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Abstract: The assessment of the vulnerability of soil and groundwater resources to pesticide
contamination is important to reduce the risk of environmental pollution. The applicability of the
expanded attenuation factor (EAF) to assess leaching potential of 30 pesticides was investigated under
four recharge rates (0.0003–0.002 m d−1) in the arid environment of the Jazan watershed. EAF results
revealed that Picloram, Carbofuran, Monocrotophos, and 2,4-D pesticides showed high leaching
potential, mainly because of their low KOC, and relatively longer t1/2. In addition, medium leaching
potential was observed with six more pesticides (Atrazine, Aldicarb, Simazine, Methomyl, Oxamyl,
and Lindane). Regardless of the recharge rate, all other pesticides showed a very low leaching
potential in the Jazan watershed. Sensitivity analysis revealed that the output of the EAF index is most
sensitive to the fraction of organic carbon ( foc), water content at field capacity (θFC ), recharge rate
(q), and partition coefficient (KOC), and least sensitive to soil bulk density (ρb) and air-filled porosity
(na). The areal extent of areas with larger leaching potential in the Jazan watershed was consistent
with soils having foc < 0.3, θFC > 10 m3 m−3, and ρb < 1450 kg m−3, and were mostly associated with
the loamy sand soils, followed by the sand and silt loam soils. EAF index model performed well in
assessing relative rankings of leaching potential and delineating areas that are more susceptible to
pesticide leaching. At the lowest recharge rate, general risk maps showed that the risk of leaching
potential was very low for all pesticides in the entire area of the Jazan watershed. On the other
hand, under the worst case scenario (0.002 m d−1), only Picloram and Carbofuran showed very high
leaching potential in areas that represented 10.8 and 8.2% from the total area of the Jazan watershed,
respectively. The information gained from this research can help farmers and decision-makers to
implement regulations and best management practices to reduce the risk of environmental pollution,
and protect soil and groundwater resources in Jazan watershed.

Keywords: expanded attenuation factor (EAF); leaching potential; pesticides; soil properties; recharge
rate; watershed

1. Introduction

Groundwater contamination by agro-chemical products is a major environmental concern due to
potential risks to human health and ecosystems [1]. In most arid regions, groundwater is the principal
source for drinking water, therefore, groundwater protection is crucial to prevent possible adverse
environmental effects. Jazan is one of the most important agricultural regions in Saudi Arabia, with
total agricultural area of 58,000 ha [2] that heavily relies on pesticides for plant protection and disease
control. In Saudi Arabia, the average pesticide application rate per unit of cropland has increased
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by 100% between 1998 and 2016 [3]. Unfortunately, in many places in the Jazan region, agricultural
practices are characterized by indiscriminate and excessive use of pesticides, which increase the
potential risk of groundwater contamination. Residual concentrations of pesticides such as Atrazine,
Carbofuran, Chloroneb, DDT, Diazinon, Dimethoat, and Methomyl have been detected in surface and
groundwater in Jazan region [4–6]. Therefore, assessment of the risk of leaching potential of pesticides
is crucial to ensure the safety of groundwater for drinking and agricultural purposes.

Pesticide risk indicators using correlation analysis between the chemical properties of pesticides
and leaching potential (e.g., Groundwater Ubiquity Score (GUS), [7], and Hornsby Index, [8]) are simple
in requirements, and can led to inaccurate estimates of the risk of pesticide leaching. On the other
hand, simulating pesticides transport using complex dynamic models requires detailed inputs, which
are difficult to obtain at the watershed scale because of the high spatial and temporal heterogeneity in
soil properties. An intermediate approach with less data required is to use physically-based index
models that take main physical and chemical processes affecting transport of pesticide in soil into
consideration. A widely used example of such models is the attenuation factor (AF) index proposed
by Rao et al. [9]. The AF model accounts for the impact of soil characteristics, pesticide properties,
and climatic conditions on the leaching potential of pesticides in soil [10–12]. Assessment of the
vulnerability of groundwater to pesticide leaching using index models can help to identify pesticides
that pose larger threat to groundwater contamination [13], and to locate regions more susceptible to
increased leaching potential because of its soil properties [14].

Large-scale watershed assessment of pesticide leaching potential requires detailed site-specific
data on soil properties, pesticides, and climatic conditions. Handling the extensive computations
associated with the large datasets of spatially variable soil properties at the watershed scale requires
the use of Geographic Information System (GIS). In this regard, Shukla et al. [15] used an integrated
approach between the AF model and GIS to evaluate groundwater vulnerability to pesticides. De
Paz and Rubio [12] used the AF index model and GIS to map the potential risk of leaching of eight
herbicides applied in a citrus-growing area of 33,800 ha in Spain. The AF index model was used
to generate a geospatial database, compiled in GIS, of leaching risk of pesticides, and to draw soil
vulnerability maps of pesticides leaching across the contiguous United States [11].

Most index models ignore the upward mass flux in soil that occur with volatile organic compounds
(VOCs) [16]. Organic pesticides that have high vapor pressure, as indicated by large Henry’s
constant, are among the most common VOCs—and have recently received greater attention because
of the increased health risks associated with their detection even at very low concentrations [17].
The assumption that volatile pesticides will not reach groundwater, especially with relatively low
recharge rates, is not true since preferential pathways in highly structured soils may facilitate faster
transport of VOCs to groundwater [18]. Several studies have reported the occurrence of VOCs in
groundwater [11,19,20]. In Jazan region, Al-Hatim et al. [5] found that out of the 16 pesticides that
were detected in groundwater samples, eight were determined to be VOCs. To evaluate the leaching
potential of VOCs, Hantush et al. [21] used dual-porosity model and derived an analytical form for the
expanded attenuation factor (EAF), which incorporates the processes of vapor-phase partitioning and
volatilization loss into the AF index model.

