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Simulation of Mashhad Aquifer: A Successful
Assessment Strategy to Control Groundwater
Contamination

M. Ehteshami®, A. Aghassi’, S. Tavassoli®, S. Moghadam®

Abstract— Identification of areas with heavy nitrogen loading from
point and non-point sources is important for land use planners,
environmental regulators and decision-makers. Once such high-risk
areas have been identified, preventative measures can be taken to
minimize the risk of nitrate leaching to groundwater. Most of the
cities in the Third World countries face lack of wastewater collection
systems which, in turn, could cause ground water contaminations.
Elevated nitrate concentrations in drinking water can cause
methemoglobinemia in infants, stomach cancer in adults and nitrate
poisoning in animals as well. Modeling of nitrate fate and transport
in groundwater to minimize nitrate concentration in groundwater has
been studied by numerous researchers.

The present research focuses on modeling and assessment of
Mashhad aquifer. The aquifer is serving most of the drinking water
wells and its pollution threatens the health of city residents. A three-
dimensional numerical model was developed using PMWIN 5.3 to
simulate the flow and transport of contamination in Mashhad aquifer.
A total of 86 wells were selected for data collection from 2005 to
2012. The collected data showed that average amount of nitrate in
observation wells was increasing every year. The increment is about
3mg/l per year. Average nitrate in observation wells in 2012 stood at
65mg/l, which exceeded the World Health Organization’s (WHO)
maximum contaminant level of 50 mg/lit for nitrate concentration in
drinking water. The simulated and observed measured data showed
that the model was able to predict the ground water quality changes
within the aquifer.
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I. INTRODUCTION

G ROUNDWATER  numerical ~ Groundwater — numerical
modeling has been widely used to simulate and predict
the status of aquifers in recent vyears [1]-[4].

Comprehensive accounts of the behavior and application of
numerical methods to groundwater problems have been
discussed by numerous researchers. Bear [5], [6] used the
basic equations of contaminant transport in groundwater.
Abdel-Salam [7] applied a finite element solute transport
model (CSU/GWTRAN) to a vertical cross-section in the Nile
Valley of Egypt. Domenco and Schwartz [8] demonstrated the
theoretical basis for the equation describing solute transport,
which provided a conceptual framework for analysis and
modeling physical solute transport processes in groundwater.
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Khalifa [9] used a three-dimensional finite difference model
(MODFLOW) to calculate future piezometric head levels and
the total volumetric water budget for SiwaOasis project.
Kolditz et al. [10] examined variable density flow and
corresponding solute transport in groundwater. Farid [11]
conducted a study to provide water quality guidelines to the
Egyptian government. Dawoud [12] developed numerical
simulation for transport of reactive multi-chemical components
in groundwater.

William [13] used GIS system to analyze, interpret and
manage the quality of groundwater and characterize the most
vulnerable locations for contamination along the groundwater
flow path between the capital city of Amman and Zarqga area in
Jordon. Wang et al. [14] presented a numerical solution for
equations describing advective-dispersive transport with multi-
rate mass transfer between mobile and immobile domains.
Bayer et al. [15] explained how to simulate source control with
pumping wells located within the source zone. Bayer and
Finkel [16] presented a comparison between pump-and-treat
and funnel-and-gate systems as typical active and passive
ground water remediation technologies. Schalk et al. [17] have
proposed a modeling framework that takes advantage of the
vast availability of measurement data in controlled water
systems. Mohrlok et al. [18] analyzed experimental tracer
transport in three-dimensional flow field for groundwater and
subsurface remediation. Hamid et al. [19] presented a
comprehensive evaluation of different finite difference
schemes to solve head-based and mixed forms of the Richard’s
equation.

