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Abstract: This study presents the results of the influence of the specific geological landforms occurring
in a lowland river floodplain on the recharge and drainage conditions in an agricultural area.
Particular attention has been paid to the presence of the buried erosional channels of flood waters,
which may constitute the preferential paths for migration of agricultural contaminants. Moreover,
the changes of effective infiltration which affect the hydrogeological regime of the tested area were
analyzed. Priority was also given to the use of laboratory techniques in order to determine the
parameters influencing the contaminant migration in the soil-water environment for the purpose
of hydrogeological modeling. Laboratory tests, based on a column experiment, were performed
in a Trautwein apparatus with reference to the constant head procedure, using conservative and
reactive markers. The parameters of advection, dispersion, and sorption, obtained in the laboratory
experiment were then used as the input data for the hydrodynamic model of groundwater flow and
contaminant migration in the research area. Based on the created digital model of groundwater flow,
the multi-variant analysis of the effect of specific geological features on the conditions of contaminant
transport in a valley was performed. The presented tools and methods contributed to a significant
increase in the accuracy of recognizing zones susceptible to water pollution and should be adopted
in other valley areas exposed to contamination.
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1. Introduction

The availability of water resources and the fertility of soils mean that the river valleys of
lowland areas are often developed for agricultural purposes. The recharge and drainage conditions in
agricultural areas located in a river valley are determined, among others, by the specificity of geological
features occurring in the area. In recent years, significant attention has been paid to floodplains, also
because of their ecological and social functions (flood control, nutrient retention, wildlife habitats or
recreation) [1].

The conditions for the development of the floodplain area of river valleys in the Polish Lowlands
depend on their geological structure, which is a record of the transformation of river systems during
the Holocene. Over a significant stretch of the Holocene era, especially during the Atlantic period
(Holocene climatic optimum), the rivers of the European Plain were characterized by the aligned
(in the hydrologic year) discharges [2]. The effect of that was expressed by widespread formation of
meandering channels. During the overbank flows, considerably thick flood alluvia (silty-clay cover)
were deposited in the floodplain area. Whereas fine-textured sediments occur at the floodplain sites,
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coarser particles are stored near the channel. Spatial dynamics of the overbank sedimentation in
a floodplain area was discussed in detail by Pierce and King [1] and Fryirs and Brigley [3].

Since the sub-Atlantic period of the Holocene, a change in the character of fluvial processes
was noted. This was related to the gradual increase in the importance of human activity in the
river catchment areas. Deforestation and changes in the land use (ploughing) caused an increase in
surface runoff of water and sediment from the catchment areas. Lowland river channels, which were
originally meandering, gradually transformed into braided ones, overloaded with alluvia. This process
is referred to as “wilding of the rivers” [2]. The aforementioned process is also manifested by the
natural formation of point and central bars within the riverbeds and can be calculated on the basis of
the following formula [4]:

ra =
q

lch
· 100 (1)

where ra—index of river wilderness, (%); q—number of bars within the riverbeds (m), lch—length of
the river channel, (m).

As a result of transformation of rivers, a braidplain was developed along the river channel [5].
In many cases it adjoins the meandering river floodplain from the Holocene climatic optimum.
Many examples supported by literature also indicate that fluvial processes have a direct impact
on biogeochemical dynamics [6–8].

Falkowski [9] reported that an increase in high-water flows, which is accompanied by increased
channel bottom erosion, revealed the importance of the geological structure of the channel zone itself
for the course of modern evolution of the floodplains in river valleys of the Polish Lowlands.

The common feature of river valleys in the Polish Lowlands area is their immaturity. In many
reaches the erosional base of the valleys is not fully developed [10]. The sub-alluvial basement
surface, composed of erosion-resistant (cohesive and coarse grained) deposits, usually shows
complex morphology. During high-water stages, it can be exposed from under the channel alluvia
layer, especially in the places where it forms morphological protrusions. Complex morphology of
the sub-alluvial basement influences the concentration of flood flows, whose recurrence leads to
development of a group of erosional landforms such as crevasses and other erosional troughs, as well
as to the differentiation of flood depositional environments. The morphology of Holocene alluvia
basement, in combination with the occurrence of hydrotechnical structure occurrence, has a significant
influence not only on the direction of flood water flow [11], but also on the geological setting of
a floodplain area [5].

Correct valorization of a lowland river valley requires a reconstruction of its morphogenesis.
The possibilities of landform recognition have increased in recent years, mainly due to the use
of airborne laser scanning techniques [12]. Li and Bristow [13] emphasized that high-resolution
imagery in combination with field studies is an efficient way to identify a development of crevasse
splays. Crevasse splays and their evolution in time were also a subject of the research conducted by
Yuill et al. [14].

Any attempt made to recognize the dynamics of the processes forming the floodplain surface
should be important in hydraulic and environmental engineering as well as in geological forecast
concerning the effects of floodplain development [10,15,16].

