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Abstract

This study focused on estimating the aquifer hydraulic parameters of Bandar Abbas Refinery in Iran through a pumping
test and investigating the fate of detected oil pollution using numerical flow and contaminants transport simulation models,
namely MODFLOW-2000 and MT3DMS. The hydraulic conductivity, transmissivity, and specific yield were estimated to
be 2.45 m/day, 24.5 m*/ day, and 0.174, respectively. The steady-state model indicated the most sensitivity to the hydraulic
head boundary and was run with a Normalized Root Mean Square of 4.97%, while the transient model was characterized
by high sensitivity to hydraulic conductivity and longitudinal dispersivity established with NRMS of 2.7 to 4.26%. The
transport model was used to simulate the effects of five different remediation scenarios over a period for 30 and 50 years
considering both continuous and non-continuous leakage, with and without sorption processes. In the worst-case scenario
with continuous and no sorption, the mean pollution level is predicted to reach 247.5 after 30 years and 310 after 50 years.
However, in the best-case scenario, which involves cutting off the pollution source, implementing sorption processes, and
eliminating the LNAPL without continuous and no sorption, the anticipated pollution levels are 97.5 after 30 years and
132.5 after 50 years. In the realistic scenario, where pollution is removed up to 50% with active and non-continuous state,
the mean pollution value will be changed to 112.5 and 162.5 over the given period, respectively. These findings indicate
the positive effect of remediation strategies in preventing the spread of pollution downstream.

Highlights

e Determination of the BTEX source release into groundwater from a real refinery site.

e Simulating groundwater flow and contaminants transport using MODFLOW-2000 and MT3DMS.
e FEvaluating remediation scenarios efficiency by numerical modeling.

e Prediction of BTEX transport in the aquifer under the condition of various remediation scenarios.
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Introduction

Oil contamination is one of the main threats to groundwater
pollution, especially in oil-producing countries. Oil contam-
ination leaks from tanks, facilities, and pipelines into the
unsaturated zone and may percolate to reach groundwater.
Oil-free phase can be laid on the top of the water table or
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may be descend to reach the aquifer bottom according to
relative density. If the relative density of oil material is less
than water, they are named Light Non-Aqueous Phase Lig-
uid (LNAPL) and if it is more than water density, they are
named Dense Non-Aqueous Phase Liquid (DNAPL) (Ismail
et al. 2023). Many oil products such as gasoline, kerosene,
and gasoil are ranked as LNAPL, whereas tar and asphalt
are known as DNAPLs. The NAPL phase of oil cannot be
distributed in the aquifer medium, but the solved phased
source from the NAPL phase is more mobile and can be
transported to a far distance from the source in groundwater.
Benzene, Toluene, Ethylbenzene, and Xylene (all belonging
to the BTEX group) are more soluble and toxic oil materials
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that can cause health problems related to their concentration
and the duration of exposure (Zanello et al. 2021).

When a contaminant has been detected in an abstrac-
tion source (well or spring) it means that the contamina-
tion has been distributed very far from the source and the
remediation process will be much more expensive and time-
consuming, therefore detection of the pollutant at the early
time of leak is necessary. Also, the elimination of pollution
from groundwater is very expensive and time-consuming.
Any mistake in the prediction of contaminants transport
may cause many costs in implementing a clean-up program.
Therefore, it is necessary to design and install a groundwa-
ter monitoring network at an industrial site After monitoring
the groundwater and detecting polluted wells, the second
step is finding the source, then simulation of contaminant
transport modeling can simulate pollution transport and
prediction of its future spreading as well as evaluation of
remediation operation (Anderson et al. 2015). Groundwater
-modeling is an efficient way to understand the physical and
chemical processes that govern the BTEX behavior. The
protocol of a mathematical model involves describing the
study area using laboratory and field observations, develop-
ing a conceptual model, inputting the data to the numerical
model, and completing the running process by sensitivity
analysis and calibration (Schirmer et al. 2000).