Most drinking water suppliers comply with the standard set
by the World Health Organization [20]. Elevated nitrate
concentrations in drinking water can cause
methemoglobinemia in infants [21]-[24], stomach cancer in
adults [25]-[27], and nitrate poisoning in animals [28]. As
such, the US Environmental Protection Agency (US EPA) has
established a maximum contaminant level (MCL) of 10 mg/I
NO3-N [29]. In addition, consumption of nitrate-N has been
linked to hypertension [30], disorders of the central nervous
system, birth defects [31], certain types of cancer [32], [33],
and diabetes [34].

Nitrate contamination in groundwater is a worldwide
problem [35]-[40]. Nitrate is soluble and negatively charged
and thus has a high mobility and potential for loss from the
unsaturated zone by leaching [41], [42]. Previous studies
conducted on the modeling of nitrate fate and transport in
groundwater and on developing management practices to
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minimize nitrate concentration in groundwater can be
classified into the following two broad categories: (i) studies
that incorporated soil transformation models to determine
nitrate leaching to groundwater [43]-[45], and (ii) studies that
did not incorporate soil transformation models in the
development of nitrate fate and transport models of
groundwater [46]-[48]. Nitrate leaching from the unsaturated
zone is the result of complex interaction among many factors
(Fig. 1) such as the land use practices, on-ground nitrogen
loading, groundwater recharge, soil nitrogen dynamics,
characteristics of soil, and the depth to water table [49]-[52].
Accurate quantification of nitrate leaching is difficult as there
are complex interactions among the land use, nitrogen loading,
recharge, soil nitrogen dynamics, physical and chemical
characteristics of soil, and depth of soil as indicated in Fig. 1
[53], [54].
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Fig. 1. Schematic process of Nitrogen cycle [1]

Il. STUDY AREA

The city of Mashhad with a population of 2.5 million is one
of the most frequently visited cities in Iran. The city is located
in Razavi Khorasan Province in northeast of Iran between
Hezar Masjed and Binaloud Mountains. Mashhad plain
extends between 36°15-36°20" northern latitude and 59°30"-
59°40" eastern longitude with an average altitude of 960 to
1,110m above the sea level. The current study area occupies
200km? with the average altitude of 980m above the sea level.
Figure 2 shows the Mashhad plain.

ISSN: 1998-4499

40

Volume 8, 2014

a. -

- el )_u_-‘.'.:‘\" b \:-
7 X

; e L
Fig. 2. Mashhad aquifer relief map (2014 Google Maps)

Groundwater is one of the main sources of drinking water
for the city. The contamination of groundwater is a major
concern for municipal officials of the city. The burgeoning
population and rapid growth of drinking water consumption
has faced drinking water suppliers with more problems. The
implementation of wastewater collection system has caused a
drastic decline in groundwater level. Groundwater modeling
was used to simulate Mashhad aquifer. Collected field data
were used to calibrate and verify the model to predict
groundwater status. Simulation techniques were used to assess
the magnitude of the groundwater contamination with nitrate.
To improve the groundwater quality of Mashhad residents, we
proposed a few management techniques.

In the current study, a transient, three-dimensional
numerical model was developed using PMWIN 5.3 to simulate
the flow and contamination transport in Mashhad aquifer. This
program was originally developed for a remediation project at
a disposal site in the coastal region of Northern Germany [55].
It supports MODFLOW and MT3DMS codes, which are
widely used by researchers to simulate groundwater flow and
solute fate [56]-[62]. PMWIN also uses PEST for inverse
modeling which, due to lack hydrogeological data of aquifer,
is essential in this study.

The three-dimensional movement of groundwater with
constant density through porous earth material may be
described by the partial-differential equation as follows:

METHoDOLOGY
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Where K., K,,, and Kz are values of hydraulic

conductivity along the x, ¥, and = coordinate axes, which are
assumed to be parallel to the major axes of hydraulic
conductivity {L/T7; k is the potentiometric head (L}; W is the
volume of volumetric flux per unit representing sources and/or
sinks of water, with W = 0.0 representing flow out of the
groundwater system, and W = 0.0 standing for flow into the
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system (T 17 5, is the specific storage of the porous material
(L~ and ¢ is time (T [55]. A generalized partial differential
equation describing the fate and transport of contaminants of
species & in three-dimensional, transient groundwater flow
systems can be formulated as follows:

