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Abstract: A two-dimensional steady-state solute transport model is developed to simulate movement of non-point
sources of pollution in anisotropic porous media. The migration of chemicals dissolved in groundwater is governed
by advective-dispersive processes which are also affected by the velocity of the flowing groundwater. Therefore,
groundwater flow equation is solved for hydraulic gradient and hydraulic conductivity to approximate the average
linear velocity of the fluid. The advection-dispersion is used to approximate the spatial and temporal distribution of
non-reactive dissolved chemical in a flowing groundwater. A computer code is developed in MATLAB to solve the
groundwater flow and solute transports equations by finite difference methods. The developed program is verified
with soil-tank experimental data. The solute transport model is used to simulate non-point source of nitrate pollution
in an agriculture-intensive region. Finally, the model outputs are analyzed to understand the factors that influence
the pollution transport in the study area.
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Introduction

The demand for water has increased over the years
across the world. This has led to water scarcity in
many parts of the world. The situation is aggravated
by gradual contamination of freshwater resources.
Groundwater is one of the major sources of freshwater
all over the world. Contamination of groundwater is a
major concern in recent years especially in areas where
it is used for drinking (Lin et al., 2010). Groundwater
pollution may happen both through point and non-
point sources. However, non-point source (NPS) of
groundwater contamination poses problems that have
significantly greater economic effects compared to
point source of pollution (Duda, 1993; Loague et al.,
1996). Anthropogenic activities such as urbanization,
industrial development and unsustainable agricultural
activities are the major sources of non-point pollution of

groundwater (Martinez-Navarrete et al., 2011). Nitrate
is the most common pollutant found in contaminated
groundwater across the world (Keeney and Olson, 1986;
Rivett et al., 2008; Burow et al., 2010). Groundwater
nitrates are largely derived from fertilizer nitrogen and
animal nitrogen applied in agricultural lands (Almasri
and Kaluarachchi, 2007; Jiang and Somers, 2009;
Mastrocicco, 2011). Nitrate is a colourless, odourless
and tasteless chemical which is highly soluble and can
move easily through the soil. In areas of high rainfall or
over irrigation, nitrate is easily leached below the root
zone to the groundwater (Jackson et al., 1973).

The increasing use of nitrogen-based fertilizers in
agriculture has allowed global food production to stay
ahead of rapid population growth, but at a potentially
significant cost to current and future groundwater
quality (Galloway et al., 2004). With the growth of
world population, food demand will continue to increase
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and so the intensification of agriculture. Therefore,
long-term pollution of groundwater from non-point
sources, particularly in irrigated agricultural regions,
is recognized as a critical threat to groundwater quality
around the globe. Elevated nitrate concentration in
groundwater can cause health hazards in the areas where
groundwater is the major source of drinking water
(Gulis et al., 2002; Wolfe and Patz, 2002).

Different management activities have been proposed
so far for the protection of groundwater resources
from unwanted contamination, such as land surface
zoning, land use regulation, well head protection,
in situ remediation measures, sources isolation, etc.
(Fadlelmawla et al., 2011). However, in all the cases,
it is important to know the fate of pollutant and their
transportation through porous media. Groundwater
modelling is an established tool to study the aquifer
response for given input—output stress. Therefore,
conceptual model for mass transport computation
of dissolved chemical species in an aquifer at any
specified time and space has been undertaken by several
researchers in the recent years to propose mitigation
measures to groundwater nitrate contamination (Lin et
al., 2010; Tan and Zhou 2008; Jat et al., 2009; Ciftci
et al., 2012; Elfeki et al., 2012; Zhang et al., 2012;
Mousavi Nezhad et al., 2013). Zhang et al. (2012) used
semi-analytical method for simulation of a conservative
and non-reactive pollutant in steady state. Elfeki et al.
(2012) analyzed the effects of temporal fluctuations and
spatial heterogeneity on non-reactive pollution transport
by simulating steady and unsteady flows.

