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Abstract: This study simulate the transfer of Cs-137 contaminate of the aquifer system for Nuclear Research
Center at Al-Tuwaitha site, using processing MODFLOW Software package Version 8. The site is located in
South of the province of Baghdad near the Tigris River and contaminated with radiation as a result of exposure
for bombing and acts of vandalism and looting in 2003. MT3D Model was used to study the contammant
distribution in acquifer and its change with time. The results of transport model showed that the spread of Cs-137
contaminate mcreased with time and its direcion with the ground water movement. The migration of
contaminants 1 horizontal direction 1s low which the seepage velocity for the first, second and third layer were
0.0357, 0.51 andl.76 m/year, respectively with approximately oval shape based on the ratio of longitudinal
dispersion and diffusion coefficients. A distance of 690 m that the plume moved during 20 years of the
simulation towards the pumping well existing in the direction of the water of the Tigris River. Tt was a
relationship between the surface water (Tigris River), groundwater and the nature of the soil, a change in one
of those elements may affect the others.
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INTRODUCTION

Groundwater is a renewable resource which (if
managed correctly) ensures supply of water for the long
term decreases the impacts of anticipated climate changes.
Groundwater 18 closely mterrelated to other components
of the environment {Guzha, 2008). However, many of the
materials may contaminate groundwater and leave it unfit
for consumption by pollutants seeping through the
soil, either directly or mdirectly via. surface water.
Contamimants that can dissolve in groundwater will move
along with the water and pollute very large volumes
and areas of groundwater. Contamimation may cause
degradation in water quality and can create hazards to
public health through toxicity or spread of disease. The
most dangerous pollutants in groundwater are radioactive
and heavy materials. Radiological pollution may result
from the disselving of the components aquifer or as a
result of nuclear explosions where the soil absorbs the
radiation that will be seeping into the groundwater
(Pepper et al., 2011). Radioactive contaminants cause a
significant risk for health that could impact future
generations including cancers and birth defects and this
is what presumably happened in Traq (Rasheed, 2013).

The environment of Iraq was exposed to radioactive
uramum pellution as a result of wars, particularly the 2003
war. Nuclear Research Center at Al-Tuwaitha was exposed
to a bombing, looting and vandalism later, leading to the

leakage of radioactive materials. Contamers carrying
signs of radicactivity and a number of radicactive
traces were found in farms, villages and the houses
surrounding areas at Al-Tuwaitha, South of Baghdad
(Rasheed, 2013).

Cs-137 15 a radioisotope and chemically unstable
which is created as one of the popular fission outputs
by the nuclear fission of 1J-235 and other fissionable
1sotopes 1n nuclear reactors, nuclear weapons and
product of the nuclear fission of much heavier elements as
in the Goiania accident of 1987 the Acermox accident of
1998 (LaForge, 1999) and m 2003 m Irag. Cs-137 has
a half-life of about 30.17 years (Unterweger ef al.,
1992) and 1sotope mass 13 136.907 g where 1 g of Cs-137
has an activity of 3.215 TBq. Principle rays emissions of
Cs-137 are Beta, Gamma (g)/X-Rays, Alpha (&) and
Neutron (n).

