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• The risk of groundwater contamination
due to the oil surface spills was assessed.

• The diffusion of benzene through soil was
predicted using HYDRUS-1D software.

• A rise of the surface temperature by 4.3 °C
may led to an increase in the concentra-
tion of benzene by 6.8 μg/l in silt loam
soil.

• Climate change can substantially affect
soil properties and their chemical constit-
uents.
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Contaminated groundwater is a priority issue on the environmental agendas of developed countries. Therefore, there is
an obvious need to develop instruments and decision-making mechanisms that allow the estimation of the risk to
human health due to the presence of contaminants in soils and groundwater, in a fast and reliable manner. Thus,
this study aims to assess whether the spilling of hydraulic fracturing fluids prior to injection has a potential risk to
groundwater quality in the Kern County Sub-basin, California, by identifying the hydrological factors and solute trans-
port characteristics that control these risks while taking into consideration the temperature rises due to climate change.
The approach uses the concept of the groundwater pollution risk based on comparing the concentration of pollutants
within thewater table by using a predetermined permissible level. The current average annual temperature and that by
the end of the 21st centurywas used to estimate the diffusion of benzene through three types of soil by usingHYDRUS-
1D software. The software was used to predict the contaminant concentration profile of benzene in the water table
with special reference to the impact of surface temperatures. The results showed that an expected rise of the surface
temperature by 4.3 °C led to an increase in the concentration of benzene by 2.3 μg/l in sandy loam soil, 6.8 μg/l in
silt loam soil, and finally, 2.6 μg/l in loam soil. The results show that climate change can substantially affect soil prop-
erties and their chemical constituents, which then play a major role in absorbing pollutants.
Keywords:
Groundwater pollution
Hydraulic fracking
Organic compounds
Transport model
Water aquifers
1. Introduction

The United States has been self-sufficient in its energy needs thanks to
shale gas extracted by hydraulic fracturing, and the largest shale oil forma-
tions are estimated to yield 64% of the total shale oil resources. California is
kheel Almaliki).
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one of the most important shale gas producing regions in the United States
(U.S. Energy Information Administration, 2021). Kern County is a region
with a high-density of hydraulic fracturing activity with a total of 3919
wells. According to the U.S. Energy Information Administration (EIA),
Kern County is an area which provides oil and agricultural production con-
currently; it ranks third in terms of production for 2017 among all the Cal-
ifornian counties (U.S. Energy Information Administration, 2021). In fact,
as with the extraction of conventional hydrocarbons, it is inevitable that
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there are associated risks during the process of extraction of unconventional
hydrocarbons. Following analysis of incidents that have occurred in the
United States, it is concluded that most of the risks are a result of the leak-
age of waste from the drilling facilities themselves, accidents during drilling
such as ruptures of the fracturing fluid storage, and liquid spills during
transportation (Clancy et al., 2018).

Many studies of incidents that have occurred in the United States have
been carried out. For example, an U.S. Environmental Protection Agency
(EPA) spill report characterized 151 spills of hydraulic fracturing fluids or
additives on or near well sites in 11 states between January 2006 and
April 2012 (USEPA, 2016); the report provided insights on spill volumes.
The median volume of fluid spilled was 1.5 m3, although the volumes
spilled ranged from 5 to 73 m3 (USEPA, 2016). In California, a study
found that the total spill volume increased by 69% from 2013 to 2014.
The number of spills each year ranges between about 6500 and 8000
(Federico et al., 2015). From 2009 to 2014, a total of 575 oil spills were re-
ported in Kern County (Long et al., 2015). There is publicly available data
collected by the California Governor's Office of Emergency Services (Cal
OES) regarding surface spills. From July 2015 to July 2016, they reported
134 surface spills with a total volume of 342 m3 which impacted the
groundwater in Kern County (Cal OES, 2021).

Fracturing liquids used contain many hazardous substances such as
benzene, toluene, ethylbenzene, and xylene BETX compounds (Wollin
et al., 2020). The BTEX compounds – benzene, toluene, xylene, and
ethylbenzene – appeared in 60 of the hydraulic fracturing products
used between 2005 and 2009 (Spellman, 2017). The United States
Environmental Protection Agency (USEPA) has classified the BETX pol-
lutants as priority pollutants; they are persistently present in a variety of
water resources (Fayemiwo et al., 2017).

