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Abstract

Climate and groundwater are always in a state of dynamic equilibrium. Subsurface systems contaminated by light non-
aqueous phase liquid (LNAPL) present a challenge to understand the overall impact of water table dynamics, due to various
interacting mechanisms, including volatilization, and LNAPL mobilization/dissolution along the groundwater flow direction
and oscillating redox conditions. We investigated the impact of water table fluctuations on LNAPL natural attenuation and
soil geochemical characteristics in semi-arid coastal areas under saline conditions. Four soil columns operated for 151 days
under anoxic conditions where a layer of benzene and toluene were subjected to a stable and fluctuating water table associated
with low and high salinity conditions. The bottom of stable and fluctuating columns reached an anaerobic state after 40 days,
while the middle of stable column took 60 days. pH values of the fluctuating columns covered a wide range, and at the end
shifted towards alkaline conditions, unlike the stable columns. In fluctuating columns, pore water sulfate decreased in the
middle, but in stable columns, it decreased in the first 40 days, which suggested that sulfate was the primary electron donor
and sulfate-reducing bacteria were present. At the source zone, benzene and toluene reached their maximum concentration
after 30 and 10 days for the stable and the fluctuating columns, respectively. Significant decrease in benzene and toluene
concentrations occurred under the fluctuating water table. Salinity did not affect benzene and toluene concentrations in the
aqueous phase, although water table fluctuations have the most effect. Soil solid-phase analysis shows fluctuating columns
have less toluene than stable columns. Solid-phase analysis showed the fluctuating columns have less benzene and toluene
concentrations as compared to the stable columns.
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Introduction

Soil and groundwater contamination is considered a major
environmental issue around the world where it adversely
impacts groundwater quality, making it inadequate for
human consumption and irrigation (Alazaiza et al. 2019,
2020; Chen et al. 2020; Huang et al. 2021; Mahmoudi
et al. 2020). Non-aqueous phase liquids (NAPLs) have the

< Riyadh I. Al-Raoush
riyadh@qu.edu.qa

Department of Civil and Environmental Engineering,
College of Engineering, Qatar University, PO Box 2713,
Doha, Qatar

Department of Civil and Environmental Engineering, College
of Engineering, A‘Sharqiyah University, 400 Ibra, Oman

potential to remain in the subsurface for many years as a con-
tinuous source of groundwater contamination (Al-Raoush
2009, 2014; Kehew and Lynch 2011; Ning et al. 2018).

NAPLs are categorized into: light non-aqueous phase
liquids (LNAPLSs) with a density less than that of water and
dense non-aqueous phase liquids (DNAPLs) with a density
higher than that of water. The most common examples of
LNAPLs are hydrocarbon fuel components, such as benzene,
toluene, ethylbenzene and xylene. However, chlorinated sol-
vents such as trichloroethylene (TCE) and tetrachloroethyl-
ene (PCE) are the most widespread DNAPLs (Cavelan et al.
2022). Mahmoudi et al. (2020) recently conducted a study
on various types of pathogens, both natural and anthropo-
genic, which constitute another form of NAPLs that pose a
threat to groundwater.

LNAPLs have been the focus of many studies due
to their toxicity and longevity in the environment and
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the subsequent impact on human health (Gupta and
Yadav 2017). Due to their complex interactions with
geoenvironmental conditions, management and remedia-
tion activities of LNAPL-impacted sites are challenging
in nature (Ebrahimi et al. 2019). When LNAPL is released
into the subsurface, it migrates downward through the
unsaturated zone under the influence of gravity until it
reaches the water table, where it forms an LNAPL lens
and spreads laterally while floating on the surface of the
water table (Dobson et al. 2007; Jeong and Charbeneau
2014). On the other hand, DNAPL migrates downward
through the vadose zone and continues its migration in
the saturated zone under the influence of gravity until
a low permeability barrier layer is encountered (Zheng
et al. 2015). Water table level in hydrogeological systems
fluctuates due to groundwater withdrawal, recharge, and
seasonal variations in nearby water bodies, which in turn
develops unique characteristics caused by the wetting and
drying cycles that lead to variations in soil water content,
redox conditions, biogeochemical properties (Haberer
et al. 2012; Yang et al. 2017; Cavelan et al. 2022).

Water table fluctuations (WTF) have a significant impact
on NAPL transport and spatial distribution within subsur-
face systems, particularly in the vertical direction (Lee et al.
2001a, b; Alazaiza et al. 2020; Van De Ven et al. 2021).
WTF enhances mass transfer of oxygen from the atmosphere
to the groundwater, which induces spatial and temporal vari-
ations in local redox conditions (Haberer et al. 2012; Rezan-
ezhad et al. 2014; Zhou et al. 2015; Jia et al. 2017). When
the water table falls, LNAPLs migrate downwards, leaving
entrapped residuals in the unsaturated zone. The residual
LNAPL partitions into solid, liquid, and vapor phases
depending on the geochemical conditions and properties of
subsurface systems (Reddi et al. 1998; Lee et al. 2001a, b;
Kehew and Lynch 2011; Sookhak Lari et al. 2019; Alazaiza
et al. 2020; Cavelan et al. 2022). On the other hand, when
the water table rises, LNAPLs move upward along with the
water table, which in turn induces LNAPLSs redistribution
upward in the unsaturated zone, leaving LNAPLs and air
below the water table (Lee et al. 2001a, b; Dobson et al.
2007). The co-existence of entrapped LNAPLs and air in
the saturated zone reduces the mobile free phase LNAPLs,
which limits LNAPLs downward migration and enhances
the dissolution and biodegradation of LNAPLs. Therefore, a
zone of high residual phase concentration known as a smear
zone could be developed due to vertical water table fluctua-
tions in the presence of LNAPL (Kehew and Lynch 2011;
Cavelan et al. 2022).

The impact of WTF on groundwater and soil contami-
nated with LNAPLs was monitored in the field (Teramoto
and Chang 2017; Teramoto et al. 2020), studied experimen-
tally (Dobson et al. 2007; Yang et al. 2017; Gupta et al.
2019; Alazaiza et al. 2020; Gupta and Yadav 2020; Van
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De Ven et al. 2021) and numerically (Teramoto and Chang
2017; Sun et al. 2018; Huang et al. 2021).

Teramoto and Chang (2017) and Teramoto et al. (2020)
monitored a contaminated site in Brazil and found that
NAPL thickness is often lower during times of rising water
levels and gradually rises during periods of low water lev-
els. Dobson et al. (2007) found that WTF increased LNAPL
dissolution and microbial activity compared with non-fluc-
tuated model as measured by spatial distribution of electron
acceptors and mass balances. Gupta et al. (2019) assessed
the fate and transport of LNAPLs under different rates of
WTF. The author emphasized the relationship between bio-
degradation rates and initial dissolved LNAPL concentra-
tions. Alazaiza et al. (2020) utilized a simple image analy-
sis technique (SIAM) to monitor LNAPL volumes at WTF
sequences. Their study revealed that WTF has a considerable
impact on the distribution of LNAPL. Van De Ven et al.
(2021) observed the changes in the smear zone and mobile
LNAPL thickness as a consequence of WTF. Sun et al.
(2018) demonstrated in their experimental work that WTF
induces dissolution of BTEX.