In many studies, NAPL dissolution, mobilization, and
removal mechanisms have been investigated (Vaezihir et al.
2013; Babaei and Copty 2019; Badv et al. 2020; Ramezan-
zadeh et al. 2022). Also, several physical models (Cheng
et al. 2016; Leili et al. 2017; Vaezihir et al. 2020; Ahmad-
nezhad et al. 2021), as well as many numerical transport
models, are used to better understand and predict plume
spreading and fate in groundwater (Valsala and Govindara-
jan 2018, 2019; Seyedpour et al. 2019; Teramoto and Chang
2020). Among the models used for plume simulation and
NAPL behavior, BIOPLUME (Rifai, 1997), NAPL simula-
tor (Guarnaccia 1997), BIOMOC (Essaid and Bekins 1997),
and BIONAPL/3D (Molson 2017) can be mentioned with
acceptable simulations. MODFLOW as the most famous
groundwater flow modeling tool can be conjugated with
other codes like MT3D (Sharma et al. 2015; Ayvaz 2016;
Sathe and Mahanta 2019; Bai et al. 2019; Bedekar 2019) and
MODPATH to produce a powerful graphic tool for predic-
tion of plume distribution or shrinkage (Guiguer and Franz
1994). In addition, the distribution of dissolved hydrocar-
bon plumes has been evaluated in field tests (Vaezihir et al.
2012; Steiner et al. 2018; Rama et al. 2019; Wang 2020;
Ciampi et al. 2021; Demenev et al. 2022) and refinery sites
(Pal et al. 2016; Bayatian et al. 2018; Hamamin 2018; Feng
et al. 2020). Consequently, effective clean-up strategies and
scenarios have been designed and presented for the reme-
diation of groundwater contaminated by petroleum (He et
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al. 2009; Srivastav et al. 2018; O’Connor et al. 2018; Palma
et al. 2019; Ghosh et al. 2020; Shafieiyoun et al. 2020).

Despite the relatively recent establishment of the Ban-
dar Abbas Oil Refinery (since 1997), several concerns about
oil contamination in groundwater have been reported at the
refinery site. This issue has been previously addressed in
a study conducted by Vaezihir et al. (2021), by detecting
the presence of Light Non-Aqueous Phase Liquid (LNAPL)
in groundwater. These findings indicated the potential con-
tamination of a variety of oil pollutants, including gasoline,
crude oil, and high-viscosity phases such as fuel oil result-
ing from leaching in different operations at the refinery.
However, the previously conducted study has not compre-
hensively identified the sources of contamination, nor has it
effectively investigated the fate of the contamination. This
research aims to seek this limitation by detecting the pol-
luted areas and finding possible sources as well as predict-
ing the movement of the plume in groundwater. Evaluating
the effectiveness of various remediation scenarios through
numerical modeling and estimating the hydraulic coefficient
of the aquifer using a pumping test is other goals of this
research.

The main point of conducting this study lies in its com-
prehensive approach to understanding and addressing
the BTEX contamination realizing source in the ground-
water and simulating plume behavior using finite differ-
ence MODFLOW and MT3D models to provide valuable
insights into the future distribution of BTEX compounds.
Furthermore, the prediction of BTEX transport under dif-
ferent remediation scenarios will contribute to the devel-
opment of effective mitigation strategies. Conducting this
study and addressing its limitations will make a significant
contribution to enhance the understanding and management
of groundwater contamination in industrial sites, ultimately
leading to improved environmental protection and public
health outcomes.

Study area

The Bandar Abbas oil refinery was established in 1997 on
the seaside of the Persian Gulf, approximately 30 km from
the city of Bandar Abbas (Fig. 1).

The average annual temperature of this area is 27 °C,
characterized by a mild winter, and a hot humid summer,
while the average annual precipitation recorded in the data
series from 1982 to 2015 is 161.52 mm. According to cli-
matology data from the Bandar Abbas Climatology Station,
the climate of the area is classified as dry categorize using
the De Martonne method (De Martonne 1926). The geologi-
cal main formations found at the site include gray marl and
clayey limestone of Mishan formation (Mn), conglomerate



Sustainable Water Resources Management (2024) 10:144

Page30of 17 144

G

Legend ‘
= -x%

Alluvial deposits (Qt) s
—

3020000

Congolomerate (Bg)
=

Marl-Silt, Sandestone (Aj)

=
Marl with inter beds of
estone (Mn)

30008000

Salt stone, anhydrite, gypsum,
dolomit, limestone, marl,
sandstone, shale, tuff
(Hormoz serie)(Hs)

3

Residental area

p °C

2996000

Km

404000 412000

S ol D

? said Rajaei Dock ~ Fersian Gulf

420000 428000 436000

3020000

30008000

2996000

0 375 715 15 404000

412000

428000 436000

420000

Fig. 1 Location and geology map of the study area. (Adapted from Map 1:100000 Geology of Bandar Abbas, National Iranian Oil Company 2010)

