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Abstract: Simulation models that describe the flow and transport processes of pesticides in soil and
groundwater are important tools to analyze how surface pesticide applications influence
groundwater quality. The aim of this study is to investigate whether the slow decline and the stable
spatial pattern of atrazine concentrations after its ban, which were observed in a long-term
monitoring study of pesticide concentrations in the Zwischenscholle aquifer (Germany), could be
explained by such model simulations. Model simulations were carried out using MODFLOW model
coupled with the HYDRUS-1D package and MT3DMS. The results indicate that the spatial
variability in the atrazine application rate and the volume of water entering and leaving the aquifer
through lateral boundaries produced variations in the spatial distribution of atrazine in the aquifer.
The simulated and observed water table levels and the average annual atrazine concentrations were
found to be comparable. The long-term analysis of the simulated impact of atrazine applications in
the study area shows that atrazine persisted in groundwater even 20 years after its ban at an average
atrazine concentration of 0.035 pg/L. These results corroborate the findings of the previous
monitoring studies.

Keywords: MODFLOW with the HYDRUS-1D package and MT3DMS; pesticide contamination;
atrazine; groundwater contamination

1. Introduction

Pesticides are widely used all over the world to protect crops in agricultural fields. Uncontrolled
and improper pesticide applications have led to their presence in the environment exceeding
permissible limits [1-4]. It has been observed that groundwater is most affected by pesticide
applications in agricultural fields [5-9]. The pesticide contamination of groundwater is generally
assessed through pesticide monitoring programs (e.g., [10-12]). Once the information about pesticide
concentrations in the groundwater is obtained, it is crucial to analyze the spatiotemporal relations
between surface applications of pesticides and their groundwater concentrations. Such an analysis is
important for several reasons: (a) to assess the role of non-point versus point scale sources of
contamination, (b) to interpret observations of monitoring studies, (c) to identify vulnerable locations
in the aquifer, and (d) to evaluate the effectiveness of various regulatory measures for protecting
groundwater quality. The approaches that have been used for such assessments can be classified into
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(a) geostatistical approaches [13], and the use of (b) spatially distributed one-dimensional soil models
[14], (c) groundwater models [15], and (d) coupled soil and groundwater models [16,17]. The latter
type of modeling approaches can be used to assess the impact of various processes including
groundwater flow and solute transport, dilution, and decay, as well as the impact of the spatial
distribution of pesticide loadings to groundwater on the spatiotemporal patterns of pesticide
concentrations in the groundwater [18,19]. In this study, we investigate whether the slow decline and
stable spatial patterns of atrazine concentrations after its ban, that were observed in a long-term
monitoring study of pesticide concentrations in the Zwischenscholle aquifer in Germany [20,21],
could be explained by such model simulations.

Atrazine was one of the most widely applied pesticides for weed control worldwide [20-24].
There are many cases of atrazine contamination of the soil and groundwater reported in different
parts of the world [25-28]. In Germany, atrazine was applied mainly in agricultural fields for maize
cultivation. This pesticide was banned in March 1991, since concentrations in groundwater and
drinking water were found to be exceeding the permissible limits. In Europe, according to the
European Council Directive 98/83/EC “The quality of water intended for human consumption” (1998)
[29], the threshold limit of pesticide concentrations is 0.1 pg/L for a single compound and 0.5 ug/L
for the sum of all pesticides. Despite its ban, atrazine and its metabolite deethylatrazine were
observed in German aquifers several years after its ban [24]. The Zwischenscholle aquifer in Germany
is one of many aquifers in the world contaminated with atrazine [22,23]. Due to a shallow
groundwater level and intensive agricultural land use in the Zwischenscholle aquifer, the
vulnerability of this aquifer to pesticide contamination was found to be very high [24,30,31].

Vonberg et al. [20,21] conducted a detailed investigation of atrazine concentrations in the soil
and groundwater of the Zwischenscholle aquifer. In their study, the analysis of the observations from
a monitoring campaign of atrazine concentrations from 1991 to 2011 showed that the groundwater
concentration of atrazine is still close to the threshold limit (0.1 ug/L even 20 years after its ban in
1991. The study demonstrated a considerable variation of atrazine concentrations in space and also
concluded that the spatial pattern of the concentration distribution was relatively stable during the
monitoring period.

Centered on the concluding remarks made by Vonberg et al. [20,21], the main objective of the
current study was to investigate the atrazine contamination in the Zwischenscholle aquifer by
analyzing the persistent nature of the atrazine concentration and its spatiotemporal pattern using a
simulation model. There exist various approaches and methods for analyzing the aquifer
contamination ranging from simple analytical to complex numerical methods. Analytical methods
facilitate a basic and rapid preliminary analysis of the groundwater contamination but are generally
associated with a number of simplifying assumptions regarding the groundwater system. They are
limited to simple aquifer geometries and homogeneous aquifer properties [32,33]. Some of the
methods of groundwater contamination assessment are based on semi-quantitative approaches that
estimate the groundwater vulnerability by assigning weights to relevant parameters (hydrogeology,
topography, land use, soil, contaminant source, etc.) that control the movement of contaminants
through unsaturated and saturated soil zone (DRASTIC [34], SI [35], GOD [36], SGVI [37]). Some of
these methods utilize remote sensing and GIS techniques (SINTACS [38]). There also exist coupled
process-based and numerical approaches for groundwater contamination studies [39]. The stochastic
geostatistical data assimilation approach utilizes the solute concentration data from observation wells
to estimate the groundwater contamination and the plume distribution [40,41].