Concurrent with the increase of oil and natural gas production over the
last two decades, concerns have mounted regarding the effects of this oil
and gas development process on groundwater quality, human health, public
safety, and the climate, due, in part, to the subsurface migration of methane
and other associated hydrocarbon gases and volatile organic compounds
(Rosecrans et al., 2021).

A surface tank leakage can cause large areas in the subsoil to be contam-
inated; it constitutes one of themain andmost continuous sources of migra-
tion of organic and inorganic pollutants to aquifers. The physical and
chemical properties of these pollutants can have a significant harmful effect
on the environment, humans, animals, and plants which accidentally en-
counter thesematerials. Soil and subsoil contamination puts the groundwa-
ter quality at risk, due to the process known as leaching that comprises
draining and filtering of pollutants through the first layers of the soil,
followed by their passing through the unsaturated zone until they reach
the saturated zone.

The flow of groundwater and the transport of pollutants are not easy
processes to observe or measure, both being generally slow (Bruns,
2021). For this reason, there is a widespread disregard for the risk of
groundwater contamination. However, the issue is of practical and direct
importance because of the scale and persistence of many episodes of
groundwater contamination, its impact on drinking water supplies, and
the excessive cost of aquifer remediation.

Groundwater is vulnerable to contamination from human activities
and once it becomes contaminated, it is very difficult to remedy
(Talabi and Kayode, 2019). Therefore, to adequately manage and pro-
tect this resource, it is important to determine areas where groundwater
may be more vulnerable to contamination. In view of the importance of
groundwater, it might be assumed that the protection of aquifers to pre-
vent the deterioration of groundwater quality would have already re-
ceived considerable attention, particularly in and around large urban
areas. Our study focused mainly on the type of soils and the unsaturated
zone since it represents the first and most important natural defense
against groundwater contamination. This is not only due to its strategic
position between the surface and the water table, but also because its
environment is generally more favorable for the attenuation of pollut-
ants (Li et al., 2017).
2

Water flow and solute transport in the unsaturated zone can currently
be simulated using many models of varying degrees of complexity and di-
mensionality. Numerical models are increasingly being used today as they
can be more easily applied to laboratory and field problems than analytical
models. In recent years, mathematical models have been critical tools for
understanding the specific subsurface water flow, in addition to consider-
ing solute transport processes (Dash and Mohanty, 2019). For this reason,
mathematical and analytical models are proposed to be useful in designing,
testing, and implementing evaluation practices for groundwater contami-
nation. Hence, there are many specialized numerical models used to simu-
late pollution processes with various levels of approximation for different
applications.

The effect of climate change on ground water has been studied; one of
the main conclusions of these studies is that groundwater systems globally
could take longer to respond to current environmental change compared to
surfacewaters (Cuthbert et al., 2019). Considerable uncertainty remains re-
garding the precise effect of global warming on groundwater recharge in
different regions. With regard to soil, climate change is a factor that affects
soil properties, thereby affecting pollutant transport processes (Biswas
et al., 2018). The diffusion coefficient of pollutants in soils is temperature
dependent; therefore, it can be influenced by climate change. There is a
need to understand the effects of climate change on the diffusion of pollut-
ants in Kern County Sub-basin.

In line with the above-mentioned facts, this study mainly aims to evalu-
ate the risk of groundwater contamination due to the oil surface spills in the
Kern County Sub-basin in south eastern California. By utilizing the
HYDRUS-1D software, the evaluationwas conducted by considering the hy-
draulic properties of the subsoil and the hydrodynamics of the unsaturated
zone, as well as the processes of flow and the effects of temperature in-
creases due to climate change on the transport of solutes, as a critical hydro-
logical factor that accelerates the risk to human health. This will make it
possible to estimate the destination, transport, and transit times of a pollut-
ant, which may help to identify the level of risk posed by that pollutant.