(v

where ¢ ¥ is the dissolved concentration of species k, = is
the porosity of the subsurface medium, ¢ is time, x; is the
distance along the respective Cartesian coordinate axis, D;; is
the hydrodynamic dispersion coefficient tensor, v is the
seepage or linear pore-water velocity, which is related to the
specific discharge or Darcy flux through the relationship;
v; = g;/n, g, is the volumetric flow rate per unit volume of
aquifer representing fluid sources(positive) and sinks
(negative), £ is the concentration of the source or sink flux
for species k, and X R, is the chemical reaction [56].
Hydrodynamic parameters of aquifer (transmissivity, specific
yield...) are not measured in this area. The parameters were
calculated in calibration process using PEST software.
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A. Hydrological Setting

Collected data from 100 boreholes show that Mashhad aquifer
is unconfined. Laboratory soil texture analyses indicate that in
southern and western highlands of the city, soil texture is
coarse while from south to north and west to east the texture
gradually turns fine. Topography and bedrock of the aquifer
are shown in figures 3 and 4, respectively.
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Fig. 3. Topo;graphy of the Mashhad aquifer
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Fig. 4. Bedrock of the Mashhad aquifer

B. Hydrochemistry

The main contamination source in Mashhad aquifer is
domestic wastewater. Just as many other cities in Iran, lack of
wastewater collection system has caused groundwater
contamination in this area. Since most of drinking water
supply wells are located in the urban area, drinking water
contamination threatens the health of the population living in
the city [63]. Domestic wastewater would leach into
unsaturated and saturated layers of the aquifer. Although
nitrate doesn’t exist in domestic wastewater, it is produced and
leach into groundwater through nitrification process. The
measured nitrogen compounds analysis in  Mashhad
wastewater shows a concentration of 20 to 60 mg/l, which
directly leaches into the Mashhad aquifer. To verify the model,
86 observation wells were selected. Average nitrate
concentration in the observation wells was 42mg/l in October
2005 and 65mg/I in October 2012, which shows an average of
%3 growth per year in contaminated Mashhad aquifer.

IVV. MODELING

The Mashhad aquifer was assumed unconfined and single-
layer. Analyzing almost 100 boreholes has verified single-
layer assumption. In this area, there were 11 head observation
wells available from 2005 to 2012. In modeling process,
considering the extent of the area and available data, spatial
discretization was done by dividing the model area into 37
rows and 45 columns, which made cells measuring 500 by 375
meter. The total humber of cells was 1,665 including 1,219
active and 446 inactive cells. According to piezometric data of
the aquifer, maximum and minimum groundwater level occurs
in March and September. Therefore 14 time steps were defined
for groundwater simulation scheme. The quantitative model
was calibrated for the second half of 2005.

The assumptions for the aquifer recharge by irrigation for
the first and second halves of the year were 25% and 50%,
respectively. In addition, it was assumed that 60% of the
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consumed drinking water returns to groundwater in the first
half of the year and 85% in the second half. According to the
previous study in 1980 [63], infiltration rates of rain into the
groundwater were considered 0.104 and 0.243 for the first and
the second parts of each year, respectively. Authors have used
the artificial piezometer method to enhance the model
calibration accuracy. In the current study 133 artificial
peizometers were selected (figure 5).

738000

Fig. 5. Modeling of artificial piezometers

V. RESULTS AND DISCUSSION

Figures 6, 7 and 8 show the results of quantitative model
calibration. Specific yield varied from 5.5% to 6% uniformly
from higher to the lower part of the plain. Hydraulic
conductivity distribution is also shown in figure 7 which varies
from 5 to 35 m/day. Scatter diagram of observed head values
vs. calculated head values are shown in figure 8. Results show
a high correlation between calculated and observed head
values. Verification of the model was performed using 2012
data. Figure 9 shows the simulated and observed groundwater
contour map of this region in October 2012, which indicates
the accuracy of the model for a seven-year simulation.