Simulation modeling of the groundwater system is another approach that can be used to analyze
the movement of water and contaminants in soil and groundwater by solving the fundamental
governing equations. Numerical methods can analyze irregular geometries and non-homogenous
structures of the aquifer. Simulation models that can analyze the movement of water and solute
through both unsaturated and saturated soil zones are important for a contaminant transport
analysis. There exist several numerical models that simulate these two zones independently [42-47]
or simultaneously [48-54]. The MODFLOW model with the HYDRUS-1D package and MT3DMS
[53,54] was chosen for this study mainly due to its capability of combined modeling of water flow
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and solute transport in the unsaturated and saturated soil zones and its well-adapted computational
complexity. The intention of using this simulation model in this study was to incorporate the effect
of the highly heterogeneous characteristics of the study domain, varying land use, and several other
controlling factors (e.g., locations and rates of atrazine applications, precipitation, potential
evapotranspiration, and changing water table elevations) on the transport of atrazine in the study
area, followed by simulating the long-term behavior of atrazine in the aquifer.

2. Materials and Methods

2.1. Study Area: Zwischenscholle Aquifer

The study area, the ‘Zwischenscholle aquifer,” is located near Jiilich in the Lower Rhine
Embayment, Germany. The Zwischenscholle aquifer is surrounded by Rurscholle separated by the
Rursprung fault in the southwest and by Erftscholle separated by the Rurrand fault in the northeast.
The Zwischenscholle area is lower than Erftscholle and higher than Rurscholle. Figure 1 shows the
study area with geological faults and observation wells. Forest and agriculture are the major land
uses in this area. The western side is characterized by deciduous forest, whereas the eastern part is
dominated by agricultural land use [55]. The unconfined or semi-confined aquifer consists of
Quaternary Rhine Maas sand and gravel sediments with a Reuver clay aquifer base. The groundwater
flow direction is from southeast to northwest (a blue arrow in Figure 1) with a mean hydraulic
gradient between 0.1% and 0.2% [56]. The thickness of the aquifer varies from a few meters in the
southwest to 35 m in the northeast. Land use, soil type, and soil hydraulic properties in the study
area are discussed in detail in Sections 2.3.2 and 2.3.3. Hydrogeological cross-sections A-A’ and B-B’
of the aquifer are shown in Figure 2. It can be observed that the base of the upper aquifer is closer to
the surface in the southwest (a cross-section A-A’). There is an increase in the aquifer thickness in the
north-western direction (a cross-section B-B’). The thin green line (the bottom of the Waal sediments
in this area) represents the aquifer base considered in the current study. This is obtained from the
interpolation of the borehole data [55]. At some locations (e.g., southwest of cross-section A-A"),
where the Waal sediment layers were not present, the base of the aquifer is limited to depth with a
lower range of hydraulic conductivity. The green surface represents the Reuver clay, which is the
aquifer base of a second (deeper) groundwater body. Four sides of the study area are represented in
Figure 1 as Sides 1, 2, 3, and 4.



Water 2020, 12, 1019

6°22'30"E

50°55'0"
50°54'307

50°54'0"

50°530"
:
oe

[

50°52'30”

50°52'0"

B"22'30"E

6°23'30"E 6°24'30°E 6°25'30"E 6°26'30°E 6°27'30"E

y

Observation wells %
Geological faults
Study area

= 5 — e
e —

et "

6°23'30"E 6°24'30°E 6°25'30"E 6°26"30°E 6"27'30"E

Figure 1. Study area with geological faults and observation wells.
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Figure 2. Cross-sections A-A’” and B-B’ of the aquifer presented in Figure 1.
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2.2. MODFLOW with the HYDRUS-1D Package and MT3DMS

In MODFLOW with the HYDRUS-1D package [49,57] and MT3DMS [43], the one-dimensional
HYDRUS-1D [46] model for water flow and solute transport modeling in the unsaturated zone is
linked to MODFLOW [58], a three-dimensional model for water flow modeling of the saturated zone,
and loosely coupled to MT3DMS (for solute transport modeling of the saturated zone) [53,54].

The HYDRUS-1D model [59] solves water flow in the unsaturated zone using the modified one-
dimensional Richards equation:

where 0 is the volumetric water content (dimensionless), & is the soil water pressure head (L), t is
time (T), z is the vertical coordinate (L) (positive upward), S is the sink term (T!), and K(h) is the
unsaturated hydraulic conductivity (LT1).

HYDRUS-1D additionally simulates solute transport in variably saturated porous media using
the standard advection-dispersion transport equation of the form:

i 2 el I )
ot TP T a,\P%;) 9, P @

where c is the solution concentration (ML-3), s is the sorbed concentration (MM™), D is the dispersion
coefficient (L?T), p»is the bulk density of the porous medium (ML), g is the volumetric flux density
(LT"), which is obtained using the Darcy-Buckingham law, and @ is a sink-source term accounting

d6c ds 6( 8c> dqc

for various zero- and first-order or other reactions (ML=T™) [60]. In the current study, atrazine is
considered to undergo the first-order degradation. Therefore,

@ = A(6c + ppS) 3)

where A is the first-order degradation rate (day). Root solute uptake is not considered in this study.
In MODFLOW, the three-dimensional movement of groundwater of a constant density is
described by the following partial differential equation:
0 (K ah>+ d (K ah>+ d (K ah)+ g oh @
—_— —_— —_— —_— —_— —_— w = —_—
ox\ ox/) oay\ *ay) az\ #oz S ot
where Kxx, Kyy, and Kz are values of the hydraulic conductivity along the x, y, and z coordinate axes,
which are assumed to be parallel to the major axes of hydraulic conductivity (LT), h is the
potentiometric head (L), W is a volumetric flux per unit volume representing sources and/or sinks of
water (T), Ss is the specific storage of the porous material (L), and ¢ is time (T).
MT3DMS simulate advection, dispersion/diffusion, and chemical reactions of contaminants in
the saturated zone using the following partial differential equation:

009 _ 9 (pp. 29) _ 2 (guic) + +ZR 5

where c¢ is the dissolved solute concentration (ML), 0 is the porosity of the subsurface medium
(dimensionless), f is time (T), xi is the distance along the respective Cartesian coordinate axis (L), Dj
is the hydrodynamic dispersion coefficient tensor (L?T"), vi is the pore water velocity (LT™), gs is the
volumetric flow rate per unit volume of the aquifer representing fluid sources (positive) and sinks
(negative) (T1), ¢s is the concentration of the source or sink flux (ML), and ) R, is the chemical
reaction term (ML-T1).

