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ABSTRACT 

The natural quality of groundwater tends to be degraded by industry, agriculture, and wastewaters. There 
are several alternatives to prevent migration and the spread of pollution in groundwater. Some 

alternatives are physical such as grouting, or slurry walls. Others could be hydrodynamic containment by 

injection or pumping wells. Injection wells are used to confine a pollutant in place or dilute its 

concentration by injecting clean water into the aquifer. Pumping wells are used to discharge the pollutant 

out of the groundwater reservoir or act as interceptors. In this research, the hydraulic characteristics and 

behavior of the hydrodynamic methods are investigated by using numerical simulation. In this 

investigation, the numerical model MT3D has been integrally used with the flow model MODFLOW. 
Injection/pumping rate, screen length and layer, and the number of wells are considered. The results have 

shown that increasing the rate or the number of the injection/pumping wells permits less pollution spread. 

Changing the screen length of the injection/pumping wells are not effective in preventing the pollution 

spread in the long-term. Changing the number of wells has more effect on a containment spread. Injection 
wells can prevent the spread of contaminants more than pumping wells. 

Keywords-groundwater; pollution transport; injection wells; pumping wells; MT3D model; MODFLOW model   

I. INTRODUCTION  

Groundwater supply is considered a vital aspect of human 
wellbeing. Groundwater provides the population with water for 
drinking and irrigation. The sustainability of groundwater 

quality and management is highly challenged in this regard [1-
16]. Hydrodynamic control for containing contaminants in 
place by injection wells or removing them from the ground by 
discharge wells are considered effective methods to prevent 
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contamination spread in a hydrogeological system [17-24]. 
With pumping, there is always the problem of what to do with 
the contaminated water removed from the ground. On site 
treatment is required before injecting the water to the 
subsurface or releasing it to surface water bodies [25-26]. 
Injection wells could be used to dilute the groundwater 
pollution by the injection of clean water or as interceptors for 
diverting the flow direction. The number of injection or 
withdrawal wells and the pumping/injection rates can be 
minimized through the proper choice of well location and 
distance between wells [27-28]. This could be achieved 
through good understanding of the problem and implementing 
successful design for the controlling system in each specific 
site. In this paper, investigation of injection and pumping wells 
is performed and discussed. The numerical models MT3D and 
MOFDLOW are employed. Change of injection/pumping rate, 
depth and position of the screen, and distribution of wells 
around the pollution source are considered. 

II. MODEL DESCRIPTION 

The study is implemented by using the transport model 
(MT3D) through the flow model (MODFLOW). MT3D is a 
computer model for the two or three dimensional simulation of 
advection, dispersion, and chemical reactions of contaminants 
in groundwater flow systems [29]. A mixed Eulerian-
Lagrangian approach is used by the MT3D model to solve the 
advective-dispersive-reactive equation. This can be done 
depending on the supposition that concentration changes 
cannot influence the flow field significantly [30]. The model 
uses a modular structure like that implemented in the U.S. 
Geological Survey (USGS) modular three-dimensional finite-
difference groundwater flow model, referred to as MODFLOW 
[31-33]. MT3D retrieves the hydraulic heads and the various 
flow and sink/source terms saved by MODFLOW, combining 
the hydraulic boundary conditions [34-35]. The structure of 
MT3D can readily simulate the terms of advection, dispersion, 
and source or sink mixing of chemical reactions. Further, 
MT3D can simulate the concentration changes for one kind of 
contaminant considering the hydrological and chemical 
reactions with different kinds of boundary conditions and 
extrinsic sources or sinks. The MT3D model includes the 
chemical reactions. These reactions are controlled linearly or 
nonlinearly of sorption and first-order biodegradation [36]. 
MT3D fits the spatial discretization and boundary conditions 
as: (1) confined/unconfined aquifer layers, (2) sloped model 
layers and cell thickness within the same layer, (3) one kind of 
mass concentration or flow of mass through boundaries, and (4) 
the effects of solute transport of extrinsic sources or sinks like 
springs, wells, ditches, rivers, recharge, and evapotranspiration. 
The MT3D model, like the MODFLOW, consists of a main 
program and subroutines, called modules, which are grouped 
into a series of "packages". 