It causes observable effects on health on a long-term
including increased cancer risk depending on the route,
magnitude and duration of exposure. Tt considers one of
the contaminants of mam worries due to their ease of
entry mto biological systems. The exposure to amounts of
Cs-137 can lead acute radiation sickness and cancer
(LaForge, 1999). Cs-137 is an isotope that attracts the
attention of many researchers and scholars all over the
world due to its chemical nature. Some of these studies
are related to the transport of Cs-137 in soils and
groundwater.
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Tried a number of scientists and researchers to study
the groundwater pollution problems. The migration
characteristics of Cs-137 m the packed column was
studied by Lee et al. (1990) and they compared the
results with two mathematical models, the bulk reaction
model and mass transfer model. The results obtained from
the compearison showed that the mass transfer model with
the assumption of mtraparticle diffusion simulated the
migration behavior of Cs-137 more adequately. They
found hydrodynamic dispersion coefficient was 0.0011
cm’/g and distribution coefficient was 11.3 co/g.
Bucur et al. (2000) estimated the parameters that control
migration of radio-nuclides (Cs-137) m geological
medium and groundwater. Tt was found that the
diffusion coefficient for Cs-137 m the clay soil was
greater than loess soils, about 9.89x10° cm’/sec, also,
the distribution coefficient was 120 ml/g. This is
because the clay content affects the absorption of the
radioactive material. Dmitri (2014) assessed groundwater
contamination with radicactive materials meluding Cs-137
as a result of Chernobyl accident. Tt was found that a high
concentration of Cs as a result of the leak and showed
that the movement of Cs-137 in soil and groundwater
was slowly and absorption coefficient of 100-700 L/kg.
The radiological risk which resulted from destruction
of nuclear reactor in Al-Tuwaitha area, Iragq was
estimated by Al Obaidy et al (2013). They found that

the concentration levels of uramum series, Sr-90,
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Cs-137  and cobalt 60 were Thigher than the
environmental levels through analyzing collection of
soill samples. Zaboon et al. (2014) evaluated Cs-137
levels in Al-Tuwaitha nuclear site by using a GIS
technique. They showed that the distribution of Cs-137 in
soil samples was variable about 77 Bq/g and higher than
the levels of normal environment. The transport Cs-137 in
loam clay soils leached with the convection-dispersion
model was investigated and assessed by Shihab (2014). Tt
was found that the distribution coefficient for Cs-137 was
20-295 ml/g and retardation factor was 821 and 118 while

the dispersion coefficient was 2 and 2.8.
MATERIALS AND METHODS

Site description: The Nuclear Research Center 1s located
at Al-Tuwaitha site about 18 km South of the Southern
edge of Baghdad governorate between (44°27°-44°35)
longitude and (33°10°-33°15") latitude and covers about
107 km® as shown in Fig. 1. It is located South of the
confluence point of the River Tigris and Diyala. Estimated
distance of Al-Tuwaitha is around 1 km east of the Tigris
River and 3.5 km South of the Diyala River.

Al-Tuwaitha 1s located in lower Mesopotamian plain
that is covered with Quaternary-age alluvial deposits that
are as much as 50 m thick. The deposits are composed of
alternating layers of clay, silt, sand and occasional gravel.
It 1s characterized by a flat floor surface, surrounded by

Fig. 1: Location of Nuclear Research Center at Al-Tuwaitha site (Al-Daffaie, 2014)
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earthen dikes and ranging from 30-32 m above mean sea
level and the topography factor has no significant impact
on water level and groumdwater movement (Copland and
Cochran, 2013).

Groundwater model: Three models for solving the
mathematical models numerically were used by using the
fimte difference method with processing MODFLOW
interface. The first and second models (MODFLOW and
PMPATH) have been implemented in the solution of
groundwater movement problems. While the third model
MT3D was applied for the determination of contaminant
transporting movement and distribution, it communicates
with MODFLOW Model through data files. This should
link known ground water movement to determine the
distribution and movement of a contaminant
groundwater.

The process of groundwater flow is based on
Darcy’s law and the comservation of mass which
describes the three dimensional movement of
groundwater flow of constant density through the
porous media by Rushton (2004).
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Where

k. k,k = Components of the hydraulic conductivity
tensor [LT™]

S, = The Specific Storage [L]

h = The ground water head [L.]

x,y,z = Cartesian coordinates directions [I.]

t = Time [T]

W(x, v, z t) the rate of ground water discharge/
recharge per unit area [I.T"], general sink/source term that
1s intrnsically positive and defines the volume of mflow
to the system per unit volume of aquifer per unit of time
[T']. The groundwater flow ran in steady-state where
the term Soh/dt equal to zero. While the partial
differential equation describing  three-dimensional
transport of contaminants in groundwater can be
written as follows:

oc @ ac 3] q .
o T D - (VO + R, (2
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Where:

C =The concentration of contaminant dissolved n
groundwater

t =A time(t)
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Table 1: Water elevation of observation wells (Copland and Cochran, 2013)
Observed well Ground surface elevation (im) Water table (m.a.s.[)

Wl 31.81 27.79
w2 31.57 27.86
W3 32.02 27.80
W4 31.56 27.61
W5 31.14 27.14
Wo 31.88 27.67
x; = The distance along the respective Cartesian

co-ordinate axis

D; = The hydrodynamic Dispersion coefficient

v, = The seepage or linear pore water velocity

q, = The volumetric flux of water per umt volume of
aquifer representing sources (positive) and sinks
(negative)

C, = The Concentration of the sources or the sinks

n = The porosity of the porous medium

R, = A chemical Reaction term

The transport model ran with advection and dispersion
factors.

Data collection: Water level data for six observation wells
located at Al-Twaitha area were put for groundwater
modeling as m Table 1. The recharge 13 applied to top grid
layer and the mput parameter is assumed to be constant
during the time stress period and the principal source for
it is the rainfall. The value of recharge rate was 2x107
m/day. The pumping well was suggested in this research
for treatment. It 1s used to reduce or limit spreading of
contamination in the aquifer and the recharge rate of this
well was about 518 m*/day. One site in the study area is
regarded as possible contaminant with Cs-137 that applied
in this with value of 76.9 Bq/g (Zaboon et al., 2014). The
longitudinal dispersivity is taken as 3 m (AL, 2012) and
standard ratios transverse to lengitudinal dispersivity
equal 0.1 (Gelhar, 1986). Aquifer properties such as
hydraulic conductivity, effective porosity and diffusion
coefficient for each layer were given as input to the model
as in Table 2.

Model discretization: The model consists of 28 rows and
57 columns in each layer as in Fig. 2 with cell size 80x80 m.
Based on the acquired information the model has been
divided mto three layers, top layer has loam clay sand
with a thickness of 16 m approximately, the middle layer is
14 m thick silt fine sand and bottom layer is made up of
predominantly medium sand with a thickness of 20 m.
MODFLOW 1s used to estimate the distribution of
hydraulic heads in steady-state and PMPATH is used to
calculate the ground water flow paths while (MT3D) is
used to estimate the distribution Cs-137 which vary with
tune.
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Table 2: The aquifer properties

Soil type Laver type Hydraulic conductivity (m/day)  Effective porosity Molecular diffusion (m*/sec)
Loam /Clay Unconfined 0.001-0.09 0.01-0.18 1x10°
Silt /Fine sand Confined/unconfined, 0.09-0.9 0.20-0.33 1x10°%
transmissivity varies
Medium sand Confined/unconfined, 1-12 0.16-0.46 5x10%
transmissivity varies
Al-Daffaie (2014, Ali (2012), Wiedemeier ef al. (1999), Chiang and Kinzelbach (1998) and Lee ef ad. (1990)
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Fig. 2: Plane view of the model
The model domain and grids are the same for both the 28.60 - .
flow and transport model. The boundaries of flow model E 28.55 1 R’ = 0.9802
based on physical features and the hydraulic conditions, 2 2850 -
. . . ]
the cells that represent the Tigris River are defined as < 8454
. g
C(.)ns.tant. head boundary and the nelghbore.d cells. for Fhe % 28.40
Tigris River from the North-West are considered mactive = 2835 -
cells while other cells defined as variable head boundaries
. . . 28.30 T T T 1
shown 1n Fig. 2. The value of water surface elevation for 26.6 271 276 281 286
Tigris River is specified as a value of iutial hydraulic head Observed heads (m)
with 28.7 m.a.s.l (Ali, 2012) while the boundaries of
transport model are specified active cells and the initial Fig. 3: Calculated and observed heads (m) of Al-Tuwaitha

concentration is assumed to equal to zero.

Model calibration: Model calibration is necessary to
show that it simulates the groundwater behavior
satisfactorily. Input parameters are adjusted until the
model results agree with the field observations within a
pre-established range of error in the calibration of the
model (Kresic, 2006).