Bakhtiari formation (BK), and lime-bearing sandstone with
layers of Marl and siltstone of the Aghajari formation (Aj)
(Talbot and Alavi 1996). Another geological unit at the site
is the Hormoz series with the Precambrian age. It is com-
posed of colored salts with layers of dark dolomite- sand-
stone, and siltstone- marl. This geological unit is the main
reason for the salinity of soil and water in the area (Talbot
et al. 2009). Geophysics studies conducted by Leili et al.
(2017) at the site and the cores obtained from geotechnical
drilling have revealed that the aquifer of the refinery con-
sists of alluvial sediments and weathered marl with an aver-
age thickness of 18 m.

Materials and methods

To monitor the groundwater levels, a total of 102 monitor-
ing wells were used in this research. To evaluate the hydro-
chemistry and determine the type of groundwater, as well
as detect any oil contaminants, 40 samples were collected
from boreholes in different areas within the refinery in two
sampling rounds in March 2017 and September 2018. A
dedicated gradual sampling device was used for collecting
samples, which was composed of a dead-end tube equipped
with a valve and a small hole in the tube body. These sam-
ples were then sent to the central laboratory of the Univer-
sity of Tabriz for analysis. In-situ measurements were also
conducted for parameters such as electrical conductivity
(EC), pH, and temperatures. Samples were collected in each
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Fig.2 Location of pumping and monitoring wells

borehole by a dedicated sampler to avoid cross-contami-
nation and the amber glass vials were used with a sealed
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plastic cap. Analysis for hydrocarbon materials was carried
out with a gas chromatography machine equipped with a
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Fig. 3 Iso-potential water level map with contour lines in meters

mass spectrometry detector. The equipment model was GC
Agilent 6890 N and MS Agilent 5973 N connected to a col-
umn with a length of 30 m and diameter of 0.25 mm with a
carrier gas of helium.

For the extraction of samples in the lab, the micro-liquid
method was employed, in which dichloromethane was used as
a solvent in this extraction method. The purpose of this method
was to transfer oil materials from water into the solvent phase,
which is necessary for injection into the GC machine. To pre-
pare the analyte, 3 ml of sample was mixed with dichlorometh-
ane and shaken for 10 h, and then the mixture was allowed to
be kept in the refrigerator without shaking for 12 h (for the
separation of two phases of water and solvent). Finally, 1 uL
of it was injected into the GC machine inlet to analyze with
a special temperature schedule. The schedule begins with an
initial temperature of 40 °C, which is held for 30 s. Then the
temperature was increased to 150 °C at a rate of 5 °C/ min and
held in this temperature for 30 s. After that, the second increase

4

— Iso potential contour (m)

(] Refinery borders

of temperature was done up to 290 °C and was held for 1 min.
Analysis of other ions and compounds was carried out based
on standard methods.

Aquifer Test

To determine the hydrodynamic parameters of the aquifer,
a pumping test, also known as an aquifer test, was carried
out in a well L5D. This well is adjacent to three monitoring
wells: L51, L52, and L53. Wells L51 and L52 located at a
distance of 15 m from the pumping well, while well L53 is
situated 68 m away from it (Fig. 2).

The average discharge rate of the pumping during the
aquifer test was 57.6 m*/d and the well diameter was 10 mm.
The well was equipped with PVC pipe, which screened at the
saturated part of the aquifer allowing for partial penetration of
water into the aquifer (Table A.1 and Table A.2 in supplemen-
tary file). The test was continued for 6 h and the discharge of
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the pumping well was measured hourly by a scaled tank. It is
important to note that longer pumping tests are typically more
effective in comprehensively understanding the properties and
characteristics of an aquifer. However, due to limited options,
it was not feasible to conduct a longer test in this particular
study. To prevent groundwater recharge, the pumped water
was conveyed to the recycling unit of the refinery instead of
being discharged back into the aquifer. Then, drawdown-time
data collected during the test are used to calculate the hydraulic
characteristics of this unconfined aquifer by the Neumann-type
curve (Neuman 1975).