Similar studied were conducted to investigate biogeo-
chemical properties in LNAPLSs contaminated groundwater
due to WTF (Lee et al. 20014, b; Riihle et al. 2015; Zhou
et al. 2015). Lee et al. (2001a, b) investigated petroleum
hydrocarbons (PHCs) in a Korean sand aquifer. They found
that water levels and subsurface hydrogeological proper-
ties affect contaminants distribution. Riihle et al. (2015)
conducted column experiments and one-dimensional flow
model to investigate the dynamics of the WT. Their research
showed that while microbial activities differed across the
stable and dynamic column, hydrogeological metrics showed
no significant differences. Zhou et al. (2015) investigated
TPH contaminated site and found that WTF altered ground-
water microbial populations. Ulrich et al. (2009) claimed
that the presence of salt in soil significantly impacted the
bioremediation process of petroleum hydrocarbons. Another
research stated that a decrease in salinity would improve
the accessibility of soil organic matter to the soil microbial
community (Qin et al. 2012).

While these studies provide valuable insights into the
impact of WTF on NALP-contaminated systems, the com-
bined effects of WTF and salinity on natural attenuation of
petroleum hydrocarbons and related changes in geochemical
properties under anaerobic conditions have not been fully
investigated and understood. Understanding this complex
synergic behavior is crucial, especially in coastline regions
where high salinity and accidental spills are common.

The main objective of this study was to investigate the
impact of WTF and salinity on LNAPL distribution, mass
removal, and changes of related geochemical properties
in the smear zone under completely anaerobic reducing
conditions. A series of controlled, automated soil column
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experiments were conducted under stable and fluctuating
water table regimes for 151 days. Experiments were con-
ducted in closed systems to limit volatilization and aera-
tion effects and to independently control the effects of WT
dynamics. Benzene and toluene were used as a source zone
of LNAPL under conditions of low and high salinity that
represent brackish and seawater environments, respectively.

Materials and methods
Field sampling and soil analysis

Soil samples for all experiments were collected from the
eastern coastline of Qatar (25° 34' 26.4" N 51° 29’ 15.7"
E). The site was selected because of its proximity to the Al-
Shaheen oil field, where a continuous interaction between
groundwater and seawater and tidal movements occurs,
and basic soil analyses such as grain size distribution,
hydrometer testing, and hydraulic conductivity were per-
formed (Ngueleu et al. 2018, 2019).

Soil samples were collected between 10 and 50 cm below
the ground surface. The samples were kept saturated with
groundwater to preserve the soil’s natural conditions. The
soil was subsequently packed into the columns incrementally
in 5 cm layers and compacted gently to ensure hydraulic
continuity between the layers. Groundwater pH, electrical
conductivity, and major cations and anions were measured
using methods described in Ngueleu et al. (2019).

Soil characterization

Soil samples were dried and then sieved using a series of
sieves with varying mesh sizes between 0.063 and 13.5 mm.
Figure 1 shows the grain size distribution curve using
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Unified Soil Classification System (USCS). According to
the USCS, the soil sample contained 6% of silt and clay
particles, 45% of fine sand particles, 33% of medium sand
particles, 11% of coarse sand particles, and 5% of fine gravel
particles. Water content of the soil was 2% which is consist-
ent with the (semi-) arid environmental conditions typically
observed in Qatar. To analyze the soil elements, a destructive
and non-destructive solid phase elemental analysis were per-
formed. Two small samples were analyzed using a scanning
electron microscope (SEM) coupled with an energy-disper-
sive X-ray spectrometer (EDS). The SEM images showed
that the elemental composition of the soil was uniform, with
Ca, Si, Mg, Al, Fe and Na being the most abundant ele-
ments, while K, S, and Mn were present in smaller quanti-
ties (Fig. 2). The results suggest that minerals like calcite,
dolomite, and silica, which are commonly found in coastal or
marine environments, may be present in the soil. Moreover,
the destructive solid phase showed that, total sulphur was
2850 ppm, 0.07% dry for total nitrogen, and 10% dry for
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total carbon including 9.19% dry of inorganic carbon and
0.84% dry of organic carbon. The soil was assessed to deter-
mine its soluble salts content by simple solubilization with
millipore water. Two samples of 30 g each of soil were used
in two 60 mL glass bottles into which 46.5 mL of millipore
water was later added, leaving no headspace in the bottles.
The two bottles were agitated for 24 h on a tumbling wheel
which rotated clockwise at a speed of 10 rounds per minute
(rpm). Using electrodes connected to an advanced electro-
chemistry meter (Thermo Scientific, Orion Versastar), the
average values from the two bottles were 7.7 for the pH and
5730 uS cm™! for the EC. Using an organic carbon analyzer
and a nitrogen measuring unit, average values for DOC and
TN were determined to be 27.46 mg L™! and 25.57 mg L™/,
respectively. The organic matter in the soil was negligible.

Major cations concentrations were analyzed by induc-
tively coupled plasma optical emission spectrometry. Aver-
age concentrations are 632.71 mg L™!, 451.76 mg L™}, and
562.83 mg L™! for Ca, Na, and S, respectively. Major ani-
ons concentrations were determined by ion chromatogra-
phy (IC, Dionex ICS series). The average concentrations
were 1887 mg L™! for sulphate, 758 mg L~! for chloride and
86 mg L~! for nitrate. Overall, the results presented above
are consistent with data from previous studies.

Experimental setup of columns

Figure 3 shows a schematic diagram of the experimental
setup. Each setup consisted of a pair of soil columns and
an equilibrium column made of Teflon and Acrylic, respec-
tively. Each column had a length of 60 cm, an inner diameter
of 7.5 cm and a wall thickness of 0.6 cm.
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The columns’ tops and bottoms were sealed by caps and
connected by three steel rods secured by bolts. A filter mem-
brane (bubbling pressure of 600 mbar) was used to cover the
top and bottom of the columns (Soil Measurement Systems,
LLC, USA). The top and bottom caps had openings to sup-
ply and drain water from/to the columns. Water was sup-
plied to the soil columns by connecting the soil column from
the bottom to an equilibrium column by PVC 2-way valves
connected by 15 cm of chemically resistant blue polyure-
thane tubing (Ark-Plas Products Inc, USA). The equilibrium
column controls the level of water in the soil column. The
top of each soil and equilibrium column was connected to a
Tedlar bag, partially filled with argon gas, to prevent oxygen
penetration into the columns. The system was completely
sealed and operated under an anoxic condition where water/
groundwater in storage Tedlar bags was purged by argon gas
to reach dissolved oxygen (DO)<0.8 mg L.

