
Citation: Alberto Then, N.M.;

Delanoy, R.; Nuñez-Ramos, P.A.; Díaz

Rizo, O.; Bello, L. Assessment of Soil

Heavy Metal Pollution and the

Ecological Risk in an Agricultural

Area from Sánchez Ramírez Province,

Dominican Republic. Land 2024, 13,

684. https://doi.org/10.3390/

land13050684

Academic Editor: Alexei Konoplev

Received: 15 March 2024

Revised: 25 April 2024

Accepted: 6 May 2024

Published: 14 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Assessment of Soil Heavy Metal Pollution and the Ecological
Risk in an Agricultural Area from Sánchez Ramírez Province,
Dominican Republic
Natividad Miledy Alberto Then 1,2, Ramón Delanoy 2, Pedro Antonio Nuñez-Ramos 3,4, Oscar Díaz Rizo 5

and Lizaira Bello 1,*

1 Area of Basic and Environmental Sciences, Technological Institute of Santo Domingo (INTEC),
Santo Domingo 10602, Dominican Republic; miledyalberto@gmail.com

2 Science Faculty, Physics Institute, Autonomous University of Santo Domingo (UASD),
Santo Domingo 10103, Dominican Republic; radelanoy@gmail.com

3 Faculty of Agronomy and Veterinary Medicine, Autonomous University of Santo Domingo (UASD),
Santo Domingo 10103, Dominican Republic; pnunez58@gmail.com

4 Institute of Agricultural and Forestry Research (IDIAF), Santo Domingo 10205, Dominican Republic
5 Higher Institute of Technologies and Applied Sciences, University of Havana (InSTEC-UH),

La Habana 10600, Cuba; odiazrizo@gmail.com
* Correspondence: lizaira.bello@intec.edu.do

Abstract: Heavy metal pollution in agricultural soils is one of the main problems in agricultural
production worldwide, which threatens human health and the environment. To evaluate the pollution
levels of heavy metals and the ecological risks in an agricultural area from Sánchez Ramírez Province,
Dominican Republic, the concentration levels of heavy metals (Fe, Mn, Cr, Ni, Cu, Zn, Pb, and As)
were measured using energy-dispersive X-ray fluorescence spectroscopy (EDXRF). Several pollution
indices, including the geo-accumulation index (Igeo), enrichment factor (EF), and single pollution
index (PI), were used to investigate the pollution status. The spatial distribution of different heavy
metals in the studied soils was also determined. The mean concentrations of Fe, Mn, Cr, Ni, Cu, Zn,
Pb, and As were 73735, 1616, 426; 34; 20; 200; 43; and 5 mg kg−1, respectively. These results indicated
that the mean concentration of Cr, Cu, Zn, and Pb exceeded FAO-recommended levels for healthy
agricultural soils. However, the potential ecological risks assessment indicated a low-risk status. The
results obtained could help improve soil–rice–environment management practices and prevent heavy
metal pollution in this type of production system, protecting the health of the local population and
the environment.

Keywords: paddy soil; EDXRF; pollution index; spatial distribution

1. Introduction

Heavy metals represent a prevalent form of soil contaminant that can induce negative
impacts on human and environmental health [1–3]. Two types of sources of heavy metals
might end up in soil: natural and anthropogenic. Natural sources are mainly heavy metals
present in parent materials, in forms that are not readily bioavailable for plant uptake
and are generally found in low concentrations [4–8]. On the other hand, anthropogenic
sources such as agricultural activities, mining, and wastewater can significantly enrich
soils with heavy metals [9–11]. In the agricultural ecosystem, lime and super-phosphate
fertilizers, along with containing elements necessary for plant nutrition and growth, may
also introduce heavy metals like As, Cd, and Pb into the agricultural land [12]. In addition,
the long-term repeated application of fertilizers, metal-containing pesticides, and fungicides
may increase heavy metal concentrations in soils and plants [13,14], and these elements then
become present in the food chain. Consuming crops grown in heavy-metal-contaminated
soils can directly affect human health [2,15,16]. Thus, the heavy metal contamination in
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paddy soil–rice systems represents a potential threat to humans and ecosystems [9,17–19].
Several researchers have reported heavy metal levels in rice–paddy soil systems and rice
grains (Oryza sativa L.), that are above the permissible limits recommended by the World
Health Organization (WHO): Guo et al. [20] report high levels of Cd and Pb in soil cultivated
with rice in the Jin-Qu basin of China. Khan et al. [21] found that the average levels of Fe,
Cu, Mn, and Al in rice grains from crops of District Malakand, Pakistan, were higher than
the permissible limits recommended by the Food and Agriculture Organization (FAO) of
the United Nations and the WHO. Hasan et al. [22] observed that the concentrations of Zn,
Cd, Cr, and Co in soil and rice samples from three industrial areas of Bangladesh exceeded
the recommended maximum tolerance values by FAO/WHO.

The Dominican Republic is considered a self-sufficient rice-producing country, a basic
crop in the local population’s diet. According to the Dominican Ministry of Agriculture, the
country maintains an average production of about 474,000 tons year−1, in 187,000 ha. Rice
production is mainly carried out under irrigation systems (98%). In 2023, the Dominican
Republic cultivated an average rice area of 200,362 ha, harvested 186,355 ha, with an
average yield of 3309.09 kg ha−1 and a total average production of 13,570,490 tons year−1

of white rice [23].
Despite the importance of agricultural soils for sustaining farming in the Dominican