Flow and transport modeling

Modeling and simulation of groundwater is a prerequisite for
mass transport modeling. Therefore, it is necessary to cali-
brate aquifer and groundwater parameters in the flow mod-
eling process, in which the results are used as inputs for the
mass transport model. In this research, MODFLOW/2000
was employed to simulate the behavior of the groundwater.
The selected area for flow modeling was a cubic rectangular
volume with dimensions of 4500, 4000, and 10 m in length,
width, and thickness, respectively.

The model area was discretized into 10,000 cells with a
dimension of 40 X 40 m. However, in areas with a high den-
sity of monitoring wells, a telescoping discretization tech-
nique was employed to increase the accuracy and facilitate
model convergence, resulting in a final network consisting
of 18,480 cells and nodes. Groundwater flow direction was
determined using water level data collected in March 2017
and the results were incorporated into the model (Fig. 3).
To evaluate the weighted average groundwater level, the
Thiessen Polygon method was used to dedicate areas to
each monitoring well. The water table data revealed that in
March 2017, the groundwater system was in a steady state
condition. Therefore, this time was considered a steady state
period for the first run of the model (See Fig. A.1 and Fig.
A.2 in the supplementary file).

The total annual precipitation of the study area is approx-
imately 164 mm, of which 34 mm was considered for a
steady state period (March 2017). Of the total precipitation,
20% (6.8 mm) was assumed to percolate into groundwater.
Since the evaporation from the groundwater table is influ-
enced by the groundwater depth, a groundwater iso-depth
map was prepared for the steady state period. The map indi-
cated that a large portion of the site has a groundwater depth
of less than 5 m, making it susceptible to evaporation (Fig.
A.3 in supplementary file). Therefore, evaporation modules
were activated during the modeling process. Bedrock depth
was estimated to be in the range of 8 to 18 m and hydrau-
lic conductivity, storage coefficient, and specific yield were
estimated to be 2.45 m/d, 0.001, and 0.17, respectively.
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These estimations were based on well drilling data and core
logs.

According to the hydrological findings of the site, spe-
cific boundary conditions were assigned to each boundary
in the groundwater model. The North and South boundaries
were designated as general head boundary types, acting as
inlet and outlet for the model, respectively. The East and
west boundaries were also assigned as general head bound-
aries with low permeability. The bottom boundary was set
as a no-flow boundary. The top boundary of the model was
considered as a charge and discharge boundary, influenced
by precipitation and evaporation. Additionally, an internal
boundary was defined within the model to simulate drain-
age. This internal boundary, located in the middle of the
modeling area, facilitates the representation of the drainage
process (Fig. A.4 in supplementary file).

The water table data belongs to March 2017 as the steady
period set as the initial value for the model. The stress
period for running the model was defined as three months,
corresponding to the duration from March 2017 to Septem-
ber 2017, and simulated on a daily basis. The time step for
simulating the model was considered to be one day, allow-
ing for the modeling of the water table in an unsteady state
condition over this period (Fig. A.5 in supplementary file).
The Successive Over-Relaxation (SOR) package was used
to solve the model in the first attempt.

Results and discussion

According to the aquifer test results presented in Table 1,
the hydraulic conductivity of the aquifer in the study area
was calculated to be 2.45 m/d. The transmissivity and
specific yield were determined to be 24.5 m%d and 0.174
respectively. The estimated ratio of vertical to horizontal
hydraulic conductivity (kv/kh), and specific yield to stor-
age (SY/S) are to be 0.063 and 166, respectively (Table 2).
However, the calculated hydraulic conductivity of 2.45 m/d
is significantly higher than the typical values expected for
marl aquifers, as suggested by Todd and Mays (2005) and
Batu (2005), which typically fall between 0.08 m/d and
2% 10-4 m/d. This discrepancy may result from the pres-
ence of fractures or solution conduits within the marlstone
and limestone layers in the aquifer of Bandar Abbas Refin-
ery. Regarding 2.45 m/d for hydraulic conductivity and
0.008 for hydraulic gradient (calculated from the iso poten-
tial map of groundwater), the average velocity of groundwa-
ter is estimated as 0.02 m/d.