It can be stated that the change in the type of the floodplain development during the process
of “wilding of the rivers”, which, as it was mentioned above, is related to any change in the natural
environment of a catchment area influenced by human activities [2], caused a deterioration of both the
water balance and the soil quality (fertile soils formed on clayey flood sediments of meandering river
were washed out or covered with silty and sandy flood deposits of the contemporary braided river).

With regard to the above, it is worth mentioning that there are numerous examples proving that
landscapes do not always evolve as floodplains [17–19]. For instance, marine terraces in California
were developed as an effect of coastal erosion, and climate, and reflect the fluctuations of the sea
level. Moreover, these landforms can be used to determine surface uplift rates or to quantify the
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record of sea-level change [18]. Detailed characteristics of mentioned landforms were presented by
Regard et al. [19]. On the other hand, a convergence could be found in the occurrence and shape
of landforms which evolve in a zone where the sub-alluvial basement was formed on a solid basis
(uncovered from the alluvium during overbank flows). Such a situation strictly concern the areas
formed during the Alpine orogeny [20,21].

Sustainable development of rural areas combined with the management based on proper
knowledge affects the increase of attractiveness of modern cultivation techniques. The availability
of modern agricultural machines and the development and improvement of the fertilizer base cause
an increased interest in precision agriculture [22]. In addition to measurable savings of the amount
of fertilizers used, it also allows the pollutant transfer from agriculture to the natural environment
to be reduced. Whereas traditional agriculture treats a single field as a uniform area in terms of soil
properties and its needs for nutrients, in the precision farming system agricultural production is carried
out in a timely manner with the use of the least possible amount of fertilizers. The application of
the principles of precision agriculture is usually associated with limiting the excessive use of mineral
fertilizers and reducing the risk of losses of unused fertilizer components to the environment [23].

The availability of detailed data about both the load of an infiltrating contaminant and the chemical
background allow for precise determination of the migration character of individual components
originating from agriculture in the groundwater system [24]. Gworek et al. [25] presented that
rainfall infiltration is strictly dependent on the materials composing soil layers and is responsible
for replenishment of the groundwater horizon. Moreover, the groundwater level has a significant
connection with the concentration of contaminant measured in groundwater, which means that with
high groundwater level, lover contaminant concentration is observed, and vice versa [26].

Since nitrate contamination has become a very serious environmental concern due to over
application of fertilizers for agricultural purpose, it is justified to predict the fate and transport
of these compounds in the aquatic environment. The quality and quantity of surface and subsurface
water is affected by connectivity between the river and aquifer. Hyporheic exchange, defined as
interaction between surface water and groundwater, is considered as a crucial process for contaminant
transport and nutrient cycle. Interactions between surface water and groundwater also have
a special impact on biogeochemical pathways as well as on chemical status of both surface water
and groundwater [27]. Hyporheic zones are also treated as hotspots of biogeochemical activity.
For better understanding the transformation of nutrients (e.g., nitrogen) in these zones, several studies,
concerning simulations of flow and reactive transport, have been presented in the scientific literature.
For instance, Dwivedi et al. [28] demonstrated that due to hyporheic exchanges, river meanders have
a great impact on local nitrogen fluxes and transformation.

In recent years, numerical modeling has been increasingly applied to deal with a wide range
of hydrogeological issues, concerning mainly groundwater flow and contaminant movement in
aquifers [29–31].

Numerical modeling techniques commonly concern the following: Finite difference method, finite
element method, and boundary element method [32]. Some scientific works proved that the finite
element method is efficient to solve the issue of contaminant migration in the case of landfills and
waste management sites [33–36].

According to Szczepański [37], modeling techniques have been used in Poland in hydrogeology
since the mid-1960s. The continuous development of modeling techniques and the widespread use
of computational programs make it possible to solve most of the hydrogeological tasks, including
estimation of the extent of pollution migration.

However, this involves the risk related to the lack of both sufficient hydrogeological knowledge
about the solved problems and data concerning parameters occurring in mathematical equations
describing the processes of transport of pollutants [38–40]. Almost 20 years ago, the same problem was
pointed out by Sabino et al. [41] who claimed that the prediction of contaminant migration parameters
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is commonly based on the data found in the literature without considering the conditions under which
they were measured.

Therefore, there is a real need for conducting laboratory research in order to expand the available
knowledge on the migration parameters of various compounds in specific hydrogeological conditions
for numerical modeling. Some works undertaken in this regard were presented in our previous
studies [42–45].

Migrating harmful compounds may cause a nuisance to the natural environment. With respect
to that, the present authors paid attention to morphogenetic analysis for assessing the susceptibility
to water pollution in an agriculturally rich valley of the Vistula River as well as to the transport and
fate of nitrate forms considered as a basic indicator related to the application of nitrogen fertilizers in
agricultural practice.

The authors’ intention was to present a methodology of hydrogeological approach, supported
by morphogenetic analysis using LIDAR data, for comprehensive identification of landforms having
a key significance for hydrodynamics of groundwater flow and, related to that, contaminant (nitrate)
transport in a floodplain.