[o 720000

729000

0,055
0.08

Q00ZE0%

000£Z

000F LOY

720000 729000

Fig. 6. Specific yield, Sy distriBt]ﬁon of Mashhad aquifer
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Fig. 1. Hydraulic conductivity distribution of Mashhad aquifer

1067.08

Calculated Heads

88.4791

886.4791 1067.09
Observed Heads
Variance = 2966118

Fig. 2. The Quantitative calibration of the Mashhad model
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Fig. 3. The Quantitative verification of the Mashhad model

Calibrated model was used to predict the hydraulic heads in
October 2020. Assuming the constant and current hydrological
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conditions, average water level in the aquifer would decrease
11.5m by 2020. Figure 10 shows the drawdown distribution of
the aquifer from 2012 to 2020. It shows that eastern parts had
the drawdown between 1.5 to 5m and in the central parts the
drawdown is between 5 to 15m. Maximum drawdown
happened in Ghasemabad region which is more than 30m. Due
to the lack of precipitations and also high density of extraction
wells, drawdown would be more than 30m in western part of
the Mashhad aquifer.
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Fig. 10. Model prediction of hydraulic heads for 2020

In the current research, MT3DMS code was used for
qualitative modeling. According to the Regional Water
Organization data, amount of nitrate entering the aquifer is
7.75 gr/day/person in the study area. Figure 11 shows the
nitrate contour map of the aquifer. This amount was applied to
the model uniformly. By performing calibration process, the
coefficient obtained was 0.00001cm3/gr. A total of 86 wells
were selected to collect data from 2005 to 2012. A six-month
average of nitrate measured data were used for calibration and
verification processes. Figure 12 shows qualitative calibration
of the model.
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Fig. 11. The nitrate contour map of the aquifer
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Observed data show average amount of nitrate in
observation wells has been increasing every year. This
increment is about 3mg/l per year. Average nitrate in
observation wells in 2012 stood at 65mg/l, which exceeds the
WHO maximum contaminant level of 50 mg/lit for nitrate
concentration in drinking water standards. [20].

To verify the model results and model precision, several
years of measured data were used. Results showed that by
increasing the prediction time, errors increase as well. The
model could predict the concentration of nitrate in the aquifer
only for 2 or 3 years accurately. Figure 13 shows the results of
simulated and observed nitrate concentration distribution in
verification process. The most important factor in increasing
errors is the depths of observation wells in the area which
varies from 100m to 250m. The extraction wells with the
depth of 100m are more polluted compared to wells with a
depth of 250m. The magnitude of pollution is depending on
length and path of nitrate leachate.
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Fig. 5. Comparison of model and measured nitrate concentration data
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Calibrated and verified model was used to simulate and
predict the nitrate concentration in Mashhad aquifer for the
next 3 years. Nitrate concentration data in 2012 was used as
initial nitrate concentration. Figures 14 and 15 show the nitrate
concentration distribution for 2012 and 2015. Increasing water
consumption and consequently increasing wastewater influx
into the aquifer has caused the increasing nitrate concentration,
except for the western part which has the wastewater collection
system.

gvel ] P |
0

Fig. 7. The simuira.t'i-brﬁ- of Nitrate concent}éiioh in 2015

VI.

To remediate degradation of water quality, the western part
of aquifer should be recharged. A practical option is to use
treated wastewater discharged by local treatment facility,
recharged to the aquifer. Therefore, treated wastewater should
be conveyed to the depleted region and artificial recharge plan
should be performed. Also, simulation model shows that the
precise nitrate contamination could be performed for the next
3 years. The model accuracy in central part of the area, which

CONCLUSION
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has the highest nitrate concentration, is low. This is due to high
population density and possibility of high nitrate flux in central
part of the aquifer. The procedure concluded in this study
introduces the use of state-of-the-art computer simulation
techniques for city managers to watch and predict consumed
water quality. The simulation algorithm is proven to be an
effective methodology.