Jiang and Somers (2009) developed a numerical
model to simulate non-reactive non-point sources of
pollution from agricultural lands in Prince Edward
Island of Canada. Almasri and Kaluarachchi (2007)
developed a model in order to evaluate the impact of
land use on groundwater nitrate pollution in agricultural
watersheds and propose alternatives for groundwater
preservation. Mastrocicco et al. (2011) studied fate and
transport of pollutant due to fertilizers in an unconfined
shallow aquifer and concluded that recharge is a primary
mechanism in nitrate remediation. Anayah and Almasri
(2009) investigated the nitrate concentrations in an
aquifer located in the West Bank of Palestine. Mousavi
Nezhad et al. (2013) used numerical analysis in order
to develop a model for simulation of solute transport
in groundwater. The studies reveal that simulation is
an effective method to understand the transportation of
pollution through a porous media for effective control of
groundwater pollution as well as groundwater resources
management.

The partial differential equations describing
groundwater flow and transport can be solved
mathematically by using either analytical solutions or
numerical solutions (Tan and Zhou, 2008). In recent
years, numerical models have become indispensable in
groundwater simulations, mainly for making predictions
and improving process understanding (Abriola, 1997).
One of the most widely used numerical methods for
modelling groundwater flow is the finite difference
method (Wang and Anderson, 1995). In recent years,
number of research have been carried out on pollution
transportation modelling by using finite difference
methods (Lin et al., 2010; Jat et al., 2009; Ciftci et al.,
2012; Gobel et al., 2004).

In the present study, finite difference method
is used to solve partial differential equations of
groundwater flow and solute transport in order to
model transportation of nitrate through groundwater in
a shallow unconfined aquifer of northwest Bangladesh
where nitrate contamination of groundwater due to
intensive agricultural activities is a growing concern.

The Study Area

The study area is located in northwest Bangladesh
(latitudes 20°34°N and 26°38’N and longitudes 88°0I’E
and 92°41’E). The location of the study area in the map
of Bangladesh is shown in Figure 1. Irrigated agriculture
is the lifeline of economy and people’s livelihood
in the area (Shahid, 2008). Unlike other regions of
the country, most part of the study area is free from
flood. Groundwater in the area is mainly recharged by
rainwater.

The topography of the area is mainly flat with an
average elevation of 25 m above the mean sea level.
The surface geology in the area comprises up-faulted
terraces of Pleistocene sediments called Barind Tracts
which are more strongly weathered than the surrounding
alluvium. The sediments within the Barind Tracts
and surrounding areas underlie much of the younger
alluvial sediment at depths of the order of 150-200 m
or more (British Geological Survey and Department of
Public Health Engineering, 2001). A number of hydro
geological studies have been carried out in the area
(Rahman and Shahid, 2004; Islam and Kanumgoe, 2005;
Faisal et al., 2005; Asaduzzaman and Rushton, 2006;
Shahid and Hazarika, 2010; Shahid, 2011). The studies
show that upper aquifers in the region are unconfined
in nature. The thickness of the exploitable aquifer
ranges from 10 m to 40 m (United Nation Development
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Figure 1: Location of study area in the map of Bangladesh.

Programme, 1982). The maximum depth to groundwater
table from land surface is approximately 7 m. During
monsoon, groundwater table comes very near to surface
and make it highly vulnerable to pollution.