In MODFLOW, the groundwater domain is discretized into finite difference grids. These grids
are then combined into multiple zones based on the similarities in soil characteristics, topographical
characteristics, boundary conditions, and the depth to groundwater. Each of these zones is then
assigned one soil profile that extends from the soil surface down to a depth, which should be below
the deepest possible water table level that can occur during the simulation (hereafter referred to as
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the ‘HYDRUS-1D profile’). The entire period of simulation in MODFLOW is divided into stress
periods, during which the input data for all external stresses (e.g., rainfall, potential
evapotranspiration, pumping, recharge, etc.) are constant. These stress periods are further divided
into time steps. Time steps are intervals in each stress period, during which the change in the aquifer
characteristics (e.g., groundwater head/water table level, groundwater flow, etc.) due to external
stresses is analyzed using the model. Water flow and solute transport are simulated in each
HYDRUS-1D profile for a duration equal to one MODFLOW time step by considering the average
water table level from MODFLOW as the bottom pressure head boundary condition. The time-
averaged bottom flux from the HYDRUS-1D profile is given as the recharge flux to MODFLOW,
which then simulates groundwater flow. The average water table depth at the end of the MODFLOW
time step is assigned as the bottom pressure head boundary condition in the HYDRUS-1D profile for
the next MODFLOW time step [49,53,54,57]. The solute flux reaching the water table is further used
for solute transport modeling in the saturated soil zone using MT3DMS.

2.3. Data Awvailable for Modeling

Aquifer data available for modeling and model validation include (i) information about
precipitation, potential evapotranspiration, boundary conditions, land use, and approximate
amounts of atrazine applied in agricultural fields from 1984 to 1993, (ii) atrazine concentrations in
different observation wells in 1991, 1992, and from 2000 to 2011, except for the year 2004 [20,21], and
(iii) water table fluctuations in selected observation wells in the study area from 1984 to 1993. The
information about land use and approximate quantities of atrazine applied in maize fields was
obtained using a questionnaire survey from the farmers [61]. Exact locations of maize fields and
quantities of atrazine applied over the years in the study area are unknown since this information
was not recorded [61]. Therefore, the modeling is based on scenarios of atrazine applications that are
realistic in a statistical sense.

2.3.1. Climate Data

The climate data were obtained from the meteorological tower installed in the Jiilich Research
Centre [30]. Precipitation and potential evapotranspiration, calculated using the Penman-Monteith
equation, from 1984 to 1993 are shown in Figure 3.

B Potential Evapotranspiration (mm/day) M Precipitation (mm/day)

Potential evapotranspiration
T
[#5]
(=)

Precipitation (mm/day)

T
a1
[an]

0 Ui 6o

01 January 1984 01 January 1986 01 January 1988 01 January 1990 01 January 1992 01 January 1994
Time (day)

Figure 3. The daily precipitation and potential reference evapotranspiration data for the study area
from 1984 to 1993.
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2.3.2. Land Use and Information about Atrazine Applications

The primary land use is agriculture. Since a complete map of land use was not available, a
stochastic distribution approach was used to generate possible hypothetical land use [30]. Figure 4
shows the spatial distribution of different land uses from 1984 to 1993. Winter wheat, sugar beet,
pasture, maize, and potatoes represent about 50%, 35%, 8%, 4%, and 3%, respectively, of the total
agricultural land. The total area of maize fields is significantly smaller compared to other crops and
is highly spatially spread in the study area.

5 o
o]

T 11T | N mE

1986 1987 1988 1989 1990 1991 1992 1993

1984 1985

-Winter wheat .Maize| ‘Potatol ‘Sugarbeet | |Grassland .Forest |

Figure 4. Land use from 1984 to 1993.

The average application rate of atrazine in the agricultural field cultivated with maize is 0.0666
g/m? [61]. Atrazine was applied once a year around May. Figure 5 shows the total mass of atrazine
applied in the study area and the area of the atrazine application from 1984 to 1993 [61].
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Figure 5. The total mass of applied atrazine (a) and the area of the atrazine application in the study
area (b) from 1984 to 1993.

2.3.3. Soil Types and Soil Hydraulic Properties

The study area is characterized by loess sediments. Details regarding different soil types and soil
layers were available for the study area from the Forschungszentrum Jiilich GmbH (as a part of the
MOSYRUR project [61], a project analyzing the water balance in the Rur basin). Soils in the study
area are classified into four soil types (silt loam, sandy loam, loam 1, and loam 2) and the parameters
of the van Genuchten-Mualem soil hydraulic functions [62] were derived for different layers of the
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four soil types. Table 1 shows the details about various soil types, soil layers, soil hydraulic properties
(van Genuchten-Mualem analytical model parameters), and aquifer properties.

Table 1. Different types of soil, soil layers, soil hydraulic properties (the van Genuchten-Mualem

analytical model parameters) [62] and aquifer properties [30,61].