2. Methodology

2.1. Study area

The Kern County Sub-basin lies in south eastern California, United
States (Fig. 1). The Kern Sub-basin is one of seven-groundwater sub-
basins that form the southern portion of the San Joaquin Valley groundwa-
ter basin. The sub-basin is within the Tulare LakeHR and comprises an area
of approximately 787,113.5 ha in Kern County. The study area is a very im-
portant agricultural area, where agricultural practices occupy an area of ap-
proximately 324,000 ha. (Bourque et al., 2019) The groundwater quality is
considered to be good for irrigation (Bourque et al., 2019).

2.1.1. Geological setting
The shallow to intermediate depth water-bearing units in the basin are

primarily continental deposits from the Tertiary and Quaternary periods.
From oldest to youngest, the deposits include the Olcese and Santa Marga-
rita formations, the Tulare formation, laterally equivalent Kern River for-
mation, older alluvium, younger alluvium, and laterally equivalent flood
basin deposits. The Olcese and Santa Margarita formations are currently
sources of drinking water only in the north eastern portion of the basin
where they occur as confined aquifers. The Olcese formation is primarily
sand, ranging in thickness from 30 to 140 m. The Santa Margarita forma-
tion is 60 to 180 m thick and consists of coarse-grained sand (Pathways
and Practices, 2006).

2.1.2. Hydrology
The climate in California is semi-arid and is classified as a hot Mediter-

ranean climate. Very little precipitation occurs along the west side of the
basin. Annual precipitation is often 237 to 1367 mm per year (Haghverdi
et al., 2021). The rain mostly occurs during the winter months, while high
rates of evaporation dominate during the summer months, as temperatures



Fig. 1. The Kern County Subbasin in southeast to northwest California (Burton and Belitz, 2012).
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often exceed 37 °C (United States Department of Agriculture, 2009). Irriga-
tion water is considered the largest source of aquifer recharge. In addition,
natural recharge occurs from stream seepage along the Kern River (Bourque
et al., 2019). The water tables are closer to the surface, the water table is
highest in March, about (91.4 cm) from the surface, and the high water
table drops below a depth of (183 cm) after August (United States Depart-
ment of Agriculture, 2009).

2.2. Solute transport in unsaturated media

The management of polluted sites requires a model to predict and ana-
lyze the potential risk of groundwater contamination caused by hydraulic
fracturing fluid spills where models are important in describing the behav-
ior of pollutants in groundwater aquifers. The analytical approaches allow
us to estimate the maximum concentration of a pollutant in the groundwa-
ter table as a very important first evaluation, which can have amajor role in
assisting clean up and remediation efforts.

Solute transport is perhaps one of the most complex issues in subsurface
physics because it involves themovement of water as well as chemical com-
pounds, including chemical reactions and biological transformations. The
concentration of a compound in the solution can be predicted by solving
an equation for the conservation of mass for that compound. Although
the compounds can exist in three phases (liquid, solid, and gaseous), the de-
velopment of the conservation equation or transport equation assumes that
the compounds are dissolved in the liquid phase, without considering the
solid and gaseous phases. In a granular or simple porosity medium, solute
transport is governed by the advection–dispersion Equation (Bahar et al.,
2021).
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It is probable that the advection–dispersion processes, in addition to the
hydrodynamics of the unsaturated zone, control the transport, destination,
and transit time for a conservative solute and these variables assist in the
evaluation of the risk of groundwater contamination. Therefore, it would
be expected that the impact on groundwater due to oil surface spills de-
pends exclusively on the hydrogeological and hydrodynamic context of
the under-saturated zone. Coping with site hydrological and chemical het-
erogeneity below the soil is hard enough; base modeling on a single analyt-
ical solution purporting to simulate what is a highly complex problem is
considered a big challenge. However, this study focused mainly on the
problem of flow and transport of solutes through unsaturated porous
media. In this sense, 1Dmodelingmay be adequate in the sense that it over-
estimates the impact (Mao et al., 2021).

HYDRUS-1D is software used for simulating the 1D transport of water,
heat, and multiple solutes in variably saturated media with boundary con-
ditions at both ends used in this study to predict a contaminant concentra-
tions profile (Kanno and McCray, 2021). This program solves, using
numerical methods, the Richards equation that describes the flow of
water in an unsaturated medium, incorporating the absorption of water
by the roots of the plant. The hydraulic properties of the unsaturated zone
of the soil are described using the equation of Van Genuchten 1980
(Genuchten, 1980), in conjunction with the equation of Brooks and Corey
1964 (Genuchten, 1980).