Each soil column equipped with 4 ports (1/800 NPT com-
pression fittings) along its sides at 10, 20, 30, and 50 cm
below the top of the column. The 20 cm port was tightened
and fitted with Teflon septa and used only for injection of
NAPLSs. The other three ports have filtration screens to pre-
vent soil washout. All ports were fitted with 1/8—27 NPT
thread with 7/16" Hex to classic series Barb, 1/8" ID tub-
ing, and white Nylon, and connected with 10 cm of chemi-
cally resistant polyurethane tubing for collecting aqueous
samples. A nine-channel pump (Tower II pump, CAT. M.
Zipperer, GmbH, Germany) was used to control water level
fluctuation by pumping water to the Tedlar bag linked to
the equilibrium columns and served as a water reservoir.
Each channel of the pump was operated individually with
the design flow rate.
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Fig.3 Schematic diagram of the experimental setup. Depth A (— 10 cm), depth B (— 30 cm), and depth C (— 50 cm) from the top of the column
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Experimental procedure

Four pairs of soil and equilibrium columns were used to
investigate the synergic impact of WTF and salinity on the
attenuation and distribution of LNAPLSs in the smear zone.
Two soil columns were allocated for stable water level con-
ditions (labeled as S1 and S2) whereas the other two soil
columns were allocated for fluctuating water level conditions
(labeled as F1 and F2). Brackish water (~4000 pS cm™!) was
used in S1 and F1 soil columns whereas high salinity water
(~25,000 uS cm™!) was used in S2 and F2 soil columns.

Benzene (C¢Hg) and toluene (C;Hg) were used as LNA-
PLs as these compounds can be commonly found in seawater
in the vicinity of natural gas and petroleum deposits. Al-
Ghouti et al. (2019) found that raw produced water collected
from a natural gas field in Qatar contains 21 and 3.8 mg L™!
of benzene and toluene, respectively. The density and solu-
bility in water of benzene at 25 °C were 0.874 g cm™ and
1800 mg L', whereas toluene is 0.867 g cm™ and 520 mg
L~!, respectively (Ruffino and Zanetti 2009). Salinities of
4000 uS cm™! and 25,000 pS cm™! were used to represent
brackish and seawater conditions at the sampling location,
respectively (Ngueleu et al. 2018, 2019). Prior to starting
the experiments, soil columns were saturated with an anoxic
synthetic solution with DO <0.8 mg L™! to mimic natural
groundwater (Ngueleu et al. 2019). Table 1 summarizes the
properties of the synthetic groundwater.

Soil columns were then saturated and drained four times
to develop the anaerobic conditions in the columns (i.e., to
preserve reducing conditions of the natural soil). To prepare
the columns for benzene and toluene injection, the water
level was fixed at — 25 cm (considering the top of the soil
columns as reference). LNAPLSs were injected with an air-
tight glass syringe equipped with a stainless-steel needle. At
— 20 cm depth, 5 mL of liquid benzene (99.9 + %, Sigma-
Aldrich, Canada), and 5 mL of liquid toluene (99.9 + %,

Table 1 Synthetic groundwater

properties Parameter Value

pH ~15

Temperature 22+2 °C

MgCl, 89 mg L~!

KClI 24 mg L!

CaCl,H,0  245mgL™!

NaCl 1300 mg L™!
(low salin-
ity—4000 uS
cm™h)

NaCl 20,000 mg L™
(high salin-
ity—25,000
pS cm™h

DO <0.8mgL™!

Sigma-Aldrich, Canada) were injected. In soil columns,
water levels fluctuated between the top of the column and
— 40 cm. Each drainage-imbibition cycle lasted four days,
allowing 6-12 h for equilibrium. The flow rate in upward and
downward directions was approximately 0.407 mL min~" to
mimic natural conditions in the sampled location (Baalou-
sha 2016). The experiment ran for 151 days at a room tem-
perature of (22 +2 °C). To ensure that oxygen (O,) does not
penetrate the system, equilibrium columns were purged with
argon (Ar) gas as needed. Aqueous samples were collected
from soil columns at stable conditions every 4 days from the
middle of the column (i.e., port B at depth of — 30 cm) and
biweekly from the top of the column (i.e., port A at depth
of — 10 cm) and bottom of the column (i.e., port C at depth
of — 50 cm). Whereas, for the fluctuating columns at the
time of saturation, aqueous samples were collected every
8-10 days from the middle of the column (depth B) and
bottom of the column (depth C) and biweekly from the top
of the column (depth A). At the time of drainage, aqueous
samples were only collected from the bottom (depth C).

Analytical methods

Samples were collected from the stable and the fluctuated
columns every 4 days. Aqueous samples were collected for
the measurements of concentrations of benzene, toluene
and sulfate. In addition, ion chemistry (IC), dissolved inor-
ganic carbon (DIC), dissolved oxygen (DO), redox poten-
tial (ORP), pH, and Electrical Conductivity (EC) were
measured.

At the end of the experiment, all soil columns were fully
drained and disassembled to measure the final concentra-
tions of toluene and benzene in the soil by GC-MS. Soil
samples were obtained from the top of the soil columns
using a hand hammer, and column was divided into several
layers with a thickness of 10 cm. A total of 15 g of homog-
enized soil was collected in three separate vials from each
part. Trace elements such as Si, Fe, Mg, and S were meas-
ured using [Energy Dispersive-X-Ray Fluorescence spec-
trometry, ED-XRF (S2 PUMA analyzer, Bruker, Germany)].
Two samples were collected from the soil before the start of
the experiment, and at the end, each column was sliced into
6 parts, and three samples (10 g each) from each slice were
collected and analyzed.

Eh, pH, DO, and EC were measured using an Orion™
Versa Star Pro™ Benchtop Meter (Thermo Scientific) imme-
diately after collecting the aqueous samples to prevent the
effects of degassing or reactions caused by oxygen ingress. A
850 Professional Ion Chromatography (Metrohm) equipped
with two conductivity detectors was used to measure the
concentrations of anions, whereas Metrosep C4 150/4.0 col-
umn with a 10 pL sampling size was used to measure the
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cations. Data from ion chromatography was processed using
MagIC Net software.

Gas chromatography—flame ionization detector (Clarus
680, Perkin Elmer, USA) was used for the measurements
of organic concentrations from aqueous samples. DIC/DOC
concentrations were measured using a total organic carbon
analyser (SKALAR, Formacs HT/TN TOC/TN Analyzer,
Netherland). Each sample was analyzed three times and the
average value was reported. More details about the analyti-
cal methods can be found in the supplementary materials
section.

Results and discussion
Pore water geochemistry

Prior to the start of the experiments, the porosity of the
packed soil in the four soil columns was determined by the
volumetric method. The porosity of the soil in the stable
water level columns, S1, and S2, was 22% and 23%, respec-
tively. Whereas the porosity of the fluctuated water level
columns, F1, and F2, was 24% and 26%, respectively. Differ-
ences in the porosities between the four columns are mainly
due to the manual compaction of the soil in the columns.