Moreover, the monitoring of LNAPL phase thickness, in
the 102 monitoring wells of the refinery revealed that 11
wells were contaminated by free phase oil with LNAPL
thickness ranging from 2 cm in well L53 to 130 cm in well
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Table 1 Drawdown-time data of aquifer test collected from the observation wells

L51 L52 L53
Time (min) Water level Drawdown Time(min) Water level Drawdown Time (min) Water level Draw-
depth (m) (cm) depth (m) (cm) depth (m) down
(cm)
0 4.57 0 0 491 0 0 3.1 0
10 4.62 5 10 5.02 11 10 3.1 0
20 4.7 13 20 5.1 19 20 3.1 0
30 4.74 17 30 5.15 24 30 3.1 0
40 4.77 20 40 5.17 26 40 3.11 1
50 4.81 24 50 5.19 28 50 3.11 1
60 4.84 27 60 5.20 29.5 60 3.12 2
70 4.85 28 70 5.21 30.5 70 3.13 3
80 4.88 31 80 5.22 31.5 80 3.13 3
90 4.88 31 90 5.23 32 90 3.14 4
100 4.9 33 100 5.23 32.5 100 3.14 4
110 4.92 35 110 5.24 33 110 3.14 5
120 4.92 35 120 5.24 33 120 3.15 5
130 4.95 38 130 5.25 34 130 3.15 5
140 4.95 38 140 5.25 34 140 3.15 5
150 4.95 38 150 5.25 34.5 150 3.15 5
160 4.96 39 160 5.25 34.5 160 3.15 5
170 4.97 40 170 5.25 345 170 3.15 5
180 4.99 42 180 5.26 35 180 3.15 5
190 4.99 42 190 5.26 35 190 3.15 5
200 4.99 42 200 5.26 35 200 3.15 5
210 5 43 210 5.26 35 210 3.15 5
220 5 43 220 5.26 35 220 3.15 5
230 5.01 44 230 5.26 353 230 3.15 5
240 5.01 44 240 5.26 355 240 3.15 5
250 5.02 44 250 5.26 35.5 250 3.15 5
Table 2 Input parameters for Contaminant B T E X Source
transport modeling of each BTEX  pyrameter
component density (Kg/m®) 878.6 870 870 870 Wiedemeier et al.
(1999)
Solubility in water (mg/L) 1780 515 152 198 Wiedemeier et al.
(1999)
Distribution coefficient (Ky) 1077x1.35 107°x1.23 1077x7.28 107 °x1 Calculated
(mg/L)
Diffusion coefficient (m%d) 107°%6.65 1075x5.7 1073x5.18 107°x4.83 Calculated
Longitudinal dispersion (m) 10 10 10 10 Todd and Mays 2005
Lateral dispersion (m) 0.1 0.1 0.1 0.1 Todd and Mays 2005
Transverse dispersion (m)  0.05 0.05 0.05 0.05 Todd and Mays 2005
Initial concentration (mg/L) 0 0 0 0 Calculated

L5D. Furthermore, the results identified LNAPL mounds
and their associated soluble plumes at the site. Among these
mounds, mound 1, located in the south of refining unit 71,
was selected to simulate the released plume. This plume
was selected because of its specific characteristics, includ-
ing (a) the maximum LNAPL thickness of 130 cm, (b) the
proximately of this plume to the alluvial parts of the aqui-
fer, which may increase the spread rate of the pollutants, (c)
its separation from other plumes with no possible interface,

and (d) high confidence in detecting of the source. Besides,
Mass labeled No. 2, No. 3, No. (4, 5, 7, 10), No. 6, No. 8,
and 9 are located south of the recycling unit (Unit 26,002),
south of Reservoir 200,006 (Crude Oil Reservoir), the south
of the gasoline reservoirs, the south of Nafta Reservoir, and
the south of A.T.K Reservoir, respectively. (Fig. 4).

Before developing the model, the leakage source for
the plume, which needs to be assigned to the model as
the starting point of plume distribution was determined.
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This required interpreting all available findings about the  considering these factors, it was found that oil processing
aquifer, contaminants, and historical leak information. By
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unit 71 is the main suspected source for the first plume
around well L5D.

Flow and transport modeling
Groundwater flow modeling

The output data from the simulation indicated a moderate
fit and coincidence between simulated and observed data
(Fig. 5A). In this step, metrics to evaluate the model perfor-
mance including the route mean square, standard error, and
correlation coefficient were estimated to be 2.68 m, 28.76%,
and 0.88, respectively.