Local climatic conditions influence soil properties, and subsequently affect the sorption behavior
of pesticides and its possible leaching potential [22]. In addition, recharge rates vary considerably
between temperate and arid regions, which will affect the transport of pesticides to groundwater. Most
of the studies conducted to evaluate potential leaching of pesticides using the AF/EAF index model
were carried out in temperate regions. The EAF model was not tested under dry conditions with low
recharge rates in arid regions. Therefore, it is important to investigate the applicability of the EAF
index model to assess the leaching potential of pesticides, using site-specific soil properties for the
dominant soils, under the arid environment in Jazan watershed. The objectives of this study were to:
(1) assess leaching potential of volatile and non-volatile pesticides using the EAF index model under
low recharge rates and arid climatic conditions in Jazan watershed; (2) evaluate relative influence of
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pesticide, soil, and climatic parameters on leaching potential of pesticides using sensitivity analysis;
(3) determine the effect of variations in soil properties on increasing the risk of leaching potential
of pesticides; 4) compare leaching potential calculated using the EAF and GUS indices and propose
general ranking of the risk of pesticides leaching in Jazan watershed.

2. Materials and Methods

2.1. Soil Sampling and Analysis

This study was carried out in Jazan watershed (16◦54′ N and 42◦33′ E) located in southwestern
Saudi Arabia (Figure 1). The total area of the watershed is 615 km2. The region is characterized by hot
dry climate with average temperatures of 40 and 21 ◦C during summer and wintertime, respectively.
The average annual rainfall is 210 mm, mostly during Nov–Jan and some seasonal rainfall during
Apr–May. The data set utilized in this research was collected from 50 sampling locations distributed
over the entire watershed (Figure 1). Four soil samples (0–25, 25–50, 50–75, and 75–100 cm) were
collected from each sampling location. Particle size distribution (PSD) was determined by the pipette
method, and soil bulk density (ρb) was measured using soil cores [23]. Total calcium carbonate (CaCO3)
was determined according to the method of Loeppert and Suarez [24]. Organic carbon ( foc) content
was determined according to Nelson and Sommers [25], and a conversion factor of 1.724 was used to
estimate the percentage of organic matter (OM) in the soil samples. Water content at field capacity
(θFC) was determined by the pressure plate apparatus at pressures of 10 kPa (for coarse texture soils:
sand, loamy sand, and sandy loam), and 33 kPa (for medium and fine texture soils: loam, silt loam,
and clay loam) [23].
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Figure 1. Study area and soil sampling locations in the Jazan watershed.

2.2. Assessment of Leaching Potential

2.2.1. GUS Indicator

The GUS indicator estimates the leachability of pesticides based on two important pesticide
properties, the partition coefficient KOC (i.e., sorption coefficient of the pesticide normalized by the soil
organic carbon, foc), and the half-life time t1/2 of pesticides in soil. The GUS indicator is calculated
according to the following empirical equation:

GUS = log t1/2 (4− log KOC) (1)
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Relative rankings of pesticide leaching potential based on the GUS indicator are: extremely low,
<0.1; very low, 0.1–1.0; low, 1.0–2.0; moderate, 2.0–3.0; high, 3.0–4.0; and very high, >4.0 [26].

2.2.2. EAF Index Model

EAF index represents the fraction of pesticide lost below certain soil depth. EAF assumes advective
transport of pesticide based on steady-state water flow, and does not account for pesticide transport
due to hydrodynamic dispersion. First, the expanded retardation factor (ERF) of pesticide leaching
through soil due to sorption is estimated, assuming linear reversible equilibrium sorption, and pesticide
transformation is calculated based on a first-order degradation using t1/2 of the pesticide. The EAF
index is calculated according to Hantush et al. [21] as:

EAF =
Mr

M0
=

q

q +
(
Kh·

Dg
l

) × exp
(
− ln(2) × θFC × ERF× d

t1/2·q

)
(2)

and

ERF = 1 +
ρb focKOC

θFC
+

naKh
θFC

(3)

na =

(
1−

ρb

ρs

)
− θFC (4)

where Mr is the residual mass (kg) of pesticide at the specified soil depth, M0 is the initial mass applied
of pesticide (kg), q is the groundwater recharge rate (m d−1), Kh is the Henry’s constant (-), Dg is the
gas diffusion coefficient in soil (m2 d−1), l is the thickness of air boundary layer above soil surface (m),
θFC is the water content at field capacity (m3 m−3), d is the depth of soil (m), t1/2 is the half-life time
of the pesticide (d), ρb is the bulk density of soil (kg m−3), foc is the fraction of organic carbon in soil
(-), KOC is the partition coefficient (m3 kg−1), na is the air-filled porosity (-), and ρs is the soil particle
density (kg m−3). Values of air-filled porosity were used to calculate the gas diffusion coefficient in soil
according to Campbell [27] as: Dg = a·D0·(na)

b, were a and b are coefficients of pore tortuosity and
pore size distribution, and are usually given the values 0.9 and 2.3, respectively. D0 is the diffusion
coefficient in free air, and was set to 1.3824 m2 d−1. Relative rankings of pesticide leaching potential
based on the EAF index are: very low, 0 to <0.0001; low, 0.0001 to <0.001; medium, 0.001 to <0.01; high,
0.01 to <0.25; and very high, >0.25 [28].

