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Groundwater level fluctuation alters hydrodynamic conditions and

hydrogeochemical action, thus affecting the migration and transformation of

pollutants. This study investigated the effect of groundwater level fluctuations

on Pb migration processes. We selected two typical media, coarse sand and

medium sand, for the soil column experiments and numerical simulations of the

Pb migration process in the groundwater level fluctuation zone. The soil

column experiments showed that when the contaminants were distributed

at a 30–40 cm depth in the soil column, the Pb migrated into the water in the

range of 20–45 cm in coarse sand, while the range of Pb migration in medium

sand decreased to 30 cm–40 cm. We constructed a numerical model of Pb

migration in the aeration zone–saturation zone coupled with water transport

and solute transport by HYDRUS-1D. The model simulated the migration

process of Pb in different amplitude and frequency of water level fluctuation

and initial concentration of pollutants. The results showed that the coarse sand

column and medium sand column showed relatively noticeable changes in Pb

concentration in water at 30–40 cm and 30–35 cm, respectively. Themigration

range and concentration of Pb in water are proportional to the medium particle

size and the frequency of water level fluctuation, and inversely proportional to

the magnitude of water level fluctuation. The Pb concentration in the water

increased or decreased as the initial pollutant concentration of the medium

increased or decreased. Its variation is basically the same as the variation of the

initial contaminant concentration. The research results can provide a scientific

basis for the remediation of heavy metal pollution in groundwater.
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1 Introduction

The overall soil environmental situation in China is not

promising. Typical areas of heavy metal pollution include

heavily polluted enterprise land, industrial wasteland,

industrial parks, mining areas, agricultural land, wage

irrigation areas, and both sides of trunk highways (Zhou

et al., 2007; Zhou et al., 2008; Jiao et al., 2015; Srivastava

et al., 2017; Liu et al., 2014; Yan et al., 2007; Xi et al., 2011).

The pollution of groundwater by heavy metals is often associated

with the pollution of soil (Alfaifi et al., 2021). Under the action of

precipitation, irrigation, water carried by itself and fluctuation of

groundwater level, soil heavy metals penetrate into the envelope

and pollute groundwater directly.

Groundwater level fluctuation zones are caused by variations

in natural conditions and human activities, such as meteorology,

hydrology, and groundwater extraction, which cause

groundwater levels to rise and fall. Water level fluctuations

alter hydrodynamic conditions and cause changes in

environmental conditions and hydrogeochemistry. During the

process of groundwater level fluctuation, soluble substances in

the aquifer media, are gradually dissolved into the groundwater,

thus changing the chemical composition of the groundwater,

which affects the migration transformation of solutes in the

groundwater (Jing Liu et al., 2021). The influence of water

level fluctuation on the migration and transformation of

pollutants has received much attention from scholars, but few

studies (Meng, 2015) have been reported on the migration and

transformation of heavy metals under fluctuating water level

conditions.

Recent studies on contaminants in the groundwater

fluctuation zone have focused on the migration of soil salts,

three-nitrogen (ammonia nitrogen, nitrite nitrogen and nitrate

nitrogen), light non-aqueous liquid (LNAPL)/dense non-

aqueous phase liquid (DNAPL), Mn, and Fe (Steffy et al.,

1998; Kamon et al., 2003; Zhang et al., 2012; Liu et al., 2018;

Wang et al., 2019; Shi et al., 2020; Rudzianskaite and Sukys, 2008;

Gupta et al., 2019; Yang et al., 2021; Yang et al., 2022; Haj-Amor

et al., 2017). Jeongkon Kim (2003) explored the process of the

redistribution of contaminants between aquifer medium and

groundwater by fluctuations in the water level and the

inhomogeneity of the media. Ibrahimi et al. (2014) found that

groundwater fluctuations enhanced the accumulation of salts in

the soil profile compared to the stable groundwater. de Ruijter

et al. (2007) demonstrated that nitrate concentrations in sandy

soils with a high water table were more minor than half of the

nitrate concentrations in sandy soils with a low water table.

Zhang et al. (2020) concluded that shallow groundwater

fluctuations significantly influenced nitrogen concentrations in

shallow groundwater and soil profiles. Xin Liu et al. (2021)

investigated the effect of two types of water level fluctuations

(constant water level and water level fluctuation of 20 cm every

10 days) on the nitrate–nitrogen concentration in groundwater.