To decrease the bias between the simulated and observed
data, it was necessary to calibrate input parameters to their
actual value. Before calibration, considering the uncertainty
of parameters, a sensitivity analysis was conducted to inves-
tigate the response of the model to any changes in param-
eters value. The results of sensitivity analysis showed the
highest sensitivity of the model to the hydraulic head in the

Table 3 Parameters and values used for sensitivity analysis of the

transport model

Parameter Value Plume exten- Change
sion (m) percent
(%)
Concentration 890 350 5.71
(mg/L) 1780 370 0
2670 400 7.5
Longitudinal dis- 5 310 19.35
persivity (m) 10" 370 0
15 430 10.81
Hydraulic 3.67 450 18.8
Conductivity 2.45" 370 0
(m/d) 1.22 290 27.6
Distribution 6.75x1078 410 9.75
Coefficient 135%1077 370 0
(Kg)(mg/L) 2021077 35 5.71

boundaries of the model. Evaporation has the least effect
on the groundwater flow, with the minimum sensitivity (see
Table A.2 in the supplementary file).
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Fig.6 Plume distribution (leakage beginning in the year 2001)
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Calibration of the model was carried out by focusing on
the sensitive parameters (hydraulic conductivity of bound-
aries). The calibration process continued until an acceptable
error value between simulated and observed data (Fig. 5B).
As a result, the route mean square, standard error, and cor-
relation coefficient decreased to 0.46 m, 4.97%, and 0.95,
respectively, indicating an acceptable correlation between
simulated and observed data. Moreover, the groundwater
flow model was run for unsteady conditions using monthly
stress periods and daily time steps. Parameter calibration
was also performed for the unsteady condition to minimize
error. To ensure the accuracy of the model, another run was
carried out for unsteady conditions to predict the condition
of the aquifer in September 2018. The results (Fig. 5C) con-
firmed that the model is verified and can accurately predict
the state of the aquifer.
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Table 4 Remediation scenarios

Parameter ~ Sorption  Source of = LNAPL BTEX
leak Remediation Remediation
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scenario remediation remediation
Second X Continuous Without Without
scenario remediation remediation
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scenario in 2018 remediation remediation
Fourth \ Interrupted Remediation Without
scenario in 2018 of mass in remediation
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the massin  of BTEX in

2021 2021

Mass Transport modeling

In the second part of the modeling, the mass transport simu-
lation was conjugated with the verified flow model, and the
transport model was developed by employing MT3D/MS.
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Fig. 8 Simulated plumes: a) benzene, b) toluene ¢) ethyl benzene, and d) xylene 30 years after the beginning of leakage (second scenario)

To satisfy Pecelet and Courant’s criteria, the mesh (cell)
size of the discretized model was decreased to 10X 10 m
with telescopic finer cells relative to the flow model. Various
transport parameters that were entered into the model have
been summarized in Table 2.

For sorption isotherm a linear relationship was assumed
with a distribution coefficient adopted from EPA (US EPA
1990). It was also assumed that there was no reaction
between the contaminant and the media. The initial condi-
tion for the mass transport modeling was set based on the
date of contamination leakage. Since the exact date of leak-
age was not determined, the first overhaul date of the refin-
ery in 2001 was assigned as the initial time of modeling.

As mentioned previously, plume number 1, originating
from LNAPL (light non-aqueous phase liquid) with crude
oil as the source, was selected for transport modeling. This
plume had contaminated the groundwater downstream of
unit 71 at the refinery. The dimensions of LNAPL were
determined to be 3270 m? with a thickness of 1.30 m, which
releases BTEX as a dissolved phase into groundwater. The
boundary condition for the transport model was set with no
mass inflow from any of the boundaries. The contaminant
entered the model only from a specified cell located in the
north of the area. Finally, the south boundary was regarded
as a mass outflow boundary. Hence, after the initial run-
ning of the model in steady conditions, a sensitivity analysis
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Fig.9 Simulated plume for a) benzene, b) toluene, ¢) ethyl benzene, and d) xylene 30 years after the beginning of leakage

was carried out for the main parameters as a pre-required
step of the calibration. The result of the sensitivity analy-
sis (Table 3) revealed that the model is most sensitive to
hydraulic conductivity and longitudinal dispersivity while
being less sensitive to contaminant concentration.