Methodology

The advection-dispersion equation to describe the
transport of solute in saturated zone can be written as
(Wang and Anderson, 1995),
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where ¢ is concentration of the solute; R, is sources
or sinks, D, is dispersion coefficient tensor and v,
is velocity tensor. The spreading of the solute in
the direction of bulk flow is known as longitudinal
dispersion. Spreading in directions perpendicular to
the flow is called transverse dispersion. Longitudinal
dispersion is normally much stronger than lateral
dispersion. Longitudinal dispersion is calculated by
using the following equation:
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where K, is longitudinal dispersion coefficient (cm?/
sec), D, is the molecular diffusion coefficient (cm/sec),
F is formation electrical resistivity factor, ¢ represents
porosity, U is average interstitial velocity (cm/sec), &
is a measure of the inhomogeneity of the porous pack
and dp is particle diameter (cm) (Perkins and Johnston,
1963). Transverse dispersion is considered 10% of
longitudinal dispersion in model development (Hill,
1984). Diffusion coefficient for nitrate ranges between
0.53 x 107 and 3.2 x 10% cm?s. In the present study,
diffusion coefficient of nitrate is considered as 1.52 %
106 cm?/s.

Estimation of particle diameter (dp) is required for
the calculation of longitudinal dispersion in different
geological media. Different classification systems use
different grain sizes to demarcate the soil types. A
classification system known as MIT system is used in
the present study for the classification of geological
media from litholog data (Kaniraj and Kaniraj, 1988).
Porosity of different materials is estimated by using
the prescribed values proposed by Freeze and Cherry
(Freeze and Cherry, 1979).

The Formation Resistivity Factor, F, is an intrinsic
property of a porous insulating medium, required for
the calculation of longitudinal dispersion. In the present
study formation resistivity factor is obtained by using
following equation:

1
F=— 3
% .
where ¢, is total porosity and m in its simplest form is
equal to 1 (Perkins and Johnston, 1963).

Hydraulic conductivity of different materials are
estimated from the prescribed values proposed by Das
(1994). If the criteria (Uodp/D, < 50) is not met in
equation (2), dispersion coefficient is obtained by using
a curve proposed by Perkins and Johnston (1963).

Finite difference method is used to approximate the
above equations. A finite-difference model is constructed
by dividing the model domain into square regions called
blocks or cells. Concentration is computed at discrete
points within the model (Wang and Anderson, 1995).
Partial differential equation of advection-dispersion
with each component of dispersion coefficient tensor
and velocity components yields:
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Finite difference method substitutes the derivatives
in a partial differential equation (PDE) system with
finite difference schemes. The PDE then becomes a
system of algebraic equations. For the derivation of the
equation, forward difference approximation in time and
central difference approximation in space have been
implemented. Soil-tank experimental data is used to
calibrate the model. Sensitivity analysis is carried out by
varying model input parameters over a reasonable range
and observing the relative changes in model response.

Finally, the developed model is applied in an
anisotropic porous media to simulate transportation
of non-point sources of nitrate pollution through
groundwater system. Hydrological and hydro-geological
data of northwest Bangladesh is used in the study. The
model is used to simulate nitrate transportation through
a single layered shallow unconfined aquifer. As the
shallow aquifer is used for groundwater exploitation
of drinking and irrigation in the area, pollution of this
aquifer has significant impacts on socio-economy of
the area. Transportation of pollution through a media
depends on many factors. Therefore, model outputs are
analyzed to identify the geological factors that influence
the pollution transportation in the groundwater system
in the study area.

Result and Discussion

Three experiments are carried out to simulate the
pollution flow. First two experiments are carried out
to simulate pollution flow in a sand tank so that the
model parameters can be calibrated by using the results
obtained through physical simulation of pollution flow
in the sand tank. The third experiment is carried out
to simulate pollution flow in an intensive agriculture
zone located in northwest of Bangladesh. The results
obtained through the experiments are discussed below.

Experiment 1

The first experiment is carried out to simulate pollution
transportation from a point source. The experiment is
carried out to simulate the data obtained through an
experimental sand tank. The objective was to calibrate
the model parameters. The physical experiment was

carried out by Dwi (2001) in a soil tank with dimension
of 240 cm x 220 cm x 110 cm. The type of porous
media, the properties of the porous media and the
properties of the pollutant used in the experiment are
also used to simulate the flow of the pollution. The
model output is given in Figure 2.