Parameter Parameter Tortuosit
Residual  Saturated a in the n in the Saturated Parameter ly in
Soil Thickness Water Water Soil Water  Soil Water Hydraulic
Layers . . .. the
Type (m) Content,  Content, Retention = Retention = Conductivity, . .
. . Conductivity
0 (-) Os (<) Function, Function, Ks (m day™) R
Function (-)
(m~7) )
Silt 1 0.23 0.045 0.463 2.16 1.35 0.080 0.5
- 2 0.28 0.041 0.392 1.60 1.35 0.032 0.5
3 1.35 0.074 0.359 1.42 1.30 0.017 0.5
Sandy 1 0.25 0.056 0.382 11.2 1.35 1.38 0.5
loam 2 0.30 0.053 0.314 9.33 1.40 0.891 0.5
1 0.06 0.048 0.461 2.10 1.34 0.074 0.5
Loam 1
2 1.00 0.082 0.358 4.32 1.33 0.067 0.5
1 0.20 0.044 0.395 2.04 1.34 0.049 0.5
Loam 2
2 1.00 0.069 0.298 4.16 1.33 0.110 0.5
Aquifer - Variable 0.001 0.184 10.0 2.10 134. 0.5

2.3.4. Simulation of Crop Transpiration and Root Water Uptake

The plant module SUCROS [63] was used by Herbst et al. [30] to estimate temporal changes in
the leaf area index (LAI) of various crops in the study area. The crop coefficient (Kc) is used to derive
specific crop evapotranspiration from potential reference evapotranspiration using the equation:
ETerop = ETpot Kc, where ETpor (LT) is potential evapotranspiration for the reference grass cover, ETerp
(LT is plant-specific potential evapotranspiration. Temporal changes in the crop K. factor followed
the Doorenbos and Pruitt [64] approach [61]. Actual transpiration from the soil is estimated in the
HYDRUS-1D package based on root water uptake characteristics. In HYDRUS-1D, root water uptake
is represented as extraction or a sink term distributed over the root zone. Root water uptake is
evaluated using potential transpiration and the Feddes stress response function [65]. Parameters of
the Feddes stress response function used for different crops are given in Table 2. Rooting depths and
root densities of various crops grown in the study area are given in Table 3.

Table 2. The Feddes stress response function parameters and maximum rooting depths of different

crops (PO is the pressure head, below which roots start extracting water from the soil, POpt is the

pressure head, below which roots extract water at the maximum possible rate, P2H is the value of the

limiting pressure head, below which roots can no longer extract water at the maximum rate of 0.5

cm/day, P2L is the value of the limiting pressure head, below which roots can no longer extract water

at the maximum rate of 0.1 cm/day, and P3 is the pressure head, below which root water uptake

ceases).

Crop (I::) P(Ionl;t I(’IZnI;I I()Ii]; P3 (m) Maximum Rooting Depth (m)

Winter wheat 0.000 -0.010 -5.00 -9 -160 0.95

Maize -0.150 -0300 -325 -6 -80 1.15

Potato -0.100 -0.250 -320 -6 -160 0.74

Sugar beet -0.100 -0.250 -320 -6 -160 1.15

Grassland -0.001  -0.025 -2.00 -8 -80 0.75

Forest 1000.001 1000 -425 -8 -160 1.50
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Table 3. Relative rooting depths and root densities of different crops [55].

Relative Root Density; Value Characterizing the Depth Distribution of Root Water Uptake (m™)

Rooting Winter Wheat Maize Potato Sugar Beet Grassland Forest

Depth (-)
0.0 0.26 1.05 1.00 0.97 1.05 0.30
0.1 0.16 0.76 0.94 0.92 0.76 0.60
0.2 0.10 0.55 0.89 0.86 0.55 0.90
0.3 0.06 0.39 0.84 0.80 0.39 0.95
0.4 0.04 0.28 0.78 0.74 0.28 0.90
0.5 0.02 0.20 0.73 0.69 0.20 0.80
0.6 0.01 0.15 0.68 0.63 0.15 0.70
0.7 0.01 0.10 0.62 0.57 0.10 0.60
0.8 0.00 0.07 0.57 0.51 0.07 0.50
0.9 0.00 0.05 0.52 0.46 0.05 0.40
1.0 0.00 0.04 0.47 0.40 0.04 0.30

2.3.5. Solute Transport Parameters

Solute transport is described using the advection-dispersion equation. A linear sorption
isotherm is used to describe the sorption of atrazine. The sorption constant Kz (m®/kg), the first-order
degradation rate, A (day™), the bulk density (kg/m?3), and the longitudinal ar (m) and transverse ar
(m) dispersivities for different soil types and soil depths are given in Table 4. It can be noted that the
first-order degradation rate in the aquifer is very low (3.47 x 10 day") [55], which could be the main
reason for the long-term stable atrazine concentration in the groundwater [20,21].

Table 4. Solute transport parameters specific to soil and solute [55].

