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Abstract. Pesticides play a crucial role in modern agriculture, enhancing crop yields and quality.
However, their widespread use raises concerns about environmental pollution and human health
risks. This study addresses these concerns by presenting a simulation model to predict the fate of
pesticides in soil, considering various factors such as soil composition, water flow velocity, diffusion
coefficients, and degradation rates. Through numerical simulation, the model demonstrates its
capability to predict pesticide propagation over time and space, as well as illustrating the impact
of different parameters, highlighting the importance of sustainable pesticide use practices. Overall,
this study contributes to efforts aimed at developing effective pesticide management strategies and
protecting the environment.
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1 Introduction

Pesticides, a category of substances that includes insecticides, fungicides, herbicides, rodenti-
cides, molluscicides, and nematicides [12], are acknowledged for their substantial role in agricul-
tural development, particularly highlighting the top three, which stand out as the most widely
sold worldwide [7]. They are widely acknowledged for their ability to reduce agricultural product
losses, thereby improving the yield and quality of food within the same cultivated surface areas in
an economically viable manner [2, 3, 7, 12].

In Brazil, the increase in pesticide consumption is directly related to the historically conducted
policies promoting commodity production by the Brazilian government. In 1991, the country used
seven times fewer pesticides than the United States; however, by 2015, both countries consumed
about 400.000 tons per year [4]. Nowadays, along with other countries like the USA and China,
Brazil is one of the countries that consumes the most pesticides in the world [4-6, 8, 9].

Every year, three billion kilograms of pesticides are utilized globally, with only 1% effectively
targeting insect pests on intended plants [12]. The substantial quantity of unused pesticides infil-
trates non-target plants and environmental media, resulting in environmental pollution and adverse
effects on human health [2-4, 7, 11, 12].

Predicting the fate of pesticides in the environment is essential to minimize adverse impacts
beyond their application sites. Understanding chemical dynamics and pesticide residues present in
plants and soil is essential to ensure food safety and protect the environment [1, 13]. Additionally,
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information about the fate of pesticides in agriculture can inform governmental decisions, such
as defining appropriate pre-harvest intervals to keep pesticide concentrations below the maximum
residue limit over time [1].

Several simulation models have already been developed to provide a deeper understanding of
plant-environment system characteristics and represent an effective approach to assess agricultural
and environmental challenges related to pesticide use [1, 13]. These models assist in selecting
suitable pesticides for specific soil, crop, and weather conditions, optimizing application rates and
timing to protect crops, and identifying pesticides with high contamination potential for specific
environmental compartments [13].

Choosing the most appropriate model hinges on several factors: the intended purpose of the
study, the accessibility of input data, and the model’s capacity to accurately represent physical and
chemical processes through parametrization. These considerations collectively guide the decision-
making process, ensuring that the selected model is well-aligned with the specific objectives and
limitations of the study [2].

The objective of this work is to present a simulation model to predict the fate of pesticides
in the environment, considering factors such as soil composition, water flow velocity, diffusion
coeflicients, and degradation rates.

2 Methodology

The model corresponds to an experiment where a soil-pesticide mixture is prepared with a
known pesticide concentration. A layer of this mixture is positioned on top of a soil column that
is already saturated with water. Subsequently, water is introduced at a constant rate to the top
of the soil column, thereby prompting the transport of the pesticide from the upper layer. An
investigation will be conducted on an advection-diffusion model with degradation evolution, based
on [10], described as

aC(x,t)  OClx,t) . C(x,1)
o Pz TV

Ry + RpkC(a,t) =0, (1)

where C is the solute concentration in kgm™3, t is time in days (d), z is the spatial coordinate in
meters (m), positive in the direction of soil depth, R is the retardation factor (dimensionless), D
is the diffusion coefficient in m? d=!, V is the water flow velocity in m d~! and k is the degradation
factor in d— 1.
The retardation factor is
K
Ry =142, (2)
0
where p is the density of dry soil in kgm ™3, Kp = f,cK,. is the pesticide sorption coefficient in
the soil in m3 kg~!, f,. is the organic carbon content in the soil, K. is the sorption coefficient of

the pesticide to the organic carbon in the soil in m3 kg~! and 0 is the volumetric water content in
the soil. The diffusion coeflicient is given by

D =kDgy+ aV (3)

where Dy is the diffusion coefficient in water in m2 d~!, x is the soil factor and « is the dispersal
length in (m).
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2.1 Initial and boundary conditions

For the boundary condition at x = 0, it is assumed that the water added at the top of the
column is free of pesticides. Thus, it follows that

8(](0 t)
o
The layer at the top of the soil column, which initially contains the pesticide, is considered

as part of the soil profile, and its presence is incorporated into the domain through the initial
condition

vV C(0,t) — =0 , t>0. (4)

<
C(I7O): Co s O<x<e , (5)
0 , e<z<L

where Cj is the initial concentration, ¢ is the thickness of the layer that initially contains the
pesticide in m and L is the length of the soil column in m.