Republic, there is a significant lack of information about the heavy metal pollution in these
soils. There has been limited research aimed at assessing the extent of heavy metal con-
tamination in these areas. Consequently, there is scarce information to guide the country’s
regulatory or pollution control efforts. This lack of data is particularly concerning given the
potential health risks associated with heavy metal exposure. Delanoy et al. [24] determined
the concentration of heavy metals in the northwest region of the Dominican Republic dedi-
cated to banana and rice cultivation, where the levels of Cr exceeded the Probable Effects
Levels (PEL) provided by the National Oceanic and Atmospheric Administration (NOAA)
and the Environmental Protection Agency of the United States (US EPA). In another study,
Delanoy et al. [25] assessed the contents of several heavy metals in rice cultivation areas
of La Vega and San Francisco de Macoris, and they reported levels of Cr and Ni higher
than the maximum values recommended by NOAA-USEPA Canadian Agricultural Soil
and Sediment Guide. Alberto Then et al. [26] reported that the average levels of Mn, Ni,
Cu, and As in an agricultural area located in Bonao, Monseñor Noel Province, dedicated
to rice production exceeded the permissible limits recommended by the FAO. Recently,
Delanoy et al. [27] determined that the levels of Ni, Cu, and Cr in soils dedicated to different
crops across various locations in the Cordillera Central exceeded the PEL recommended
by NOAA-USEPA for agricultural soils. Therefore, it is important to establish baseline
information on the current state of soil pollution in agricultural areas to protect human
and environmental health. Based on this, the present study aims to evaluate heavy metal
pollution, the spatial distribution, and the potential ecological risks in soils used for rice
production in La Mata, Sánchez Ramírez Province of the Dominican Republic.

2. Materials and Methods
2.1. Study Area

The study area is located in La Mata, Sánchez Ramírez Province, Dominican Republic,
between latitude 18◦53′ North and longitude 70◦22′ West, with a total geographical area of
5.8 km2. The climate is tropical humid, with an average annual temperature of 25 ◦C, and
an average annual rainfall of 1787 mm [28]. The economy of the Sánchez Ramírez province
is based on agriculture and mining. There are two active gold mines, one 16.5 km and the
other 24.3 km upstream of the Yuna River, which is the main source of irrigation of the soils
in the area of study. The dominant soils in this region are, Inceptisol and to a lesser extent,
Vertisol [29]. Figure 1 shows the soil sampling points and background sample location.
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Figure 1. The study area and sampling points are located in La Mata, Sánchez Ramírez Province
Dominican Republic.

2.2. Soil Sample Collection

A total of 32 surface soil samples at a depth of 0–30 cm were collected from rice-
cultivated land, maintaining a distance of approximately 300 m from one sampling point to
another [30]. Four subsoil samples were collected at a depth of 40–50 cm, in positions F1
to F4 (Figure 1), to estimate the local background [31]. Around 1 kg of soil was collected
from each sampling point. The localization of the study points was determined using a
global positioning system (GPS Differential) (Garmin GPS Map 76S, Garmin Ltd., Olathe,
KS, USA).

2.3. Sample Preparation

After collection, soil samples were air-dried and cleaned to remove stones, gravel, and
plant roots. Before chemical analysis, the soil samples were screened through a 2 mm sieve.
For heavy metal analysis, the soil samples were further dried at 105 ◦C for 24 h, crushed in
an agate mortar, passed through 0.2 mm nylon sieves, and stored in polyethylene jars at
room temperature. For testing, 3 g of each soil sample was pressed at 15 tons into a pellet
of 2.0 cm diameter and 2.0–3.0 mm height. The elemental concentrations in five replicas of
the certified Standard Reference Material SRM 2711a were measured to check the quality of
the analysis. Detection and quantification limits are presented in Table S1.

2.4. Soil Physicochemical Analysis

Soil particle size distribution was determined using the hydrometer method [32]. The
pH of the soil samples was measured using a portable meter in a soil-to-water suspension
of 1:2 (Apera Instrument, LLC, Columbus, OH, USA, model MP511, CHN). The electrical
conductivity (EC) was measured with a portable meter (Apera Instrument, LLC, model
EC700, CHN) in a soil-to-water suspension of 1:2 [33]. The organic matter (OM) content was
determined following the Walkley and Black method [34]. The cation exchange capacity
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(CEC) of the mineral soils was measured in an extractable solution with 1 M of NH4-
acetate [35].

The total concentrations of Fe, Mn, Cr, Ni, Cu, Zn, Pb, and As were determined
using the EDXRF technique. The instrument used was a Skyray model EDXR-3600B X-ray
spectrophotometer with a silicon detector placed at 45 degrees from the X-ray source (Ag).
The excitation voltage of the X-ray-emitting source was 40 kV and 600 µA. A calibration
curve was prepared for each element using Standard Reference Materials (SRM). The
calibration curves obtained were evaluated using the determination coefficient (R2), which
was between 0.990 and 0.999. The intensity of the characteristic radiation of each element
in the samples was obtained from the processing of the spectra with the Skyray program
(Version RoHS4_1.1.47_110524_R, 2009, 20110524_R, Kunshan, China) supplied by the
manufacturer (Dallas, TX, 75,238 USA).

2.5. Statistical Analysis and Spatial Distribution

The data set was analyzed using the Excel 2023 software package (Microsoft, Redmond,
WA, USA) to compute descriptive statistics, which included minimum, maximum, mean,
and standard deviation. A Pearson’s correlation analysis was conducted to investigate the
relationship between heavy metals and the examined soil properties. To create a map of the
spatial distribution of heavy metals in paddy soils, Ordinary Kriging (OK) was used as the
interpolation method. The mapping was carried out using SURFER 10 (Golden Software,
LLC, Golden, CO, USA).

2.6. Soil Pollution Indices

Different pollution indices were estimated to evaluate the heavy metal contamination
using local background (LB) and the World Average Shale (WAS), according to Turekian
and Wedepohl [36], as reference values. The following indices are described below.

2.6.1. Geo-Accumulation Index (Igeo)

The Igeo was calculated according to Müller [37] as follows:

Igeo = log2
Ci

kxSi
(1)

where Ci is the concentration value of metal i in the soil, Si is the background reference
value and k is the correction coefficient, which is 1.5. The classification for Igeo values is
presented in Table S2.