Water table and redox regimes
Figure 4 shows the ORP for all soil columns. ORP indicates

the ability of a given chemical to oxidize or reduce another
chemical (Meng et al. 2021). Natural water chemistry is

influenced by redox processes, which influence the mobil-
ity and availability of a wide range of inorganic and organic
species (Ramesh Kumar and Riyazuddin 2012). The redox
potential is an important factor for characterizing organic-
rich contamination plumes as bacteria get energy by oxidiz-
ing organic carbon and reducing terminal electron acceptors
(Abbas et al. 2017; Zhang and Furman 2021). Several fac-
tors, including electro-redox components and soil organic
matter and bacterial biodegradation, can impact redox poten-
tial (Naudet et al. 2004). The influence of WTF at a given
salinity can be observed by comparing stable and fluctuation
columns. At low salinity conditions (i.e., S1 and F1), the p
value for S1 and F1 is 0.6319 > 0.05, indicating that there
are no significant differences between the stable and the fluc-
tuating columns. In the middle of the columns (depth B),
measured ORP values at the start of the experiment were 100
and 60 mV for the columns S1 and F1, respectively. 40 days
after LNAPLSs injection, ORP values decreased and ranged
between — 40 and 40 mV at depth B in S1 and F1, respec-
tively. The ORP values in the middle of the stable column S1
are lower than those in the fluctuated column F1, which can
be attributed to the presence of more concentrated contami-
nation in the stable column than in the fluctuated column
which decreased due to fluctuated water table (Feisthauer
et al. 2012; Khan et al. 2018).

At high salinity conditions (i.e., S2 and F2), the p value
for S1 and F1 is 0.9028 > 0.05, indicating that there are no
significant differences between the stable and the fluctuat-
ing columns due to the influence of water table fluctuation.
The initial ORP values were 140 and 100 mV at the mid-
dle of the columns S2 and F2, respectively. 40 days after

Fig.4 Oxidation—reduction 250 T
potential (ORP) at depth B for
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and the columns S2 and F2
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LNAPLs injection, ORP values decreased where values
ranged between — 50 and 20 mV in the middle of S2 and
F2, respectively. Similar to the low salinity column F1, ORP
values at the middle of the fluctuating column F2 are slightly
higher than the middle of the stable column S2 and the same
explanation can be applied.

The influence of salinity can be observed by comparing
stable columns (i.e., S1 and S2, p value =0.8972 > 0.05) and
fluctuating columns (i.e., F1 and F2, p value=0.2843 > 0.05).
The p value indicating that there are no significant differ-
ences between the ORP values at stable and the fluctuat-
ing columns of different salinities. For the stable columns,
40 days after LNAPLs injection, ORP values decreased and
ranged between — 40 and — 50 mV at the middle of the col-
umns S1 and S2, respectively. Whereas after 60 days, values
of ORP in both columns reached — 150. Salinity didn’t affect
ORP between the two stable columns. Similarly, for the fluc-
tuating columns with different salinities (i.e., F1 and F2),
ORP values in the middle were ~ 50 and 100 mV for F1 and
F2, respectively. By the third imbibition cycle, ORP values
increased to~ 150 mV in both F1 and F2, then decreased to
— 50 mV after 60 days. The ORP values at the middle of the
fluctuating columns are slightly higher than in the stable
columns.

To summarize ORP results, the same pattern was
observed in the middle of the stable and the fluctuating
columns in all experimental conditions (i.e., low and high
salinity) where ORP values reach the anaerobic condition.
In a manner similar to that, Shafieiyoun et al., (2020a, b)
conducted an experiment where using biocide in one of the
reactors, Eh values didn't change during the experiment,
while for the brackish water and high salinity reactors, Eh
values after 40 days dropped to < +300 mV (equivalent to
100 mV for ORP).

Data show that the WTF has more profound impact on
ORP than salinity. ORP values indicate that anaerobic condi-
tions were developed in all soil columns (Ismail et al. 2020;
Shafieiyoun et al. 2020a, b; Meng et al. 2021). According to
the classification of Reddy and DeLaune (2008) and Zhang
and Furman (2021), soil columns were under aerobic con-
ditions for the first 10 days, weakly reducing conditions
were observed in all columns after 40 days from the start
of the experiments, except at the middle of the fluctuating
columns, and moderate reducing conditions were observed
in all columns after 60 days. Figure 4 shows that there is no
significant difference in ORP values in stable water level
conditions at different salinities (i.e., S1 and S2). However,
in fluctuated systems, ORP values decreased during water
level rise and increased again during water level fall which
is consistent with observations of Rezanezhad et al. (2014).

ORP values indicate that the development of anaero-
bic conditions was slower in the middle part of fluctuating
water levels where anaerobic conditions were developed

after 60 days. However, faster anaerobic was reached in
the middle of the stable columns. This observation can be
attributed to the rise and dropping of WT which can results
in entrapped air in the middle of the columns (Rezanezhad
et al. 2014; Meng et al. 2021). Rezanezhad et al. (2014)
found that oxidizing conditions formed in the center of the
fluctuating soil column after each drainage phase, and Eh
values increased from — 100 to+700 mV due to oxygen
penetration. In this experiment, ORP values in the fluctu-
ating water table columns did not increase significantly as
the experiment was performed under controlled anaerobic
condition.

This observation suggested that microbial activity and
anaerobic degradation were less improved in the middle of
the fluctuating column. The higher ORP at the middle of the
fluctuating columns could also be attributed to the effect of
the presence of LNAPL as a source zone combined with the
WTF that influences organic concentrations and redox con-
ditions (Lueders 2017; Ning et al. 2018). In previous studies,
Vincent et al. (2011), Khan et al. (2018) and Logeshwaran
et al. (2018) found that the presence of organics in the soil
has an adverse effect on the development of the microbial
community.

Concentration of electron acceptors

To sustain the microorganism’s living and growth, they
strive for energy from the available electron donors and
acceptors. DO produces the greatest amount of energy
from organic carbon oxidation of any commonly available
electron acceptor, oxygen-reducing microorganisms will
compete for the available electron in DO, and the reaction
will continue until DO is depleted. The sequence of elec-
tron acceptor utilization is often predictable in the order of
0,>NO;™>Mn*">Fe’*>S0,*~ > CO, (Borch et al. 2010;
McMahon et al. 2011; Laverman et al. 2012; Ohio EPA
2014). In this experiment, DO was minimized by purging
by argon gas for the duration of the experiment (Ngueleu
et al. 2019; Shafieiyoun et al. 2020a, b). Measuring bio-
degradation can be determined by the removal of electron
donors (i.e., benzene and toluene) or electron acceptors (i.e.,
nitrate and sulfate) (Chapelle et al. 1996; Borch et al. 2010;
McMahon et al. 2011; Ohio EPA 2014).

Ion chromatography (IC) was used for the measure-
ment of cations and anions. The IC results indicated that
an aqueous phase of iron (Fe), manganese (Mn), sulfur (S),
and nitrogen (N) were available in the system. It was also
observed that aqueous nitrate (NO;~) concentration was
detected at the top, middle and bottom of all soil columns.
During the first 30 days, the concentration of NO;~ was in
the range of 2 and 5 mg L™! at the middle (i.e., depth B) of
the stable columns (i.e., S1 and S2). For the fluctuating col-
umns (i.e., F1 and F2), NO;~ was only detected in the middle
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of the column in the range of 1 and 5 mg L™! in the first
60 days. Detection of NO;™ corresponds to oxygen decrease
to less than 0.8 mg L™! and the development of the anaero-
bic condition as supported by ORP values given in Fig. 4.
The aqueous Mn concentration was detected in the middle
of the columns S1 and S2 in the range of 6 and 13 pg L™},
respectively until day 100. while, for the fluctuating columns
F1 and F2 were observed in the first 15 days in the middle
of the columns in the range of 1 and 23 ug L™!, respectively.
The ferric iron was detected in the middle of the stable col-
umns (i.e., S1 and S2) in the ranged 7 and 14 ug L™, while
for the fluctuating water level columns (i.e., F1 and F2), the
concentration in the middle was detected after 15 days and
ranged between 4 and 7 ug L™!, respectively. Both Fe and
Mn become under detected limit after 30 and 100 days for
the fluctuating and stable columns, respectively. Moreover,
in an experiment similar to this, Rezanezhad et al. (2014)
found that the mid-section of the columns, where the dis-
crepancy in redox conditions is greatest, there is a significant
difference in the pore water distributions of redox-sensitive
elements (Fe, Mn, P, S). Fe and Mn can be used as electron
acceptors by microorganism to reduce toluene and benzene
in this section of the columns. Greskowiak et al. (2005)
in his work noticed that the decrease of Fe concentrations
began along with the decrease in Mn concentration, which
can be the case here.