The solution can represent the following physical transport processes:
(1) 1D advection, (2) 1D dispersion (mechanical dispersion and molecular
diffusion), (3) Linear, equilibrium sorption, (4) First-order transformation
reaction, and (5) Reversible partitioning between water, air, and soil
phases. The initial and boundary conditions considered by the solution



Table 1
Transport model input parameters.

Parameter Description Unit Value

Koc Liquid-solid partitioning coefficient for soil ml/g 67
foc max Fraction organic content − 0.002
Co Initial concentration mg/l 0.28
Kh Henry's constant − 0.23
Ks Saturated hydraulic conductivity SCL cm/day 31.44
Ks Saturated hydraulic conductivity SL cm/day 10.08
Ks Saturated hydraulic conductivity L cm/day 24.96
Qr Residual water content SCL − 0.1
Qr Residual water content SL − 0.067
Qr Residual water content L − 0.078
Qs Saturated water content SCL − 0.39
Qs Saturated water content SL − 0.45
Qs Saturated water content L − 0.43
i Hydraulic gradient cm/cm 0.001
ax Longitudinal dispersivity cm 10
Dw Diffusion coefficient in free water at 18.6°C cm2/day 0.747
Dw Diffusion coefficient in free water at 22.9°C cm2/day 7439
Da Diffusion coefficient in soil air at 18.6°C cm2/day 0.84
Da Diffusion coefficient in soil air at 22.9°C cm2/day 7629
ρ Bulk density g/cm3 1.5

Table 2
The maximum contamination permissible levels of Benzene in drinking water.

Parameter EPA WHO

Benzene 0.005 mg/l 0.01 mg/l
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are: (1) Upper boundary conditions with constant pressure head, and
(2) Lower boundary conditions with free drainage.

Themain processes which the HYDRUS-1D package simulates are water
flow, solute and heat transport, root water uptake and growth. However,
for the purposes of this research it was particularly the solute transport op-
tions which were established.

Thus, in this study, the authors simulate the solute transport of benzene
that is present on the soil surface and see how itmoves along the soil profile
at a depth of 200 cm, which is the shallowest depth of groundwater in the
study area. We assumed three types of soil (sandy clay loam, silty loam and
loam) which is the best representation of the study area (United States De-
partment of Agriculture, 2009). When the model describes the importance
of the movement of benzene compounds in a gaseous phase, we must con-
sider the influence of the temperature of the soil. It is important to discuss
the temperature's role in this process. For example, the solute diffusion in
groundwater is temperature dependent. Generally, aquatic diffusion coeffi-
cients increase with temperature (Venkatanarayanan et al., 2021). In the
case of dry soils, gas diffusion is usually the dominant transport mechanism
for volatile organic compounds (VOCs) (Ma et al., 2019).

Considering the diffusion coefficients is the key factor, the authors sim-
ulate the effects of temperature increases due to climate change on solute
transport in unsaturated soil until it reaches the groundwater aquifer. To
compare the maximum, we must expect benzene concentration in the
groundwater, the model was ran twice based on the tow value of diffusion
coefficients, the first time with the current temperature of study area. For
the second time, an increase of about 1.5 to 4.3 °C in the medium range
was considered, which is the expected temperature at the end of the 21st
century according to an investigation of future climate change scenarios
in California (Goertler et al., 2021).

Estimated diffusion coefficients in air andwater were calculated by EPA
free tools for site assessment calculation:

Dair ¼ 0:001 T1:75 M
1
2
r=ðP V

1
3
A þ V

1
3
BÞ2

� �
ð1Þ

whereD is the diffusion coefficient in cm2/s, T is the temperature in K,VA is
the diffusion volume of air (approximately 20.1 cm3/mol), VB is the diffu-
sion volume of the compound of interest, P is the pressure in atm, andMr is
the following function of molecular weight:

Mr ¼ MA þMBð Þ
MA MB

ð2Þ

Here, MA is the molecular weight of air, approximately 28.97 g/mol, MB is
the molecular weight of the compound of interest.

Dwater ¼ 13:26 x 10−5=h1:14 VBð Þ0:89 ð3Þ

where h is the viscosity of water, and VB is the LaBas estimate of diffusion
volume.