2.3. Data Development and Leaching Scenarios

2.3.1. Pesticides Data

Thirty pesticides that were previously detected in soils and groundwater in Jazan watershed were
selected for this study. Table 1 shows values of the KOC, Kh, and t1/2 of the different pesticides. Chemical
properties of pesticides were generated from previous pesticide sorption studies in the region [4,29,30],
and from the pesticide properties database (PPDB) (University of Hertfordshire (PPDB), [31]). When
more than one value was available for KOC and t1/2 in the database, values that indicate higher leaching
risk (i.e., lower KOC and larger t1/2) were selected. Based on the values of Kh, 12 pesticides were of
volatile nature, 6 were of moderate volatilization, and 12 were non-volatile (Table 1). KOC ranged
between 0.013 and 460 m3 kg−1, and were lowest for Picloram and Monocrotophos. t1/2 ranged
between 1.1 and 6200 d, and the largest values were observed with DDT and Dieldrin (Table 1).



Water 2020, 12, 418 5 of 19

Table 1. Chemical properties of selected pesticides.

Pesticide
Chemical Properties

KOC (m3 kg−1) Kh (-) t1/2 (d) Volatility

2,4-D 0.020 1.40 × 10−9 28 Non-volatile
Alachlor 0.335 1.31 × 10−6 14 Moderately-volatile
Aldicarb 0.030 2.20 × 10−7 30 Non-volatile
Allethrin 1.400 9.69 × 10−1 60 Volatile
Atrazine 0.100 1.20 × 10−7 75 Non-volatile

Bendiocarb 0.385 1.50 × 10−6 3.5 Moderately-volatile
Bioallethrin 9.500 1.19 × 10−3 32 Volatile
Bromoxynil 0.302 1.46 × 10−7 7 Non-volatile
Carbofuran 0.022 2.09 × 10−8 50 Non-volatile
Chloroneb 1.200 4.25 × 10−3 130 Volatile

Chlorpyrifos 6.070 2.80 × 10−4 50 Volatile
Cyfluthrin 123.9 7.78 × 10−5 33 Volatile

Cyhalothrin 180.0 4.62 × 10−11 57 Non-volatile
Cypermethrin 156.3 3.70 × 10−6 60 Moderately-volatile

DDT 151.0 3.32 × 10−4 6200 Volatile
Deltamethrin 460.0 4.20 × 10−6 21 Moderately-volatile

Diazinon 0.609 6.10 × 10−2 40 Volatile
Dieldrin 12.00 6.19 × 10−4 1400 Volatile

Dimethoate 0.020 4.10 × 10−8 7 Non-volatile
Fenitrothion 2.000 3.00 × 10−6 2.7 Moderately-volatile

Fenthion 1.500 1.01 × 10−5 32 Moderately-volatile
Lindane 1.100 6.10 × 10−5 980 Volatile

Malathion 1.800 4.80 × 10−5 1.1 Volatile
Methomyl 0.072 7.50 × 10−9 49 Non-volatile

Monocrotophos 0.019 3.25 × 10−11 30 Non-volatile
Oxamyl 0.016 9.80 × 10−9 11 Non-volatile
Picloram 0.013 1.42 × 10−11 36 Non-volatile

Pirimphos-methyl 1.100 3.80 × 10−4 39 Volatile
Simazine 0.130 1.30 × 10−8 90 Non-volatile

Tetramethrin 1.423 1.56 × 10−4 3 Volatile

KOC, partition coefficient; Kh, Henry’s constant; t1/2, half-life time of the pesticide.

2.3.2. Soil Data

Soil properties of the 50 sampling locations were presented as soil profile averages over the four
sampling depths at each location. Analysis of the collected soil samples showed that six texture classes
were represented in the Jazan watershed, ranging from sand to clay loam (Table 2). Profile average
soil parameters were geo-referenced to its geographic locations in ArcGIS 10.4 (ESRI, Redlands, CA,
USA) to draw thematic maps of the spatial distribution of soil properties in the Jazan watershed.
Air-filled porosity (na) was calculated assuming a constant soil particle density of 2650 kg m−3 at all
locations. EAF calculations were based on the average values of soil parameters at each sampling
location (assuming constant value for the soil parameter over the entire compliance depth). The depth
of the root zone (d) (i.e., compliance depth) was set to 1 m. The selection of this depth is arbitrary, as it
will not affect the relative classification of the potential leaching of pesticides. The compliance depth
was set 1 m to represent a case of larger leaching potential, and because maximum microbial activities
are usually carried out within the top 1 m of the soil profile [32]. The thickness of air boundary layer
above soil surface (l) was set at 0.05 m, which indicates a small surface resistance to loss of pesticides
by volatilization [33] (i.e., larger leaching potential of pesticides).
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Table 2. Basic soil properties of the soil samples collected from the study area in Jazan watershed.

Texture Class
No. of

Sampling
Locations

Sand Silt Clay CaCO3 foc θFC ρb

(%) (m3 m−3) (kg m−3)

Sand 7 92.3 ± 2.5 2.7 ± 1.9 5.1 ± 2.7 6.12 ± 1.4 0.26 ± 0.18 10.1 ± 4.8 1690 ± 10.2
Loamy sand 8 77.4 ± 0.8 15.6 ± 0.9 7.1 ± 0.2 6.42 ± 2.2 0.23 ± 0.21 11.6 ± 4.1 1624 ± 11.4
Sandy loam 14 64.8 ± 7.1 24.3 ± 6.8 10.9 ± 2.9 6.62 ± 3.9 0.38 ± 0.49 10.2 ± 3.3 1571 ± 13.1

Loam 6 40.5 ± 5.4 40.1 ± 5.7 19.4 ± 5.8 4.57 ± 3.8 0.39 ± 0.32 16.2 ± 4.6 1415 ± 12.3
Silt loam 9 25.8 ± 5.5 59.7 ± 6.1 11.4 ± 3.1 4.36 ± 3.4 0.48 ± 0.32 17.4 ± 3.5 1461 ± 13.7

Clay loam 6 31.3 ± 7.3 38.1 ± 6.2 30.6 ± 2.2 8.84 ± 9.1 0.58 ± 0.47 21.1 ± 3.4 1401 ± 14.7

CaCO3, calcium carbonate; foc, organic carbon content; θFC, water content at field capacity; ρb, soil bulk density.
Values presented are means followed by standard deviation (±1SD).