Unlike the previously mentioned electron acceptors, the
aqueous sulfur concentrations were detected in the columns
at all depths in the range of 300-88 mg L~!. Low nitrate,

manganese and iron concentrations reveal that denitrifica-
tion, manganese and iron decrease were not the dominant
biodegradation processes, however, sulfate-reducing bacteria
(SBR) are expected to be the dominant (Davis et al. 1999;
Anneser et al. 2008). The decrease in sulfate concentration
was thought to be a key mechanism regulating anaerobic
biodegradation in polluted aquifers (Feisthauer et al. 2012).

As shown in Fig. 5, the influence of WTF at a given
salinity was observed by comparing stable and fluctuation
columns (i.e., S and F). For the low salinity columns (i.e.,
S1 and F1), the p value =5.6633e~’ <0.05 implying that
there is a statistical difference between sulfate concentra-
tions in the middle of the two columns. The initial sulfate
concentrations were 250 and 110 mg L~!, for S1 and F1,
respectively. 10 days after the injection of LNAPLSs, sulfate
concentrations increased to 270 and 170 mg L™, respec-
tively, then continued to decrease to 145 and 60 mg L,
respectively, by the end of experiments. The increase in
concentration that occurred at the beginning of the experi-
ment could be a result of the movement of water to the top
of the column which carry sulfate ion along the column.
It was observed that for S1 and F1, the concentration of
sulfate was significantly decreased during the experiment.
The decrease in the stable column can be attributed to the
development of sulfate-reducing bacteria (Shafieiyoun et al.
2020a, b), Moreover, the decrease in sulfate concentration
during the experiment coupled with ORP reduction might
be an indication of toluene and benzene degradation by the
SBR (Anneser et al. 2008; Huang et al. 2016; Shafieiyoun

Fig.5 Dissolved sulfate concen- 350 T
trations at depth B of the stable
columns, and depth B, and C for
the fluctuating columns

Sulfate Concentration (mg/l)
I
>

100}

50

—o—S1-B
—6—S2-B
-9 -F1-B

@ Springer

160
Time (Days)



Environmental Earth Sciences (2023) 82:368

Page90of18 368

et al. 2020a, b; Wei et al. 2018). For the fluctuating column,
at 40 days from the start of the experiment, a smell of rot-
ten egg was notices during sampling at the bottom of the
fluctuating columns. This observation is consistent with the
observations of Sherry et al. (2013) and Miiller et al. (2017)
implies that the decrease in sulfate concentration which used
as a terminal electron acceptor would results in the produc-
tion of hydrogen sulfide (H,S).

In high salinity columns (i.e., S2 and F2), the p
value =2.5165e7° < 0.05 which indicating that there is a sta-
tistical difference between sulfate concentrations in the mid-
dle of the two columns. The initial pore water sulfate con-
centrations were 300 and 160 mg L', for the middle of S2
and F2, respectively. For S2, sulfate concentration decreased
to reach 160 mg L™! by the end of the experiment, while for
F2, sulfate concentrations decreased and reached 50 mg L'
by the end of experiment. Same as for the low salinity stable
column, sulfate concentration decrease can be attributed to
the development of sulfate-reducing bacteria which coupled
with ORP reduction. For the fluctuating column, unlike the
low salinity column, no smell of rotten egg was observed
which may indicate that extremely high salinity may act as
a natural barrier to the metabolism of hydrocarbons (Sei and
Fathepure 2009).

The influence of salinity was observed by comparing sta-
ble columns (i.e., S1 and S2, p value=0.0312<0.05) and
fluctuating columns (i.e., F1 and F2, p value=0.0415 <0.05).
The aqueous sulfate concentrations at the middle of the
two stable columns followed the same trend during the

experiment. A decrease in sulfate concentrations occurred
in the middle of the columns. It was observed that concen-
trations at all depths in column S2 are higher than in S1.
The decrease in sulfate concentrations can be linked to the
degradation of toluene and benzene. This observation can be
supported by looking at the concentrations of non sensitive
redox parameters such as the concentrations of Ca* (Sup-
plementary materials).

In the fluctuating columns (i.e., F1 and F2, p
value =0.0415 < 0.05), sulfate concentrations followed the
same trend at all locations (i.e., depth B and depth C). At the
middle, sulfate concentrations decreased for both columns
and the values fluctuated during wetting and drying cycles
that enhanced redox conditions. Sulfate concentrations at the
bottom of the columns were significantly lower than those in
the middle of the columns. This observation can be attrib-
uted to the dissolution of sulfate as a result of the admixing
more diluted water from the equilibrium columns (Rezan-
ezhad et al. 2014). The concentrations of sulfate at the bot-
tom of the fluctuating column is different from the stable
column, the changes in elemental distributions can be seen
in the fluctuation due to physical movement caused by the
rising and falling of the water table (Rezanezhad et al. 2014).

Dissolved inorganic carbon (DIC)
DIC concentration is an indicator of the mineralization of

NAPL. Figure 6 shows the concentrations of DIC meas-
ured at the middle of stable and fluctuating soil columns.

Fig.6 Dissolved inorganic
carbon (DIC) concentrations at
depth B for stable and fluctua-
tion columns
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The influence of WTF was observed by comparing the
low salinity columns (i.e., S1 and F2) and the high salin-
ity columns (i.e., S2 and F2). For the low salinity columns
(p values =0.0343 < 0.05), the initial DIC concentrations at
the middle were 19 and 16 mg L~! for S1 and F1, respec-
tively. DIC was increased to 35 and 27 mg L™! after 30 and
40 days, respectively. The increase in DIC values is consist-
ent with the start of the reducing conditions in the columns
(Fig. 4). For the high salinity columns (i.e., S2 and F2, p
values =3.5738¢ 10« 0.05), the initial DIC concentrations
at the middle were 17 and 11 mg L', respectively. However,
DIC was increased to 35 and 20 mg L=! for S2 and F2 after
30 and 40 days, respectively.

The influence of salinity was observed by comparing sta-
ble columns (i.e., S1 and S2, p values=9.4813e™" <0.05)
and fluctuating columns (i.e., F1 and F2, p val-
ues =2.6575¢~%° <0.05). The statistical p values showed
that DIC for both the stable and fluctuating columns are
statistically different. In columns S1 and S2, DIC values
followed the same trend where values increased as anaerobic
conditions developed in the columns and then decreased and
fluctuated between 20 and 25 mg L™". DIC values in column
S2 were slightly higher than S1, which can be attributed to
the effect of salinity.