2. Materials and Methods

2.1. Study Area

The research area includes the contemporary floodplain of the Vistula River near Warsaw, Poland.
The area covers ca. 17.5 km2. From the north, east, and west, it is surrounded by nature reserves:
Wyspy Zawadowskie, Wyspy Świderskie, and Łegi Oborskie (part of the Chojnowski Landscape Park),
respectively (Figure 1).

Figure 1. Location of the study area, and the surroundings; black dashed line indicates the borderline
of the modeled site.

The whole area is covered by a drainage system with numerous ditches and excavations.
Noteworthy is a culvert, located in the northern part of the area, carrying the Wilanówka river
waters under the artificial channel of the Jeziorka River.

On the south side, there are the Gwoździe Lake and Cieciszewskie Lake that mark the boundary
of the modeled area. The west side of the modeling area borders on the Habdziński canal.

Falkowski et al. [46] reported that the basement of the contemporary alluvia observed in the
research area forms a morphological protrusion composed of glaciotectonically disturbed and uplifted
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Neogene lacustrine clays and Pleistocene glacial deposits covered by a residual lag composed of glacial
gravels and pebbles.

The floodplain, tapering to the south, is limited to the west by a Pleistocene glacial upland.
From the east and north, the floodplain is limited by embankments of the Vistula and Jeziorka rivers.
The area is relatively flat and falls towards the north following the course of the Vistula River.

In the southern part, agricultural areas of approximately 40 ha covered by the precision agriculture
program are located. The cultivation of cereals, mainly wheat, is typical for this region. Agricultural
fields lie approximately at 88 m above sea level (a.s.l). The altitudes within the modeled site are in
the range of 86.39 m a.s.l. to 89.39 m a.s.l. Observed groundwater levels vary from 84.37 m a.s.l. to
86.62 m a.s.l. The average annual precipitation in the study area is around 550 mm. The annual average
temperature for this site is 9 ◦C. Groundwater environment in the study area has a good chemical
status compared with the groundwater quality standard presented in the Regulation of the Minister of
the Environment of Poland [47].

2.2. Field and Laboratory Studies

During the site inspections and field studies, soil samples were collected for further analysis of
contaminant migration parameters, i.e., parameters of advection, dispersion, and sorption, respectively.
In a group of advection parameters the following were measured: hydraulic conductivity, effective
porosity, and flow velocity. The dispersion coefficient and longitudinal and transverse (horizontal and
vertical) dispersivity were determined to specify the process of dispersion. For sorption, the retardation
factor as well as distribution coefficient were assessed.

Six undisturbed soil samples were taken from the vicinity of piezometers located in agricultural
fields using a stainless steel tube sampler (diameter 89 mm, length 600 m). Groundwater samples
were collected in accordance with the procedure outlined in EN ISO 5667-3 [48] and ISO 5667-11 [49].
Before sampling, the top water in each piezometer was carefully pumped out using a submersible
pump. The pump was rinsed with distilled water each time before the water sample was
taken. To assure sampling appropriateness, each pumping was accompanied with simultaneous
measurements of pH, temperature, and electrical conductivity. All samples were collected with
great care taking into consideration that about 30% of the monitoring results may be biased due
to inappropriate sampling and sample transportation [50]. As part of this study, an observation
network of the level of groundwater and its quality was set up, including dug wells and observation
piezometers (Figure 2). In total, the observation network consisted of twelve dug wells located within
the research area and six piezometers in the fields with precision agriculture practice.

All of the observation points were leveled and connected to the National Geodetic Network.
The depth to the groundwater table was measured using a hydrogeological whistle. Coordinates of
dug wells (X, Y) were set according to “PUWG 1992” geodetic system using GPS-RTK equipment.
In addition, water-level drops were marked out in surface watercourses within and on the boundaries
of the analyzed area.

Physical properties of the soils were determined in accordance with the standards PN-EN ISO
14688-1:2006 [51], PN-B-02480:1986 [52], and PN-88/B-04481 [53], respectively. Physico-chemical
properties of the soils and contaminant solutions (sodium chloride, ammonium nitrate), e.g., pH
and EC were determined using a multimeter 18.52.01 (Eijkelkamp, Giesbeek, The Netherlands).
Concentrations of selected pollutants were determined spectrophotometrically using a UV-VIS DR
6000 spectrophotometer (Hach Lange type, Düsseldorf, Germany).
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Figure 2. Monitoring network within the study area; green points represent dug wells, pink and violet
points represent piezometers.

In the next step, attention was paid to the identification of the parameters of migration of
contaminants in the soil-water environment, in particular advection, dispersion, and sorption in
dynamic conditions. The parameters responsible for migration, e.g., the hydraulic conductivity, flow
velocity, porosity, dispersion coefficient, dispersivity, and retardation factor were determined using
a Trautwein apparatus in the saturated conditions using the constant head method with regard to the
ASTM D5084-00 procedure [54].

Hydraulic conductivity k was calculated using the following formula:

k =
∆V

A·i·∆t
(2)

where ∆V—volume of the liquid, (m3); A—cross-section area of the soil sample, (m2); i—hydraulic
gradient, (-); ∆t—time, (s).