ACKNOWLEDGMENT

The authors are grateful to Mohammad Rabbani for his
technical and logistical assistance in data collection work,
which was supported by authors. We also wish to thank Dr.
Soori for technical help with modeling procedures.

REFERENCES

[1] M. N. Almasri and J. J. Kaluarachchi, “Modeling nitrate contamination of
groundwater in agricultural watersheds,” Journal of Hydrology, vol. 343,
Issues 3-4, pp. 211-229, Sep. 2007.

[2] B. V. Grift and J. Griffioen, “Modelling assessment of regional
groundwater contamination due to historic smelter emissions of heavy
metals,” Journal of Contaminant Hydrology, vol. 96, Issues 1-4, pp. 48-68,
Feb. 2008.

[3] Z. Saadi and A. Maslouhi, “Modeling nitrogen dynamics in unsaturated
soils for evaluating nitrate contamination of the Mnasra groundwater,”
Advances in Environmental Research, vol. 7, Issue 4, pp. 803-823, June
2003.

[4] Y. Chen, L. Smith and R. Beckie, “Modeling of strategies for performance
monitoring of groundwater contamination at sites underlain by fractured
bedrock,” Journal of Contaminant Hydrology, vol. 134-135, pp. 37-53, June
2012.

[5] J. Bear, Dynamics of Fluids in Porous Media, Elsevier, New York, 1972.
[6] J. Bear and A. Verruijt, Modeling Groundwater Flow and Pollution, D.
Reidel Publishing Company, Dordrecht, 1987.

[71 A. M. Abdel-Salam, “Effect of groundwater pumping well depth on
nitrate concentration from fertilizers in Upper Egypt,” M.S. Thesis, Faculty of
Engineering, Colorado State University, Fort Collins, Colorado, 1989.

[8] P. A. Domenco and F. W. Schwartz, Physical and Chemical Hydrology,
John Wiley & Sons, New York, 1990.

[9] M. R. Khalifa, “Development of water resources for irrigating western
desert specially with reference to Siwa Oasis,” M.S. Thesis, Faculty of
Engineering, Alexandria University, 1996.

[10] O. Kolditz, R. Ratke, H. G. Diersch and W. Zielke, “Coupled
groundwater flow and transport: 1. Verification of variable density flow and
transport models,” Advances in Water Resources, vol. 21, Issue 1, pp. 27-46,
Feb. 1998.

[11] M. N. Farid, “Groundwater protection from wastes and pollution, a case
study of a new industrial city in Egypt,” Ph.D. Thesis, University of
Manchester, Institute of Science and Technology, 2000.

[12] M. A. Dawoud, “Numerical simulation for transport of reactive multi-
chemical components in groundwater,” Ph.D. Thesis, Faculty of Engineering,
Ain Shams University, 2001.

[13] B. William, “Characterizing the water quality and contamination level of
groundwater along the Ceil Zarga River using the Fuzzy Logic Approach in
GIS Environment,” 2001.
<http://www.medaqua.org/Conf2001/abstracts/7.htm>.

[14] P. Wang, C. Zheng and M. S. Gorelick, “A general approach to
advective-dispersive transport with multi-rate mass transfer,” Advances in
Water Resources, vol. 28, pp. 33-42, Jan. 2005.

[15] P. Bayer, M. Finkel and G. Teutsch, “Cost-optimal contaminant plume
management with a combination of pump-and-treat and physical barrier
systems,” Ground Water Monitoring and Remediation, vol. 25 no. 2, pp. 96—
106, Jan. 2005.

[16] P. Bayer and M. Finkel, “Life cycle assessment of active and passive
groundwater remediation technologies,” Journal of Contaminant Hydrology,
vol. 83, Issues 3—4, pp. 171-199, Feb. 2006.



INTERNATIONAL JOURNAL OF GEOLOGY

[17] J. A. Schalk, P. Roland, L. Arnold and K. Frans, “Modeling controlled
water systems,” Journal of Irrigation and Drainage Engineering , vol. 36,
Issue 6, pp. 392-404, June 2010.