Azimi et al. (2020) studied the variation in LNAPL thickness

during rises and falls in the water level. Farnsworth et al. (2012)

studied the effect of transient dissolved oxygen (DO) on

manganese oxidation during water level fluctuations. The Fe

concentration corresponds well with groundwater level

fluctuations. The total Fe content and Fe2+ mass concentration

increase or decrease as the groundwater level rises and falls

(Zhang et al., 2021; Wang et al., 2017).

Field investigations and monitoring, laboratory experiments,

and numerical simulations are the main methods used to study

the effects of groundwater level fluctuations on solute migration

(Krause et al., 2007; Neuman and Tartakovsky, 2009; Zhang et al.,

2010; Li W. et al., 2013; Du et al., 2021). Li et al. (2015) used

hydrogeological information and land management data from

monitoring sites to verify the results of a laboratory experiment

on the effect of water level changes on pollutant concentrations.

Bustos Medina et al. (2013) explored the effect of water level

changes on ferric hydroxide plugged wells using field site

investigations and numerical simulations. Oostrom et al.

(2007) used two-dimensional sandbox simulations to study

the distribution of contaminants during transport from

sources to soil and groundwater under fluctuating water

levels. Li X. et al. (2013) simulated the nitrogen transport

pattern during different magnitude fluctuations of

groundwater level by laboratory soil column experiments.

Tian et al. (2009) studied the relationship between soil solute

transport processes and groundwater level using laboratory

experiments. Wu et al. (2019) investigated the vertical

migration characteristics of Pb by capillary water rises in clay

and sand using soil column tests. Li et al. (2014) utilized the

solute transport equation, the one-dimensional

saturated–unsaturated soil moisture movement control

equation, and the Kool–Parker hysteresis model to develop a

model for nitrate–nitrogen migration transformation in soils

under the fluctuating groundwater level. Jiao et al. (2017) used

HYDRUS-1D to simulate the effect of rising and falling

groundwater levels on nitrate–nitrogen concentrations. Qi

et al. (2019) developed a one-dimensional numerical model to

simulate the transfer of VOC from groundwater to seepage and

validated it using soil box test data. Wang et al. (2020) used a

TMVOC model to simulate the migration transformations of

benzene, toluene, ethylbenzene, and o-xylene (BTEX) under the

fluctuating groundwater levels.

HYDRUS is a series of software developed by USL

(United States Department of Agriculture Salt and Soil

Laboratory) that is widely used to computationally simulate

water movement and solute transport in the saturated-

unsaturated zone (Gumua-Kawcka et al., 2022). The series

software is divided into 1D, 2D and 3D, named HYDRUS-1D,

HYDRUS-2D and HYDRUS-3D respectively. Through physical

laboratory experiments, we studied the distribution

characteristics of Pb in the aeration zone and saturation zone

under the fluctuation of groundwater level. We analyzed the Pb
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migration process in the groundwater level fluctuation zone and

used HYDRUS-1D to establish a numerical model of Pb

migration in the aeration zone–saturation zone to predict the

spatial and temporal distribution of Pb. The results of the study

can expand our understanding of the migration of Pb in

groundwater level fluctuations. It provides a scientific basis for

the management of, remediation of, and protection against heavy

metal pollution in soil and groundwater.

2 Materials and methods

2.1 Experimental design

2.1.1 Experimental materials
The soil medium used for this experiment was taken from the

bank of the Yellow River in Mengjin District, Luoyang City,

Henan Province, China. The soil samples were collected in the

field and processed by quartering. Soil samples were divided into

30 × 40 cm bags and brought back to the laboratory for natural

drying. During the drying process, the samples were covered with

a 250 mesh nylon filter to avoid interference from atmospheric

dust and other factors. After the soil samples were completely

dried, they were sorted using 0.25 mm, 0.5 mm, 1 mm and 2 mm

sieves to remove weeds, gravel, biological debris, plant residues

and other impurities from the media (Jiao, 2018; Wang and Cao,

2019). We selected two types of sandy soils, coarse sand and

medium sand, as the experimental soil media. Table 1 shows their

pH and organic matter contents.

2.1.2 Experimental device
The experimental device includes a soil column, water tank,

peristaltic pump, piezometer tube, and soil solution sampler

(Figure 1). The material of the soil column is PVC, and it has

an inner diameter of 20 cm, an outer diameter of 22 cm, and a

column height of 100 cm. A total of 25 L of deionized water was

TABLE 1 Physical and chemical properties of the soil medium.