2.3.3. Climatic Data

Groundwater recharge was calculated using a water balance approach [34]. The water
balance model accounts for rainfall, irrigation, evapotranspiration, and runoff according to the
following equation:

q = P + I − ETC −R (5)

where q is the recharge rate (m d−1), P is average annual rainfall (m year−1), I is irrigation depth (m),
ETC is the crop evapotranspiration (m). Based on the water balance model, recharge will occur only
when water content in the soil exceeds water content at field capacity [35]. Average annual rainfall
during the period 1995–2015 ranged between 40 and 240 mm in the Jazan watershed, and did not
show significant variations over the areal extent of the watershed. Depending on crop, irrigation
depth ranges between 980–1503 mm, and evapotranspiration rates ranges between 875–900 mm in
the Jazan watershed [2]. Runoff was discarded because of the small variations in the elevation in the
Jazan watershed. Based on the above information, recharge rates in Jazan watershed were calculated
to range between 0.0003–0.002 m d−1. To include all possible recharge rates in the Jazan watershed,
four scenarios for the leaching potential of pesticides were proposed: I) low recharge, 0.0003 m d−1; II)
medium recharge, 0.0005 m d−1; III) high recharge, 0.001 m d−1; and IV) very high recharge, 0.002 m d−1.

2.4. Sensitivity Analysis

The ERF/EAF index model includes 11 parameters: three for the pesticide properties
(Kh , t1/2 , KOC), seven for the soil properties (θFC , d , Dg , l , ρb , foc , na), and one for climatic
conditions (q). The Latin-Hypercube-One-factor-At-a-Time (LH-OAT) sensitivity analysis method [36]
was used to identify the relative importance of the different parameters on the output of the EAF
index model. The method starts by dividing the range of each parameter into N intervals named Latin
Hypercube points (LH) with equal probability of 1/N. Ten equal intervals were assigned, and were
distributed evenly between the minimum and maximum values of each parameter. The partial effect
Si, j for each parameter ei (one parameter at a time) around a LH point j is determined as:

Si, j =

∣∣∣∣∣∣∣∣∣∣
100×

{
Y(e1,...,ei·(1+∆i),...,ep)−Y(e1,...ei,...,ep)

[Y(e1,...,ei·(1+∆i),...,ep)+Y(e1,...ei,...,ep)]/2

}
∆i

∣∣∣∣∣∣∣∣∣∣ (6)

where Y is the model function (i.e., EAF), ∆i is the fraction by which the parameter ei changes, and p is
the total number of parameters. For each parameter, the partial effects of all LH points are averaged,
and the parameters with larger effects are ranked more sensitive to model output. To enhance the
results of the sensitivity analysis, the range of the compliance depth (d) and the thickness of air
boundary layer above soil surface (l) were set between 0.01–1.0 and 0.01–0.3 m, respectively.
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2.5. Vulnerability Assessment and General Ranking

The leaching potential for each of the 30 pesticides at all sampling locations was assessed using
the EAF index (Equation (2)). The assessment was carried out under the four scenarios of recharge
rates in the Jazan watershed. EAF index values were linked to a spatial layer (i.e., soil thematic map) to
produce a vulnerability assessment map for a particular pesticide under specific recharge scenario.
EAF index values for the different pesticides were presented in ArcGIS as interpolated shapefiles, with
leaching potential values that ranged between 0 (very low) and 1 (very high). Composite maps of
leaching potential were also generated to assess the general risk of groundwater contamination by
pesticides in the Jazan watershed. Shapefiles of the EAF index values were converted into raster data
layers, and a simple weighting scheme was employed to merge all raster data layers into a single layer
for the general EAF leaching potential. Finally, a combined general ranking of leaching potential based
on a weighted average of the GUS and EAF index values was calculated for each of the 30 pesticides.

3. Results and Discussion

3.1. Soil Vulnerability Assessment

Geospatial layers of soil properties (Figure 2) showed a negative correlation between the soil bulk
density and both organic carbon and water content at field capacity. Larger ρb was observed in the
west and southeast regions of the Jazan watershed, whereas regions in the middle and north had lower
ρb (Figure 2B). On the other hand, foc and θFC were always larger in the middle and north regions of
the Jazan watershed (Figure 2C,D). In general, foc was low in the Jazan watershed, and did not exceed
0.4 in 90% of the area of the watershed (Figure 2C). Sand, loamy sand, and sandy loam texture classes
were mostly found in the west and southeast regions, and represented 34.2, 26.2, and 13.1% from the
total area of the Jazan watershed, respectively (Figure 2A). Loam and silt loam soils (i.e., medium
texture classes) were mostly found in the middle region, and represented 21.4 and 2.4% from the total
area of the Jazan watershed, respectively. The fine texture clay loam soil was found in small parts in
the south, and represented only 2.7% of the area of the Jazan watershed (Figure 2A).
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Soil vulnerability assessment revealed that among the 30 selected pesticides only four (i.e., 2,4-D,
Carbofuran, Monocrotophos, and Picloram) showed EAF index of high leaching potential with the IV
(2,4-D and Monocrotophos), and with both the III and IV (Carbofuran and Picloram) leaching scenarios
(Table 3). The high leaching potential of these four pesticides is mainly attributed to their low KOC
values (0.013–0.022 m3 kg−1), and relatively longer t1/2 (28–50 d) (see Table 1). The risk of leaching
potential was medium for Aldicarb, Atrazine, Lindane, Oxamyl, and Simazine with the III and IV
leaching scenarios. All other pesticides showed very low and low leaching potential regardless of the
leaching scenario. Among the 12 volatile pesticides included in the study, only Lindane showed a
medium leaching potential with the III and IV leaching scenarios (Table 3).