2.6.2. Enrichment Factor (EF)

The enrichment factor (EF) was calculated according to Jiang et al. [38]. Elements such
as Sc, Mn, Ti, Al, and Fe are usually chosen as references [39–41]. In this study, Fe was used
as the reference element because of the relatively high concentration and stability in the
earth’s crust [13,42]. It was calculated as follows:

EF =
(M/Fe)sample

(M/Fe)background
(2)

where (M/Fe)sample is the ratio of metal and Fe concentrations in the sample, and
(M/Fe)background in the background sample, respectively. According to Sutherland
(2000), the EF values must be classified into six levels as presented in Table S2.

2.6.3. Single Pollution Index (PI)

The single pollution index was used to assess the pollution levels for individual heavy
metals. The PI was calculated according to Hakanson [43] as follows:

PI = Ci/Cb (3)
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where Ci is the concentration of the metal element i in topsoil samples, while Cb is the
background value of the target element. PI values can be classified into three levels as
presented in Table S2.

2.7. Potential Ecological Risk Index (RI)

The potential ecological risk index (RI) is a tool used to evaluate soil pollution based
on the characteristics and environmental behavior of heavy metals [42]. It integrates the
content and toxicity level of heavy metal and the sensitivity of the environment to this
heavy metal. Also, it is widely used in soil ecological risk assessment [19,44]. RI was
calculated as follows:

RI = ∑n
i Ei

r = ∑n
i Ti

r ×
Ci

s

Ci
n

(4)

where Ei
r is the potential ecological risk factor of an individual heavy metal, Ti

r is the toxic
response factor, Ci

s is the measured concentration of the heavy metal, and Ci
n is the soil

background values of the heavy metal. The standard toxic response factors for Cr, Cu, Ni,
Pb, Zn, and As are 2, 5, 5, 5, 1, and 10, respectively [45]. The values of RI are presented in
Table S2.

3. Results and Discussion
3.1. Physicochemical Properties

Table 1 presents the physicochemical properties evaluated in the surface soil samples
of La Mata, Dominican Republic. The soil pH ranged between 5.08 and 6.96 with a mean
value of 5.8, and its coefficient of variation in the total samples was relatively low. Salinity
(EC) was less than 0.75 (mS cm−1) in all samples. The OM content ranged between 1.6%
and 6.5% with a mean value of 4.4%. The cation exchange capacity (CEC) varied between 11
and 30 meq 100 g−1 with a mean value of 15 meq 100 g−1. The soil texture has a content of
silt, clay, and sand in the ranges of 22–51%, 16–54%, and 13–55%, respectively. These results
are similar to those reported by Alberto Then et al. [26] in Bonao, Dominican Republic.

Table 1. Selected physicochemical properties in agricultural soils of La Mata, Dominican Republic.

Soil Parameter Min Max Mean ± STD CV (%)

pH (1:2) 5.08 6.96 5.8 ± 0.4 7
EC (mS cm−1) 0.06 0.60 0.16 ± 0.09 43
OM (%) 1.6 6.5 4.4 ± 1.2 27
CEC (meq 100 g−1) 11 30 15 ± 3 21
Silt (%) 22 51 32 ± 6 18
Sand (%) 13 55 23 ± 7 32
Clay (%) 16 54 45 ± 9 20

Min, minimum; Max, maximum; STD, standard deviation; CV, coefficient of variation.

3.2. Heavy Metal Concentration in Soils

The mean concentration of heavy metals in the surface soil was 73735, 1616, 426, 34, 20,
200, 43, and 5 mg kg−1 for Fe, Mn, Cr, Cu, Ni, Zn, Pb, and As, respectively (Table 2). Generally,
average metal concentrations were found in the order of Fe > Mn > Cr > Zn > Pb > Cu > Ni >
As. The trend for Fe, Mn, and Cr is similar to the results of Alberto Then et al. [26] in Bonao
rice soils. The mean concentration of Fe, Mn, Cr, and Pb in the surface soil exceeded the
local background values (LB), and the World Average Shale (WAS). In the case of Cu, Ni,
and As, the mean concentrations are higher than LB but lower than WAS. It is important
to note that the concentrations of Fe, Mn, Cr, and Pb in the local background were higher
than those in WAS, suggesting elevated natural levels and likely a geogenic origin for these
metals in the soils of the study area. Cr, Cu, Zn, and Pb concentrations are higher than
the maximum values for healthy agricultural soils adopted by the FAO [46]. The mean
concentrations of Cr, Zn, and Pb are higher than those reported by Alberto Then et al. [26]
in Bonao. However, the Ni concentration is lower than the maximum values given by
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FAO and those reported by Alberto Then et al. [26] in Bonao, and by Delanoy et al. [25] in
La Vega and San Francisco de Macoris. These are three different agricultural areas of the
Dominican Republic where rice is cultivated under similar climatic and rice management
conditions. Despite this, there was no significant difference in the As concentration reported
in this study and these areas. The total heavy metal concentration for all sampling points
can be found in Tables S4 and S5.

Table 2. Descriptive statistics of the total heavy metal concentrations, and local background values in
surface soils of La Mata (mg kg−1).

Heavy Metal Fe Mn Cr Cu Ni Zn Pb As

Min 48,521 170 285 2 <0.1 23 24 3
Max 100,708 7340 709 73 179 578 72 6

Mean ± STD * 73735 ± 13109 1616 ± 1691 426 ± 130 34 ± 19 20 ± 39 200 ± 167 43 ± 12 4.8 ± 0.7
CV (%) 18 105 30 55 198 83 27 14

Local Background ± STD * 56,916 ± 16,481 1387 ± 1549 417 ± 117 27 ± 20 9.5 ± 2.1 215 ± 109 38 ± 15 4.0 ± 1.4
WAS a 47200 850 90 45 68 95 20 13
FAO b - <0.01 70 30 50 90 35 -

* STD: Standard deviation; CV: coefficient variation; a WAS: World Average Shale [37]; b FAO: Maximum heavy
metal concentration values for healthy agricultural soil, according to the Food and Agriculture Organization
(FAO) [46].

