5 −2 −7 −3 0.20 0.09 9.50 0.01 0.82 10.82 L
TR −6 −5 −2 −7 −6 0.18 0.10 10.33 0.02 0.12 10.93 L
LO −6 −5 −2 −6 −6 0.22 0.13 10.17 0.04 0.13 10.91 L
LM −6 −5 −2 −6 −6 0.23 0.09 10.17 0.03 0.14 10.89 L
LI −6 −5 −2 −6 −6 0.19 0.08 10.83 0.02 0.14 11.46 L
LT −6 −5 −2 −7 −6 0.24 0.08 11.55 0.01 0.11 12.23 L
LA −6 −5 −2 −7 −6 0.26 0.08 12.50 0.01 0.13 13.26 L
LH −6 −5 −2 −6 −6 0.21 0.08 10.83 0.04 0.15 11.52 L
LO −6 −5 −2 −6 −6 0.27 0.12 12.67 0.03 0.15 13.51 L
TA −6 −5 −2 −7 −6 0.24 0.08 11.50 0.02 0.15 12.24 L
ME −6 −4 -2 −5 −5 0.25 0.14 11.33 0.05 0.23 12.25 L
MS −6 −4 −2 −6 −6 0.27 0.18 9.00 0.04 0.17 9.93 L
MP −6 −5 −2 −6 −6 0.31 0.13 12.50 0.03 0.16 13.44 L
ML −6 −5 −2 −6 −5 0.27 0.10 12.33 0.03 0.19 13.19 L
MT −6 −5 −2 −6 −6 0.27 0.10 13.00 0.04 0.17 13.84 L
PT −6 −5 1.13 −6 −6 0.24 0.10 98.23 0.03 0.11 98.96 M
PP −6 −5 −2 −8 −6 0.29 0.12 13.00 0.01 0.16 13.87 L
SF −6 −6 −2 −7 −5 0.23 0.06 11.33 0.01 0.18 12.04 L
SI −6 −4 −2 −6 −6 0.29 0.16 8.67 0.03 0.10 9.53 L
SO −6 −5 −2 −6 −6 0.22 0.11 11.50 0.04 0.16 12.25 L
SY −6 −5 −2 −6 −5 0.27 0.11 12.00 0.03 0.18 12.87 L
SL −6 −5 −2 −6 −5 0.29 0.11 12.50 0.04 0.21 13.43 L
SP −6 −5 −2 −6 −5 0.28 0.10 10.17 0.04 0.22 11.09 L
VC −6 −4 −2 −7 −5 0.32 0.20 11.83 0.02 0.18 12.88 L

GC: pollution category, B: low pollution, M: moderate pollution.

4. Discussion

In papaya cultivation soils in the Sotavento region in the central area of the Gulf of Mexico, the total
average concentrations of heavy metals carried a sequence Cr > Zn > Pb > Cu > Cd, with concentration
values that varied from 0.18 to 0.32 mg kg−1 for Pb, 0.212–0.70 mg kg−1 for Cr, 0.02–0.20 mg kg−1 for
Cd, 0.11–0.62 mg kg−1 for Zn, and 0.12–0.98 mg kg−1 for Cu. The Cd is similar to the one reported
by Cai et al. [44] in agricultural soils in southeast China, with values of 0.10 mg kg−1, but below the
one reported for Cu, Zn, Cr, and Pb. Studies conducted by Hu et al. [45] report average Cd values of
0.2 mg kg−1 in rice cultivation areas in China, similar to the highest value of 0.2 mg kg−1 of this study,
but in less concentration for the rest of the metals. López et al. [24] evaluated agricultural land with
similar values for Cd (0.06–0.76 mg kg−1), but lower than those reported for Cr (11.31–33.85 mg kg−1),
Cu (0.004–99.98 mg kg−1), Pb (4.87–41.79 mg kg−1), and Zn (21.98–109.44 mg kg−1).

In papaya cultivation soils in the Sotavento region, the average concentrations of heavy metals
showed a sequence Cr > Zn > Pb > Cu > Cd. Pb concentrations varied in the present studies between
0.18 and 0.32 mg kg−1, less than reported by Acosta et al. [46] with 48.9 mg kg−1 in agricultural soils,
and is attributed to the constant use of fertilizers and pesticides.

Cr values ranged from 0.212 to 0.70 mg kg−1, similar to those achieved by Murtic [47] on
agricultural soils in Serbia, which showed an average of 0.44 mg kg−1. Regarding Cd, they revealed
values between 0.02 and 0.20 mg kg−1, values similar to that reported by Ke-Lin [48], Olivares et al. [49],
and Bautista et al. [50], with values of 0.24, 0.25, and 0.3 mg kg−1, respectively. Ebong et al. [51] assessed
land near urban landfills in Uyo, Nigeria, finding high values of Cd with 9.24 mg kg−1, which is related
to the urban waste of Ni-Cd batteries and motor oils and insecticides.

Regarding the levels of Zn found in this study, concentrations ranged between 0.11 and 0.62 mg kg−1,
while the Cu was found between 0.12 and 0.98 mg kg−1, values that are related to those reported
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by Roca et al. [52] for Zn 0.92 and Cu 1.03 mg kg−1, but with values lower than those reported by
López et al. [24].