Table 3. Effect of leaching scenarios on average leaching potential of pesticides in Jazan watershed.

Pesticide
Average EAF Leaching Index

Very low Low Medium High Very High

2,4-D I II III IV -
Alachlor I, II, III, IV -
Aldicarb I, II III, IV -
Allethrin I, II, III, IV -
Atrazine I, II III IV -

Bendiocarb I, II, III, IV -
Bioallethrin I, II, III, IV -
Bromoxynil I, II, III, IV -
Carbofuran I II III, IV -
Chloroneb I, II, III, IV -

Chlorpyrifos I, II, III, IV -
Cyfluthrin I, II, III, IV -

Cyhalothrin I, II, III, IV -
Cypermethrin I, II, III, IV -

DDT I, II, III, IV -
Deltamethrin I, II, III, IV -

Diazinon I, II, III, IV -
Dieldrin I, II, III, IV -

Dimethoate I, II, III, IV -
Fenitrothion I, II, III, IV -

Fenthion I, II, III, IV -
Lindane I, II III, IV -

Malathion I, II, III, IV -
Methomyl I, II, III IV -

Monocrotophos I II III IV -
Oxamyl I, II III IV -
Picloram I II III, IV -

Pirimphos-methyl I, II, III, IV -
Simazine I, II III IV -

Tetramethrin I, II, III, IV -

EAF, expanded attenuation factor. Average leaching potential of each pesticide is calculated. over all sampling
locations in Jazan watershed. Leaching scenarios: low, 0.0003 m d−1 (I); medium, 0.0005 m d−1 (II); high, 0.001 m
d−1 (III); and very high recharge rate, 0.002 m d−1 (IV).

3.2. Leaching Risk Maps

Leaching risk maps of the four highly leachable pesticides (2,4-D, Carbofuran, Monocrotophos,
and Picloram) were used to assess the environmental risk of pesticide leaching in Jazan watershed.
For all four pesticides, areas in the west showed larger leaching potential as compared to areas in the
middle and east of the Jazan watershed (Figures 3–6). The areal extent of areas with larger leaching
potential was consistent with soil locations that had lower foc content. Larger foc content increases
immobilization, and possible degradation, of pesticides [37], which decreases the potential for pesticide
leaching [11].
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four leaching potential scenarios: low, 0.0003 m d−1 (I); medium, 0.0005 m d−1 (II); high, 0.001 m d−1

(III); and very high recharge rate, 0.002 m d−1 (IV).

Recharge rates greatly affected leaching potential of the four pesticides. At the lowest recharge
rate (scenario I), Picloram and Carbofuran showed a medium leaching potential in areas that represent
only 4.9 and 1.5% from the total area of the watershed, respectively. For 2,4-D and Monocrotophos, the
lowest recharge rate resulted in very low leaching potential over the entire watershed (Table 4). As
previously mentioned, leaching potential also was very low at a recharge rate of 0.0003 m d−1 (scenario
I) with all other pesticides (Table 3). Our results are consistent with Jury et al. [32] who reported that
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recharge rates less than 0.001 m d−1 represent conditions of low risk of pesticide leaching. As the
recharge rate was increased, the risk of leaching potential was also increased. For example, an increase
in recharge rates from 0.0003 (scenario I) to 0.0005 m d−1 (scenario II), increased the areal extent of
regions with medium leaching potential for Picloram, Carbofuran, Monocrotophos, and 2,4-D to 28.7,
42.8, 24, and 7.9% from the area of the watershed, respectively.

Table 4. Areal extent (%) of leaching potential as indicated by the EAF index values for
Picloram, Carbofuran, Monocrotophos, and 2,4-D pesticides under the different leaching scenarios in
Jazan watershed.

Leaching
Scenario

Pesticide
Areal Extent (%) of Land with EAF Index:

Very Low Low Medium High Very High

I Picloram 57 38.1 4.9 0 0
Carbofuran 68.8 29.7 1.5 0 0

Monocrotophos 100 0 0 0 0
2,4-D 100 0 0 0 0

II Picloram 46.5 1.3 28.7 23.5 0
Carbofuran 46.5 3.7 42.8 7 0

Monocrotophos 48.8 27.2 24 0 0
2,4-D 49.8 42.3 7.9 0 0

III Picloram 3.9 23.3 23.6 49.2 0
Carbofuran 10.8 33.2 9.9 46.1 0

Monocrotophos 32.9 14.8 28.5 23.8 0
2,4-D 36.5 11.3 30.4 21.8 0

IV Picloram 0 0 38.9 50.3 10.8
Carbofuran 0.6 21.2 29.5 40.5 8.2

Monocrotophos 7.6 15.2 31.9 45.3 0
2,4-D 9 36.6 8.6 45.8 0

EAF, expanded attenuation factor. Leaching scenarios: low, 0.0003 m d−1 (I); medium, 0.0005 m d−1 (II); high, 0.001
m d−1 (III); and very high recharge rate, 0.002 m d−1 (IV).

It is worth mentioning that, most of the areal extent of areas with very low and low leaching
potential under scenario I, changed to medium or high leaching potential as the recharge rates were
increased to scenarios II, III, and IV. Assessment of the environmental risk of pesticide leaching usually
focus on the effect of “worst case” scenarios [15]. Under the worst case scenario (i.e., recharge rate
of 0.002 m d−1), the areal extent of regions with very low, low, medium, and high leaching potential
for all four pesticides ranged between 0–9, 0–36.6, 8.6–38.9, and 40.5–50.3% from the total area of the
watershed, respectively. Only Picloram and Carbofuran showed a category of very high leaching
potential in areas that represented 10.8 and 8.2% from the total area of the watershed, respectively
(Table 4).