Sample Particle size (mm) pH Organic matter content
(g·kg−1)

coarse sand 0.5–1.0 8.5 0.241

medium sand 0.25–0.5 8.8 0.587

FIGURE 1
Schematic diagram of the experimental device.
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used as the experimental water for the tank, and a peristaltic

pump was used to control the rise and fall of the groundwater

level. The flow rate in the peristaltic pump is 100–300 ml min−1,

the power is 30 W, and the revolution speed is 0.1–400 rpm.

2.1.3 Experimental procedure
The columns were filled with coarse sand and medium

sand, respectively, to a total height of 90 cm. The column

fillers were 5 cm gravel, 25 cm uncontaminated media, 10 cm

contaminated media, 40 cm uncontaminated media, and

10 cm gravel from the bottom up. The bottom gravel

prevented the soil from being lost due to the washing of

water. The top gravel reduced the evaporation of water

inside the column. We weighed 1 g of Pb(NO3)2 and

dissolved it in 100 ml of water to get 10 g L−1 lead nitrate

contamination solution. The contamination solution was

added to coarse sand and medium sand, stirred well,

ventilated and dried, and made into 2000 mg kg−1 Pb(NO3)2
contamination medium for use (Lin, 2014). Deionized water

was added to the tank, and the initial water level was

maintained at 20 cm using a peristaltic pump and left to

stand for 7 days. The initial soil moisture content was 1%.

The initial water level of the soil column was 20 cm. The

water level was raised rapidly and stabilized at 30 cm using a

peristaltic pump, and then raised by 10 cm every 1 day

continuously to 60 cm. Using the same method, the water

level was lowered from 60 cm to 20 cm, thus completing a

water level fluctuation cycle. The experiment was conducted

for two fluctuation cycles. Two soil columns were utilized at

the same time for the same water level fluctuation process.

Figure 2 shows the water level fluctuation over time.

Eight sampling ports were set up at 20 cm, and 30 cm–60 cm

(5 cm intervals). The sampling port has a valve, which will be

opened when sampling, and the soil solution sampler is a

disposable syringe. Water samples were collected through a

soil solution sampler after 1 day between each water level

adjustment. The Pb concentrations in the water samples were

tested with a flame atomic spectrophotometer (Wang et al., 2019)

(Model: WFX-120A).

2.2 Numerical model

HYDRUS-1D is the most commonly used one-

dimensional water and solute transport simulation

software, which includes water transport, thermal transport,

solute transport, root uptake and other simulation modules,

and can handle water and solute transport processes under

various boundary conditions and soil conditions such as

constant flow, constant pressure head. (Li W. et al., 2013).

The software includes a database of different water movement

equations and hydraulic parameters of soil media, which

meets the requirements of numerical simulation in this

study. We used HYDRUS-1D to construct a numerical

model of Pb migration in the aeration zone–saturation

zone with coupled water transport and solute transport

based on physical experiments of Pb migration processes in

the groundwater level fluctuation zone. This numerical model

can study the dynamic process of Pb migration in the

groundwater level fluctuation zone.

2.2.1 Mathematical models
2.2.1.1 Water movement model

One-dimensional saturated–unsaturated soil water

movement control equation (Celia et al., 1990):

zθ

zt
� z

zz
[K(h) zh

zz
] + zK(h)

zz
(1)

where θ is the volumetric water content (cm3·cm−3), z is the soil

thickness (cm), K(h) is the unsaturated hydraulic conductivity

(cm d−1), and h is the soil matrix potential (cm).

Let c(h) be the water capacity of the soil, such that:

zθ

zt
� zθ

zz
zh
zt

� c(h) zh
zt

(2)

The movement of water in the soil is described by the

function corresponding to the soil matrix potential, and the

movement model is obtained thus:

c(h) zh
zt

� z

zz
[K(h) zh

zz
] + zK(h)

zz
(3)

where h is the soil matrix potential and c(h) zhzt represents the
change in water content per unit change in matrix potential.