The average annual temperature of the study area is 18.6 °C (Beck et al.,
2018). This value was used to calculate the diffusion rate of benzene to sim-
ulate thefirst scenario of themodel. In the second scenario, an average tem-
perature of 22.9 °C was used to calculate the diffusion coefficient of
benzene after considering the maximum expected temperature rise in the
study area which is 4.3 °C.

The dimensions of the lithological profile, as well as the depth of the
water table were duly considered and stated to have a perfectly defined
study area. In addition, the potential recharge did not occur in our transport
calculations, because the average rainfall in Kern County and the ground-
water recharge will only constitute a small fraction of the total rainfall, par-
ticularly in Kern County where evapotranspiration potential on average far
exceeds precipitation (Goulden and Bales, 2019).

2.2.1. Model input parameters
Generally, it is necessary to evaluate any groundwater model and its

proper use, that is, its boundaries are completely specific, in addition to
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technical restrictions such as the accuracy of the calculations. The geology
determines the transport factor of a contaminant through the soil to the
groundwater. Therefore, in the calculation, information about the regional
geology of the Kern County Sub-basin is included and it will helpwith a bet-
ter understanding of benzene transport. The partition coefficient (Kd)
values depend on two factors. The first one is the organic carbon partition
coefficient (Koc) which expresses the tendency of a compound to be
adsorbed into the organic carbon within the soil. The second factor is the
fraction of organic carbon in the soil compartment (ƒoc). In this study, the
partition coefficient (Kd) was computed by the Koc Mothed (Kd = Koc*
foc) because it is only applicable for estimating organic compound
partitioning (Benzene in this case). The method has some advantages
such as, accurate indirect method and (Koc) can be correlated with the or-
ganicwater partition coefficient (Kow), which has beenmeasured formany
different chemicals (USEPA, 1999). Some studies show that for any given
chemical substance, inherent variability in (Koc) values is expected be-
cause of different environmental conditions and equilibrium times (Qin
et al., 2010). In this study, an acceptable value of (Koc) that has been
used inmany analytical models (Ahn et al., 2020)was selected.With regard
to organic carbon (ƒoc), the EPA's soil screening guidelines were used,
which recommend 0.2% (0.002 g/g) as the default concentration in subsur-
face soils (King and Se, 2019).

The prediction of theflow and transport of pollutants through the unsat-
urated zone requires knowledge of the hydraulic functions of the unsatu-
rated subsoil, specifically the hydraulic conductivity function k (h) and
the soil-water retention function θ (h). Soil hydraulic parameters represen-
tative of sandy clay loam, silt loam, and loam soils were based on the Carsel
and Parrish (1988) method.

In addition to these parameters, there is also the molecular diffusion co-
efficient in water and the molecular diffusion coefficient in the subsoil air
which were set to zero. Instead, here the longitudinal dispersivity (LD)
was considered, which was close to 10 cm (Bear et al., 1952). It is very im-
portant to refer to the concentration of each benzene compound in the
products used in hydraulic fracturing. These concentrations can be used
as references in the proposed equations and in the graphs of the results.
The great potential risk of groundwater contamination makes it necessary
for us to be very cautious about the concentration and effect of pollutants.
The initial concentration must be identified as it is a very important factor



Table 3
The maximum concentration at water table.

Maximum concertation of Benzene mg/l

Diffusion coefficient
calculated at 18.6°C

Diffusion coefficient
calculated at 22.9°C

Water table depth 1 m 2 m 1 m 2 m
Sandy clay loam soil 0.1769 0.1631 0.1792 0.1659
Silt loam soil 0.1222 0.0833 0.1290 0.0884
Loam soil 0.2147 0.1959 0.2173 0.1987
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in predicting the level of contamination in the soil (Shahmohammadi-
Kalalagh and Taran, 2019). Therefore, the maximum values of the initial
concentration (0.28 mg/l) are considered for the worst-case scenario for
most of the experiments conducted in this study. The mentioned value is
the result of a previous study in southeastern Pennsylvania (Kanno and
McCray, 2021).

Full parameters of the hydrological properties used in this study were
adopted from previous studies, which are listed in Table 1.