Finite difference grid size and model parameters are
calibrated to match the computer simulated flow with
that obtained through the soil-tank experiment. After
calibration, it was observed that simulated pollutant
front has reached same lateral and vertical extents as
the experimented one after 72 hours.

Experiment 2

The calibrated model is then used to simulate non-point
sources of pollution in the experimental sand tank. The
result is shown in Figure 3. The results show that level
and spread of pollution will be much higher in case
of non-point sources of pollution compared to point
sources of pollution.

The experiment is repeated for various geological
materials, groundwater velocity conditions, pollution
concentrations, and grid sizes. The study shows that
pollution transportation in groundwater depends
mainly on: (1) geology of the media, (2) velocity
of groundwater, and (3) concentration and type of
pollutant. The model is also found variable to grid size
of finite difference model and dimension of the model.

Experiment 3
Finally, the model is used to simulate the pollution
transportation in a non-isotropic media. Borehole
litholog data collected from 21 locations in the study
area located in northwest Bangladesh is used to develop
the geological structure of the area. The geological
structure used for the simulation is shown in Figure 4.
The aim of the study was to show how pollution will
flow if it is released at surface when the subsurface
medium is saturated with water. This often happens
in northwest region of Bangladesh. Aquifers in the
region are mainly unconfined in nature. Groundwater
level reaches ground surface during monsoon in the
region. Monsoon rain fed agricultural activities are very
common in the area. Fertilizers are widely used in the
flooded crop land for higher food production.

Outputs of the simulation model are presented in
Figure 5. The figure 5 shows the movement of solute
in porous media in the study area.

The result shows that due to the unconfined nature of
aquifer system in the study area, groundwater may be
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Figure 4: Geological structure of the study area used for the simulation of transport flow in a non-isotropic
heterogeneous media.
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Figure 5: Finite difference pollution transportation model for the study area.
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easily polluted. Nitrate pollution can travel up to five
kilometres horizontally in the direction of groundwater
flow and 25 metres vertically down in a single year.

Conclusion

Finite difference approach has been used in the present
study to simulate two-dimensional flow of non-reactive
non-point sources of pollution in a non-isotropic porous
media. Simulation of groundwater pollution is a complex
process which needs accurate model parameters. Those
can only be obtained through laboratory test. As all the
parameters could not be obtained through laboratory
simulation, empirical equations were used to calculate
some model parameters. The study reveals that pollution
transportation in a groundwater system heavily depends
on the geology of the media, velocity of groundwater
flow and pollution concentration. Specially, near surface
geology is highly sensitive to pollution transportation.
The simulation shows that presence of a porous media
near the surface can spread the pollution at a higher
rate. The study also shows that appropriate grid size
is necessary to identify for accurate simulation of
groundwater pollution as the model output is sensitive
to grid size. The present study considered that the
pollutants are non-reactive and non-decaying. Further
research can be carried out in future to simulate fate by
considering the reactive characteristics of pollutants.

References

Abriola, L.M. (1997). Michigan soil vapor extraction
remediation (MISER) model [microform]: A computer
program to model soil vapor extraction and bioventing
of organic chemicals in unsaturated geological material.
Linda M. Abriola, John Lang, and Klaus Rathfelder. Ada,
OK (eds). U.S. Environmental Protection Agency, National
Risk Management Research Laboratory.

Almasri, M.N. and J.J. Kaluarachchi (2007). Modeling nitrate
contamination of groundwater in agricultural watersheds.
Journal of Hydrology, 343(3-4): 211-229.

Anayah, F.M. and M.N. Almasri (2009). Trends and
occurrences of nitrate in the groundwater of the West
Bank, Palestine. Applied Geography, 29(4): 588-601.

Asaduzzaman, M. and K.R. Rushton (2006). Improved yield
from aquifers of limited saturated thickness using inverted
wells. Journal of Hydrology, 326: 311-324.

British Geological Survey and Department of Public
Health Engineering (2001). Arsenic Contamination of
Groundwater in Bangladesh. BGS Technical Report,
WC/00/19, London.