The experiment was based on the assumption that filtration of the liquid through the soil sample
should last until the pore volume of flow is exchanged twice [55]. According to this assumption,
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the pore volume of flow (PVF) was treated as the sum of the flow in relation to the volume of soil pores
opened for filtration. The PVF was calculated using the expression:

PVF =
k·i·∆t
n·L (3)

where n—total porosity of the soil sample, (-); L—length of the soil sample, (m).
The effective porosity ne was calculated on the basis of performed column tests with reference to

the formula presented by Marciniak et al. [56]:

ne =
q·t

π·L·r2 (4)

where q—flow rate (m3 s−1); t—time required for exchange of one pore volume of flow, (s); r—radius
of the soil sample, (m).

Before the test, the samples were soaked with distilled water until the flow stabilized, which was
observed by the equality of the volumes of water flowing in and out of the sample. To imitate the
stress conditions in the soils tested, a confining pressure was applied. Effluent samples were collected
at different time intervals regarding the flow rate and the volume of solution that passed through the
soil sample during the experiment. On this basis it was possible to control if any variations of the flow
velocity occur.

After the flow stabilized, the injection of contaminants (sodium chloride, ammonium nitrate)
was started from the bottom to the top of the sample. Chloride solution prepared based on sodium
chloride was treated as a non-reactive marker, while nitrate solution prepared based on ammonium
nitrate fertilizer was treated as a reactive one. During the experiment, the concentration, flow rate,
and volume of solution that filtered through the sample in specific time intervals were measured.
The concentrations of chloride and nitrate ions were measured with reference to the Mohr [57] and
8171 HACH methods [58], respectively.

Initial values of retardation factors R used as input data in further numerical studies were
calculated based on the following formula [59]:

R =
tr

to
(5)

where tr—time required to reach the maximum concentration of the reactive marker (nitrate), (s);
to—time required to reach the maximum concentration of the non-reactive marker (chloride), (s).

Based on retardation factors R obtained from the column studies, it was possible to determine
distribution coefficients Kd for each sample tested. The calculations were made using the transformed
formula presented by Zhu and Anderson [60]:

R = 1 +
ρd
ne
·Kd (6)

where ρd—dry bulk density, (kg L−1); Kd—partition coefficient, (L kg−1).
Coefficients of hydrodynamic dispersion were calculated based on the following equations:

DL = αL·v + D∗M (7)

DT = αT ·v + D∗M (8)

where DL—longitudinal hydrodynamic dispersion coefficient, (m2 s−1); DT—transverse hydrodynamic
dispersion coefficient, (m2 s−1); D∗M—effective diffusion coefficient, (m2 s−1); αL—longitudinal
dispersivity, (m); αT—transverse dispersivity, (m); v—flow velocity, (m s−1).
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Longitudinal dispersivity was defined based on the formula presented by Appelo and Postma [61]:

αL = 0.1 x (9)

where x—length of the filtration path, (m).
Horizontal transverse dispersivity (αTH) and vertical transverse dispersivity (αTV) were calculated

using the following expressions [62,63]:

αTH = 0.1 αL (10)

αTV = 0.01 αL (11)

In this study, the half-life t1/2 was used as a measure of nitrate decomposition in the denitrification
process. First-order decay coefficient λ concerning denitrification was calculated in relation to half-life
time t1/2 of nitrates using the following equation [64]:

λ =
0.693
t1/2

(12)

A summary of the parameters used for numerical studies is presented in Table 1.

Table 1. Hydrogeological parameters of model layers.

Layer
Hydraulic Conductivity

k
Specific Yield a

Sy = 0.117 7
√

k
Specific Storage b

Ss

Total Porosity b

n
Effective Porosity c

ne

(m day−1) (-) (m−1) (-) (-)

1 0.864 0.115 1.28 × 10−4 0.43 0.33
2 0.311 0.099 2.55 × 10−3 0.40 0.14
3 8.640 0.159 1.65 × 10−4 0.39 0.30
4 328.320 0.268 7.56 × 10−4 0.34 0.28
5 190.080 0.248 1.65 × 10−4 0.39 0.30
6 0.0016 0.047 1.92 × 10−3 0.40 0.04

Notes: a, b, c—according to: Bieciński [65], Batu [66] and Marciniak et al. [56], respectively.

The space of the conceptual model was set in a horizontal plane (XY) using a mesh with a side of
200 m. On this basis, longitudinal dispersivity was equal to 20 m. Horizontal transverse dispersivity
and vertical transverse dispersivity were defined as 2.0 m and 0.2 m, respectively. Molecular diffusion
D∗M for nitrates was adopted from Frind et al. [67] as 5 × 10−5 m2 d−1.

The half-life of nitrate degradation was adopted for modeling purposes based on literature
research (Table 2).

Table 2. Half-life of nitrates and calculated first order decay coefficients.