Soil Porosity L({ngituf:li.nal "ljransv.er.se Bul.k Adsm:p.tion First-ord.er
Type Layers © Dispersivity, = Dispersivity, Density, Coefficient, = Degradation
ar (m) ar (m) (kg/m?3) Ka(m®kg)  Rate, A (day™)

Silt 1 0.509 0.045 0.0045 1350 1.42 x 10-% 3.47 x 100

loam 2 0.434 0.045 0.0045 1375 3.26 x 100 1.73 x 10

3 0.434 0.045 0.0045 1375 1.63 x 10 1.04 x 10

Sandy 1 0.509 0.045 0.0045 1350 1.42 x 10-% 3.47 x 1003

loam 2 0.434 0.045 0.0045 1375 3.26 x 100 1.73 x 10

Loam 1 1 0.510 0.045 0.0045 1350 6.91 x 10% 3.47 x10%

2 0.440 0.045 0.0045 1375 6.52 x 1004 1.73 x 10

Loam 2 1 0.509 0.045 0.0045 1350 1.42 x 108 3.47 x 100

2 0.434 0.045 0.0045 1375 3.26 x 100 1.04 x 10

Aquifer - 0.184 154 1.54 1400 3.55 x 1004 3.47 x 1010

2.4. Model Setup

2.4.1. Spatial and Temporal Discretizations

The study area of 21 km? was divided into 504 MODFLOW grids each of a dimension of 200 x
200 m (14 columns and 36 rows). Figure 6 shows the initial water table elevation, MODFLOW grids,
boundary conditions, the groundwater flow direction, and the top and bottom elevations of the
aquifer at four boundary points. Considering the highly variable soil hydraulic properties, surface
elevations, water table elevations, and atmospheric boundary conditions in the study area, each
MODFLOW grid cell was assigned a single HYDRUS-1D profile. The top elevation of the HYDRUS-
1D profile was considered as the surface elevation corresponding to the MODFLOW grid cell
assigned to the profile. The bottom elevation of each HYDRUS-1D profile was set 2 m below the initial
water table elevation in the grid cell. This was further adjusted by performing trial runs that checked
for the possibility of the water table falling below the bottom of the HYDRUS-1D profile. Each
HYDRUS-1D profile was then divided into finite elements based on the soil hydraulic properties and
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the depth of the HYDRUS-1D profile. The ratio of the sizes of neighboring finite elements was always
less than 1.5 to ensure the convergence of the solution. The total number of finite elements varied
from 150 to 250 in all profiles. The number of stress periods and time steps used in this study is 14,609,
with the duration of each time step equal to 1 day. The functioning of the model is explained in
Section 2.2.

E2SWE | EWNE  EITIE | EWWE
Te: 105.5m ¥ {

Be: 97.9m

Initial water table
elevation (m)

— — = Geological faults
Study area
s

- Be:s12m - Te: Top elevation
gy s Be: Bottom elevation
C ¢ Variable head boundary
= Direction of groundwater flow

Figure 6. The initial water table elevation, MODFLOW grids, boundary condition, the general
groundwater flow direction (the blue arrow), and the thickness of the aquifer at four boundary points.

2.4.2. Initial and Boundary Conditions

The water table elevation in the year 1984 (the beginning of the simulation) obtained by
interpolating groundwater table levels in the observation wells in the study area [61] was given as
the initial water table elevation (Figure 6). The atmospheric boundary condition was given at the
surface using precipitation and potential evapotranspiration fluxes. A no-flow boundary condition
was assumed at the bottom of the aquifer. Ten layers were considered for groundwater modeling
using MODFLOW and solute transport modeling using MT3DMS. The monthly varying water table
levels were given as the variable head boundary conditions on all lateral boundaries of the study
domain. This data was obtained using a spatiotemporal interpolation procedure for defining the
heads at the boundary at a 30-day time step from the measured groundwater levels in the aquifer
[30].

2.4.3. Model Settings for Analyzing the Long-Term Atrazine Concentrations in Groundwater

To simulate the long-term atrazine concentrations in groundwater and also to validate the
model, the simulation period was extended until 2023. All information (precipitation, potential
evapotranspiration, boundary conditions, and land use), available for the first 10 years (1984-1993),
was repeated three times (from 1994 to 2023) during this exercise. This approach was used because
the data needed for the boundary conditions (the spatially and temporally interpolated groundwater
table levels) and land use were not available for the period after 1993. A similar approach was
adopted by Rakowski et al. [66] for developing future scenarios in groundwater modeling. The
information regarding precipitation and potential evapotranspiration from 1994 to 2023 could have
been obtained either from the weather station in the study area or using weather forecasting.
However, since water table levels that could be used as boundary conditions were not available for
this period, and also since these water table levels depend on precipitation, it was decided to repeat
the information. During the 40-year simulation period, atrazine was applied during the first 20 years.
The evolution of atrazine concentrations during the first 20 years represents the change of atrazine
concentrations over time after the use of a substance in a certain region started. The last 20 years of
the simulation represent how the concentrations decrease after a ban on atrazine.
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2.4.4. Looping Boundary Condition

Since there is no specific information available regarding the inflow of solute with groundwater
across the lateral boundaries of the study domain, a methodology was developed in this study to
represent the effects of the entire basin on the study area (a part of the basin). Instead of considering
the inflow of clean water (water without atrazine) through the lateral aquifer boundaries, solute
concentrations from MODFLOW cells in the layers which are saturated at the outflow side of the
domain were used in the corresponding active cells at the inflow side of the domain. This is further
referred to as a ‘looping boundary condition.” In this case study, the looping boundary condition was
considered only in the main direction of groundwater flow, which is from south-east to north-west
(from Side 4 to Side 2 in Figure 1). This boundary condition assumes that the average atrazine
concentration in water that percolates from the saturated soil zone to the downstream aquifer in the
study domain is equal to the average concentration of atrazine that reaches the groundwater in the
upstream part of the aquifer. Note that the use of this looping concentration boundary condition does
not prevent the atrazine mass in the aquifer to decrease over time. Due to incoming recharge,
outgoing water and atrazine fluxes are larger than incoming fluxes, and thus the total atrazine mass
in the aquifer decreases over time when recharge does not any longer contain atrazine (due to its
ban). The source code of MT3DMS (http://hydro.geo.ua.edu/mt3d) was modified to incorporate this
special boundary condition.