FIGURE 2
Water level fluctuation process.
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2.2.1.2 Solute transport control equation

For heavy metals adsorbed without degradation and output

under steady flow conditions, the one-dimensional convective-

dispersion equation for homogeneous soil transport can be

described (Nie et al., 2009):

ρb
zs
zt

+ θ
zC
zt

� θD
z2C
zx2

− Jw
zC
zx

(4)

where ρb is the soil bulk density (g·cm−3), S is the amount of heavy

metals adsorbed by the soil (mg·kg−1), x is the longitudinalmigration

distance (cm), θis the saturated volumetric water content of the soil

(cm3·cm−3), C is the mass concentration of heavy metals in the soil

(mg·kg−1), D is the hydrodynamic diffusion coefficient (cm2·d−1),
and Jw is the Darcy flow rate (cm·d−1).

2.2.2 Initial conditions and boundary conditions
The initial water level was 20 cm. According to the

experimental model, the upper boundary was in direct contact

with the atmosphere and was set as the atmospheric boundary.

The lower boundary changed the water level rise and fall, set as a

variable head boundary. Table 2 shows the variable head values

(GWL). The upper and lower boundaries of solute transport were

set as zero concentration gradient boundaries.

2.2.3 Parameter setting
The parameters of the numerical model included soil

hydrodynamic parameters and solute transport parameters.

The initial values of the soil hydrodynamic parameters were

determined according to the soil medium hydrodynamic

parameters database of HYDRUS-1D (Table 3). The initial

values of the solute transport parameters were determined

according to the measured results and the empirical values of

this physical experiment (Table 4). The inverse solution module

of HYDRUS-1D was used to invert the final parameters of the

numerical model.

2.2.4 Model calibration and evaluation
To invert the hydrodynamic and solute transport parameters

in the numerical model and evaluate the model simulation effect,

the decision coefficient and root mean square error were used to

assess the model. The calculation equations are given in Eqs. 5, 6

(Gao et al., 2019). The closer the R2 is to 1, the closer the RMSE is

to 0, indicating that the model simulation is effective.

R2 � ∑(ŷi − �y)2∑(yi − �y)2 (5)

RMSE �

�������������
1
N
∑N
i�1
(Si −Mi)2

√√
(6)

where Si andMi are the simulated and measured values and N is

the number of samples.

3 Results

3.1 Pb concentration changes in water
level fluctuation zone

According to the results of the experiments on groundwater

level fluctuations, the process of variation in Pb concentration in

water at different sampling points for coarse and medium sand

soil columns is shown in Figure 3. During the first fluctuation

cycle of the coarse sand column, the Pb concentration in the

water at the 30 cm sampling port increases at the beginning of the

water level rise and then the concentration decreases. The Pb

concentration in the water always tends to decrease at 35 cm and

40 cm. The Pb concentration at 20 cm and 45 cm increases

slightly on day four and then converges to zero. No Pb

TABLE 2 Time-variable boundary conditions.

Time step (d) GWL (cm) Time step (d) GWL (cm)

1 20 10 30

2 30 11 40

3 40 12 50

4 50 13 60

5 60 14 50

6 50 15 40

7 40 16 30

8 30 17 20

9 20 18 \

TABLE 3 Hydraulic parameters and dispersion of soil.

Sample θr θs α n Ks l

m3·m−3 m3·m−3
1/cm cm·day−1

coarse sand 0.044 0.42 0.1206 2.43 444.52 0.5

medium sand 0.052 0.40 0.1011 2.1207 431.67 0.5

θr = Retained water content; θs = Saturated water content; α, n = Parameters of the van

Genuchten model;Ks = hydraulic conductivity; l = hydraulic gradient.

TABLE 4 Solute transport parameters.

Sample γ Disp. Kd β

g·cm−3 cm L·kg−1

coarse sand 1.6 4.781 4,622 1.659

medium sand 1.5 2.575 2,401 1.055

γ= volume weight; Disp. = longitudinal dispersivity; Kd = adsorption isotherm

coefficient; β = adsorption isotherm coefficient (the Freundlich exponent).
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concentration is detected between 50 cm and 60 cm. The

maximum concentrations at 20 cm, 30 cm, 35 cm, 40 cm, and

45 cm are 0.072 mg L−1, 36.061 mg L−1, 38.973 mg L−1,

16.941 mg L−1, and 0.042 mg L−1, respectively. The Pb

concentrations at the 30 cm, 35 cm, and 40 cm sampling ports

in the medium sand column decrease with the fluctuation in the

water level. The highest concentrations are 1.285 mg L−1,

18.862 mg L−1, and 0.164 mg L−1, respectively. As the

adsorption capacity of medium sand is greater than that of

coarse sand, the migration capacity of Pb is weakened (Zhang

et al., 2013), resulting in the Pb concentration not being detected

at the 20 cm and 45 cm sampling ports.