No. Half-Life t1/2 (Years) Reference First-Order Decay
Coefficient λ (Day−1)

1 1−2.3 [67] 8.25 × 10−4–1.90 × 10−3

2 20 [68] 9.49 × 10−5

3 1.4 *−7.5 ** [69] 2.53 × 10−4–1.36 × 10−3

4 3.7 [70] 5.13 × 10−4

5 3.7 [71] 5.13 × 10−4

6 1.2−2.1 [72] 9.04 × 10−4–1.58 × 10−3

Notes: * for the area where organic matter is present, ** for the area where organic matter is absent.

Eventually, the best calibration results were obtained for the first-order decay coefficient adopted
at the level of λ = 5.13 × 10−4 day−1.
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2.3. Numerical Modeling

To determine the parameters of the equation describing transport of contaminants in the soil-water
environment, CXTFIT software was used [73]. The parameters were calculated based on the results
of dynamic (column) investigations. The key of the procedure used in this methodological approach
was the most accurate adjustment of the theoretical (modeled) curve to the curve obtained from
experimental research, using numerical optimization methods [74]. The parameter estimation was
carried out in accordance with the nonlinear optimization algorithm presented by Marquardt [75].

Owing to the fact that numerous literature studies [76–80] indicate that the CXTFIT package is
very popular in estimating the migration parameters of pollutants, including non-reactive markers,
pesticides, heavy metals, radionuclides as well as organic and inorganic compounds, the attempt
was made in this study to check its utility for predicting parameters of migration of contaminants
originating from agricultural fields.

Visual Modflow, considered an international standard for simulating and forecasting groundwater
conditions and groundwater or surface-water interactions [30,81], was applied for numerical studies
in presented study area. The MT3DMS, as a part of Visual Modflow software, was used to create
a three-dimensional transport model that simulates 3D advective-dispersive transport of dissolved
solutes (nitrates) in groundwater. As the result of numerical modeling, scenarios of the spread of
pollutants in the groundwater environment with respect to the geological conditions were presented
on isoline maps. Three-dimensional transport of contaminants was described using the equation
presented by Zheng and Wang [82]:

∂C
∂t

=
∂

∂xi

[
Dij

∂C
∂xj

]
− ∂

∂xi
(viC) +

qs

n
Cs + ∑ Rn (13)

where C—contaminant concentration, (mg L−1); t—time, (s); xi—distance along the respective
Cartesian coordinate axis, (m); Dij—hydrodynamic dispersion coefficient tensor, (m2 s−1); vi—pore
water velocity, (m s−1); qs—volumetric flow rate per unit volume of aquifer, (m3 s−1); Cs—concentration
of the source or sink flux for contaminant, (mg L−1); n—porosity of the porous medium, (-);
Rn—chemical reaction term representing retardation factor, (-).

A significant step in numerical modeling of groundwater flow and migration of the contaminant
plume in the soil-water environment was the preparation of a conceptual model (Figure 3).

Generally, the model represented the authors’ interpretation of available hydrogeological data,
based on data from field tests, and laboratory and literature studies. Then, the conceptual model was
translated into a numerical model by setting its boundary and initial conditions, and hydrogeological
parameters. The final step of the numerical modeling studies was the model validation and calibration.

The model body was constructed as the effect of the dissection of the dynamics of geomorphological
processes during the bankfull flow, identified using the remote sensing tools, which was confirmed
by data obtained from drill holes. Subsequently, the created model was used as the initial stage for
developing the transient model, taking into account the time-dependent changes, resulting from the
variability of recharge (infiltration) conditions. Then, using the MT3DMS tool, an attempt was made to
simulate the migration of nitrates from the experimental field where the precision agriculture techniques
were applied. The basic stage of the research was to simulate the response of the groundwater system
to the change of external conditions.

The morphology of the research area was precisely identified with the use of satellite images and
elevation data obtained from the airborn laser scanning (ALS) within the ISOK project (IT System of the
Country’s Protection against Extreme Hazards). The validity of using aerial photographs, and LIDAR
data in determining geomorphological features were presented by Wierzbicki et al. [83].
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Figure 3. The concept of numerical model; Q = const. indicates constant flow rate, H = const. indicates
constant hydraulic head.

The obtained data was stored in the GIS spatial database created for the purpose of this study.
It allowed a series of thematic layers to be created that, in the next step of this research, became
a basis for creating a numerical model of groundwater dynamics and contaminant mass transport.
The concept of the modeled system assumed subdivision of the block of numerical model into six layers
separated based on the values of the filtration parameters. The data concerning the morphology
of the first layer, corresponding to the superficial deposits, was taken from the resources of the
Geodetic and Cartographic Documentation Centre in the form of Digital Elevation Model (DEM).
The remaining layers, with exception of the sublayer, were mapped using the flat layers with an average
thickness of river sediments in a given study area. The morphology of the sublayer, which is also
an impermeable boundary of the model, was interpolated based on the information from the cards of
deep boreholes, collected by the Central Geological Archive of the Polish Geological Institute—National
Research Institute.

Defining the concept of the aquifer system and then separating it from the surroundings in the
form of a three-dimensional model allows for calculations of groundwater flow and contaminant
transport using iterative methods.