DIC concentrations in columns F1 and F2 followed the
same trend throughout the experiments where concentrations
increased to 27 and 20 mg L=, respectively. DIC values
imply that mineralization was developed in the middle of
columns where LNAPLs were injected. In stable columns,
the increase in DIC is more in the column S2 whereas in
fluctuating columns, DIC is more in F1. These observations
are consistent with the suggestions of Kehew and Lynch
(2011), Wei et al. (2018) and Wurgaft et al. (2019).

Concentration of dissolved organics

Transport of petroleum hydrocarbons in soil is influenced
by various factors, including the water velocity gradient,
hydraulic conductivity, intensity of evaporation and transpi-
ration, density gradient, seasonal changes in water surface
level, and diffusivity (Farahani and Mahmoudi 2018). Such
factors enhance the decrease in the concentrations of these
contaminants by the natural attenuation processes which
includes volatilization, dilution and dispersion, sorption to
soil particles, and biodegradation (Kehew and Lynch 2011;
Yang et al. 2017; Hatipoglu-Bagci and Motz 2019). Depend-
ing on their solubility and other conditions, toluene and
benzene will progressively dissolve into the aqueous phase
and move in dissolved form in the groundwater flow sys-
tem (Kehew and Lynch 2011). Throughout the experiments,
toluene and benzene were under saturated conditions in the
stable columns and continuously under cycles of saturated
and unsaturated conditions in the fluctuating columns. This
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in turn led to the development of three distinct states as free,
dissolved, and residual phase (Yang et al. 2017).

Concentration of dissolved and solid-phase toluene

Dissolved toluene concentrations are presented in Fig. 7a—c.
In low salinity columns (i.e., S1 and F1), the initial toluene
concentrations at the top, middle and bottom were 42, 179,
and 0 mg L', and 70,73, and 0 mg L 'inS1 and F1, respec-
tively. The concentration of toluene was the highest at the
middle of the columns where the source zone exists. As WT
rises, it pushes toluene to the top of the column and a new
smear zone was developed (Dobson et al. 2007; Van De Ven
et al. 2021). Toluene is known as the easiest of the BTEX
compounds to breakdown (Foght 2008; Phelps and Young
1999). For the top of S1 and F1 (p value=0.0012 <0.05).
At the top of the S1, slight change in toluene concentration
was observed after 80 days following the injection, whereas
in column F1, concentrations increased to a maximum value
of 160 mg L™ by the third saturation cycle. The increase in
concentration in F1 resulted from the movement of toluene
from the source zone where it was injected at (— 20 cm) to
the top of the column at the time of imbibition cycle. There-
after, the concentration declined until it reached 33 mg L~!
by the end of the experiment. The fluctuations of water table
are the main cause of mass transfer which caused the redis-
tributed of toluene and the change in toluene concentrations
at the top (depth A) of the column.

For the middle of the columns (S1 and F1), at the middle
of S1, the concentration at S1 increased to a maximum value
of 200 mg L~! after 29 days. Whereas in F1, a maximum
concentration of 160 mg L~! was reached after 10 days fol-
lowing toluene injection (i.e., the second saturation cycle).
The statistical analysis of the concentrations showed that p
value 8.53¢™!° <0.05 which implies that there are statistical
differences between toluene concentrations at the middle
of the stable and the fluctuating columns. Similar to Yang
et al. (2017), toluene concentrations decreased at a faster
pace at first, but after multiple saturation cycles, toluene
concentrations showed a steady state condition. Moreover,
the concentration increase could be the results of dissolu-
tions which known as the main cause for mass transfer at a
pore scale level (Vasudevan et al. 2015). Therefore, toluene
in both dissolved and free phase, would be carried by hydro-
dynamic forces which caused by WTF (Sookhak Lari et al.
2019; Yang et al. 2017). At the bottom of S1, no toluene
was detected, while toluene concentrations in F1 increased
when water level falls and decreased when water level rises.

In high salinity columns (i.e., S2 and F2), the initial tolu-
ene concentrations at the top, middle, and bottom of the
columns were 52, 186, and 0 mg L~ and 83, 105 and 0 mg
L~!, respectively. Similar to the low salinity columns, the
concentration of toluene was the highest at the middle of the
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Fig. 7 Toluene concentrations for a depth A, b for depth B, ¢ for depth C, and d for final soil concentrations of the columns S1, S2, F1, and F2

columns. For the top of S2 and F2 (p value=0.0078 <0.05).
At the top of column S2, slight change was observed in tolu-
ene concentration at ~ 80 days. In F2, toluene concentrations
increased to a maximum value of 150 mg L= by the third
saturation cycle. Thereafter, the concentration decreased
until it reached 42 mg L~!. At the middle of S2, the concen-
tration increased to a maximum value of 220 mg L™ after
29 days, whereas in F2, a maximum concentration of 170 mg
L~ was reached after 10 days (i.e., the second saturation
cycle). Similar to the observation in the low salinity experi-
ments, at the bottom of S2, no toluene was detected at the
bottom of the S2, whereas in the case of F2, toluene con-
centrations decreased when water level rise and increased
when water level dropped. Since diffusion was the only
mass transfer mechanism in stable columns, no toluene was
observed at the bottom of these columns during the lifetime
of the experiments. This is consistent with the observations

of Werner and Hohener (2002). As can be seen that WTF
enhanced mass transfer of dissolved toluene vertically in
the column (Lee et al. 2001a, b; Dobson et al. 2007; Ala-
zaiza et al. 2020), which, as a result of higher flow rates,
would lead to more dissolution in the columns (Teramoto
and Chang 2017).

To investigate the impact of salinity on a certain water
level regime, S1 was compared to S2 and F1 was compared
to F2. In stable water level conditions (i.e., S1 and S2), high
toluene concentrations were observed in S2. At the top of
S1 and S2 (p values =0.0165 < 0.05), there was no signifi-
cant change in concentrations in the first 80 days, followed
by small decrease occurred between 100 and 150 days.
The toluene that was pushed up in the stable column as a
result of sampling remained there for the remainder of the
experiment with no apparent decrease. in a natural setting
groundwater that would results in continuous source of
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groundwater contamination (Al-Raoush 2009; Kehew and
Lynch 2011; Ning et al. 2018). Whereas in the middle of S1
and S2, toluene concentrations increased to its maximum of
200 and 220 mg L~!, respectively, at 29 days, then fluctuated
between 200 to 150 mg L~ until the end of the experiment.
The increase in toluene concentration can be attributed to
the increased of contact time between water and toluene
which may results in toluene to be slowly dissolved. This
observation can be supported by decrease in EC concentra-
tions which was observed in middle of S1 (Figure A 1).
The dissolution of LNAPLs can reduce the ionic strength
of groundwater (Vincent et al. 2011). Slight differences in
concentrations between the two columns were observed.