3.3. Sensitivity of EAF Model Parameters

Partial sensitivity of all parameters included in the EAF index model are listed in Table 5.
The LH-OAT analysis showed that the first five parameters with the greatest influence on the output of
the EAF index model were in the order foc > θFC > q > KOC > d. Mean partial sensitivity of all other
parameters was smaller than 1.0, indicating less influence on the model output (Table 5). As indicated
by several previous researches, KOC and t1/2 greatly affect potential leaching of pesticides [13,38,39].
In this study, however, t1/2 ranked as the eighth most sensitive parameter with regard to the impact on
the output of the EAF index model. The lower ranking of the t1/2 parameter could be explained by the
fact that out of the 30 selected pesticides only three exceeded the mean t1/2 (318 d). θFC ranked as the
second important parameter to influence the output of the EAF index model. This is in contrast to Ki
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and Ray [14] who used EAF index to assess groundwater vulnerability to 52 VOCs in the major islands
of Hawaii, and found that θFC ranked as the tenth most influential parameter using the same LH-OAT
sensitivity analysis. Approximately 73.5% of the total areal land in Jazan watershed are characterized
by having coarse texture soils (Figure 2A). Advective transport of pollutants in carouse texture soils is
highly dependent on the value of θFC , which could explain the larger sensitivity of the EAF index
model to variations in θFC under dominant soil properties in the Jazan watershed.

Table 5. Latin-Hypercube-one-factor-At-a-time (LH-OAT)* sensitivity analysis of the different
parameters.

Parameter Database ERF/EAF Partial Sensitivity
Rank

Mean SD

Organic carbon ( foc) Soil ERF 244.2 301.6 1
Field capacity (θFC) Soil ERF/EAF 219.2 127.0 2

Recharge rate (q) Climate EAF 27.77 19.49 3
Distribution coefficient (KOC) Pesticide ERF 1.520 2.535 4

Soil depth (d) Soil EAF 1.318 0.925 5
Stagnant boundary layer (l) Soil EAF 0.373 0.638 6

Henry’s constant (Kh) Pesticide ERF/EAF 0.239 0.463 7
Half-life time (t1/2) Pesticide EAF 0.209 0.147 8

Gas diffusion coefficient (Dg) Soil EAF 0.106 0.125 9
Bulk density (ρb) Soil ERF 0.034 0.020 10

Air-filled porosity (na) Soil ERF 0.0003 0.0003 11

* Latin hypercube samples are obtained from 10 equiprobable intervals in 11-dimenstional parameter space for a
loop of 10,000 iterations.

3.4. Effect of Soil Properties on Leaching Potential

Figure 7 shows the effect of foc, θFC , and ρb on average EAF under the different leaching scenarios
in the Jazan watershed. foc was the soil parameter mostly correlated with the EAF values, with
decreasing exponential functions having R2 that ranged between 0.97–0.98. Analysis showed that
average leaching potential in Jazan watershed was very low in all soils having foc ≥ 0.3 regardless of
the leaching scenario (Figure 7A). With the hot and dry climate in the Jazan watershed, foc are usually
low (0.23–0.58, see Table 2). Nevertheless, this small fraction of foc can reduce potential leaching of
pesticides due to increased sorption and degradation processes in the soil [40]. In soils having foc < 0.3,
average leaching potential ranged between low and high for the three leaching scenarios II, III, and IV.
Only at the lowest recharge rate (scenario I) that average leaching potential remained very low even
with foc as low as 0.02.

Average EAF was correlated with θFC with an increasing exponential functions having R2 that
ranged between 0.72–0.79. At all leaching scenarios, soils having θFC ≤ 10 showed leaching potential
that ranged between very low and low (Figure 7B). θFC > 10 resulted in an increase in leaching
potential (ranging between low and medium) with leaching scenarios I, II, and III. Only at θFC > 20
and maximum recharge rate (scenario IV) that a high leaching potential was observed. Correlation
between EAF and ρb, with increasing exponential functions, was also observed, though with lower R2

that ranged between 0.68–71. EAF in soils with ρb < 1450 kg m−3 was always very low at all leaching
scenarios (Figure 7C). Soils having ρb > 1450 kg m−3 were subject to leaching potential that ranged
between low to medium, and medium to high for the II and III, and IV, respectively. These results
confirm previously mentioned rankings of sensitivity analysis for the EAF parameters, and suggest
that the effect of foc and θFC is much more important than the effect of ρb on output of the EAF model,
and the assessment of potential leaching of pesticides in Jazan watershed.
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Figure 8 shows the effect of variations in soil texture in the Jazan watershed on leaching potential
of the four most leachable pesticides (2,4-D, Carbofuran, Monocrotophos, and Picloram) under the
different leaching scenarios. In general, leaching potential was larger in coarse texture soils (sand and
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loamy sand) as compared to medium and fine texture soils. These findings are consistent with De Paz
and Rubio [12] who reported that sandy soils with low water holding capacity showed the highest risk
of leaching potential of four herbicides commonly applied to citrus orchards. At low and medium
recharge rates (scenarios I and II) and in loamy sand soils, only Picloram and Carbofuran showed low
(scenario I) to medium (scenario II) leaching potential. For all other soil textures, leaching potential
of all four pesticides was very low under both low and medium recharge rates. Loamy sand soils
represent 26.2% of the total area of the Jazan watershed, and are mostly located in the west side with
small areas in the middle and east regions of the watershed (Figure 2A). The high vulnerability to
pesticide leaching in the loamy sand soils is mainly attributed to its foc (average of 0.23), which was the
lowest as compared to all other texture classes in the Jazan watershed.Water 2020, 12, x FOR PEER REVIEW 14 of 19 
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2,4-D in Jazan watershed as assessed by EAF index model under four leaching potential scenarios: low,
0.0003 m d−1 (I); medium, 0.0005 m d−1 (II); high, 0.001 m d−1 (III); and very high recharge rate, 0.002
m d−1 (IV).