Burow, K.R., Nolan, B.T., Rupert, M.G. and N.M. Dubrovsky
(2010). Nitrate in Groundwater of the United States,
1991-2003. Environmental Science & Technology, 44(13):
4988-4997.

Ciftci, E., Avci, C., Borekci, O. and A.U. Sahin (2012).
Assessment of advective—dispersive contaminant transport
in heterogeneous aquifers using a meshless method.
Environmental Earth Sciences, 67(8): 2399-2409.

Das, B.M. (1994). Principles of Geotechnical Engineering:
Solutions Manual. PWS Publishing Company.

Duda, A.M. (1993). Addressing nonpoint sources of water
pollution must become an international priority. Water
Science and Technology, 28(3-5): 1-11.

Dwi, T. (2001). Numerical modeling of groundwater flow and
pollutant transport in unconfined-confined aquifer systems.
PhD thesis, Faculty of Civil Engineering, UTM, Malaysia.

Elfeki, A.M., Uffink, G. and S. Lebreton (2012). Influence
of temporal fluctuations and spatial heterogeneity on
pollution transport in porous media. Hydrogeology
Journal, 20(2): 283-297.

Fadlelmawla, A.A., Fayad; M., El-Gamily, H., Rashid; T.,
Mukhopadhyay, A. and V. Kotwicki (2011). A Land
Surface Zoning Approach Based on Three-Component
Risk Criteria for Groundwater Quality Protection. Water
Resources Management, 25(6): 1677-1697.

Faisal, .M., Parveen, S. and M.R. Kabir (2005). Sustainable
development through groundwater management: A case
study on the Barind tract. Water Resources Development,
21: 425-435.

Freeze, R.A. and J.A. Cherry (1979). Groundwater. Prentice-
Hall.

Galloway, J.N., Dentener, F.J., Capone, D.G., Boyer, E'W.,,
Howarth, R.W., Seitzinger, S.P., Anser, G.P., Cleveland,
C.C., Green, P.A., Holland, E.A., Karl, D.M., Michaels,
A.F., Porter, J.H., Townsend, A.R. and C.J. Véosmarty
(2004). Nitrogen Cycles: Past, Present, and Future.
Biogeochemistry, 70(2): 153-226.

Gobel, P., Stubbe, H., Weinert, M., Zimmermann, J., Fach,
S., Dierkes, C., Kories, H., Messer, J., Mertsch, V., Gieger,
W.F. and W.G. Coldeway (2004). Near-natural stormwater
management and its effects on the water budget and
groundwater surface in urban areas taking account of
the hydrogeological conditions. Journal of Hydrology,
299(3-4): 267-283.

Gulis, G., Czompolyova, M. and J.R. Cerhan (2002). An
Ecologic Study of Nitrate in Municipal Drinking Water
and Cancer Incidence in Trnava District, Slovakia.
Environmental Research, 88(3): 182-187.

Hill, D. (1984). Diffusion coefficients of nitrate, chloride,
sulphate and water in cracked and uncracked Chalk.
Journal of Soil Science, 35(1): 27-33.

Islam, M.M. and P. Kanumgoe (2005). Natural recharge
to sustainable yield from the Barind aquifer: A tool in
preparing effective management plan of groundwater
resources. Water Science Technology, 52: 251-258.



52 Morteza Mohsenipour et al.

Jackson, W.A., Asmussen, L.E., Hauser, EEW. and A.W.
White (1973). Nitrate in Surface and Subsurface Flow
from a Small Agricultural Watershed. Journal of
Environmental Quality, 2(4): 480-482.

Jat, M., Khare, D. and P.K. Garg (2009). Urbanization and its
impact on groundwater: a remote sensing and GIS-based
assessment approach. The Environmentalist, 29(1): 17-32.