For the fluctuating columns (i.e., F1 and F2), toluene con-
centrations followed the same trend, where F2 has higher
concentrations at all depths. At the top of columns (p val-
ues=0.9215>0.05), toluene concentrations in both col-
umns increased by the third saturation cycle, then dropped,
whereas in the middle of the columns, the concentrations
increased to its maximum by the second saturation cycle,
then decreased drastically by 40 and 60 days which corre-
sponds to the drastic change in ORP (Fig. 4). The decrease
in toluene concentration corresponds to ORP reduction and
the enhancement of the anaerobic condition can be attributed
to the biodegradation process. Moreover, an increase in pH
values were notices during the experiment and alkaline con-
ditions were attained in F1 and F2 by the end of the experi-
ment (Figure A 2) which can be attributed to the addition
of some salts and ions which introduced to the system due
to the mineralization of toluene (Shafieiyoun et al. 2020a,
b; Vincent et al. 2011). A subsequent increase of EC values
is attributed to the enhancement of biodegradation due to
the increase of total dissolved solids (Lopes de Castro and
Branco 2003).

The bottom of the columns F1 and F2 (p val-
ues =0.0501 > 0.05) had the same pattern of increasing
and decreasing with the saturation and drainage cycles. It
is expected that toluene was redistributed in the columns by
advective mass transfer due to the fluctuation of water table
(Balseiro-Romero et al. 2018). For the column F1, the tolu-
ene completely depleted after 100 days from the beginning
of the experiment, while for the column F2, the toluene con-
centration reached 3 mg L™! by the end of the experiment.

Overall, it can be concluded that the concentration of
toluene decreased by an average of 83%, 74%, 38%, and
37% in columns F1, F2, S1, and S2, respectively. In general,
the concentration reduction was observed to be higher in
the columns F1 and F2 as compared to the columns S1 and
S2. In terms of salinity, the decrease in toluene concentra-
tion was higher in F1 than F2, and slightly in S1 than S2.
These results support the conclusion that WTF has superi-
ority effect over salinity when it comes to dissolution and
degradation of toluene.
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The behavior of toluene at the top of S1 was different
than the top of F1, where toluene moved up in S1 with no
change in concentration, whereas in F1, the concentration
of toluene increased and reached a maximum concentration,
and then decreased by 69%. At the middle of S1 and F1,
for S1, toluene concentration reached its maximum after
29 days, while for F1 after 10 days. Toluene concentration
for S1 decreased slightly, while for F1 decreased rapidly.
At the bottom of S1, toluene was not observed, while for
F1, toluene concentration increased and decreased with the
WTF. Same pattern occurred between S2 and F2 at the top
where at F2 toluene increased and reached a maximum con-
centration then decreased by 57%. For the middle of S2 and
F2, for S2, toluene concentration reached its maximum after
29 days, while F2 after 10 days, with rapid decrease at F2.
Similar observations applied to the bottom of S2 and F2.

Upon the completion of the experiments, the solid-
phase concentration of toluene in the soil was measured
by GC-MS. Figure 7d shows toluene concentrations in
the soil at different depths for all soil columns. For the low
salinity columns (i.e., S1 and F1), a maximum concen-
tration of 3 mg kg was detected in S1 between — 20 and
— 30 cm, whereas for the F1, the highest concentration was
1.4 mg kg~! was detected between — 10 and — 20 cm. For
the high salinity columns, (i.e., S2 and F2), a maximum tolu-
ene concertation of 18 mg kg was observed in S2 between
— 20 and — 30 cm, whereas in F2, a maximum concentra-
tion of 3 mg kg was detected between — 30 to — 40 cm. The
highest toluene concentrations were observed in the stable
columns compared with the fluctuating columns. In stable
columns, the highest concentration of toluene was observed
between — 20 and — 30 cm where toluene was injected. For
the column S1, toluene concentration was observed between
— 40 and — 50 cm, while for S2 no toluene was observed.
This can be explained by the higher salinity inhibited toluene
diffusion downward (Xie et al. 1997), which explain the peak
concentrations at the middle of S2. For the fluctuating col-
umns (i.e., F1 and F2), the higher concentration of toluene
was observed between — 10 to — 20 cm for the column F2. It
can be concluded that for columns S1 and S2, the concentra-
tion of toluene in the soil along the column is 68% higher in
S2, the same goes for the columns F1 and F2, the concentra-
tion of toluene along the column F2 is 48% higher than F1.
It can be summarized that the fluctuating columns have less
toluene concentrations as compared to the stable columns.

Concentration of dissolved and solid-phase benzene

Dissolved benzene concentration for all soil columns is
presented in Fig. 8a—c. Benzene known for having a higher
dissolving rate than any of the other BTEX chemicals
(Njobuenwu et al. 2005). For the low salinity columns (i.e.,
S1 and F1), the initial benzene concentrations in S1 were
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table columns S1, S2, F1, and F2

140,~400, and 0 mg L' at the top, middle, and bottom
(Fig. 8a—c), respectively. While the concentrations in F1
were 190, 300, and O mg L~! at the top, middle, and bottom,
respectively. The concentration of benzene was highest at
the middle of the columns, where the middle of the column
is considered as a source zone of the LNAPL. For the top of
S1 and F1 (p value=0.5327>0.05), a slight decrease was
observed in benzene concentration at the first 100 days in
S1, while after that, concentration fluctuated until the end of
the experiment. For F1, benzene concentrations decreased
gradually to reach 60 mg L™! by end of the experiment.
In the middle of S1, benzene concentration increased to a
maximum value of 480 mg L™! after 29 days, while for F1,
it reached its maximum concentration of 430 mg L™! after
10 days (i.e., the second saturation cycle). The statistical
analysis test for the concentrations of benzene at the middle

of all columns showed that there are statistical differences
(p value 9.58¢ "< 0.05). At the bottom of S1, no benzene
was detected, while for F1, benzene concentrations increased
when WT falls and decreased when WT rises.

For the high salinity columns (i.e., S2 and F2), the initial
benzene concentrations in S2 were 150, 400, and 0 mg L!
at the top, middle, and bottom, respectively. On the other
hand, the concentrations in F2 were 210, 300, and 0 mg L}
at the top, middle, and bottom, respectively. At the top of
the columns S2 and F2 (p value=0.9738 > 0.05), similar
to S1, A small decline in benzene concentration was seen
during the first 100 days, followed by concentration varia-
tion till the completion of the experiment. For the column
F2, benzene concentrations decreased gradually to reach
100 mg L™! by end of the experiment. In the middle of S2,
benzene concentration increased to a maximum value of
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500 mg L™! after 29 days, while for F2, it reached its maxi-
mum concentration of 480 mg L™! after 10 days following
benzene injection (i.e., the second saturation cycle). At the
bottom of the column S2, no benzene was detected, while
for F2, benzene concentrations increased when WT rises and
decreased when WT moves down. Higher concentrations of
benzene were observed in the stable and fluctuating columns
as compared to toluene due to its higher solubility in water
(1780 mg LY. Similar to toluene, benzene was distributed
along the soil column due to water table fluctuations, and
higher concentrations were observed in stable columns as
compared to the fluctuating columns at the source zone.