The coefficient of variation (CV) values of the seven heavy metals and As in the study
area ranged from 14% to 198%. Table 2 shows that the CV of Mn, Ni, and Zn was 105%, 198,
and 83%, respectively, with high variation (CV > 75%), and the CV of Cr, Cu, and Pb was
30%, 55%, 27%, respectively, with medium variation (25% < CV < 75%). Therefore, the main
inputs of the contents of Mn, Ni, Zn, Cr, Cu, and Pb may be influenced by anthropogenic
sources [13,47]. The CV of Fe and As was 18% and 14%, respectively, with low variability
(CV < 25%), indicating that the inputs of these metals in the studied area may be influenced
by the parent material of the soil.

3.3. Pearson’s Correlation of Soil Heavy Metals and Physicochemical Properties

Cr had a significant correlation at the 0.05 level with Ni and Zn, and Zn with Ni and
As (Table 3). However, Pb had a moderate negative correlation with As, indicating that
the mentioned heavy metals must be associated with the different pollution sources. No
significant correlation was found between pH and OM with the presence of heavy metals.

Table 3. Pearson’s correlation coefficients between heavy metals and physicochemical properties.

Fe Mn Cr Cu Ni Zn Pb As pH OM

Fe 1
Mn 0.27 1
Cr −0.24 0.43 1
Cu −0.22 −0.21 −0.24 1
Ni −0.24 0.47 0.53 * 0.13 1
Zn −0.10 0.41 0.61 * 0.10 0.59 * 1
Pb 0.47 −0.08 −0.13 −0.38 −0.22 −0.18 1
As −0.24 0.14 0.24 0.31 0.32 0.51 * −0.56 * 1
pH −0.18 0.07 0.31 −0.04 0.27 0.25 −0.03 −0.09 1
OM 0.07 0.07 −0.11 −0.16 −0.11 0.04 −0.21 0.04 −0.50 * 1

* Correlation is significant at the 0.05 level.

3.4. Spatial Distribution of Heavy Metals

Figure 2 presents the spatial distribution of the concentrations of seven heavy metals
and As in the study area. The study area was found to have high concentrations of Fe
in its central part, while high concentrations of Mn were observed in the northwest and
southeast areas. Additionally, Cr was found to have high concentrations in almost all parts
of the study area. Ni had high concentrations in the eastern and southwest parts, whereas
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Zn was observed to have high concentrations in the northwest and southeast areas. Cu,
Pb, and As had similar distribution patterns, with low concentrations observed in almost
all parts of the study area. Therefore, the distribution pattern of each metal is different,
indicating they have different sources of origin.
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3.5. Soil Pollution Indices
3.5.1. Geo-accumulation Index (Igeo)

The average Igeo value is lower than 0 for Mn, Cu, Zn and As using both LB and WAS
(Figure 3), indicating that the soils are not polluted by these elements. However, the mean
value for Cr is lower than 0 using LB but exceeds 1 using WAS, which classifies the soils
as partially moderately polluted. For Pb, the mean value exceeds 0 using WAS, which
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classes the soils as slightly polluted, while using LB, the mean value is lower than 0, which
classes them as not polluted. For Ni, the mean value exceeds 0 using LB and is lower than
0 using WAS.
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3.5.2. Enrichment Factor (EF)

The mean EF values suggest no enrichment for Mn, Zn, and Pb using LB and minimal
enrichment using WAS, unlike Cu and Ni, which indicate minimal enrichment using LB
and no enrichment using WAS. For Cr, the mean EF value shows no enrichment using LB
and moderate enrichment using WAS, and finally, As falls into the no-enrichment category
using LB and WAS as reference values (Table 4). The average EF value ranks heavy metals
in the following order using WAS as the reference value: Cr > Zn > Pb > Mn > Cu > As > Ni.
Using LB as the reference value, the order is as follows: Ni > Cu > As > Mn > Pb > Cr > Zn.

Table 4. Average enrichment factor (EF) using LB and WAS as reference values.

Heavy Metal FE (Soils/LB) Enrichment FE (Soils/WAS) Enrichment

Mn 0.89 No enrichment 1.20 Minimal
Cr 0.82 No enrichment 3.17 Moderate
Cu 1.02 Minimal 0.51 No enrichment
Ni 1.81 Minimal 0.21 No enrichment
Zn 0.75 No enrichment 1.41 Minimal
Pb 0.87 No enrichment 1.38 Minimal
As 0.97 No enrichment 0.25 No enrichment

LB: Local background; WAS: World Average Shale [36].

3.5.3. Single Pollution Index (PI)

Table 5 shows the average of the single pollution index (PI) for the studied elements
using LB and WAS as background. For Cu, Ni, and As, a low pollution level was recorded
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using LB and WAS as background. However, Mn, Zn, and Pb were classified as having
low pollution levels using LB, and moderate pollution levels using WAS. Cr is classified
with a low pollution level using LB, and with a strong pollution level using WAS as a
reference value.

Table 5. Average Pollution Index (PI) using LB and WAS as reference values.

Heavy Metal PI (Soils/LB) Pollution Status PI (Soils/WAS) Pollution Status

Mn 0.94 Low 1.9 Moderate
Cr 0.95 Low 4.73 Strong
Cu 0.95 Low 0.75 Low
Ni 0.72 Low 0.29 Low
Zn 0.94 Low 2.11 Moderate
Pb 0.97 Low 2.14 Moderate
As 0.96 Low 0.37 Low

LB: Local background; WAS: World Average Shale [36].

3.6. Potential Ecological Risk (RI)

The potential ecological risk index (RI) of the six heavy metals and As in the study
area is presented in Table 6. The findings of this study indicate that the level of pollution
from heavy metals, using both LB and WAS as reference values, was low. Therefore, there
is no significant risk to human or environmental health.

Table 6. The potential ecological risk using LB and WAS reference values.