3.2 Simulation model validation

Figure 4 shows the observed and forecasted results of Pb

concentration in water in the coarse sand and medium sand

columns. The simulation results are basically consistent with the

measured concentration values. The R2 of the coarse sand and

medium sand models is 95.5% and 93.4%, and the RMSE is

1.965 and 0.704, respectively. This indicates that the model fits

well and can be used to simulate and predict the migration of Pb

under the conditions of groundwater level fluctuation.

3.3 Scenario simulation

3.3.1 Scenario setting
Four simulation scenarios were set up by varying the water

level fluctuation conditions and the initial concentration of

pollutants. In the previous physical experiment of Pb

migration in the groundwater level fluctuation zone, the

groundwater level fluctuation was 10 cm and the initial

concentration of contaminants was 2000 mg kg−1. This

scenario was referred to as the fluctuation experiment

scenario (F) to distinguish it from the simulation scenario.

The fluctuation range of water level was set as 5 cm, the

highest water level and fluctuation cycle remained constant,

the number of water level fluctuations was increased, and the

initial concentration of pollutants remained constant; this was

referred to as scenario 1 (A1). The fluctuation range of the water

level was set as 20 cm, the highest water level and fluctuation

cycle remained unchanged, the number of water level

fluctuations was reduced, and the initial concentration of

pollutants remained unchanged; this was referred to as

scenario 2 (A2). Figure 5 shows the changes in water level for

scenarios 1 and 2. Setting the water level fluctuation to stay the

same as the fluctuation experiment scenario but using an initial

concentration of pollutants of 6000 mg kg−1 was referred to as

scenario 3 (A3). Setting the water level fluctuation to stay the

same as the fluctuation experiment scenario but using an initial

concentration of pollutants of 1000 mg kg−1 was referred to as

scenario 4 (A4).

3.3.2 Simulation results
Using the established Hydrus-based numerical model of Pb

migration in the groundwater level fluctuation zone, the spatial

and temporal variations of Pb concentration in coarse sand and

medium sand were predicted. These are compared with the

results of fluctuation experimental scenarios in Figure 6. The

water flow and solute transport model established by HYDRUS-

1D can better reflect the water flow movement and Pb transport

pattern in the experiment (Li et al., 2017). The results show that

FIGURE 3
Relation diagram between the Pb content and water level fluctuation. (A): Variation of Pb concentration in water of coarse sand column; (B):
variation of Pb concentration in water of medium sand column.
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the small fluctuation of water level, high fluctuation frequency,

and high concentration of contaminants in the aquifer media

increase the range and concentration of Pb migration into the

groundwater.

3.3.2.1 Changing the magnitude and frequency of water

level fluctuations

The comparison of the Pb concentration in water in coarse

and medium sand columns for scenario 1 and fluctuating

experimental scenarios are shown in Table 5 and Table 6.

Relative to the fluctuating experimental scenario, the water

level fluctuation shown in scenario 1 decreases in magnitude

and increases in frequency. The average Pb concentrations in

water at the 40 cm, 35 cm, and 30 cm sampling ports in the

coarse sand column increased by 26.57%, 9.27%, and 9.47%,

respectively. The maximum concentrations were 24.64 mg L−1,

42.48 mg L−1, and 38.26 mg L−1, respectively. The average Pb

concentrations in the water at the sampling ports at 35 cm

and 30 cm in the medium sand column increased by 8.99%

and 16.70%, respectively. The maximum concentrations of Pb in

water were 21.90 mg L−1 and 1.56 mg L−1, respectively. Relative to

the fluctuating experimental scenario, the water level fluctuation

shown in scenario 2 increases in magnitude and decreases in

frequency. The average Pb concentrations in water at the 40 cm,

FIGURE 4
Comparison of observed results and forecasted results of Pb concentration in sampling water. (A): Fitting curve of Pb concentration in water
from coarse sand sampling port; (B): the scatter plot of observed and forecasted values of Pb concentration in water from coarse sand;(C): fitting
curve of Pb concentration in water frommedium sand sampling port; (D): the scatter plot of observed and forecasted values of Pb concentration in
water from medium sand.
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35 cm, and 30 cm sampling ports in the coarse sand column

decreased by 59.90%, 20.13%, and 14.04%, respectively. The

maximum concentrations were 19.34 mg L−1, 38.24 mg L−1,

and 34.59 mg L−1, respectively. The average Pb concentrations

in the water at the sampling ports at 35 cm and 30 cm in the

medium sand column decreased by 10.12% and 11.88%,

respectively. The maximum concentrations of Pb in water

were 15.18 mg L−1 and 0.99 mg L−1, respectively.