[18] C. Mohrlok, S. Kirubaharan and T. I. Eldho, “Transport characteristics in
a 3D groundwater circulation flow field by experimental and numerical
investigations,” Practice Periodical of Hazardous, Toxic Radioactive Waste
Manage, vol. 14, Issue 3, pp. 185-194, July 2010.

[19] H. Shahraiyni and B. Ataie-Ashtiani, “Mathematical Forms and
Numerical Schemes for the Solution of Unsaturated Flow Equations,” Journal
of Irrigation and Drainage Engineering, vol. 138, Issue 1, pp. 63-72, Jan.
2012.

[20] WHO, Guide Lines for Drinking Water Quality, WHO Library
Cataloguing-in-Publication Data, third ed., vol. 1, Gene" ve, 2004.

[21] H. H. Comly, “Cyanosis in infants caused by nitrates in well water,”
Journal of the American Medical Association, vol. 29, pp. 112-116, 1945.
[22] A. M. Fan and V. E. Steinberg, “Health implication of nitrite and nitrate
in drinking water: an update on methemoglobinemia occurrence and
reproductive and development toxicity,” Regul Toxicol Pharmacol, vol. 23,
pp. 35-43, Feb. 1996.

[23] L. Fewtrell, “Drinking-water nitrate, methemoglobinemia, and global
burden of disease: A discussion,” Environmental Health Perspectives, vol.
112, Issue 14, pp. 1371-1374, Oct. 2004.

[24] C. Della Rocca, V. Belgiorno and S. Meric, “Overview of in-situ
applicable nitrate removal processes,” Desalination, vol. 204, Issues 1-3, pp.
46-62, Feb. 2007.

[25] Y. W. Lee, M. F. Dahab and 1. Bogardi, “Nitrate risk management under
uncertainty,” Journal of Water Resources Planning and Management, vol.
118, Issue 2, pp. 151-165, Mar. 1992.

[26] A. H. Wolfe, J. A. Patz, “Reactive nitrogen and human health: acute and
long-term implications,” Ambio, vol. 31, Issue 2, pp. 120-125. Mar. 2002.
[27] C. F. Mason, Biology of freshwater pollution, 4th ed. Harlow, Essex:
Prentice Hall, 2002.

[28] S. Stadler, “Identification of sources and infiltration regimes of nitrate in
the semi-arid Kalahari: regional differences and implications for groundwater
management,” South Africa Water Resource Commision, vol. 38, no. 2, pp.
213-224, Apr. 2012.

[29] U.S. Environmental Protection Agency, Drinking water standards and
health advisories. U.S. Environmental Protection Agency, Office of Water,
822-B-00-001, 2000.

[30] J. W. Malberg, , E. P. Savage and J. Osterhoung, “Nitrates in drinking
water and the early onset of hypertension,” Environmental Pollution, vol. 15,
Issue 2, pp. 155-160, Feb. 1978,

[31] M. Super, H. Heese, D. Mackenzie, W. S Dempster, J. duPless and J. J.
Ferreira, “An epidemiologic study of well-water nitrates in a group of South
West African Namnian infants,” Water Resources, vol. 15, pp. 1265-1270,
1981.

[32] M. J. Hill, G. Hawksworth, and G. Tattersall, “Bacteria, nitrosamines
and cancer of the stomach,” British Journal of Cancer, vol. 28, Issue 6, pp.
562-567, Dec. 1973.

[33] M. H. Ward, T. M. deKok, P. Levallois, J. Brender, G. Gulis, B. T.
Nolan and J. Van Der slice, “Workgroup Report: Drinking-water nitrate and
health—recent findings and research needs,” Environmental Health
Perspectives, vol. 113, no. 11, pp. 1607-1614, Nov. 2005.