The results of the water sample analysis were used to
compare the observed concentrations with the simulated
data. Based on the model results for the initial plume, the
current condition, 17 years after leakage, indicated that the
benzene plume had dimension of 200x 80 m, which was
confirmed by observed concentration data. To predict the
fate of the plume under various conditions, five scenarios
were defined according to the condition of the source leak,
sorption, and contaminant remediation. All scenarios were
run for the duration of 30 and 50 years from the leakage
date for all BTEX compounds. The simulated plume length
obtained from this scenario was 200 m, which corresponds

@ Springer

to field observations and hydrocarbon analysis of the wells
in the area (Fig. 6).

Remediation scenarios

To evaluate the distribution and expansion of contaminants
in the aquifer and examine the effect of various scenarios,
including with or without the leakage source, the contami-
nation transport modeling was implemented in the five sce-
narios for periods of 30 and 50 years from 2001 to 2051.
The results of 50-year periods have been shown in the
supplementary file, Figs. A.6 to A.10. Five scenarios were
considered based on the various remediation strategies to
predict the contamination behavior under different remedia-
tion conditions (Table 4).
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First Scenario (Base case scenario)

In this scenario, the contamination leakage from the source
is continuous, meaning that the contamination release rate is
constant. However, the contamination movement is affected
by the sorption process. The result of this scenario for the
transport of BTEX is presented in Fig. 7. According to the
first scenario, assuming the leakage started in the year 2001,
the distribution of plumes for benzene, toluene, ethyl ben-
zene, and xylene after 30 years (in the year 2031) are 370,
200, 220 and 200 m, respectively. The results of this sce-
nario are consistent with findings in wells L53, L54, L55,
and L4C, which are contaminated by BTEX compounds.
Similarly, benzene reached well L56 with a concentration of
about 10 mg/L and well L6C with a concentration of about
50 mg/L.

Based on the results of this scenario, 50 years after the
beginning of leakage (the year 2051) the BTEX plume

spread over a significant distance of 470, 250, 270, and
250 m, respectively. Also, the results suggested that the
highest concentration of BTEX is observed in well L53,
with increasing concentrations in wells L54 and L55. The
monitoring well L5C is also contaminated. In addition, the
contaminant benzene would reach well L56 with a con-
centration of about 50 mg/L, contaminate well L6C down-
stream, and reach the southern border of the refinery with a
concentration of 1 mg/L.

Second scenario (worst case scenario)

In this scenario, the leakage is continuous and the concen-
trations are constant during the simulation period; also, the
sorption parameter is considered zero. These results (Fig. 8)
show that 30 years after the first contaminant leakage (in the
year 2031), the extension of BTEX plumes would be 430,
400, 350, and 370 m, respectively. Moreover, the simulation
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Fig. 11 Simulated Plume: a) benzene, b) toluene, ¢) ethyl benzene, and d) xylene 30 years after the beginning of the leak (fifth scenario)

results represent the monitoring wells of L53, L54, L55,
and L5C would be contaminated with BTEX compounds
and benzene would contaminate wells L56 and L6C down-
stream with a concentration of about 100 mg/L. After 30
years, the benzene plume is predicted to reach the south bor-
der of the refinery.

Additionally, after 50 years (in the year 2051), the BTEX
plume extension would be 480, 450, 400, and 420 m,
respectively. The results suggest that the maximum BTEX
concentration would be observed in well L53 and increased
in monitoring wells L54 and L55. In addition, the contami-
nants would reach well L56 with a concentration of about
130 mg/L. The plume is also anticipated to reach the drain
channel located at the south border of the refinery.

@ Springer

The third scenario (non-continuous source without
remediation)

Based on this scenario, the contamination source is non-
continuous and is removed 15 years after the beginning of
the leakage (the year 2016). In this scenario, the sorption
process affects the movement of the contaminants and is
executed in the simulation. This scenario determines how
the contaminant expansion behaves if the contamination
source was cut off 15 years after the beginning of the leak.
The results showed that under this condition, the contami-
nation plume of BTEX compounds would expand about
350, 200, 220, and 200 m from the source, respectively. The
results revealed that only benzene contaminant would reach
wells L56 and L6C downstream of the source (Fig. 9).
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The fourth scenario (non-continuous source and removing
of LNAPL, optimistic scenario)

In this scenario, similar to the third one, the source is non-
continuous, and it is removed 15 years after the beginning
of the leakage in 2001. The LNAPL completely is removed
and the sorption process is active during the simulation.
From 2016 to 2021, LNAPL mass would be presented and
by 2021 contamination concentration decrease to 1 mg/L.
Under the mentioned conditions, after 30 years from the
leakage beginning, the plume of BTEX compounds is up to
1 mg/L at distances of 150, 70, 90, and 80 m, respectively.
Furthermore, the monitoring wells L51, L5D, and L52 are
reported to be without contaminants. However, wells L53
and L5C remain contaminated, while wells L55 and L54
represent the maximum contamination of BTEX com-
pounds. Thus, during this period the contamination would
not reach the monitoring wells L56 and L6C downstream
(Fig. 10).