3.3.2.2 Changing initial pollutant concentrations

Relative to the fluctuating experimental scenario, the

initial pollutant concentrations shown in scenario 3 is

6000 mg kg−1. The average Pb concentrations in water at

the 40 cm, 35 cm, and 30 cm sampling ports in the coarse

sand column increased by 297.81%, 296.03%, and 395.75%,

respectively. The maximum concentrations were

48.15 mg L−1,104.10 mg L−1, and 112.50 mg L−1, respectively.

The average Pb concentrations in the water at the sampling

ports at 35 cm and 30 cm in the medium sand column

increased by 236.74% and 248.25%, respectively. The

maximum concentrations of Pb in water were 61.96 mg L−1

and 4.37 mg L−1, respectively. Relative to the fluctuating

experimental scenario, the initial pollutant concentrations

shown in scenario 4 is 1,000 mg kg−1. The average Pb

concentrations in water at the 40 cm, 35 cm, and 30 cm

sampling ports in the coarse sand column decreased by

55.16%, 54.11%, and 56.42%, respectively. The maximum

concentrations were 10.58 mg L−1,20.81 mg L−1, and

18.06 mg L−1, respectively. The average Pb concentrations in

the water at the sampling ports at 35 cm and 30 cm in the

medium sand column decreased by 55.45% and 56.54%,

respectively. The maximum concentrations of Pb in water

were 10.25 mg L−1 and 0.66 mg L−1, respectively.

Compared with the fluctuation experiment scenario (F), the

variation in the Pb concentration in the water at the sampling

port at 20 cm and 45 cm for the coarse sand column remains

basically the same. The changes at 40 cm, 35 cm, and 30 cm are

relatively apparent. The variation in the Pb concentration in

water at the 35 cm and 30 cm sampling ports for medium sandy

soil is relatively obvious. The rest of the sampling ports tend to be

near zero. The average variations and maximum values of the Pb

concentration for the four simulated scenarios are displayed in

Table 7.

4 Discussion

This experiment shows the effect of groundwater rise and fall

on the migration of Pb contaminants in groundwater. The effect

of water level fluctuation on lead migration is a dynamic process.

When the groundwater level fluctuates to 30 cm, the water comes

into contact with the contaminated medium, the soil water

content increases, the capillary zone then rises, and the Pb in

the soil enters the water through desorption (Wu et al., 2019; Lu

et al., 2020a; Lu et al., 2020b; Lu et al., 2021; Lu et al., 2022). The

Pb concentration in the water increases because the water level

fluctuates rapidly and the Pb is not completely adsorbed by the

soil (Ren, 2018). When the groundwater covers the contaminated

medium completely, the maximum amount of Pb desorption

occurs in the soil. There is the maximum amount of Pb in the

water. At the same time, the uncontaminated medium has a large

number of adsorption sites that could quickly adsorb Pb from the

FIGURE 5
Water level fluctuation process. (A): Scenario 1; (B): scenario 2.
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FIGURE 6
Pb concentration change process in water of soil column. (A): Variation of Pb concentration in water of coarse sand column in scenario 1; (B):
variation of Pb concentration in water of medium sand column in scenario 1; (C): variation of Pb concentration in water of coarse sand column in
scenario 2; (D): variation of Pb concentration inwater ofmedium sand column in scenario 2; (E): variation of Pb concentration inwater of coarse sand
column in scenario 3; (F): variation of Pb concentration in water of medium sand column in scenario 3; (G): variation of Pb concentration in
water of coarse sand column in scenario 4; (H): variation of Pb concentration in water of medium sand column in scenario 4.
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TABLE 5 Scenario 1: comparison of Pb concentration in the sampling water of the coarse sand column.