The hydraulic heads and fluxes at each time step are solved 
by the MODFLOW model and used by MT3D model. Prior to 
entering the stress period loop, the program executes three 
procedures. First, the simulation problem is defined by 
identifying the model size and the number of stress periods, 
and specifying the various transport options to be used in the 
simulation. Computer memory is allocated for the data arrays 

whose dimensions depend on the parameters specified in the 
Define procedure. A second step is reading and preparing the 
input data which are constant within the current stress period. 
The transport model obtains the location, type, and flow rates 
of all sources and sinks simulated in the flow model. Then, a 
third procedure reads and processes the hydraulic heads and 
flow terms saved by the flow model, and the specified 
hydrologic boundary conditions. The transport step loop 
contains four procedures. The Advance procedure determines 
an appropriate step size for use in the current transport step. 
The Solve procedure solves each transport component with an 
explicit mixed Eulerian-Lagrangian solution scheme and 
calculates the mass into or out of the aquifer through each 
component. The Budget procedure estimates the global mass 
balance information and gets the printouts and saved simulation 
results as needed according to the control options of the user-
specified output. The equation of solute transport in a porous 
medium is a partial differential one [37-40]: 

�
���

(���
��
���

− �
���

(
��� + ��
� (
 − 
�� + ∑ �� = ��

��
�
���  (1) 

�� = − ���
�

��
���

     (2) 
where �,  are the Cartesian coordinate directions, 
 =

 (!, ", #� is the pollutant concentration [M.L-3], �� =
��  (!, ", #� is the seepage or average pore water velocity in the 

$� [L.T
-1

] direction, ��� = ��� (!, ", #� is the dispersion 

coefficient tensor [L2.T-1], % = % &'
() is the effective porosity, 

*�� = *�� &�
+) is the hydraulic conductivity tensor [L.T-1], ,� is 

the volumetric flux per unit volume representing sources 
(positive) and sinks (negatives) [T-1], 
� is the concentration of 
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]. The 
components of the tensor ��� in a system of three-dimensional 

Cartesian coordinates are obtained through the transformation 
of coordinates formula: 
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III. THE HYPOTHETICAL ZONE OF STUDY 

The hypothetical zone of study is square in shape with 
dimensions 800 m by 800 m. It has been divided into a grid of 
10,000 cells (100×100). The studied region covers a phreatic 
aquifer with a total depth of 30 m. The aquifer is assumed to 
have four layers. The thickness of the layers in the downward 
direction is 5, 5, 10, and 10 m. Thus, the total number of cells 
in the simulated problem amounts to 40,000. Each layer is 
homogeneous and isotropic with a hydraulic conductivity of 10 
m/day and porosity 0.3. Dispersivity is taken as 500 m without 
considering sorption and decay. Groundwater flow takes place 
from the left to the right boundaries under the effect of the 
specified head boundaries with values of 29 and 26 m. A 
pollution source is assumed in the aquifer at the intersection 
cell of row 41 and column 24. The source has a concentration 
of 300 PPM. Figure 1 represents a plan view and a longitudinal 
section A-A showing the corresponding equipotential heads 
and velocity vectors. The flow is going from the west to the 
east. 

 

(a) 

 

(b) 

 
Fig. 1. (a) Equipotential lines and velocity vectors of the study zone, (b) a 

cross section A-A showing the equipotential lines with the velocity. 

IV. INJECTION WELLS 

Injection wells have been studied considering the effect of 
injection rate, screen length, and number of wells on a 
contaminant spread. 

A. Injection Rate 
 

Four injection wells around the pollution source feeding 
clean water into the groundwater reservoir are assumed. The 
wells' screen is fully penetrating the four layers of the aquifer. 

The injection rate is taken as 600 m3/day from each well. The 
resulting equipotential lines and the concentration lines are 
presented in Figure 2. It is shown that the pollution spread is 
contained in a limited zone between the wells due to the clean 
water injected by the four surrounding wells. The diameter of 
the spread circle is about 100 m. When the injection rate is 
reduced to 300 m

3
/day, more spread of the pollution takes place 

in the aquifer, as shown in Figure 3. The diameter of the 
resulting spread zone around the pollution source increases to 
about 300m. 

 

 
Fig. 2. Plan view of the concentration lines when having four injection 

wells of clean water with a rate of 600 m
3
/day. 

 
Fig. 3. Plan view of concentration lines when having four injection wells 

of clean water with a rate of 300 m3/day. 