3. Results and Discussion

3.1. Water Flow Modeling Using MODFLOW with the HYDRUS-1D Package

Figure 1 shows several observation wells in the study area represented by well identification
numbers. These are the wells, in which water elevations and atrazine concentrations were monitored
[30]. Since there are only a few wells with information regarding the water table elevation with a high
temporal resolution, only four observation wells highlighted in red color (well numbers 20232, 20111,
20244, and 20255 in Figure 1) were used for model validation. The water table elevation data is
available from October 1984 to November 1993, December 1983 to October 1986, December 1983 to
November 1993, and December 1983 to November 1993 for wells 20232, 20111, 20244, and 20255,
respectively.

Figure 7 shows the comparison of model-simulated and observed water table elevations in the
study area. In general, observed and simulated water table elevations are found to be similar in all
four observation wells. Minor differences between observed and simulated water table elevations
could be the result of comparing observed point data with the average simulated water table position
in the grid cell (the grid cell area of 40,000 m? in this study). Another plausible reason for the anomaly
between simulated and observed water tables could be the fact that the boundary condition provided
to the model was generated by spatiotemporal interpolation [30], which may also exhibit a certain
level of inaccuracy. Furthermore, the aquifer properties (hydraulic conductivity, specific yield, and
porosity) may vary spatially. Additionally, a constant value of the specific yield was used in the
groundwater model simulations in the developed model. The specific yield can be considered
constant only when the aquifer response is linear, i.e., when the volume of water added or released
is linearly proportional to the water table fluctuation. The specific yield varies based on the transient
nature of the water release from the unsaturated soil zone, soil hydraulic properties, the depth to the
groundwater table, or hysteresis [67,68], which are factors not taken into account in this study.
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Figure 7. Comparison of water table fluctuations in observation wells (observed) and those simulated
using MODFLOW with the HYDRUS-1D package (simulated).

3.2. Atrazine Concentrations in Groundwater

Figure 8 shows the average annual atrazine concentration in the groundwater obtained using
MODFLOW with the HYDRUS-1D package and MT3DMS. The horizontal dotted line shows the
permissible limit of atrazine concentrations, and the vertical line indicates the period when atrazine

applications in the field stopped. The atrazine concentration appeared in the groundwater about one
year after the start of its use. The atrazine concentration in the aquifer increased during the period of
its application and started slowly decreasing once its application was stopped. The rate at which the
average solute concentration is increasing/decreasing in the aquifer depends on the rate of recharge
from the unsaturated soil zone to the saturated soil zone, the rate of atrazine application, the location

of the maize fields, lateral groundwater flow into and out of the saturated soil zone, and the looping
boundary condition.
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Figure 8. Average annual atrazine concentrations in the aquifer simulated using MODFLOW with the
HYDRUS-1D package and MT3DMS.
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Figure 9 shows total net recharge (in m3/year) and the net recharge rate (in mm/year) between
the unsaturated and saturated soil zones in each year. Recharge depends on atmospheric boundary
conditions (precipitation, potential evaporation), land use, and soil hydraulic properties. It can be
observed that the net recharge varies from year to year, with a maximum rate of about 61 mm/year
and a minimum rate of about 11 mm/year.
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Figure 9. Total net recharge and the net recharge rate between the unsaturated and saturated soil
zones in each year.

Figure 10a shows the total inflow and outflow of water through the four lateral sides of the
aquifer. The amounts of water leaving and entering through the four lateral sides (Side 1 to Side 4 in
Figure 1) are different because of groundwater gradients and differences in flow areas of each of these
sides. The maximum flow area is on Side 3, followed by Sides 1, 4, and 2. Most water is flowing into
the domain through Side 4 (Side 4_in), and most water is leaving the aquifer through Side 3 (Side
3_out). In the looping direction (Sides 2-Side 4), more water is entering the domain through Side 4
than leaving through Side 2. Figure 10b shows volumes of water entering and leaving the aquifer
through four lateral sides divided by corresponding flow areas (area through which flux goes in or
out), which represents average water fluxes. It can be observed that the relative volume (for the flow
area) of water entering the aquifer is highest on Side 4 (Side 4_in) and lowest on Side 2, while the
relative volume of water leaving the aquifer is highest on Side 2 (Side 2_out) and lowest on Side 4
(Side 4_out). This indicates that the major flow direction is from (Side 4) south-east to (Side 2) north-
west, and the same direction is chosen for the solute transport looping boundary, as explained in
Section 2.4.
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Figure 10. Volumes of water entering and leaving through sides of the domain (a), and water fluxes
entering and leaving the aquifer through sides of the domain (b), (Side 1_in to Side 4_in represent
flow entering through particular lateral sides, and Side 1_out to Side 4_out represent flow leaving
through particular lateral sides).

Figure 11a shows the total amount of atrazine entering the groundwater through various sources
and leaving though various sinks. Various sources that add solute into the system include recharge
from the unsaturated zone to the saturated zone and lateral inflow through Side 4 (due to the looping
boundary condition). Lateral outflow from the aquifer acts as a sink. There was an increase in the
total amount of atrazine entering the saturated soil zone from year 3 to year 6 and from year 10 to
year 15 (Figure 11). This is because of an increase in the area of the atrazine application and also due
to leaching of adsorbed atrazine. There was a decrease in the amount of atrazine reaching the
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groundwater from year 7 to year 9 and after year 16. This is because of a decrease in the quantity of
applied atrazine and the reduction in recharge (Figure 9) during these periods. There was again an
increase in the amount of atrazine entering groundwater from year 22 to year 30 and a decrease
afterwards. This is because of the looping boundary condition to represent the influx of atrazine from
upstream areas.
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Figure 11. The total mass of atrazine that is entering the aquifer through various sources and leaving