Time (d) Sampling port 30 cm Sampling port 35 cm Sampling port 40 cm

Concentration (mg·L−1) Concentration
change (%)

Concentration (mg·L−1) Concentration
change (%)

Concentration (mg·L−1) Concentration
change (%)

F A1 F A1 F A1

1 38.93 38.26 −1.75 42.57 42.48 −0.21 22.54 24.64 8.52

2 30.84 30.38 −1.51 35.85 35.80 −0.14 16.41 19.32 15.06

3 22.69 22.32 −1.66 27.77 27.80 0.11 12.34 14.63 15.65

4 18.16 16.95 −7.14 23.39 22.44 −4.23 7.61 10.47 27.29

5 17.54 16.54 −6.05 17.97 17.12 −4.96 3.79 4.49 15.59

6 14.65 13.70 −6.93 12.76 11.87 −7.50 2.56 2.74 6.60

7 10.56 10.56 0.00 8.74 8.71 −0.34 1.72 2.08 17.20

8 7.47 8.12 8.04 7.00 7.53 6.99 1.44 1.66 13.27

9 4.24 4.92 13.99 6.36 7.07 10.10 1.33 2.02 34.34

10 2.70 3.35 19.55 4.77 5.64 15.36 1.77 2.68 33.88

11 1.69 2.25 24.68 3.26 4.19 22.13 1.31 2.24 41.28

12 1.32 1.66 20.61 2.59 3.23 19.68 0.81 1.59 48.68

13 1.50 1.86 19.54 2.05 2.59 20.92 0.43 0.72 40.74

14 1.43 1.79 20.13 1.49 1.85 19.42 0.30 0.46 34.13

15 1.18 1.52 22.67 1.06 1.38 23.44 0.21 0.34 38.53

16 0.91 1.25 27.28 0.87 1.20 27.59 0.18 0.27 34.35
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water. This prevents Pb from continuing to migrate upward with

the rising water level. As the water level rises closer to the

contaminant, the pH of the solution decreases, the activity of

Pb becomes higher, and the amount of desorption increases (Ren,

2018). The highest concentration of Pb in the solution occurs at

35 cm. The further away the contaminant is, the smaller the

maximum value of Pb content is. The content of Pb at 20 cm is

greater than that at 45 cm in the coarse sand column. The main

reason is that the ability of Pb to migrate downward by gravity is

greater than the ability to migrate upward (Jiao, 2018).

As the water level rises, the concentration of Pb in water

decreases for the following three main reasons. Firstly, the soil is

alkaline. As the water table rises, the water pH increases and OH−

combines with Pb2+ in the water to generate precipitation.

Secondly, above the contaminated medium is clean soil, which

has a stronger adsorption capacity than the polluted medium.

The elevated water level will cause the Pb to be re-adsorbed. In

addition, the adsorption and desorption of Pb are affected by the

hydrodynamic conditions. The change in hydrodynamic

conditions will cause the Pb to be desorbed and then

TABLE 6 Scenario 1: comparison of Pb concentration in the sampling water of the medium sand column.

Time
(d)

Sampling port 30 cm Sampling port 35 cm

Concentration
(mg·L−1)

Concentration
change (%)

Concentration
(mg·L−1)

Concentration
change (%)

F A1 F A1

1 1.42 1.56 8.66 21.02 21.90 4.02

2 0.49 0.58 15.44 12.07 13.02 7.30

3 0.17 0.22 22.01 5.65 6.33 10.68

4 0.06 0.08 22.30 2.62 2.78 6.00

5 0.15 0.16 2.49 3.64 3.69 1.22

6 0.32 0.38 15.05 4.01 4.23 5.15

7 0.41 0.46 9.24 3.72 3.90 4.64

8 0.41 0.43 3.86 3.20 3.34 4.22

9 0.13 0.14 9.21 2.35 2.53 7.08

10 0.05 0.06 20.95 1.46 1.67 12.12

11 0.02 0.03 32.28 0.74 0.92 19.77

12 0.01 0.01 35.01 0.38 0.46 16.39

13 0.02 0.03 15.34 0.47 0.52 10.04

14 0.05 0.06 18.46 0.47 0.53 11.95

15 0.05 0.06 18.46 0.39 0.45 11.71

16 0.05 0.05 18.46 0.32 0.36 11.47

TABLE 7 Variation in Pb concentration in water under four simulated scenarios.