As the recharge rate was increased to high (scenario III), loamy sand soils remain the only soil
susceptible to large leaching potential. EAF model prediction at high recharge rate revealed that all
four pesticides are expected to show high leaching potential in loamy sand soils in the Jazan watershed.
Again, for all other soil textures, leaching potential of all four pesticides was very low under high
recharge rates. The only exception was with Picloram in silt loam soils that showed medium to high
leaching potential at high recharge rates. At very high recharge rates (scenario IV), leaching potential
of all four pesticides in the loamy sand soils, particularly for Picloram and Carbofuran, continue to
increase approaching the threshold of the upper limit for the high leaching category. At very high
recharge rates, Picloram and Carbofuran also showed medium to high leaching potential in sand
and silt loam soils, and very low to low leaching potential in loam and sandy loam soils in the Jazan
watershed (Figure 8). The likelihood for the occurrence of climatic conditions of very high recharge in
the Jazan watershed is extremely low. However, intensive rainfall events can cause present pesticides
to rapidly leach through soil [40], which could temporally mimic the effect of very high recharge rates.
Therefore, it is highly important to identify pesticides that are more leachable, and soil areas that are
more susceptible to leaching potential under high recharge rates in Jazan watershed.
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3.5. General Ranking of Leaching Potential

Rankings of the leaching risk for all pesticides were calculated based on a weighted average of
the GUS and EAF index values (Table 6). In general, rankings from both GUS and EAF indexes were
consistent, except with only few variations in the medium and high ranking categories. However, the
general ranking based on the weighted average of both indexes matched more closely to the rankings
calculated by the EAF index, which indicates the importance to include variations in soil properties and
climatic conditions when assessing leaching potential of pesticides in arid environment in the Jazan
watershed. The general ranking revealed that four pesticides showed average high leaching potential
in the Jazan watershed, ranked from highest to lowest as: Picloram > Carbofuran > Monocrotophos
> 2,4-D. The large leaching potential of Picloram is related to its small KOC and relatively large t1/2
values, and has been reported by several previous researches [9,11,15]. Six more pesticides showed
average medium leaching potential, ranked from highest to lowest as: Atrazine > Aldicarb > Simazine
> Methomyl > Oxamyl > Lindane. All other pesticides had very low leaching potential under all
leaching scenarios in the Jazan watershed (Table 6).

Table 6. General rankings of leaching potential of pesticides in Jazan watershed as calculated by a
combined assessment using the GUS indicator and EAF index model.

Pesticide
Leaching Index General

RankingGUS Ranking(GUS) EAF Ranking(EAF)

Picloram 4.492 Very High 5.96 × 10−2 High 1
Carbofuran 4.515 Very High 2.81 × 10−2 High 2

Monocrotophos 4.020 Very High 1.44 × 10−2 High 3
2,4-D 3.906 High 1.15 × 10−2 High 4

Atrazine 3.750 High 3.03 × 10−3 Medium 5
Aldicarb 3.727 High 5.74 × 10−3 Medium 6
Simazine 3.686 High 2.37 × 10−3 Medium 7

Methomyl 3.165 High 2.24 × 10−4 Low 8
Oxamyl 2.912 Moderate 1.26 × 10−3 Medium 9
Lindane 2.867 Moderate 5.44 × 10−3 Medium 10

Dimethoate 2.281 Moderate 3.52 × 10−5 Very low 11
Diazinon 1.947 Low 7.79 × 10−18 Very low 12

Chloroneb 1.947 Low 3.76 × 10−11 Very low 13
Alachlor 1.690 Low 2.24 × 10−25 Very low 14

Pirimphos-methyl 1.525 Low 2.13 × 10−29 Very low 15
Allethrin 1.518 Low 6.44 × 10−27 Very low 16

Bromoxynil 1.285 Low 3.21 × 10−44 Very low 17
Fenthion 1.240 Low 1.79 × 10−47 Very low 18

Bendiocarb 0.770 Very low 2.24 × 10−109 Very low 19
Tetramethrin 0.404 Very low 0 × 101 Very low 20
Chlorpyrifos 0.368 Very low 1.45 × 10−119 Very low 21
Fenitrothion 0.302 Very low 0 × 101 Very low 22
Bioallethrin 0.034 Extremely low 2.51 × 10−289 Very low 23
Malathion 0.031 Extremely low 0 × 101 Very low 24
Dieldrin −0.249 Extremely low 2.65 × 10−10 Very low 25

Cyfluthrin −1.660 Extremely low 0 × 101 Very low 26
Cypermethrin −2.123 Extremely low 0 × 101 Very low 27
Deltamethrin −2.199 Extremely low 0 × 101 Very low 28
Cyhalothrin −2.204 Extremely low 0 × 101 Very low 29

DDT −4.471 Extremely low 1.40 × 10−25 Very low 30

GUS, groundwater ubiquity score (Equation (1)); EAF, expanded attenuation factor (Equation (2)), EAF values are
for worst case leaching scenario (IV).