B. Screen Well Depth 
 

The case of having wells with an injection rate of 300 
m3/day has been repeated with a screen length of only 10 m 
penetrating the lowest layer of the aquifer. Figure 4 shows the 
results in the form of equi-concentration lines of the pollutant, 
in the first layer. A slight increase in the concentration can be 
noticed when comparing the results with the ones shown in 
Figure 3. This slight increase is related to having the injection 
screen away in the fourth layer.  
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Fig. 4. Plan view of concentration lines when having four injection wells 

of clean water with a rate of 300 m
3
/day and screen in the lower 10 m of the 

well. 

C. Well Number 

When the number of the injection wells was reduced to two 
upstream, more pollution spread took place downstream the 
contaminant source as shown in Figure 5. The increase of the 
pollution zone is noticed when it is compared with the 
corresponding one in Figure 3 that has the same conditions but 
with four injection wells. 

 

 
Fig. 5. Plan view of concentration lines when having two injection wells 

of clean water with a rate of 300 m3/day. 

V. PUMPING WELLS AS INTERCEPTORS 

Investigation of hydraulics of contaminant withdrawal by 
pumping wells as interceptors is performed and discussed in 
this section. The studied hydraulic characteristics include 
pumping rate, depth, and number of wells.  

A. Pumping Rate 

Four pumping wells are assumed around the pollution 
source to keep the contaminant in place and prevent its spread 
through the aquifer. The wells are assumed to have screens 
which fully penetrate the aquifer with a pumping rate of 600 
m3/day. The resulting equipotential lines and the equi-

concentration lines in PPM are presented in Figure 6. It is 
shown that the polluted zone is contained between the four 
wells. When the pumping rate is reduced to 300 m

3
/day, the 

wells are not capable anymore of preventing the spread of the 
pollution zone which has extended outside the wells, as shown 
in Figure 7. A similar result was found but when increasing the 
time transport for reducing the pumping rate in [41]. 

 

 
Fig. 6. Plan view of concentration lines when having four pumping wells 

with a rate of 600 m3/day. 

 
Fig. 7. Plan view of concentration lines when having four pumping wells 

with a rate of 300 m
3
/day. 

B. Screen Well Depth 

The case of having wells with a pumping rate of 300 
m

3
/day was repeated with a screen length of 10 m that 

penetrates only the lower part of the aquifer. The corresponding 
concentration in the first layer is shown in Figure 8 showing 
more pollution compared with the results of the fully 
penetrating wells shown in Figure 7. This takes place in the 
first layer because the discharging screen is far in the lowest 
(fourth) layer. 

C. Well Number 

The number of discharging wells is reduced to two 
downstream as in Figure 9 and then to one as in Figure 10. The 
results show an increase in the pollution spread in comparison 
with the results shown in Figure 7. 
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Fig. 8. Plan view of concentration lines when having four pumping wells 

with a rate of 300 m
3
/day and screen in the lower 10 m of the well. 

 
Fig. 9. Plan view of concentration lines when having two downstream 

pumping wells with a rate of 300 m
3
/day. 

 
Fig. 10. Plan view of concentration lines when having one downstream 

pumping well with a rate of 300 m
3
/day. 

VI. IMPACT INTERRELATIONSHIP AMONG 
INJECTION AND PUMPING WELLS 

Figure 11 shows the interrelationship of the impacts among 
injection and pumping wells according to the flow rate, well 
screen length, and well number. The base run for 

injection/pumping wells is indicated in blue/green colors. 
Figure 11 shows that the injection wells can prevent the spread 
of contamination more than the pumping wells. Full screen 
length is a good choice for decreasing the contamination for 
injection/pumping wells. Increasing the injection/pumping well 
number prevents more the contamination spread. 

 

 

Fig. 11. Interrelationship of the impacts among injection and pumping 

wells. 

VII. CONCLUSION 

The current study helps understanding the hydraulic 
behavior of hydrodynamic containment of a contaminant in 
groundwater in order to achieve successful design of 
controlling systems. The main findings of the study include the 
following points:  

 Hydrodynamic control of the pollution spread with the use 
of injection or pumping wells is an effective method. 

 Decreasing the rate or the number of the injection/pumping 
wells permits more pollution spread. 

 Changing the screen length of the injection well is not 
effective in preventing the pollution spread on the long-
term. 

 The effect of changing the screen length on the pollution 
spread is more in the case of pumping wells than in 
injection wells. 

 Changing the number of the injection/pumping wells effects 
the contaminant spread. 

The present investigation draws the decision makers’ 
attention to the main factors that should be considered in the 
design of real applications. The injection/pumping rates as well 
as the number of wells should be studied well in each specific 
site in order to design a successful hydrodynamic system. 
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