[34] R. C. Parslow, P. A. McKinney, G. R. Law, A. Staines, R. Williams and
H. J. Bodansky, “Incidence of childhood diabetes mellitus in Yorkshire,
northern England, is associated with nitrate in drinking water-An ecological
analysis,” Diabetologia, vol. 40, no. 5, pp. 550-556, May 1997.

[35] R. G. Goodchild, “EU policies for the reduction of nitrogen in water: the
example of the Nitrates Directive,” Environmental Pollution, vol. 102, Isuue
1, pp. 737-40, 1998.

[36] L. T. A. Joosten, S. T. Buijze and D. M. Jansen, “Nitrate in sources of
drinking water? Dutch drinking water companies aim at prevention,”
Environmental Pollution, vol. 102, Issue 1, pp. 487-92, 1998.

[37] S. J. Birkinshaw and J. Ewen, “Nitrogen transformation component for
SHETRAN catchment nitrate transport modelling,” Journal of Hydrology,
vol. 230, Issues 1-2, pp. 1-17, Apr. 2000.

[38] Z. Saéddi and A. Maslouhi, “Modeling nitrogen dynamics in unsaturated
soils for evaluating nitrate contamination of the Mnasra groundwater,”
Advances in Environmental Research, vol. 7, Issue 4, pp. 803-823, June
2003.

[39] K. Kyllmar, K. Martensson and H. Johnsson, “Model-based coefficient
method for calculation of N leaching from agricultural fields applied to small

ISSN: 1998-4499

45

Volume 8, 2014

catchments and the effects of leaching reducing measures,” Journal of
Hydrology, vol. 304, Issues 1-4, pp. 343-354, Mar. 2004.

[40] A. Liu, J. Ming and R. O. Ankumah, “Nitrate contamination in private
wells in rural Alabama, United States,” Science of The Total Environment,
vol. 346, Issues 1-3, pp. 112-120, June 2005.

[41] L. DeSimone and B. N. Howes, “Transport and transformations in a
shallow aquifer receiving wastewater discharge: a mass balance approach,”
Water Resource Research, vol. 32, Issue 2, pp. 271-285, Feb. 1998.

[42] V. M. Chowdary, N. H. Rao and P. B. S. Sarma, “Decision support
framework for assessment of non-point-source pollution of groundwater in
large irrigation projects,” Agricultural Water Management, vol. 75, Issue 3,
pp. 194-225, July 2005.

[43] J. C. Refsgaard, M. Thorsen, J. B. Jensen, S. Kleeschulte and S. Hansen,
“Large scale modeling of groundwater contamination from nitrate leaching,”
Journal of Hydrology, vol. 221,Issues 3-4, pp. 117-140, Aug. 1999.

[44] F. Lasserr, M. Razack and O. Banton, “A GIS-linked model for the
assessment of nitrate contamination in groundwater,” Journal of Hydrology,
vol. 224, Issues 3-4, pp. 81-90, Nov. 1999.

[45] E. Ledoux, E. Gomez, J. M. Monget, C. Viavattene, P. Viennot, A.
Ducharne, M. Benoit, C. Mignolet, C. Schott and B. Mary,”Agriculture and
groundwater nitrate contamination in the Seine basin. The STICS-MODCOU
modelling chain,” Science of the Total Environment, vol. 375, Issues 1-3, pp.
33-47, Apr. 2007.

[46] A. Mercado, “Nitrate and chloride pollution of aquifers: a regional study
with the aid of a single-cell model,” Water Resources Research, vol. 12, Issue
4, pp. 731-747, Aug. 1976.

[47] M. A. Carey and J. W. Lloyd, “Modelling non-point sources of nitrate
pollution of groundwater in the great ouse chalk, UK,” Journal of Hydrology,
vol. 78, Issues 1-2, pp. 83-106, May 1985.

[48] M. Shamrukh, M. Corapcioglu and F. Hassona, “Modeling the effect of
chemical fertilizers on ground water quality in the Nile Valley Aquifer,
Egypt,” Ground Water, vol. 39, Issue 1, pp. 59-67, Jan. 2001.