Total amount of atrazine entering
and leaving the aquifer (g)

the aquifer through various sinks (a), and the total mass of atrazine that is entering the aquifer through
lateral inflow and recharge (b).
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Figure 11b shows the total mass of atrazine that is entering the aquifer through lateral flux (Side
4) and recharge flux. Large amounts of atrazine are entering the domain through recharge during the
first 20 years (when atrazine was applied in the area). When comparing Figure 11a,b, it can be
observed that the amount of atrazine entering the aquifer through lateral sides is smaller than the
amount of atrazine leaving the aquifer through lateral sides during the first 12 years. This is because
of the looping boundary condition and can be explained by Figure 12. Figure 12 shows the amount
of atrazine leaving and entering through lateral sides. From Figure 12, it can be observed that only
small amounts of atrazine are leaving through Side 2 (Side 2_out) during the first 12 years. Since the
looping boundary is considered from Side 2 to Side 4, the amount of atrazine entering the lateral side
(Side 4) is also small during this period. During later years (after 12 years) the amount of atrazine
leaving through Side 2 increases, and so is the inflow through Side 4 in Figure 12.

3
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Figure 12. The amount of atrazine entering and leaving the aquifer through four lateral sides (Side
4_in represents atrazine volumes entering through Side 4, Side 1_out to Side 4_out represent atrazine
leaving through corresponding lateral sides, and Total Sides_out represents the amount of solute
leaving though all lateral sides).

From Figure 12, it can be observed that the amount of atrazine leaving through Sides 1 and 3 is
higher than through Side 2 in most years. This is because higher volumes of water are leaving through
Sides 1 and 3 and also due to the location of atrazine applications. It can also be observed that the
amount of solute leaving through Side 3 is always higher than through Side 2 and that the amount of
solute entering through Side 4 due to the looping boundary condition corresponds to the amount of
solute leaving the aquifer through Side 2. However, the amounts entering via Side 4 are larger than
the amount that leaves Side 2 because of the larger water flow into Side 4 than out of Side 2 (see
Figure 10a).

Figure 13 shows the spatial pattern of the depth-averaged atrazine concentration in the aquifer
from 1 to 40 years. In the early years of the simulation, based on the quantity and the location of
atrazine applied in the study area, a varying spatial pattern and a localized appearance of the atrazine
concentration was simulated in the aquifer. During the first 20 years of the simulation, distinct
atrazine plumes that emerged below the fields where atrazine was applied could be discerned. These
plumes were transported slowly with groundwater flow. Since no atrazine degradation was
considered in the aquifer, the concentrations in these plumes decreased slowly due to dilution caused
by solute dispersion and mixing with recharge water that did not contain atrazine. Over time,



Water 2020, 12, 1019 17 of 24

atrazine spread more and more in the aquifer, and it was still observed in the aquifer several years
after year 20 (the year after which atrazine applications stopped). The spatial pattern of the atrazine
distribution after year 20 remains quite stable over the next 20 years and is mainly influenced by the
looping boundary condition (Figure 13).
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Figure 13. The spatial pattern of the atrazine concentration (ug/L) in the aquifer from year 1 to year
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At the beginning of the simulation (year 1 to year 6), the solute concentration was increasing in
the aquifer (Figures 8 and 13) as more and more atrazine was applied at various locations in the study
area. During the next few years (year 7 to year 9), there was a slight decrease in the atrazine
concentration mainly because of a reduction in atrazine applications (Figure 5) and a reduction in
recharge during this period (Figure 9). This was also because of larger lateral outflow during this
period. It should also be noted that the looping boundary condition was considered only in the main
direction of groundwater flow, whereas lateral outflow was also observed in other directions during
this period, which carried solute out of the system and which resulted in a decrease in the
concentration in this period.

There was again an increase in the atrazine concentration from year 10 to year 16 (Figures 8 and
13), mainly because of the combined effect of larger atrazine applications (Figure 5) and larger
recharge (Figure 9). Larger recharge has a higher potential of leaching into the groundwater more
atrazine either applied at the soil surface or already present in the unsaturated soil zone. Severe
leaching occurs when a large amount of atrazine is applied at the soil surface simultaneously with



Water 2020, 12, 1019 18 of 24

meteorological conditions that result in larger recharge to the saturated soil zone. A similar case exists
during years 13 to 15, resulting in higher groundwater concentrations (Figures 8 and 11a).

There is a reduction in atrazine concentrations from year 16 to year 17 because of lower recharge
and larger lateral outflow. The average atrazine concentration in the aquifer after its application was
stopped in the year 20 was decreasing at a very slow rate. This is similar to the observation of Vonberg
et al. [20,21]. The amount of atrazine in the aquifer after 20 years of its application is influenced by
available atrazine in the soil and groundwater, subsequent leaching, and atmospheric boundary
conditions. However, the amount of atrazine that enters in the aquifer via recharge declines rapidly
after the application of atrazine in the area was stopped, suggesting that the stock of atrazine in the
soil that could contribute to leaching is depleted rapidly because of the degradation in the soil layers.
A small increase in the average atrazine concentration was observed from year 27 to year 32 because
of the inflow of atrazine due to the looping boundary condition adopted in this case study.

Six observation wells were chosen to analyze the spatial and temporal evolution of the atrazine
concentration in the study area after the atrazine application was stopped. The locations of the
observation wells, along with the MODFLOW grids, are shown in Figure 14b. Figure 14a shows
atrazine concentrations in the observation wells after 20 years of its application. When examining
concentrations in the observation wells after the atrazine application was stopped (Figure 14a), it is
observed that the concentration in observation wells 2 and 3 is decreasing while it is increasing in
observation wells 1, 5, and 6. An increase in concentrations is caused by the movement of atrazine
plumes to these locations. The concentration in the observation well 4 remains more or less constant.
In general, when examining selected observation wells, it is observed that the temporal evolution of
atrazine concentrations is different at different locations in the study area. This is similar to the
observation made by Vonberg et al. [20,21], who concluded that the study area has a considerable
variation of atrazine concentrations in space.
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Figure 14. Atrazine concentrations in six observation wells after 20 years of atrazine application (a),
and the locations of the observation wells (b).