2.2.2. Groundwater pollution risk assessment
Risk assessment is a useful tool for groundwater management. These as-

sessments help detect harmful sources that threaten groundwater re-
sources, and are an important basis for decision-making, such as land-use
planning and groundwater monitoring. The groundwater pollution risk as-
sessment is the interaction between concentrations of a pollutant that will
or could be introduced to the subsoil as a result of human activity, and
the vulnerability of the aquifer to contamination (Çil et al., 2020). In gen-
eral, the risk is a function of the fragility of the unsaturated zone substrate
in the face of a contamination point source on the surface; the interaction
between them leads to groundwater contamination. The fragility of theme-
dium here was evaluated based on the ease with which the pollutants can
pass from the source to the receptor, and due to this understanding, the spe-
cific fundamental variables of the unsaturated zone must be determined.
The lithology of the unsaturated zone is what determines the speed of trans-
portation of a pollutant and the attenuation processes; the more permeable
the geological unit, the lower the attenuation capacity and vice versa. The
model was operated for each soil type; the final concentration of benzene
is the factor which will accelerate the risk of contamination.

In this regard, the risk estimation in this study took into consideration
the critical concentration of the pollutant that reached the unsaturated
zone and the groundwater table. Verifying these concentrations and com-
paring them with the maximum permissible contamination levels of
Fig. 2.Maximum concentration of Benzene at w
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benzene in drinking water which are endorsed by recognized organizations
such as the USEPA andWorld Health Organization (WHO) is extremely im-
portant. Table 2 shows the maximum permissible contamination levels of
benzene in drinking water (Kuranchie et al., 2019).

3. Results and discussion

3.1. Maximum concentration profile

The most useful output of this model is the expected level of a con-
taminant in the groundwater table near the spill site at any time after
the initial spill. The results show there is no direct correlation between
saturated hydraulic conductivity and the maximum concentration value
as shown in (Table 3). Although the loam soil (L) had a lower saturated
hydraulic conductivity than sandy clay loam soil (SCL), it was more sus-
ceptible to pollution. The silt loam soil (SL) was more protective of
groundwater due to its ability to absorb benzene since the silt loam
soils are moisture-retentive; hence, we concluded that maintaining
higher levels of moisture content in the soil profile reduces groundwater
contamination.

These results show the diffusion coefficient increases themaximumcon-
centration of pollutants in the water table whenever the surface tempera-
ture rises. It may become the dominant transport mechanism in cases
where saturated hydraulic conductivity is negligible (very small fluid veloc-
ities); however, in most cases, it can be neglected with respect to saturated
hydraulic conductivity.

The maximum expected rise in surface temperature by 4.3 °C in the
study area could lead to a slight increase in the extent of groundwater con-
tamination due to a presumed spill of fluids associated with hydraulic frac-
turing operations in the future. As shown in Table 3, the assumed increase is
as follows (sandy clay loam soil by 0.0023 mg/l, silt loam soil by 0.0068,
loam soil by 0.0028 mg/l).

Figs. 2, 3, and 4 show the results of the pollutant transportmodel, which
simulates themigration and calculates themaximumconcentrations of ben-
zene with respect to the time, and plots the concentration profile at a spe-
cific depth (1 and 2 m) of the minimum groundwater table depth in the
study area. Thefirst case as referred to earlier is sufficient here; the benzene
diffusion coefficient is calculated at an average temperature of 18.6 °C. The
figures show the maximum value of the pollutant that reaches the ground-
water table at a depth of 1 m through three types of soils 250 days after the
initial spill event. Meanwhile, the maximum value of the pollutant reaches
the groundwater table at a depth of 2 m through the silt loam soil only after
500 days.
ater table - Sandy Clay Loam Soil.18.6°C.



Fig. 3.Maximum concentration of Benzene at water table - Silt Loam Soil.18.6°C.
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There was a notable decrease in total benzene concentrations by an av-
erage of 40% in sandy clay loam soil, 68% in silt loam soil and 29% in loam
soil.

The fragility of the medium here was evaluated based on the ease with
which the pollutants can pass from the source to the receptor, and due to
this understanding, the specific fundamental variables of the unsaturated
zonemust be determined. The lithology of the unsaturated zone determines
the speed of transportation of a pollutant and the attenuation processes, the
more permeable the geological unit, the lower the attenuation capacity and
vice versa.