Most of the pesticides that showed medium and high leaching potential, based on the EAF index
calculations, have been frequently detected in groundwater (e.g., Picloram, Carbofuran, Atrazine, and
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Methomyl) in Jazan watershed [4,6], which confirms the applicability of the EAF index model to assess
leaching potential of pesticides in Jazan watershed. Other pesticides that ranked in the highest 10
leachable pesticides in Jazan watershed but were not (or less frequently) detected in groundwater
(e.g., Monocrotophos, 2.4-D, Aldicarb, and Oxamyl) are all characterized by t1/2 ≤ 30 d, therefore,
are subject to faster degradation in soil. Conversely, Deltamethrin, Cyhalothrin, and DDT, which
showed very low leaching potential, and were ranked the lowest leachable pesticides (Table 6), have
been detected in groundwater in Jazan watershed [5]. This has been attributed to pesticide transport
through hydrodynamic dispersion and preferential flow in well-structured soils, particularly under
periods of extensive rainfall [18].

Among the 12 VOCs pesticides included in this study, only Lindane was ranked as the 10th

leachable pesticide, having medium leaching potential in the Jazan watershed (Table 6). Other VOCs
pesticides that showed intermediate rankings include Diazinon, Chloroneb, Pirimphos-methyl, and
Allethrin, which were ranked 12th, 13th, 15th, and 16th, respectively. All other VOCs pesticides were
ranked < 20th. Diazinon has been detected as the most frequently pesticides found in groundwater in
the Jazan watershed [5], also Chloroneb and Pirimphos-methyl have been detected in groundwater
in the Jazan watershed [4,6]. These findings support the possibility that VOCs pesticides can leach
to groundwater via preferential flow in Jazan watershed, and provide additional evidence of the
suitability of the EAF index model to assess leaching potential of VOCs in Jazan watershed.

Composite risk maps of general leaching potential under the different leaching scenarios in the
Jazan watershed are presented in Figure 9. At low recharge rate (scenario I), the entire area of the Jazan
watershed showed an average of very low leaching potential. As the recharge rates were increased, a
gradual change in leaching potential towards higher categories was observed, particularly in areas
having loamy sand texture in the west region of the watershed (Figure 9). The percentage of the areas
that are likely to show an average leaching potential ranging between medium and high was increased
to 7.1, 45.6, and 49.8% with the leaching scenarios II, III, and IV, respectively. Areas with high leaching
potential appeared only with the III and IV leaching scenarios, and reached 4.7 and 24.5% from the
total area of the Jazan watershed, respectively.
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4. Conclusions

In this study, the EAF index model was used to assess leaching potential of volatile and non-volatile
pesticides in Jazan watershed under arid climatic conditions and variable recharge rates. A database
was generated using ArcGIS that included information about chemical properties of 30 pesticides
commonly detected in the soils and groundwater in Jazan watershed, and spatial distribution of major
physical and chemical soil properties based on analysis of soil samples collected from 50 locations in
Jazan watershed. General rankings of leaching potential was calculated based on a weighted average
of the EAF index and the much simpler GUS indicator.

Only four pesticides showed high leaching potential, and were ranked in the following order;
(from highest to lowest), Picloram > Carbofuran > Monocrotophos > 2,4-D. The high leaching potential
of these four pesticides is mainly attributed to their low KOC, and relatively longer t1/2. In addition,
medium leaching potential was observed with the pesticides, (ranked from highest to lowest) Atrazine
> Aldicarb > Simazine > Methomyl > Oxamyl > Lindane. Up to a recharge rate of 0.002 m d−1, all
other pesticides showed a very low leaching potential in the Jazan watershed.

Sensitivity analysis revealed that the output of the EAF index is most sensitive to the parameters
foc, θFC , q, and KOC. Therefore, greater efforts must be considered when determining the values of
these parameter in particular for the soil parameters at large-scale watershed assessment to insure
accurate representation of the spatial variability of these parameters. The areal extent of areas with
larger leaching potential in the Jazan watershed was consistent with soils having foc < 0.3, θFC > 10 m3

m−3, and ρb < 1450 kg m−3. In general, most susceptible areas to the risk of pesticide leaching were the
loamy sand soils, mostly located in the west and small areas in the middle of the watershed, followed
by the sand and silt loam soils.

The risk for leaching potential was increased as the recharge rate was increased. This was evident
by the fact that most of the areal extent of areas having very low and low leaching potential under low
recharge rate (scenario I) was changed to medium or high leaching potential at higher recharge rates (
scenarios II, III, and IV). Composite risk maps of general leaching potential showed very low leaching
potential in the entire area of the Jazan watershed at low recharge rate (scenario I). As the recharge
rates were increased to scenarios II, III, and IV, areas showing leaching potential between medium and
high was increased to 7.1, 45.6, and 49.8%, respectively. Under the worst case scenario (i.e., recharge
rate of 0.002 m d−1), only Picloram and Carbofuran showed very high leaching potential in areas that
represented 10.8 and 8.2%, respectively.

When interpreting outcomes of the EAF index, it should be clear that the model does not
provide actual contamination or mass amount of leached pesticides, rather it estimates the relative
assessment of leaching potential of pesticides based on variability in soil properties and climatic
conditions. Another limitation for the EAF index is that it does not take into account dispersive flux
or preferential flow of pesticides. This will underestimate possible leaching potential of pesticides
usually regarded as non-leachable by simple index models (e.g., pesticides with large KOC and small
t1/2 values). Nevertheless, EAF index model can provide useful information regarding areas that
are more susceptible to the risk of pesticide leaching, and identify pesticides that have high leaching
potential under dominant soil properties and climatic conditions. EAF also could help to reduce the
need for continuous monitoring of certain pesticides (i.e., ones having very low leaching potential)
in groundwater, which helps to concentrate efforts on monitoring of pesticides having high leaching
potential in regions that are more vulnerable to pesticide leaching. Farmers and decision-makers can
utilize the information regarding EAF rankings, and the delineation of areas that are more vulnerable
to pesticides leaching to formulate proper regulations and alternate management practices to minimize
the risk of soil and groundwater contamination in the Jazan watershed.
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