Heavy Metal Ei (Soils/LB) Risk Degree Ei (Soils/WAS) Risk Degree

Mn 2.33 Low 1.90 Low
Cr 2.04 Low 4.73 Low
Cu 1.25 Low 0.75 Low
Ni 2.07 Low 0.29 Low
Zn 4.65 Low 2.11 Low
Pb 5.59 Low 2.14 Low
As 12.08 Low 0.37 Low
RI 30.02 Low 12.29 Low

LB: Local background; WAS: World Average Shale [36].

4. Conclusions

The average concentrations of elements present in rice-cultivated soils in La Mata,
Dominican Republic, are in the following order: Fe > Mn > Cr > Zn > Pb> Cu > Ni > As.
The evaluation of contamination levels in soils through various indices, Igeo, EF, and PI,
shows that the results obtained using WAS as a reference value indicate more pollution
than those obtained using LB. Although the potential ecological risk assessment indicated
a low-risk status, the mean concentrations of Mn, Cr, Cu, Zn, and Pb are higher than the
maximum levels of heavy metals for healthy agricultural soils adopted by the FAO. The
slight pollution of these heavy metals was probably caused by mining activities and the
excessive use of fertilizers and pesticides, which are the primary sources of pollution in the
study area. This study provides valuable information about the current soil quality status
that can be used as a baseline for future comparisons with other agricultural areas in the
Dominican Republic.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/land13050684/s1, Table S1a. XRF analysis of the standard reference material
(SRM 2711a), %SR values (n = 5), and detection limits; Table S1b. Determination of detection limit (DL) and
quantification limit (LOQ) of the standard reference material (SRM 2710a); Table S2. Pollution/ecological
Indices, classification and interpretation; Table S3. Geographic location and physicochemical properties of
La Mata, Dominican Republic; Table S4. Total heavy metal concentrations in surface soils of La Mata,
Dominican Republic; Table S5. Descriptive statistics of pH, % Organic Matter (OM), and the heavy
metal concentrations of local background samples in soils La Mata, Dominican Republic (n = 4); Table S6.
Geo-accumulation Index (Igeo) in surface soils of La Mata, Dominican Republic, using LB as background;
Table S7. Geo-accumulation Index (Igeo) in surface soils of La Mata, Dominican Republic, using World
average shale (WAS) as background; Table S8. Enrichment Factor (EF) in surface soils of La Mata,
Dominican Republic, using LB as background; Table S9. Enrichment Factor (EF) in surface soils of La
Mata, Dominican Republic, using World average shale (WAS) as background; Table S10. Single Pollution
Index (PI) in surface soils of La Mata, Dominican Republic, using LB as background; Table S11. Single
Pollution Index (PI) in surface soils of La Mata, Dominican Republic, using WAS as background; Table S12.
The potential Ecological risk factor (Ei

r) in surface soils of La Mata, Dominican Republic, using LB as
background; Table S13. The potential Ecological risk factor (Ei

r) in surface soils of La Mata, Dominican
Republic, using WAS as background. Refs. [48–50] have been cited in the Supplementary Materials.

Author Contributions: N.M.A.T.: design of this study and writing of this manuscript; R.D.:
validation and formal analysis; O.D.R.: analysis and interpretation of the data; P.A.N.-R.: review;
L.B., writing—review and editing; L.B.: project administration. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the government of the Dominican Republic through
the Ministry of Higher Education, Science, and Technology (project No. 2020-2B6-037) and by the
Instituto Tecnológico de Santo Domingo (INTEC) (project No. CBA-330811-2020-p-1).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within this article and Supplementary Materials.

Acknowledgments: The authors thank the Environmental Science Doctoral program of INTEC for
their support in this work. We also thank María Cristina Suárez for her contribution to the soil
samples analysis, and Diana Rodríguez Alberto for her support in writing this manuscript.

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

References
1. Chen, R.; Han, L.; Liu, Z.; Zhao, Y.; Li, R.; Xia, L.; Fan, Y. Assessment of Soil-Heavy Metal Pollution and the Health Risks in a

Mining Area from Southern Shaanxi Province, China. Toxics 2022, 10, 385. [CrossRef] [PubMed]
2. Masindi, V.; Muedi, K.L. Environmental Contamination by Heavy Metals. In Heavy Metals; IntechOpen: London, UK, 2018;

ISBN 978-1-78923-361-2.
3. Yin, F.; Meng, W.; Liu, L.; Feng, K.; Yin, C. Spatial Distribution and Associated Risk Assessment of Heavy Metal Pollution in

Farmland Soil Surrounding the Ganhe Industrial Park in Qinghai Province, China. Land 2023, 12, 1172. [CrossRef]
4. Alloway, B.J. (Ed.) Heavy Metals in Soils: Trace Metals and Metalloids in Soils and Their Bioavailability. In Environmental Pollution,

3rd ed.; Springer: Dordrecht, The Netherlands, 2014; ISBN 978-94-007-4470-7.
5. Li, W.; Zhu, T.; Yang, H.; Zhang, C.; Zou, X. Distribution Characteristics and Risk Assessment of Heavy Metals in Soils of the

Typical Karst and Non-Karst Areas. Land 2022, 11, 1346. [CrossRef]
6. Song, H.; Hu, K.; An, Y.; Chen, C.; Li, G. Spatial Distribution and Source Apportionment of the Heavy Metals in the Agricultural

Soil in a Regional Scale. J. Soils Sediments 2018, 18, 852–862. [CrossRef]
7. Wuana, R.A.; Okieimen, F.E. Heavy Metals in Contaminated Soils: A Review of Sources, Chemistry, Risks and Best Available

Strategies for Remediation. ISRN Ecol. 2011, 2011, 402647. [CrossRef]
8. Zhang, B.; Jia, T.; Peng, S.; Yu, X.; She, D. Spatial Distribution, Source Identification, and Risk Assessment of Heavy Metals in

the Cultivated Soil of the Qinghai–Tibet Plateau Region: Case Study on Huzhu County. Glob. Ecol. Conserv. 2022, 35, e02073.
[CrossRef]