The steady-state model was calibrated by adjusting
the hydraulic conductivity with the manual trial and error
method. Tt showed relatively a good match between the
calculated and observed heads for six observed wells
which were chosen for this study as shown in Fig. 3.

687

site

Contaminant Transport Model (MT3D): Hydrodynamic
dispersion, advection and
processes that cause the transport of solute in porous
media. The Method of Characteristics (MOC) 1s used to
simulate the advection transport. The coefficient of
molecular diffusion and dispersivity are used to describe
the hydrodynamic dispersion for the solute in a porous
medium (Zheng, 1990).

After a steady state run and the calibration of
groundwater flow model, MODFLOW becomes ready to
simulate transport model. The MT3D Model was linked

chemical reactions are
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Fig. 4: Logical of the groundwater flow and contaminant transport models simulation

with MODFLOW Model. The MT3D Model was based on
the results of groundwater flow model which was run with
the average of the niver water surface elevation. This
study modeled the transport through advection and
dispersion.

Steady state solute transport model: The model was
run with Cs-137 concentrations of groundwater to prove
and restrict the flow model. According to the studies
conducted on Al-Tuwaitha area, it 1s shown that there 1s
a presence of pollution in Al-Tuwaitha with radioactive
materials which are considered a hazardous waste. So, it
is important to keep track of the movement of pollutants
in the aquifer. However, one site in this study 1s regarded
as a possible contaminant as shown in Fig. 2. A Cs-137
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concentration of 76.9 Bg/g, measured by Zaboon et al.
(2014) using GIS technique was applied uniformly to the
area contaminant. MT3D Model was run for 20 years
for the imposition of that contamination which occurred
in 2009. The steps which follow in performing the
groundwater flow and contammant transport models
simulation shown m Fig. 4.

RESULTS AND DISCUSSION

The groundwater flow model was run at a
steady-state after entering the data. Then the calibration
model process achieved to study groundwater flow and
transport model were started. In this study, the using
of pumpimng well was proposed to collect groundwater
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contaminate flow and treat it prior to discharge to the
Tigris River. Then, the transport model was run based on
the results of groundwater flow model to estimate the
distribution of contaminant concentration within the
aquifer system.

The distribution equipotential lines of groundwater
flow in the first layer are shown in Fig. 5. They have a
high value at the Eastern part for the aquifer of 28.62 m
while the least equipotential line has 28.26 m for area
around the pumping well, therefore, the groundwater will
move from the East part to West.

Tt has been noticed when the groundwater flow drawn
by PMPATH Model that its movement is slow. Figure 6
shows the behavior of groundwater flow direction in
aquifer system where water flow towards the pumping

2
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well, therefore, the effect of the pumping well is clearly,
especially, in the area around the well. So, the movement
of contammant will be followed the groundwater
movement and it will be toward the pumping well. The
proposed pumping well operated to limit the movement of
water contaminant toward the Tigris River and thereby
reduces the movement of contammation deposited to
aquifer from the swrface for Al-Tuwaitha area near the
Tigris River.

The transport Model MT3D was run under advection,
dispersion conditions and the choice of the Cs
concentration which is one of the radioactive pollutions
in the soil of (Nuclear Research Center) Al-Tuwaitha area
that has a long life. In this model, it was assumed
that Cs-137 concentration considered from the standard
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Fig. 7: Distribution of Cs-137 contaminate in the second layer after: a) 10 years and b) 20 years

limit of the radioactive pollution (Zaboon et al., 2013) and
applied to polluted area as in Fig. 2. Cs-137 pollution
model was simulated for 10 and 20 years to mvestigate the
extent of migration of Cs-137 concentration in the aquifer
system. Cs-137 transport model simulation shows that it
does not leak mto the second and third layers after 1 year
of simulation. Increasing simulation time leading to
mcrease pollutant movement m vertical and horizontal
direction toward the Tigris River as in Fig. 7 and 8a, b.