The boundary condition at x = L, in order to indicate that there is no concentration gradient
at the bottom of the soil column, can be given by

dC(L,1)

S =0, >0, (6)

2.2 Numerical Simulation

The model will be discretized using the Crank-Nicolson scheme, defining C’ij as the approxima-
tion of C(z,t) at x;,t;. Thus, the equation (1) is discretized as follows:

R Clt el D (czrf ot el Cly 20!+ cz_1>
2

At h? h?
v (cli-cll ol -cl, Rfk L
+t3 ( 57 + o7 + Ci™+0f) = (7)
Then, by defining the coefficients as
Vh
= —D _ —
o - ®)
2R¢h?
A= Aft +2D + Rykh?, (9)
Vh
A 10
f=-D+ 5, (10)
2R ¢h?
p=—"R— +2D+ Rekh’, (11)
the expression, for i =1,2,3...,nand j=0,1,2..., becomes
aCit + NI 4+ el = —aC | — O — O, . (12)

By discretizing the boundary conditions using the following one-sided forward finite difference

formula
=3f(x)+4f(x+h) — f(z+2h)
2h ’

f(@) = (13)
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the equation (12), for ¢ = 1, turns into

4Da - Da - - : 4
<A + 2Vh+3D) o (5 - 2Vh+3D> G3"' = —aGy—pCi - 503 (19)
Furthermore, using the one-sided backward finite difference formula

flx—2h) —4f(x —h) + 3f(z)

/
= 1
) - , (15)
the equation (12), for ¢ = n, becomes
. 4 _ . _ .
(a - g) ot 4 ()\ + 35) Citl = —aC? | — uCy — BCY . (16)

Numerical solutions are obtained by solving the system of equations (12), (14) and (16). A

script was made in Python language for the simulation. The parameters used in the simulation
are shown in Table 1, and are based on [10].

Table 1: Simulation parameters.

L (m) Ty (d) Co (kgm=3) foc 0 Ry h
0.3 16 0.8 0.01 0.4 3.1 0.3/512

D (m?d=t) V (md™!) k(d=1) Koo (m3kg™Y)  p(kgm=2) & (m) At
1x10* 0.04 0.01 0.06 1400 0.05 16/128

3 Results and Discussion

In Figure 1a, the plot of C(z,t) is presented for a temporal variation using ¢ = 0, 3,6, 9, 12, and
15 days. Additionally, Figure 1b depicts the plot of C(z,t) for = 0.1m. It’s evident that over
time, the concentration diminishes due to factors such as degradation, and the shape of the curve
broadens, primarily due to diffusion, among other contributing factors.
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Figure 1: Numerical solution of C(x,t) for (a) t = 0,3,6,9,12,15 days and for (b) x = 0.1 m using the
parameters from Table 1. Source: authors.
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It’s possible to explore the influence of parameters in the simulation. For instance, Figure 2
demonstrates the effect of the water flow velocity V. It can be inferred that a higher velocity
propagates the pesticide faster and deeper through the soil.

Similarly, Figures 3 and 4 illustrate the impact of the diffusion coeflicient D and the degradation
factor k. A higher diffusion coefficient results in the pesticide being more dispersed, leading to a
lower maximum concentration at each depth. This effect contrasts with changes in velocity alone,
where such reduction in maximum concentration doesn’t occur. Also, it is reasonable to assume
that a higher degradation factor accelerates the decrease in pesticide concentration, preventing it
from reaching higher levels.
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Figure 2: Impact of water flow velocity V for (a) t = 10 days and for (b) z = 0.1 m. Source: authors.

1.0 1.0
— D=1e4 — D=1le4
— D=1e5 — D=1e5

0.8 0.8 1
E E
3 >
~ 0.6 ~ 0.6
c c
2 S
= =
4 4
G 0.4 G 0.4
S S
2 2
S S
o o

0.24 0.2

0.0 ™ ™ T T ™ 0.0 T T ™ ™ ™ ™ ™

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0 2 4 6 8 10 12 14 16
Depth (m) Time (d)
(a) (b)

Figure 3: Impact of diffusion coefficient D for (a) ¢ = 10 days and for (b) = 0.1 m. Source: authors.
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Figure 4: Impact of degradation factor k for (a) t = 10 days and for (b) z = 0.1 m. Source: authors.

4 Conclusion

The simulation model presented in this study offers a valuable tool for understanding the dy-
namics of pesticide movement in soil and its potential impact on the environment. By considering
various parameters such as soil composition, water flow velocity, diffusion coefficients, and degrada-
tion rates, the model is able to predict pesticide propagation over time and space, offering valuable
information for decision-making in agriculture and environmental management.

By optimizing application rates, timing, and selection of pesticides based on soil and weather
conditions, it is possible to mitigate environmental pollution and ensure food safety. Future re-
search could focus on refining the model’s parameters and validation against experimental data
to enhance its predictive accuracy and applicability in real-world scenarios. Overall, this study
contributes to the ongoing efforts to develop effective strategies for pesticide management and
environmental protection.
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