While extracting the modeled system from the surroundings, it was assumed that groundwater of
the floodplain area saturates the uniform alluvial reservoir. The reservoir is confined on three sides
by surface watercourses that are in hydraulic connection with groundwater. Due to the clogging,
this connection is limited largely in the area of oxbows located in the west side of the modeled area.

For setting the model boundaries, three types of conditions were applied: 1st type—Ditichlet’s,
2nd type—Neumann’s, and 3rd—Cauchy’s conditions, respectively.

The eastern, northern, and western boundaries of the system were modeled using the third type
of boundary condition—the RIVER variant. By using this type of condition the influence of surface
water on the groundwater flow was simulated. The RIVER package reflected the interaction between
the surface water and groundwater through a seepage layer separating the surface water body from
the groundwater system.

The southern boundary was modeled using the first type condition—the CONSTANT HEAD
variant—based on the measurements of groundwater level in landlocked depressions. The CONSTANT
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HEAD was used in the form of an external boundary condition assigned by setting values of hydraulic
heads to the boundary surface of a separated model system.

Neumann’s boundary condition was set using the RECHARGE variant of the Visual Modflow
software. This variant was used to simulate recharge to the groundwater system as a result of
percolating precipitation into a deeper part of the soil profile.

Infiltration rate was determined with reference to the lithology described by Pazdro and
Kozerski [84]. Concerning the infiltration rate equal to 0.20 and precipitation equal to 550 mm year−1,
the infiltration was defined as 110 mm year−1 for the study area.

To assess the threat of groundwater contamination caused by nitrates, the formula presented by
Duda et al. [85] was used:

CNO3 =
LN
Ie
·443 (14)

where CNO3 —contamination recharge to groundwater, (mg L−1); LN—nitrogen load leached from soil
profile, (kg N ha−1 year−1); Ie—effective infiltration, (mm year−1), 443—factor of unit conversion, (-).

Nitrogen load leached from the soil profile was calculated using the formula [85]:

LN = 0.15· DN (15)

where 0.15—coefficient determining which part of fertilizer was leached to groundwater in
an agricultural area [86]; DN—nitrogen dose in fertilizer applied, (kg N ha−1 year−1).

The principal stage of modeling was the design and calibration of the filtration dynamics model.
The main goal of model calibration was to obtain the highest consistency between the hydrodynamic
state of the groundwater stream recorded during fieldwork and the state obtained as a result of
computer simulation. The error analysis was performed to assess the conformity of the calculated
values of hydraulic heads with the values estimated during fieldwork. Model verification was carried
out on the basis of checking the following types of errors: residual mean error, absolute residual mean
error, root mean square error, and normalized root mean square error. A similar approach of model
verification was presented by Bujakowski et al. [87].

3. Results and Discussion

3.1. Numerical Studies

It was revealed that the modeling surface varied with numerous footprints of overbank flows
(Figure 4).

An innovative element of the presented research is the consideration of the effect of the dynamics
of geomorphological processes in the overbank zone on the groundwater flow conditions. The results
of the numerical modeling studies have shown that a particular impact on the groundwater dynamics
and, consequently, transport phenomena, is exerted by the geomorphological forms that generally can
be subdivided into the zone of transformed floodplain, crevasse splays, and crevasses (Figure 5).
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Figure 4. General view on the limits of erosional troughs in the study area; extracted from the
Visual Modflow.

Figure 5. Location of polygons characteristic for the distinguished morphodynamic types of the
analyzed floodplain area: A represents the zone of the transformed floodplain, B, C, D represent
the areas where crevasse splays and crevasses were identified, red dots mark the points of water
level measurements, numbers mean the water level measured in watercourses and rivers defining the
boundaries of the modeling area.

3.1.1. Zone of the Transformed Floodplain

It was observed that the packet of low-permeable alluvial soils of Atlantic age has been partially
or completely removed from the proximal zone of the floodplain. The alluvial soils represented by
loams and clays, and characterized by low hydraulic conductivity, initially had an isolating function.
The nature of their sedimentation caused the overlying deposits to be compact and they extended over
the whole floodplain area, separating the subsurface water level from the deeper one. Rosenberry and
Healy [88] reported that even a thin layer of alluvial deposits has an impact on seepage between the
river and groundwater. Due to the erosive activity of the bankfull discharge, which is caused, inter alia,
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by ‘wilding of the rivers’, the cover of alluvial soils was removed in many places of the modeled area,
creating hydrogeological windows connecting the shallow and the deeper groundwater levels and
ensuring free water exchange between them. In such conditions, the contaminants from the shallow
level can easily migrate to the deeper part of the specific zones which can be seen in Figure 6.

Figure 6. Zoom A: Zone of the transformed floodplain; visible limits of erosional troughs and natural
levees that accompany them.

Additionally, this research revealed that the zone of the transformed floodplain, where the Atlantic
alluvial soils were eroded, constitute drainage collectors, which are penetrated by contaminants after
some time. Figure 7 presents the scenarios of nitrate migration in the study area one year after the
fertilizer application considering the differentiated rates of precipitation applied in the model.