Transport modeling in this scenario for 50 years from the
leakage time showed that the plumes of benzene, toluene,
ethylbenzene, and xylenes will reach 180, 80, 100, and 90 m
downstream, respectively. This scenario results in the com-
plete remediation in wells L51, L5D, and L52 due to the
plume detachment from the source. Concentration in wells
L53 and L5C decreased to 1 mg/L, while wells L54 and L55
have the maximum contamination due to the movement of
the plume. An important point to note is that only the ben-
zene plume has reached well L6C According to the results,
in this scenario, the remediation process has the potential to
progress towards complete remediation and inhibit migra-
tion of the plume to reach the downstream wells and south
border of the refinery.

Fifth scenario (non-continuous source and removing 50%
of LNAPL, realistic scenario)

Based on this scenario the contamination source is non-
continuous, the leakage is cut off after 15 years (from the
beginning of the leak in 2001) in 2016, LNAPL is removed
up to 50% and the sorption process is actively occurring
during the simulation. From the year 2016 to 2021, the
LNAPL mass caused by the leak source is present in the
area. In 2021, 50% of this LNAPL will be removed, then the

Table 5 Plume expansions of BTEX under different scenarios

concentration of BTEX compounds will be reduced to 50%.
According to the result, 30 years from the beginning of the
leak, the BTEX plumes are projected to extend to distances
of approximately 180, 80, 100, and 90 m, respectively. The
wells L51, L5D, L52, L5C, and L56 are reported to be con-
tamination-free and the concentration of benzene in wells
L53 and L54 is projected to reach 750 mg/L (Fig. 11).

The simulated plume extent for periods of 30 and 50
years in the five scenarios has been summarized in Table 5.
The velocity of plume movement for benzene contamina-
tion in the base scenario was calculated to be 0.03 m/day.

Conclusion

Based on pumping test results, the hydraulic conductivity,
transmissivity, and groundwater velocity of the aquifer were
determined to be 2.45 m/ day, 24.5 m* day, and 0.02 m/
day, respectively. The model has revealed the most sensi-
tivity to changes in the hydraulic head at the boundaries.
While the model has minor sensitivity to evaporation. The
results of the second scenario, where continuous leakage is
considered and the absorption is neglected, revealed that the
spread of the plume is estimated to be 15% higher compared
to the first scenario.

The results of the third scenario, with a non-continuous
source and adsorption process indicated that the BTEX will
continue to spread even after 30 years and 50 years. How-
ever, the remediation process can prevent the spread of con-
tamination from reaching the southern border. In scenario 4,
by cutting off the leakage source after 15 years and, with an
active absorption and completely removing LNAPL (light
non-aqueous phase liquid), after 5 years the pollution was
reduced to 1 mg/l. It greatly prevents the spread of pollution
to the downstream wells and the southern border of the refin-
ery. Applying the last scenario, where similar to the fourth
scenario but removing LNAPL by 50%, the result indicated
that After 30 years, it is predicted that the downstream sec-
tion will be free of contamination and the concentration of
benzene will reach approximately 750 mg/L. Also, simula-
tion of the model for 50 years from the beginning time of
leakage revealed that the benzene plume will reach down-
stream. The findings of this research highlight the impor-
tance of absorption processes and effective remediation

30 years of simulation

50 years of simulation

B T E X B T E X
Scenario 1 370 200 220 200 470 250 270 250
Scenario 2 430 400 350 370 480 450 400 420
Scenario 3 350 200 220 200 450 220 240 220
Scenario 4 150 70 90 80 210 100 120 100
Scenario 5 180 80 100 90 230 120 150 150
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strategies to mitigate contamination in the aquifer and sug-
gest that the implementation of remediation measures can
effectively reduce pollution and prevent its further spread.
However, long-term monitoring and ongoing remedial
efforts may be required to prevent the contamination down-
stream area or to completely remove it from affected areas.
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