3.3. Comparison of Observed and Model-Simulated Average Annual Atrazine Concentrations

Vonberg et al. [20] conducted a detailed study of atrazine concentrations in groundwater of the
Zwischenscholle aquifer based on observations in monitoring wells. This study showed that several
modifications and changes were adopted during the monitoring program. The number and location
of monitoring wells, the number of samples collected, and the number of detects and non-detects in
the samples collected were different over time. Observation wells with small or no atrazine
concentrations were excluded, and some wells with higher concentrations were added during the
monitoring program [20]. Figure 15 shows the total number of wells, the number of samples, and the
number of detects and non-detects. This data collected for the study by Vonberg et al. [20] was not
sufficient to make a conclusive statement about the change in the atrazine concentration in the
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aquifer. In addition to this, there is only limited knowledge about the actual location, quantity, and
time of the atrazine application in the study area. Therefore, a direct comparison between simulated
and observed solute concentrations with respect to the location and time of atrazine applications is
not possible. Nonetheless, in order to validate the performance of the model, the average annual
atrazine concentration in groundwater simulated by the model is compared here with the average
annual atrazine concentration obtained from field measurements. The years from 2000 to 2011
correspond to 29th to 40th year in the simulation study. Observation data is not available for the year
2004 (33rd year in the simulation study).
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Figure 15. The number of observation wells, samples collected, samples with detects and non-detects

from the monitoring program in the Zwischenscholle aquifer [20,21].

Figure 16 shows boxplots of the annual atrazine concentration observed in monitoring wells, and
model-simulated concentrations along with the mean of observed and simulated concentrations
between years 29 and 40 (except for the year 33). The average annual atrazine concentration in the
aquifer obtained using MODFLOW with the HYDRUS-1D package and MT3DMS over the entire
simulation period was found to be below the threshold level suggested by the European Council
Directive 98/83/EC “The quality of water intended for human consumption” (1998) [29] (0.1 pg/L). The
means of observed and simulated atrazine concentrations were found to be comparable. The mean
atrazine concentration in observation wells is closer to the threshold level than the model-simulated
values, which is mainly because of the addition of monitoring wells, which showed higher
concentrations, and the exclusion of wells, which showed smaller concentrations in the monitoring
program as explained earlier in this section. Similar observations were made in several other studies on
the fate of atrazine in the Zwischenscholle aquifer and other parts of Germany, showing concentrations
close to the threshold limit [21,24,69] even after several years of atrazine ban in the country.
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Figure 16. Boxplots of the annual atrazine concentrations observed in monitoring wells (represented
in blue color) and simulated (represented in brown color), along with the arithmetic mean of observed
and simulated atrazine concentrations (a logarithmic scale).

The boxplots of the observed and simulated atrazine concentrations show that simulated ranges
are narrower than those observed, likely because of the mixing of local concentrations due to
dispersion and numerical averaging over 200 x 200 m grid cells. The groundwater sampling is
restricted to the volume of groundwater that is sampled in a single observation well. In groundwater
transport models, a macroscopic dispersion coefficient is used to represent the effect of aquifer
heterogeneity on the solute plume spreading. However, advection dominated spreading can be much
larger than mixing and dilution controlled by local-scale dispersion. Therefore, local measured
concentrations may vary much more than simulated concentrations because local transport
heterogeneities are not averaged out by local measurements.

4. Concluding Remarks

The atrazine contamination in the Zwischenscholle aquifer was analyzed in this study using
MODFLOW with the HYDRUS-1D package and MT3DMS. The simulated and observed water table
levels and atrazine concentrations were comparable. Model simulations indicate that the variability
in the atrazine application rate and the volume of water entering and leaving the aquifer through
various sinks and sources led to the variations in the amount of atrazine and its spread in the aquifer.
The impact of these different fluxes and their variability was assessed using the model. The long-
term analysis of the impact of the atrazine application in the study area shows that the atrazine is
persisting in groundwater even after 20 years of its ban. Similar observations were made by Vonberg
et al. [20,21] after the detailed investigation of observed atrazine concentrations in the observation
wells in the study area.

Though the simulation model can, in general, model the effects of aquifer heterogeneity and
various other factors that affect the movement of atrazine in the aquifer, the model was not able to
accurately explain the heterogeneous distribution of atrazine concentrations in the aquifer (observed
in the monitoring study of Vonberg et al. [20,21]) because of the limited knowledge about the exact
quantity and location of atrazine applications in the study area.

The model could not resolve the small-scale transport variability in the aquifer since
concentrations and flow velocities were averaged over 200 x 200 m grid cells. Concentrations
monitored in groundwater monitoring wells are influenced by these small-scale heterogeneities. The
variation of concentrations observed in different monitoring wells can, therefore, be larger than the
spatial variation of simulated concentrations. Simulations explained that an observed increase in
atrazine concentrations in individual observation wells after the stop of atrazine applications were
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the result of transport processes in the aquifer, in combination with spatial variations of atrazine
leaching from the soil to the aquifer that generated spatial heterogeneity of atrazine concentrations
in the groundwater. Presented simulations demonstrate the great modeling capabilities of the
coupled modeling system involving MODFLOW with the HYDRUS-1D package and MT3DMS.
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