9. Jayakumar, M.; Surendran, U.; Raja, P.; Kumar, A.; Senapathi, V. A Review of Heavy Metals Accumulation Pathways, Sources and
Management in Soils. Arab. J. Geosci. 2021, 14, 2156. [CrossRef]

https://www.mdpi.com/article/10.3390/land13050684/s1
https://www.mdpi.com/article/10.3390/land13050684/s1
https://doi.org/10.3390/toxics10070385
https://www.ncbi.nlm.nih.gov/pubmed/35878290
https://doi.org/10.3390/land12061172
https://doi.org/10.3390/land11081346
https://doi.org/10.1007/s11368-017-1795-0
https://doi.org/10.5402/2011/402647
https://doi.org/10.1016/j.gecco.2022.e02073
https://doi.org/10.1007/s12517-021-08543-9


Land 2024, 13, 684 11 of 12

10. Radi, N.; Hirche, A.; Boutaleb, A. Assessment of Soil Contamination by Heavy Metals and Arsenic in Tamesguida Abandoned
Copper Mine Area, Médéa, Algeria. Environ. Monit. Assess. 2023, 195, 247. [CrossRef]

11. Wang, L.; Gao, S.; Yin, X.; Yu, X.; Luan, L. Arsenic Accumulation, Distribution and Source Analysis of Rice in a Typical Growing
Area in North China. Ecotoxicol. Environ. Saf. 2019, 167, 429–434. [CrossRef] [PubMed]

12. Gupta, D.K.; Chatterjee, S.; Datta, S.; Veer, V.; Walther, C. Role of Phosphate Fertilizers in Heavy Metal Uptake and Detoxification
of Toxic Metals. Chemosphere 2014, 108, 134–144. [CrossRef]

13. Baltas, H.; Sirin, M.; Gökbayrak, E.; Ozcelik, A.E. A Case Study on Pollution and a Human Health Risk Assessment of Heavy
Metals in Agricultural Soils around Sinop Province, Turkey. Chemosphere 2020, 241, 125015. [CrossRef]

14. Sharma, S.; Kaur, I.; Nagpal, A.K. Contamination of Rice Crop with Potentially Toxic Elements and Associated Human Health
Risks—A Review. Environ. Sci. Pollut. Res. 2021, 28, 12282–12299. [CrossRef] [PubMed]

15. Mao, C.; Song, Y.; Chen, L.; Ji, J.; Li, J.; Yuan, X.; Yang, Z.; Ayoko, G.A.; Frost, R.L.; Theiss, F. Human Health Risks of Heavy Metals
in Paddy Rice Based on Transfer Characteristics of Heavy Metals from Soil to Rice. Catena 2019, 175, 339–348. [CrossRef]

16. Liu, Y.; Cao, X.; Hu, Y.; Cheng, H. Pollution, Risk and Transfer of Heavy Metals in Soil and Rice: A Case Study in a Typical
Industrialized Region in South China. Sustainability 2022, 14, 10225. [CrossRef]

17. Ali, W.; Mao, K.; Zhang, H.; Junaid, M.; Xu, N.; Rasool, A.; Feng, X.; Yang, Z. Comprehensive Review of the Basic Chemical
Behaviours, Sources, Processes, and Endpoints of Trace Element Contamination in Paddy Soil-Rice Systems in Rice-Growing
Countries. J. Hazard. Mater. 2020, 397, 122720. [CrossRef]

18. Akter, M.; Kabir, M.H.; Alam, M.A.; Al Mashuk, H.; Rahman, M.M.; Alam, M.S.; Brodie, G.; Islam, S.M.M.; Gaihre, Y.K.; Rahman,
G.K.M.M. Geospatial Visualization and Ecological Risk Assessment of Heavy Metals in Rice Soil of a Newly Developed Industrial
Zone in Bangladesh. Sustainability 2023, 15, 7208. [CrossRef]

19. Liu, H.; Xie, J.; Cheng, Z.; Wu, X. Characteristics, Chemical Speciation and Health Risk Assessment of Heavy Metals in Paddy
Soil and Rice around an Abandoned High-Arsenic Coal Mine Area, Southwest China. Minerals 2023, 13, 629. [CrossRef]

20. Guo, B.; Hong, C.; Tong, W.; Xu, M.; Huang, C.; Yin, H.; Lin, Y.; Fu, Q. Health Risk Assessment of Heavy Metal Pollution in a
Soil-Rice System: A Case Study in the Jin-Qu Basin of China. Sci. Rep. 2020, 10, 11490. [CrossRef]

21. Khan, A.; Khan, M.S.; Hadi, F.; Saddiq, G.; Khan, A.N. Energy-Dispersive X-ray (EDX) Fluorescence Based Analysis of Heavy
Metals in Marble Powder, Paddy Soil and Rice (Oryza sativa L.) with Potential Health Risks in District Malakand, Khyber
Pakhtunkhwa, Pakistan. Environ. Pollut. Bioavailab. 2021, 33, 301–316. [CrossRef]

22. Hasan, G.M.M.A.; Das, A.K.; Satter, M.A. Accumulation of Heavy Metals in Rice (Oryza Sativa. L) Grains Cultivated in Three
Major Industrial Areas of Bangladesh. J. Environ. Public Health 2022, 2022, 1836597. [CrossRef] [PubMed]

23. Ministerio de Agricultura de la República Dominicana Memoria Institucional. 2023. Available online: https://agricultura.gob.
do/transparencia/wp-content/uploads/2024/01/Memoria-Anual-2023.pdf (accessed on 1 February 2023).