Pollution levels of Zn and Cu are related by the influence of anthropogenic activities as reported
in the province of Iran, where agricultural soils have levels of 23.8 mg kg−1 for Zn and 7.0 mg kg−1

for Cu [53]. Kabata [11] mentions that tolerance levels in plants should not exceed 0.5 mg kg−1 of Pb,
1 mg kg−1 of Cr, 0.2 mg kg−1 for Cd, 50 mg kg−1 for Zn, and 15 mg kg−1 for Cu, however, these may
vary by species and soil characteristics.

In this study it should be noted that the highest values for Pb and Cr correspond to the same
UP (VC), which contains a high content of organic material (12.8% ± 1.06%) and a pH of 6.8. This
indicates that the metals Pb and Cr will not be easily absorbed by the crop plants, since they are not
available due to the near neutral pH, as well as the high MO content, that can probably form chelating
complexes that trap metal ions and does not allow passage to plants.

Furthermore, the highest concentrations found for Cd, Zn, and Cu may not be available for papaya
cultivation because the soils meet a pH of 6.7, 6.3, and 6.5, respectively. However, it was observed that
24% of the UP presented acid soils between 5.5 ± 0.10 and 5.8 ± 0.28, which can pose a risk to crops as
they can show greater availability for heavy metals and be easily absorbed by crop plants. However,
no strong correlations were observed between metal concentrations with respect to pH, MO, and soil
texture; however, the highest correlation was observed between pH and MO, which may indicate that
the amendments used to increase the organic material in soils bring organic compounds that reduce
the pH.

The presence of heavy metals in agricultural soils is directly related to controlled agricultural
practices, which accumulate metals in the soil, either through the addition of inorganic fertilizers,
organic amendments, or pesticides [54]. It also influences and depends on the irrigation water used.
To increase production, inorganic fertilizers were used in an average of 600 kg ha−1 per year [55].
Papaya cultivation is characterized by being fast growing, with an early and continuous production,
which demands high amounts of nutrients for its development [56]. The long-term use of uncontrolled
quantities and the application of inorganic fertilizers can acidify the cultivation soils, which favors the
mobility of heavy metals and the easy absorption by plants. That is, as the pH value in soil approaches
the neutral value, the mobility of heavy metals in the soil is reduced [57].

Pearson’s correlation between the evaluated variables does not show strong correlations between
metals and the physicochemical characteristics of the soil. The average correlations are observed
between Pb and Cr (r = 0.607) and a negative correlation between Pb and MO (r = -0.612); in the
case of Zn, it showed an average correlation with respect to the sand content (r = 0.573), however,
the strongest correlation was observed between MO and pH (r = 0.749). The results of the metals
and the physicochemical variables do not reflect a direct correlation, nor are they related between the
agricultural areas; this is because the producers in the Cotaxtla area do not use the same agricultural
management in relation to the quantity and type of inorganic and agrochemical fertilizers for pest
control. Thus, a relationship between the data obtained and the proximity of the cultivation areas
with the urban areas was not observed, although livestock areas, poultry farms, and some quarries
located in nearby municipalities are registered [58]. However, it cannot be ruled out that, if metal
concentrations are lower than those established by official standards, they can be absorbed by crop
plants, especially in soils that reported an acidic pH; however, it occurs in sandy soils that some metals,
such as Cd, can precipitate in the form of CdCO3 when there is a low content of organic matter and an
alkaline pH [59].

The geoaccumulation and potential risk indexes allow the determination of the level of
contamination in soils and sediments, and the present study reports a positive value for the
geoaccumulation index (Igeo) at point PT (Potrerillo1) with a value of 1.13, corresponding to Grade
3, which indicates a moderately contaminated soil. On the other hand, most of the cultivated soils
analyzed do not present pollution problems. In relation to the potential ecological risk index (RI) of
the production areas evaluated, they report an RI of 98.98 at the PT site, which indicates that it is
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moderately contaminated, while the other cultivation areas showed a low contamination range. This is
because the risk index was adopted to assess the potential toxicity of heavy metals and represents the
accumulation of different metals at each crop site [60].

5. Conclusions

The management and application of agrochemicals, as currently carried out in papaya cultivation,
reflected that these products influence the values of pH and organic matter found; the results obtained
show differences between sampling points.

The manifest concentrations of heavy metals Pb, Cr, Cd, Cu, and Zn were reported below the
national permissible limits for land use. However, the geoaccumulation indexes (Igeo) showed that
96% of the analyzed sampling points are in a range of uncontaminated, with only 4% corresponding to
Potrerillo1 (PT), which indicates that the soil is moderately contaminated.

The RI showed that the PT point is in a moderate contamination category, and the 96% of the
remaining points correspond to a low contamination category.

The scientific knowledge that was generated in this study reveals that the levels of heavy metals
reported do not represent a toxicological risk that prevents further papaya cultivation in the central
region of Sotavento. However, being an area of high production of Maradol papaya, the export volume
of this has economic importance; therefore, it will be necessary to promote the proper management of
agrochemicals to minimize the risk of accumulation in soils and absorption by the edible parts of the
plant, which would reflect a threat to public health.
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