Scenario Index Coarse sand
30 cm

Medium sand
30 cm

Coarse sand
35 cm

Medium sand
35 cm

Coarse sand
40 cm

A1 Concentration change (%) +9.47 +16.70 +9.27 +8.99 +26.57

Maximum concentration (mg·L−1) 38.26 1.56 42.48 21.90 24.64

A2 Concentration change (%) −14.04 −17.35 −20.13 −10.02 −50.90

Maximum concentration (mg·L−1) 34.59 0.99 38.24 15.18 19.34

A3 Concentration change (%) +395.75 +248.25 +296.08 +236.74 +297.82

Maximum concentration (mg·L−1) 112.50 4.37 104.10 61.96 48.15

A4 Concentration change (%) −53.29 −56.54 −50.99 −55.45 −52.04

Maximum concentration (mg·L−1) 18.06 0.66 20.81 10.25 10.58
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adsorbed again. These two processes transform each other until

an adsorption equilibrium is reached. At the stage of declining

water level, it is difficult to detect the change in Pb concentration

at the 20 cm sampling port. Because there is clean soil

underneath the contaminated media, Pb desorbed from the

contaminated media will be rapidly adsorbed.

Groundwater level fluctuations have a significant effect on

the migration of Pb. In the same medium soil column, the

concentration of Pb in water at the same location increases as

the amplitude of the fluctuation in the water level decreases and

the fluctuation frequency increases. As the fluctuation amplitude

increases and the fluctuation frequency decreases, the

concentration of Pb in water at the same location decreases.

The Pb concentration in the water corresponds well with the

initial pollutant concentration. The variation in the Pb

concentration in water is basically the same as the magnitude

of the change in the initial pollutant concentration. When the

fluctuation amplitude decreases and the fluctuation frequency

increases, the water level fluctuation accelerates, resulting in a

shorter residence time of Pb in the medium. The Pb migrates

with the water flow before it is wholly adsorbed, causing the

concentration of Pb in water to increase. Compared with

medium sand, coarse sand has larger particles, smaller specific

surface area and lower organic matter content (Luo et al., 2019).

Organic matter enters the soil medium and forms humic acid

through the action of microorganisms. Humic acid enhances soil

sorption of heavy metals, mainly because humic acid undergoes

dissociation and then complexes with heavy metals, and its

complexes bind to the soil, enhancing the soil’s ability to sorb

heavy metals. At the same time, humic acid binds to the surface

active sites of the soil, forming ion exchange centers that are more

effective for trace metals. All these effects enhance the sorption of

heavy metals by the soil (Yu et al., 2002). Polar groups in the

organic matter of the medium, such as hydroxyl and carboxyl

groups, can cause a large negative charge on the surface of the

medium, thus enhancing the electrostatic sorption of Pb as well.

Therefore, the adsorption capacity of coarse sand is smaller than

that of medium sand. This result is consistent with the findings of

Ren et al. (2016). It leads to the migration range and

concentration of Pb in coarse sand water being greater than

those of medium sand.

5 Conclusion

When the contaminants are distributed at 30–40 cm in the

soil column, the coarse sand Pb and medium sand Pb migrated

to the water in the range of 20–45 cm and 30–40 cm,

respectively. During the fluctuation in the water level, the

content of Pb in the water is proportional to the medium

particle size.

A numerical model of Pb migration in the aeration

zone–saturation zone coupled with water transport and

solute transport was constructed using the HYDRUS-1D.

The model is used to simulate the Pb concentration in

water. The simulated values of Pb concentration in coarse

sand and medium sand water were basically consistent with

the measured values, with R2 of 95.5% and 93.4% and RMSE of

1.965 and 0.704, respectively. The numerical model fit was

effective and the model was relatively reliable.

Four different scenarios were simulated using the

numerical model of Pb migration in the groundwater

fluctuation zone. The results showed that as the water

level fluctuation decreased, the fluctuation frequency

increased and the concentration of Pb in the water at the

same location increased. Conversely, the concentration of Pb

decreased. The Pb concentration in the water corresponds

well to the initial pollutant concentration. The variation in

the Pb concentration in water is basically the same as the

magnitude of the change in the initial pollutant

concentration (Zhang et al., 2012; Wang and Cao, 2019;

Lu et al., 2020a; Lu et al., 2020b; Lu et al., 2021; Lu et al.,

2022).
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