Jiang, Y. and G. Somers (2009). Modeling effects of nitrate
from non-point sources on groundwater quality in an
agricultural watershed in Prince Edward Island, Canada.
Hydrogeology Journal, 17(3): 707-724.

Kaniraj, A. and S.R. Kaniraj (1988). Soil Mechanics and
Foundation Engineering for Design. Tata McGraw-Hill.

Keeney, D. and R.A. Olson (1986). Sources of nitrate to
ground water. Critical Reviews in Environmental Control,
16(3): 257-304.

Lin, L., Yang, J.Z., Zhang, B. and Y. Zhu (2010). A simplified
numerical model of 3-D groundwater and solute transport
at large scale area. Journal of Hydrodynamics, Ser. B,
22(3): 319-328.

Loague, K., Bernknopf, R.L., Green, R.E. and Giambelluca,
T.W. (1996). Uncertainty of Groundwater Vulnerability
Assessments for Agricultural Regions in Hawaii: Review.
Journal of Environmental Quality, 25(3): 475-490.

Martinez-Navarrete, C., Jiménez-Madrid, A., Sanchez-
Navarro; I., Carrasco-Cantos, F. and L. Moreno-
Merino (2011). Conceptual Framework for Protecting
Groundwater Quality. International Journal of Water
Resources Development, 27(1): 227-243.

Mastrocicco, M., Colombani, N., Castaldelli, G. and N.
Jovanovic (2011). Monitoring and Modeling Nitrate
Persistence in a Shallow Aquifer. Water, Air & Soil
Pollution, 217(1-4): 83-93.

Mousavi Nezhad, M., Javadi, A.A., Al-Tabbaa, A. and F.
Abbasi (2013). Numerical study of soil heterogeneity
effects on contaminant transport in unsaturated soil (model
development and validation). International Journal for
Numerical and Analytical Methods in Geomechanics,
37(3): 278-298.

Perkins, T.K. and O.C. Johnston (1963). A Review of
Diffusion and Dispersion in Porous Media. Society of
Petroleum Engineers Journal, 3(1): 70-84.

Rahman, M.M. and S. Shahid (2004). Modeling groundwater
flow for the delineation of well-head protection area
around a water-well at Nachole of Bangladesh. Spatial
Hydrology, 4(1): 1-10.

Rivett, M.O., Buss, S.R., Morgan, P., Smith, J W.N. and C.D.
Bemment (2008). Nitrate attenuation in groundwater: A
review of biogeochemical controlling processes. Water
Research, 42(16): 4215-4232.

Shahid, S. (2008). Spatial and temporal characteristics of
droughts in the western part of Bangladesh. Hydrological
Processes, 22(13): 2235-2247.

Shahid, S. (2011). Impact of climate change on irrigation
water demand of dry season Boro rice in northwest
Bangladesh. Climatic Change, 105(3-4): 433-453.

Shahid, S. and M. Hazarika (2010). Groundwater Drought in
the Northwestern Districts of Bangladesh. Water Resources
Management, 24(10): 1989-2006.

Tan, Y.F. and Z.F. Zhou (2008). Simulation of solute
transport in a parallel single fracture with LBM/MMP
mixed method. Journal of Hydrodynamics, Ser. B, 20(3):
365-372.

United Nation Development Program (1982). Groundwater
Survey, The Hydrogeological Condition of Bangladesh.
United Nations Development Program (UNDP) Technical
Report DP/UN/BGD-74-009/1, Dhaka, Bangladesh.

Wang, H.F. and M.P. Anderson (1995). Introduction to
Groundwater Modeling: Finite Difference and Finite
Element Methods. Elsevier Science.

Wolfe, A.H. and J.A. Patz (2002). Reactive nitrogen and
human health: Acute and long-term implications. Ambio,
31(2): 120-125.

Zhang, J., Clare, J. and J. Guo (2012). A Semi-Analytical
Solution Based on a Numerical Solution of the Solute
Transport of a Conservative and Nonreactive Tracer.
Ground Water, 50(4): 633-638.