The thicker the unsaturated zone, the greater the protection of the
groundwater; in addition, this variable shows a mutual relationship with
the lithological profile. In Kern County, most of the groundwater beneath
the Corcoran Clay is confined (Karolytė et al., 2021). A confined aquifer
is considered less susceptible to contamination (Wang et al., 2021). Al-
though there are risks of pollution to groundwater that is found very
close to the surface, deep groundwater may be safe from these pollutants.
Fortunately, the unsaturated zone in most places of the study area is very
thick. In the southern Californian desert basins, it is as deep as 100 m
(Harter, 2003). As shown in Fig. 5, it was found that benzene may migrate
to a fewmeters, but it begins to attenuate after 5m.Here the results are con-
sistent with previous studies of dissolved phase hydrocarbon plumes
Fig. 4.Maximum concentration of Benze
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throughout the United States where it was discovered that benzene rarely
migrated deeper than 60 to 90 m following its leaching into groundwater
(Earl et al., 2003). Therefore, it is considered that the deep groundwater
in the study area is safe from future benzene leaching into groundwater.

According to the case study investigated in this research, the worst-case
scenario of themaximum concentration for any pollutant could occur when
the aquifer is 1 m away from the spill source. With regard to the time, the
influence of benzene compounds in groundwater is very slow, indicating
that any contaminant would take a long time, maybe days or years to accu-
mulate.

When considering simulating the movement of pollutants through the
unsaturated zone, it is important to discuss the role of the partition coeffi-
cient (Kd) and soluble components in the adsorption processes. These
roles cause a delay in the transport of the pollutant with respect to the
fluid velocity (Speight, 2017). To discuss the importance of the adsorption
process in the attenuation of pollutants during the migration of a spill
through the porous spaces, it is important to know that the adsorption pro-
cess is controlled by surface type (organic or mineral), pH, and the quality
of infiltrated water. As mentioned above, the infiltration factor is not in-
cluded in our calculation. Regarding the role of pH and soluble components
in the adsorption processes, the soil of the study area has a pH range of
6.6–8.4 (United States Department of Agriculture, 2009) since alkalinity
ne at water table - Loam Soil.18.6°C.



Fig. 5. The concentration of benzene at the water table for a variety of soil types.
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favors absorption (Zhang et al., 2021). The level of the toxicity of some con-
taminants in soil reduces as they interact and diffuse into the high concen-
tration of organic matter present, therefore, our simulations consider the
organic matter (ƒoc) as a potential factor which, in adsorption tends to re-
duce themaximum concentrations of pollutants and retard their movement
through the soils, allowing more time for degradation. The range value of
(ƒoc) proposed in the literature is (0.2–3% mg/mg) (USEPA, 1999).

Figs. 6, 7 and 8 show the benzene concentration scenarios with respect
to the distance for three (Kd) values, the values of (Kd) were calculated
based on three different values of (ƒoc).

The figures show that for distances close to the contamination source,
the distance reached coincides to some extent regardless of the value of
the partition coefficient (Kd), because at these points the steady state is
reached in all cases. Once the distance from the source increases, the influ-
ence of the variation of the partition coefficient (Kd) was noticed, reaching
concentration values which may be 10 times higher, based on the soil type.

In the sandy clay loam and loam soil, it is observed that for the lower
limit value (Kd = 0.134 ml/g), the concentration results are close to
those obtained using (Kd=0.268ml/g), because in both cases, the velocity
of the contaminant allows the steady state to be reached. For the greater
value (Kd = 4.02 ml/g), higher concentrations of benzene do not appear
because the delay experienced by the pollutant prevents it from reaching
Fig. 6. Benzene concentration values with respect to the d
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the water table. Here, the role of absorption appears. This difference in re-
sults shows the sensitivity of themodelwith respect to the Kd value used, as
well as the importance of an adequate bibliographic review and selection of
values for this parameter. Due to the variability of the Kd value with geo-
chemical conditions, ranges of values are usually found in the literature,
and thus it is possible to choose maximum or minimum values. Our conser-
vative optionwhen considering the risk due to themigration of the contam-
inant through the groundwater is to assume a minimum value of (Kd).