To investigate the impact of salinity on a certain water
level regime, S1 was compared to S2 and F1 was compared
to F2. At the top of S1 and S2 (p value=0.0818>0.05),
both columns followed the same pattern with slight increase
observed in benzene concentrations in S2. It was observed
that, the behavior of benzene in the stable water columns
was different than toluene as the concentrations were meas-
ured at the top of the stable columns are close in value to the
fluctuating columns. This observation can be attributed to
the higher benzene solubility rate as compared to toluene. A
small decrease in benzene concentration has been observed
as benzene can only be diffused down or volatilised in the
upper part of the column. At the middle of S1 and S2, the
concentration of benzene increases to its maximum value
after 29 days following the injection. As explained before,
the increase in benzene concentration can be attributed to
the dissolution of the entrapped benzene. Dobson et al.
(2007) stated that when LNAPLs are entrapped below the
WT, an isolated blob (or ganglia) of LNAPL will increase
the interfacial area between the LNAPL and water, hence,
encouraging accelerated LNAPL dissolution. The decrease
in ORP at this section of the column, which is associated
with a decrease in sulfate concentrations and a rise in DIC
and EC, can be attributed to benzene degradation by SBR,
which occurred in two experiments utilized soil from the
same location and under similar experimental conditions.
(Ngueleu et al. 2019; Shafieiyoun et al. 2020a, b).

No benzene was observed at the bottom of the stable
columns. For the fluctuated columns (i.e., F1 and F2), at
the top of the columns F1 and F2 (p value =0.1783 > 0.05),
benzene concentrations decreased gradually as a result of
the water table fluctuation between the top of the columns
and — 40 cm, benzene moved down during drainage cycle,
thus, the concentration of benzene decreased gradually at
the top of the columns and reached a concentration of 60
and 80 mg L~! by the end of the experiment for F1 and F2,
respectively. Benzene concentration at the middle of F1 and
F2 increased to its maximum at the second imbibition cycle,
as a result of increase dissolution of benzene (Dobson et al.
2007). At 40 days following the injection of benzene, its
concentration decreased to 65 and 100 mg L~! for F1 and
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F2, respectively. The decrease in pore water benzene con-
centration at the middle of Fland F2 for the whole experi-
ment reached 82% and 78%, respectively. At the bottom
of the columns F1 and F2 (p value =0.0826 > 0.05), same
observation was made, at each drainage cycle, the concen-
tration of benzene was increased suggesting that benzene
moved downward when WT moves down. The concentration
continued to be fluctuated with each drainage and saturated
cycle until it reached ~3 mg L™ for both columns by the end
of the experiment. Overall, it can be concluded that the pore
water concentration of benzene decreased by an average of
82%, 78%, 35%, and 32% for the columns F1, F2, S1, and
S2, respectively. For the stable columns (i.e., S1 and S2),
benzene moved to the top of the column due to sampling
and stayed there. The concentration was gradually reduced
throughout the experiment until 100 days, when it fluctuated
till the end. The middle of the stable column (i.e., S1 and
S2) has the highest benzene concentration relative to the top
since it is the source zone, whereas benzene didn’t move to
the bottom of the column as diffusion occurred slowly. The
concentration of benzene at the top and middle of S2 are
higher than S1, which can be explained by the higher salinity
that affected the dissolution and natural attenuation of ben-
zene. The behavior of benzene at the top of S1 differs from
that of F1, where S1 has little change in concentration but
F1 has a 68% decline in concentration throughout the experi-
ment. At the middle of S1 and F1, benzene concentration
reached its maximum after 29 days and 10 days, respectively.
No benzene has been observed at the bottom of S1, while
the concentration increased and decreased with the WTF at
F1. Same pattern between S2 and F2 was observed, where
benzene moved up in S2 with no obvious change in concen-
tration, whereas in F2, it declined by 62%. For the middle
of S2 and F2, benzene concentration reached its maximum
after 29 days, and 10 days, respectively where the concentra-
tion at S2 decreased slightly, while for F2 decreased rapidly.
Although the degradation of BTEX was studied by Johnson
et al. (2003) under a variety of redox settings, the degrada-
tion of benzene was only linked to the decrease in sulfate
concentrations.

Figure 8d shows the concentration of benzene in the
soil at different depths which was measured by GC-MS.
The maximum benzene concentrations for the low salinity
columns (i.e., S1 and F1), were 4 and 1.3 mg kg, respec-
tively, between — 10 to — 20 cm for S1, and between — 30
to — 40 cm for F1. The maximum benzene concentrations
for the high salinity columns (i.e., S2 and F2), were 5 and
0.9 mg kg, respectively, between — 10 to — 20 cm for S2,
and between — 30 to — 40 cm for F2. Ngueleu et al. (2018)
measured the sorption of benzene in two different salinities
and he found that with increase salinity the adsorption of
benzene tends to increase. But the superiority of water table
fluctuations in F2 decrease the adsorption.
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The following conclusions can be drawn from a compari-
son of the stable and fluctuating water level columns: firstly,
the concentration of benzene and toluene for stable columns
decreased slightly during the experiments, while for fluctuat-
ing columns benzene concentration decreased significantly.
Secondly, the fluctuating WT within the capillary fringe
resulted in the increase of the aqueous phase concentration
and consequently decreases the free phase LNAPLs which
resulted in more mass removal (Kemblowski and Chiang
1990; Dobson et al. 2007). Thirdly, the low initial aque-
ous phase concentration for both toluene and benzene at the
start of the experiment, reached their maximum solubility
at the source zone after 10 days for F1 and F2, and after
29 days for S1 and S2. This conclusion suggests that WTF
enhance dissolution of LNAPLSs, and thus the natural attenu-
ation (Dobson et al. 2007). Moreover, the degradation of
petroleum hydrocarbon can be optimized by isolating the
degrading bacteria and optimizing the conditions influenc-
ing biodegradation process such as the soil pH, nutrients,
and temperatures as in the case of Farahani and Mahmoudi
(2018).

Conclusion

Natural attenuation in LNAPLs contaminated groundwater
is greatly affected by the movement of water table. Fluctua-
tions of the water table within LNAPL-contaminated sub-
surface environments induce changes LNAPLSs source zone
and the geochemical properties of soil and groundwater.
Results showed that redox conditions were not constant but
fluctuated spatially and temporally in the soil columns. ORP
values at the middle of the fluctuating columns in the case of
the low and high salinity behaves differently than the middle
of the stable columns and the salinity has no effects on ORP
values. The differences in ORP behavior were due to the
presence of organics and the changing WT level in this area.
The aqueous phase of iron, manganese, nitrogen, and nitrate
were detected in the system in very low concentrations;
however, sulfur was plentiful, making it the major electron
acceptor. The soluble components of benzene and toluene
were depleted faster in the fluctuating columns, resulting in
a shorter lifespan for the source zone. The hydrogeochemical
indicators ORP, EC, pH, and sulfate concentrations indicated
that biodegradation occur in the columns. Pore water toluene
decreased by an average of 83%, 74%, 38%, and 37% for the
columns F1, F2, S1, and S2, respectively. While pore water
benzene decreased by an average of 82%, 78%, 35%, and
32% for the columns F1, F2, S1, and S2, respectively. The
natural attenuation was also improved for the columns F1
and F2, as seen by the consumption of sulfate as compared
to the columns S1 and S2. In spite of a variety of factors,
including site-specific ones, results of this study showed that

WTF might be used to speed up the remediation of LNAPL
contaminated aquifers.
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