[49] A. J. A. Vinten and S. M. Dunn, “Assessing the effects of land use on
temporal change in well water quality in a designated nitrate vulnerable
zone,” Science of The Total Environment, vol. 265, Issues 1-3 , pp. 253-268,
Jan. 2001.

[50] M. N. Almasri, “Optimal management of nitrate contamination of
ground water,” Ph.D. Dissertation, Utah State University, Logan, Utah, 2003.

[51] M. N. Almasri and J. J. Kaluarachchi, “Implications of on-ground
nitrogen loading and soil transformations on ground water quality
management” JAWRA Journal of the American Water Resources
Association, vol. 40, Issue 1, pp. 165-186, Feb. 2004.

[52] M. N. Almasri and J. J. Kaluarachchi, “Modular neural networks to
predict the nitrate distribution in ground water using the on-ground nitrogen
loading and recharge data,” Environmental Modelling & Software, vol. 20,
Issue 7, pp. 851-871, July 2005.

[53] G. Ling and A. El-Kadi, “A lumped parameter model for N
transformation in the unsaturated zone,” Water Resources Research, vol. 34,
Issue 2, pp. 203-212, Feh. 1998.

[54] S. M. Dunn, A. J. A. Vinten, A. Lilly, J. DeGroote and M. McGechan,
“Modelling nitrate losses from agricultural activities on a national scale,”
Water Science and Technology, vol. 51, Issues 3-4, pp. 319-327, 2005.

[55] H. Chiang and W. Kinzelbach, “Processing Modflow: A Simulation
System for Modeling Groundwater Flow and Pollution,” Dec. 1998.

[56] S. M. Ghoraba, B. A. Zyedan and I. M. H. Rashwan, “Solute transport
modeling of the groundwater for quaternary aquifer quality management in
Middle Delta, Egypt,” Alexandria Engineering Journal, vol. 52, Issue 2, pp.
197-207, June 2013.

[57] H. Zhang and K. M. Hiscock, “Modelling the effect of forest cover in
mitigating nitrate contamination of groundwater: A case study of the
Sherwood Sandstone aquifer in the East Midlands, UK,” Journal of
Hydrology, vol. 399, Issues 3-4, pp. 212-225, Mar. 2011.

[58] K. K. Narula and A. K. Gosain, “Modeling hydrology, groundwater
recharge and non-point nitrate loadings in the Himalayan Upper Yamuna
basin,” Science of The Total Environment, vols. 468-469, pp. S102-S106,
Dec. 2013.



INTERNATIONAL JOURNAL OF GEOLOGY

[59] A. Angelotti, L. Alberti, I. La Licata and M. Antelmi, “Energy
performance and thermal impact of a Borehole Heat Exchanger in a sandy
aquifer: Influence of the groundwater velocity,” Energy Conversion and
Management, vol. 77, pp. 700-708, Jan. 2014.

[60] F. Cadini, J. De Sanctis, A. Cherubini, E. Zio, M. Riva and A.
Guadagnini, “An integrated simulation framework for the performance
assessment of radioactive waste repositories,” Annals of Nuclear Energy, vol.
39, Issue 1, pp. 1-8, Jan. 2012.

[61] D. Han, X. Tong, M. J. Currell, G. Cao, M. Jin and C. Tong, “Evaluation
of the impact of an uncontrolled landfill on surrounding groundwater quality,
Zhoukou, China,” Journal of Geochemical Exploration, vol. 136, pp. 24-39,
Jan. 2014.

[62] Y. Yang, J. Wu, X. Sun, J. Wu and C. Zheng, “A niched Pareto tabu
search for multi-objective optimal design of groundwater remediation
systems,” Journal of Hydrology, vol. 490, pp. 56-73, May 2013.

[63] A. A. Rakhshani, “Mathematical Modelling of Mashhad Groundwater,”
Water Research Center, 1980.

ISSN: 1998-4499

46

Volume 8, 2014