3.2. Risk assessment

Benzene is produced by both natural and synthetic processes. It is a nat-
ural component of crude oil, which is the main source of benzene produced
today. As a pollutant, it has aroused concern because it has been identified
as a carcinogenic (Fayemiwo et al., 2017). Safe drinking water must be of
sufficient quality so that it does not pose a health risk. To determine the
suitability of groundwater for human consumption, a series of parameters
that characterize the quality of the water must be described. Benzene is
the most significant of the BTEX compounds that pose a threat to human
health, and as mentioned previously, has been classified by the US Environ-
mental Protection Agency EPA as a priority pollutant; it is found consis-
tently in a variety of aquatic resources.
istance for different Kd values - Sandy clay loam soil.



Fig. 7. Benzene concentration values with respect to the distance for different Kd values - Silt loam soil.

Fig. 8. Benzene concentration values with respect to the distance for different Kd values - loam soil.
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As shown in Figs. 9, 10, and 11, the result of the maximum concentra-
tion of the model shown in (Table 2) exceeds the maximum permissible
levels of contamination of benzene in drinking water.

The results confirm the concentrations detected may give rise to po-
tentially harmful risks to human health; therefore, shallow groundwater
is not suitable for human consumption. Finally, regarding the planned
future use of groundwater, it is observed that most of the study areas
will be destined for agricultural services (Bourque et al., 2019). To eval-
uate whether the ground water is suitable for agricultural use, it is im-
portant to consider other parameters but is not advisable for it to be
used for irrigation.

4. Conclusions

The main aim of this study is to estimate the concentration and transit
times of a solute and as a specific case (benzene), when it is introduced
from the ground, travels through the unsaturated zone until reaching the
water table, based on the configuration and execution of a 1D numerical
model and thereby estimate the risk of contamination. This research also
presents a risk assessment framework to analyze the potential pollutant
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impact to groundwater caused by hydraulic fracturing fluid spills. This
study can draw the following conclusions:

• Some factors contribute significantly to the estimation of the groundwa-
ter contamination risk due to oil surface spills, such as the type of soil
and its ability to absorb pollutants. Yet, there are factors that weaken
the hydrogeological system such as the lithological and hydrodynamic
characteristics and the thickness of the unsaturated zone; these signifi-
cantly intervene in the estimation of the risk for the sites classified as af-
fected by oil surface spills.

• Soil properties, especially silt loam soil and its alkaline condition,
control the adsorption process in the study area. There was a notice-
able decrease in the total benzene concentrations by an average of
40% in sandy clay loam soil, 68% in silt loam soil and 29% in loam
soil.

• Since maintaining higher levels of moisture content in the soil profile
groundwater contamination is reduced. This factor may be greatly af-
fected by climate change. On the other hand, other factors weaken the
hydrogeological system such as the lithological and hydrodynamic
characteristics and the thickness of the unsaturated zone; these last
MCL EPA

MCL WHO

Model result at 18.6 C depth 1 m

Model result at 22.9 C depth 1 m

Model result at 18.6 C depth 2 m

Model result at 22.9 C depth 2 m

model result vs permissible levels - Loam Soil.
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variables significantly intervene in the estimation of the risk for the
sites classified as contaminated sites.

• Climate change can affect soil properties such as soil moisture and the
organic carbon constituents of soil systems, which play an important
role in absorbing pollutants.

• The worst-case scenario of the maximum concentration for any pol-
lutant happens when the aquifer is only 1 m away from the source
of spillage. Since the maximum concentration of benzene exceeds
the maximum contamination, permissible levels of benzene in drink-
ing water are exceeded.

• The shallow groundwater in the study area is not suitable for human
consumption, as well as for agricultural use, other parameters such
as salinity, ions cation, nutrients etc. need to be considered and are
out of the scope of this study. The deep groundwater in the study
area will be safe from future benzene leaching into groundwater.

• Another important factor which cannot be neglected is the quality of
infiltrating water which is very important in the attenuation of pollut-
ants during the migration of a spill through the porous spaces.

• Regarding time, the influence of benzene compounds in groundwater
is very slow, indicating that any contamination would take a long
time such as many days, months or years to accumulate.
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