24. Delanoy, R.; Espinosa, C.M.; Herrera, Y. Heavy Metals in the Northwest Agricultural Region Dominican Republic. J. Geosci.
Environ. Prot. 2022, 10, 16–24. [CrossRef]

25. Delanoy, R.; Espinosa, C.M.; Herrera, Y.; Delanoy, R.; Espinosa, C.M.; Herrera, Y. Heavy Metals in Agricultural Soils of San
Francisco de Macorís and La Vega, Dominican Republic. J. Geosci. Environ. Prot. 2022, 10, 54–65. [CrossRef]

26. Alberto Then, N.M.; Delanoy, R.; Rodríguez Alberto, D.; Méndez Henández, R.; Díaz Rizo, O.; Bello, L. Heavy Metal Pollution
Assessment in the Agricultural Soils of Bonao, Dominican Republic. Sustainability 2023, 15, 16510. [CrossRef]

27. Delanoy, R.; Matos-Espinosa, C.; de los Santos, Y.H. Heavy Metals in Agricultural Soils of Constanza, Jarabacoa, San Jose de Ocoa,
Azua, Barahona and San Juan de La Maguana, Dominican Republic, 2022. J. Geosci. Environ. Prot. 2024, 12, 64–79. [CrossRef]

28. Oficina Nacional de Meteorología (ONAMET) DATOS NORMALES 1971–2000—BONAO, COTUI, SAN FCO, PIMENTEL, VILLA
RIVA (Unpublished Raw Data). 2022. Available online: https://onamet.gob.do/index.php/pronosticos/informe-del-tiempo.
(accessed on 8 May 2024).

29. Secretaria de Estado de Agricultura. Características de los Suelos de la República Dominicana por URP y ASDS. 1985. República
Dominicana, 60 p. Available online: https://www.studocu.com/latam/document/universidad-autonoma-de-santo-domingo/
geografia-fisica-general/suelos-republica-dominicana-por-urp-y-asds/71067900 (accessed on 8 May 2024).

30. MINAM Guía Para Muestreo de Suelos. Available online: http://www.minam.gob.pe/wp-content/uploads/2014/04/GUIA-
MUESTREO-SUELO_MINAM1.pdf (accessed on 9 November 2023).

31. Rastegari Mehr, M.; Shakeri, A.; Amjadian, K.; Khalilzadeh Poshtegal, M.; Sharifi, R. Bioavailability, distribution and health risk
assessment of arsenic and heavy metals (HMs) in agricultural soils of Kermanshah Province, west of Iran. J. Environ. Health Sci.
Eng. 2021, 19, 107–120. [CrossRef] [PubMed]

32. Bouyoucos, G.J. Directions for Making Mechanical Analyses of Soil by the Hydrometer Method. Soil Sci. 1936, 42, 225–230.
[CrossRef]

33. Bazán, R. Manual de Procedimientos de los Análisis de Suelos y Agua con Fines de Riego; Ministerio de Agricultura y Riego—INIA:
Lima, Perú, 2017; Available online: https://repositorio.inia.gob.pe/bitstream/inia/504/1/Bazan-Manual_de_procedimientos_
de_los.pdf (accessed on 5 May 2024).

34. De Vos, B.; Lettens, S.; Muys, B.; Deckers, J.A. Walkley-Black Analysis of Forest Soil Organic Carbon: Recovery, Limitations and
Uncertainty. Soil Use Manag. 2007, 23, 221–229. [CrossRef]

35. Chapman, H.D. Cation-Exchange Capacity. In Methods of Soil Analysis, Part 2: Chemical and Microbiological Properties; John Wiley &
Sons, Ltd: London, UK, 2016; pp. 891–901, ISBN 9780891182047.

https://doi.org/10.1007/s10661-022-10862-7
https://doi.org/10.1016/j.ecoenv.2018.10.015
https://www.ncbi.nlm.nih.gov/pubmed/30368136
https://doi.org/10.1016/J.CHEMOSPHERE.2014.01.030
https://doi.org/10.1016/j.chemosphere.2019.125015
https://doi.org/10.1007/S11356-020-11696-X
https://www.ncbi.nlm.nih.gov/pubmed/33410034
https://doi.org/10.1016/J.CATENA.2018.12.029
https://doi.org/10.3390/su141610225
https://doi.org/10.1016/j.jhazmat.2020.122720
https://doi.org/10.3390/SU15097208
https://doi.org/10.3390/MIN13050629
https://doi.org/10.1038/s41598-020-68295-6
https://doi.org/10.1080/26395940.2021.1986427
https://doi.org/10.1155/2022/1836597
https://www.ncbi.nlm.nih.gov/pubmed/35299874
https://agricultura.gob.do/transparencia/wp-content/uploads/2024/01/Memoria-Anual-2023.pdf
https://agricultura.gob.do/transparencia/wp-content/uploads/2024/01/Memoria-Anual-2023.pdf
https://doi.org/10.4236/gep.2022.105002
https://doi.org/10.4236/GEP.2022.1010005
https://doi.org/10.3390/su152316510
https://doi.org/10.4236/gep.2024.121005
https://onamet.gob.do/index.php/pronosticos/informe-del-tiempo.
https://www.studocu.com/latam/document/universidad-autonoma-de-santo-domingo/geografia-fisica-general/suelos-republica-dominicana-por-urp-y-asds/71067900
https://www.studocu.com/latam/document/universidad-autonoma-de-santo-domingo/geografia-fisica-general/suelos-republica-dominicana-por-urp-y-asds/71067900
http://www.minam.gob.pe/wp-content/uploads/2014/04/GUIA-MUESTREO-SUELO_MINAM1.pdf
http://www.minam.gob.pe/wp-content/uploads/2014/04/GUIA-MUESTREO-SUELO_MINAM1.pdf
https://doi.org/10.1007/s40201-020-00585-7
https://www.ncbi.nlm.nih.gov/pubmed/34150222
https://doi.org/10.1097/00010694-193609000-00007
https://repositorio.inia.gob.pe/bitstream/inia/504/1/Bazan-Manual_de_procedimientos_de_los.pdf
https://repositorio.inia.gob.pe/bitstream/inia/504/1/Bazan-Manual_de_procedimientos_de_los.pdf
https://doi.org/10.1111/j.1475-2743.2007.00084.x