Under average conditions of precipitation for a given area, effective infiltration is 110 mm year−1.
In such a situation, the majority of the studied area is drained by the Vistula River. For the observed
oxbows, landforms of overbank flows, and artificial ditches the flow rate is insignificant. Groundwater
levels fall towards the north-east and form below the bottom of these landforms. In such conditions,
the zone of the transformed floodplain has only an impact on infiltration rate, with no effect on
groundwater levels. This tendency is observed mainly in a period of a low and an average precipitation
(Figure 7a). Deviations from this tendency are observed during the occurrence of several days with
intense rainfall. At that time, the study area is fully saturated with water. The zone of transformed
floodplain, both those constituting a combined system of surface watercourses as well as those masked
in the landscape due to secondary filling with sediments, become zones of intense drainage (Figure 7b).
In practice, related to environmental engineering and environmental protection, this may be a valuable
premise in designing the monitoring system of the dynamics and groundwater quality coming from
infiltration in agricultural areas.
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Figure 7. Particle path lines simulating contaminant transport: (a)—period with normal precipitation;
(b)—period with intense precipitation.

Since in our study the priority was given to saturated zone modeling, the authors only focused on
conditions of full saturation of the porous medium. However, in order to perform the comprehensive
analysis of nitrogen transport in the soil-water environment (unsaturated and saturated zone),
a broader scope of data and accompanying processes should be taken into consideration. For example,
the mechanistic models, i.e., TOUGHREACT-N would be worth considering [89]. An investigation of
temporal and biochemical changes of nitrogen as well as interactions between physical, biochemical,
hydrological, and geological features controlling transport of considered pollutant would aid in proper
interpretation of its fate. The study presented by Dwivedi et al. [90] is a comprehensive example of
integrating geophysical data, mineralogical analyses, monitoring of water levels, and water quality in
the interpretation of the impact of several involved issues on nitrogen behavior. In the quoted study,
3-D simulations performed using the PFLOTRAN model were used in mapping spatial and temporal
changes related to nitrogen fluxes. Identification of nitrogen “hot moments” using the mentioned
model is crucial in analyses dealing with the study of nitrogen fate and transport, and the mitigation of
risk associated with its occurrence in the soil-water environment. Similarly, Dwivedi and Mohanty [91]
paid attention to the need of analysis of the interaction between several factors, i.e., precipitation,
composition of the vadose zone and its heterogeneity influencing the long-term behavior of nitrate
in the soil-water environment. The quoted authors used the entropy concept and Hurst exponent
for analyses of the spatial and temporal changes of nitrate in groundwater. Their study highlighted
the fact that precipitation has a significant impact on the extent of nitrate leaching from agriculture.
Dwivedi and Mohanty [91] also demonstrated that the agricultural areas are more prone to nitrate
contamination due to fertilization and unconfined aquifers are more susceptible to pollution compared
to confined ones. Arora et al. [92] presented the use of continuum-scale models, i.e., dual-porosity,
dual-permeability, multiple porosity, and mobile-immobile models, for simulating preferential flow
of contaminants. The mentioned authors pointed out that farming practice in agricultural areas
can significantly modify soil structure and the density of its macropore. As a result, differences in
macropore density contribute to increased contaminant leaching as preferential flow can occur through
macropores. The approach proposed by Arora et al. [92] can be applied to quantify contaminant
migration in agricultural lands.

3.1.2. Crevasse Splays and Crevasses

Crevasse splays are forms of intense sedimentation in the presence of overbank flow. According
to Kargel et al. [93], crevasse splays are defined as sheetflood deposits formed by subsidiary river
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channels as a result of point failure of a levee. They are most often located at the outlet of erosional cuts
in the distal part of the floodplain. The material accumulated in this zone contributes to the increase
of the thickness of sandy deposits composing the subsurface aquifer, increasing their conductivity
and effective infiltration as well as affecting the inertia of the groundwater stream. Falkowska and
Falkowski [5] showed that these landforms consist of two main sedimentological types of surface.
It was observed in zones of elongated ridges that a layer of cohesive deposits (loams, silty loams,
and silty clays) overlies a sand layer with silt intercalations. Between the ridges, the near-surface layer
is composed of silty loams and silty clays, locally intercalated with sands of various grain size, up to
30 cm in thickness. As has been found out, crevasse splays are zones of intensified effective infiltration.

Crevasses can be defined as narrow channels created by erosion processes. They are formed when
the water stream surpasses the bankfull stage of natural embankments or when the embankment
failure takes place. These landforms are characterized by a significant depth of up to several meters.
The nature of the deposition during the falling of the flood causes these forms to be filled with
low-density material. Falkowska and Falkowski [5] reported that two types of sediment profile
dominate in this case: deposits (1) composed of fine and coarse sands, and (2) represented by silty
sands. Crevasses are the drainage collectors during low-flow periods and the suppliers during the
overbank stage. The velocity of filtration observed in these forms is 10 times higher than in the
zone of the untransformed floodplain. The crevasses constitute intense drainage zones, creating
preferential paths for migration of contaminants to the riverbed area. As reported by Bujakowski and
Falkowski [11], these forms can also contribute to intensified filtration during low and high water
stages, and consequently, to the safety of hydro-engineering structures. The quoted authors claimed
that zones of preferential water flow can be effectively identified using morphogenetic analysis based
on aerial and satellite images.