The results indicated that there was a slow migration
of contammation which takes about 20 years to reach the
well. Therefore, it can be considered that the suggested
pumping well in this study was effective to reduce the
contaminant migration towards the river. Tt was also
observed that Cs-137 contaminant migration in horizontal
direction 1s small because of flow groundwater seepage
velocity where the advection is the main factor that
controls the movement of contamination in the aquifer
system. The dispersion has low influence because the
longitudinal dispersion and diffusion coefficients are
small for the aquifer and Cs-137 contaminant.

The model was calibrated by changing longitudinal
dispersion and diffusion coefficients. A difference mn the
distribution of contaminant in the aquifer system was not
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observed but the highest change was observed through
a change in the horizontal hydraulic conductivity of the
layers. When the top layer 1s a sand layer, the spread of
contamination will be very lugh and the possibility of its
leakage to the Tigris River is higher. Tt specified 3m as a
value of the longitudinal dispersion coefficient and
2x10%-5x10° m*/sec as a value of the diffusion coefficient
for layers of aquifer system while it specified 2x10°,
7107 and 3x10" m/sec as a value of horizontal hydraulic
conductivity for the first, second and third layer,
respectively. These values are used m this study.

The contamination model was operated based on the
dispersion and advection factors and neglected the effect
of the chemical reaction. Leakage of contaminant to the
second and third layers does not occur during Cs-137
transport model simulation before 2 years because the
first layer of loam clay has low permeability.

The rate of pollution increases whenever increases
the amount of leaking material increases which may
merease the amount of leaked material on the limit that has
been used in the model as a result of the presence of
polluting factors in the region. The increase of simulation
time leads to increase the contaminated spread over a
larger area and more depth.
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According to tlis study, the movement of
contaminants has been slow but it is the highest in the
third layer, since, this layer is medium sand and has high
permeability. Since, Al-Tuwaitha (Nuclear Research
Center) 1s located near the Tigris River, therefore, the risk
of contamination may increase and reach consumption
sites. The half-life of cesium 1s relatively long and there
must be a permanent observation to control the spread of
contamination that may occur.

In general, the shape of the plume is oval but in this
study it is closely a rectangular shape which follows the
direction of ground water flow. It results from diffusion
and longitudinal dispersion coefficients while the plume
lateral spread is slight and depends on the transverse and
vertical dispersion. The distance of the spread of Cs-137
was approximately 690 m after 20 years with the direction
of groundwater movement toward the Tigris River. The
use of pumping well was considered helpful in reducing
the spread of contamination.

CONCLUSION

From the results obtained in this study, the following
conclusions have been summarized below: the results
show that there 13 a good agreement between the
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observed and the calculated heads by using MODFLOW.
Groundwater flow direction was slow toward the Tigris
River which influenced by soil type. The velocity of
groundwater was 0.0015 m/day in the third layer and 1n the
first and the second layers, the velocity were 0.00000977
m/day and 0.00036 m/day, respectively. The changing in
the horizontal hydraulic conductivity of the first, second
and third layer by 50% leads to increase the hydraulic
heads by 5% for the third layer and 1% for the first and
the second layer, respectively.

The increase of water elevation of the Tigris River
leads to an mcrease in the hydraulic heads aquifer of
groundwater level for the first and the second scenarios.
The simulation results of the proposed pumping well lead
to capture the flow lines of groundwater and change the
movement direction. In addition lead to reduce the effect
of the spread of the Cs-137 contaminant before reaching
the river. The results of transport model show that the
vertical migration of contaminant does not occur
before 2 years of simulation time and increases with time.
While the direction of the horizontal migration occurs
after 10 years of sumulation time with groundwater flow
direction.

The Cs-137 concentration distribution shown m the
aquifer for the study area during simulation MT3D Model



J. Eng. Applied Sci., 14 (3): 684-692, 2019

that it is not affected by the variation in longitudinal
dispersion and diffusion coefficient values but the
variation in the distribution exists when the hydraulic
conductivity values are changed into other limits.
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