Land 2024, 13, 684 12 of 12

36. Turekian, K.K.; Wedepohl, K.H. Distribution of the Elements in Some Major Units of the Earth’s Crust|GSA Bul-
letin|GeoScienceWorld. GSA Bull. 1961, 72, 175–192. [CrossRef]

37. Muller, G.M. Index of Geoaccumulation in Sediments of the Rhine River. GeoJournal 1969, 2, 108–118.
38. Jiang, Y.; Chao, S.; Liu, J.; Yang, Y.; Chen, Y.; Zhang, A.; Cao, H. Source Apportionment and Health Risk Assessment of Heavy

Metals in Soil for a Township in Jiangsu Province, China. Chemosphere 2017, 168, 1658–1668. [CrossRef]
39. Marrugo-Negrete, J.; Pinedo-Hernández, J.; Díez, S. Assessment of Heavy Metal Pollution, Spatial Distribution and Origin in

Agricultural Soils along the Sinú River Basin, Colombia. Environ. Res. 2017, 154, 380–388. [CrossRef] [PubMed]
40. Keshavarzi, A.; Kumar, V. Ecological Risk Assessment and Source Apportionment of Heavy Metal Contamination in Agricultural

Soils of Northeastern Iran. Int. J. Environ. Health Res. 2019, 29, 544–560. [CrossRef] [PubMed]
41. Zhang, R.; Chen, T.; Zhang, Y.; Hou, Y.; Chang, Q. Health Risk Assessment of Heavy Metals in Agricultural Soils and Identification

of Main Influencing Factors in a Typical Industrial Park in Northwest China. Chemosphere 2020, 252, 126591. [CrossRef] [PubMed]
42. Al-Taani, A.A.; Nazzal, Y.; Howari, F.M.; Iqbal, J.; Orm, N.B.; Xavier, C.M.; Bărbulescu, A.; Sharma, M.; Dumitriu, C.S.

Contamination Assessment of Heavy Metals in Agricultural Soil, in the Liwa Area (UAE). Toxics 2021, 9, 53. [CrossRef] [PubMed]
43. Hakanson, L. An Ecological Risk Index for Aquatic Pollution Control.a Sedimentological Approach. Water Res. 1980, 14, 975–1001.

[CrossRef]
44. Gao, J.; Wang, L. Ecological and Human Health Risk Assessments in the Context of Soil Heavy Metal Pollution in a Typical

Industrial Area of Shanghai, China. Environ. Sci. Pollut. Res. 2018, 25, 27090–27105. [CrossRef]
45. Huang, Y.; Chen, Q.; Deng, M.; Japenga, J.; Li, T.; Yang, X.; He, Z. Heavy Metal Pollution and Health Risk Assessment of

Agricultural Soils in a Typical Peri-Urban Area in Southeast China. J. Environ. Manag. 2018, 207, 159–168. [CrossRef] [PubMed]
46. Rodriguez Eugenio, N.; McLaughlin, M.; Pennock, D. La Contaminación Del Suelo: Una Realidad Oculta; FAO: Rome, Italy, 2019.
47. Cai, L.; Xu, Z.; Bao, P.; He, M.; Dou, L.; Chen, L.; Zhou, Y.; Zhu, Y.G. Multivariate and Geostatistical Analyses of the Spatial

Distribution and Source of Arsenic and Heavy Metals in the Agricultural Soils in Shunde, Southeast China. J. Geochem. Explor.
2015, 148, 189–195. [CrossRef]

48. Van Grieken, R.; Markowicz, A. Handbook of X-ray Spectrometry; CRC Press: Boca Raton, FL, USA, 2001.
49. Sutherland, R.A. Bed Sediment-Associated Trace Metals in an Urban Stream, Oahu, Hawaii. Environ. Geol. 2000, 39, 611–627.

[CrossRef]
50. Wei, B.; Yang, L. A Review of Heavy Metal Contaminations in Urban Soils, Urban Road Dusts and Agricultural Soils from China.

Microchem. J. 2010, 94, 99–107. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1130/0016-7606(1961)72[175:DOTEIS]2.0.CO;2
https://doi.org/10.1016/J.CHEMOSPHERE.2016.11.088
https://doi.org/10.1016/j.envres.2017.01.021
https://www.ncbi.nlm.nih.gov/pubmed/28189028
https://doi.org/10.1080/09603123.2018.1555638
https://www.ncbi.nlm.nih.gov/pubmed/30525957
https://doi.org/10.1016/J.CHEMOSPHERE.2020.126591
https://www.ncbi.nlm.nih.gov/pubmed/32240858
https://doi.org/10.3390/toxics9030053
https://www.ncbi.nlm.nih.gov/pubmed/33801890
https://doi.org/10.1016/0043-1354(80)90143-8
https://doi.org/10.1007/s11356-018-2705-8
https://doi.org/10.1016/j.jenvman.2017.10.072
https://www.ncbi.nlm.nih.gov/pubmed/29174991
https://doi.org/10.1016/J.GEXPLO.2014.09.010
https://doi.org/10.1007/s002540050473
https://doi.org/10.1016/j.microc.2009.09.014

	Introduction 
	Materials and Methods 
	Study Area 
	Soil Sample Collection 
	Sample Preparation 
	Soil Physicochemical Analysis 
	Statistical Analysis and Spatial Distribution 
	Soil Pollution Indices 
	Geo-Accumulation Index (Igeo) 
	Enrichment Factor (EF) 
	Single Pollution Index (PI) 

	Potential Ecological Risk Index (RI) 

	Results and Discussion 
	Physicochemical Properties 
	Heavy Metal Concentration in Soils 
	Pearson’s Correlation of Soil Heavy Metals and Physicochemical Properties 
	Spatial Distribution of Heavy Metals 
	Soil Pollution Indices 
	Geo-accumulation Index (Igeo) 
	Enrichment Factor (EF) 
	Single Pollution Index (PI) 

	Potential Ecological Risk (RI) 

	Conclusions 
	References