The crevasse splays and crevasses in the study area can be recognized with high accuracy
in Figure 8.

Figure 8. Zoom B: an example of crevasse (blue) and crevasse splay (yellow) identified in the
modeling area.

3.2. Model Calibration

The calibration of hydraulic head was performed on the basis of groundwater level measurements
in dug wells located within the modeled site. For nitrates, the piezometers located within the field with
precision agriculture practice were taken into consideration. The numerical model of groundwater
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flow dynamics and nitrate transport was verified by checking several types of errors. For hydraulic
heads, regarding normal precipitation (infiltration rate equal to 110 mm), the following errors were
calculated: residual mean error of −0.033 m, absolute residual mean error of 0.169 m, root mean square
error of 0.184 m, and normalized root mean square error (normalized RMS) of 7.786%. The observed
versus calculated hydraulic heads for a case with an average precipitation of 550 mm (infiltration rate
equal to 110 mm year−1) are presented in Figure 9.

Figure 9. Observed versus calculated values of hydraulic heads for the period of an average precipitation.

In case of intense rainfall (infiltration rate equal to 300 mm year−1) the following errors were
obtained: residual mean error of −0.331 m, absolute residual error of 0.331 m, root mean square error
of 0.354 m, and normalized root mean square error of 14.988%. The increased value of normalized
RMS obtained for this case is a result of artificially simulated intense precipitation while taking into
account real values of groundwater levels measured during field investigations.

The summary of nitrate concentrations observed and calculated in the model is presented
in Table 3.

Table 3. Observed and calculated nitrate concentrations.

Concentration
Piezometer

1 2 3 4 5 6

Observed mg L−1 0.90 0.30 0.10 0.20 0.20 0.20
Calculated mg L−1 0.36 0.21 0.38 0.34 0.21 0.25

Additionally, in the case of nitrate modeling, the following errors were calculated: residual mean
error of −0.023 mg L−1, absolute residual mean error of 0.188 mg L−1, root mean square error of
0.261 mg L−1, and normalized root mean square error of 32.609%.

4. Conclusions

The availability of precise geo-environmental data allows for more and more accurate mapping
of the natural environment using numerical modeling techniques. Precise remote sensing tools



Water 2018, 10, 399 17 of 22

(e.g., high-resolution images, multispectral satellite images, Light Detection and Ranging—LIDAR),
conducted in the world since the 1930s, support the process of identification and valorization of the
geological landforms that are seemingly masked in the surrounding landscape and therefore are
difficult to recognize using conventional methods.

As shown in this study, the specific forms that can be characterized by highly sophisticated
methods may be the key element in the description of the hydrogeological environment of the
floodplain. Particularly important for the conditions of migration of contaminants, is the presence of
secondary-filled erosional forms constituting drainage collectors in the area of the lowland river
floodplain. Moreover, noteworthy is the increased infiltration rate of the water in these zones.
Special attention should be paid to the proper recognition of geomorphological forms that can
significantly affect the groundwater dynamics, and subsequently, the contaminant transport. On this
basis, there is a real possibility to mark zones that could be particularly exposed to increased
concentration of pollutants during heavy rainfall periods.

This study revealed that use of remote sensing data can be an effective tool allowing for separation
of soil layers with diverse filtration parameters. Considering the occurrence of such layers in the
model body had a significant impact on the model calibration results. The effect of this methodological
approach has also been confirmed by Ćwiklińska et al. [15] and Bujakowski and Falkowski [94].

As presented by Falkowski [2] and Karabon [95], the arrangement of landforms occurring on the
surface of the floodplain terrace can be combined with the presence of specific geological structures in
the basement of the modern alluvium deposits. The enormous progress in remote sensing studies was,
in addition to the multispectral imaging, the use of airborne laser scanning technology that allows for
identification of microrelief features.

The use of numerical modeling techniques, combined with the results of laboratory studies,
contributed to a comprehensive overview on predicting the contaminant migration in the soil-water
environment. The presented approach of the geological research methodology adopted for
the agricultural area of the Polish Lowlands provided valuable information about the possible
susceptibility to water pollution in some parts of the modeling area, primarily in the zone of the
transformed floodplain.

The proposed tools and methods have contributed to a significant increase in the accuracy of the
description of the environment in the research area. The development of remote sensing techniques,
in particular using ALS laser scanning data, and high-resolution, multi-spectral satellite image in
combination with numerical modeling, enabled hydrogeological analysis to be carried out with
a great precision.

According to the aforementioned reflections, such methods should be adopted as the basic step of
the procedure used in recognizing other areas susceptible to pollution.

Fulfilling the idea of a sustainable development of agricultural areas and knowledge-based
management, the results of such analyses may influence the efficiency of management in farming
practice in the agriculturally rich valley of the Vistula River.
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