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Abstract

Members of the Gulf Cooperation Council countries Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and the United Arab Emir-
ates rely on desalination to produce water for domestic use. Desalination produces brine that may intrude into the aquifers
to pollute the fresh groundwater because of the concentration gradient and groundwater pumping. Modeling the trends of
saltwater intrusion needs theoretical understanding and thorough logical experimentation. The objective of this exercise was
to understand the phenomenon of saltwater intrusion using an existing set of data analyzed with the convective—diffusion
equation and the two-region mobile—-immobile solution model. The objective was achieved by optimizing non-measurable
solute transport parameters from an existing set of data generated from a series of logical miscible displacements of potassium
bromide through sepiolite minerals and curve-fitting simulations. Assumptions included that solute displacements through
sepiolite porous media and the related simulations represented the phenomenon of saltwater intrusion under non-equilibrium
conditions of porous media mimicking the aquifers. Miscible displacements of potassium bromide were observed from a
column of 2.0-2.8 mm aggregates of sepiolite over 4 ranges of concentration and at 11 displacement speeds under saturated
vertical flow deionized water and vice versa. Breakthrough curves of both bromide and potassium ions were analyzed by a
curve-fitting technique to optimize transport parameters assuming solute movement was governed (i) by the convective—dif-
fusion equation and (ii) the two-region mobile-immobile solution model. Column Peclet numbers from the two analyses
were identical for potassium ions but those for bromide ions were ¢. 60% greater from the two-region model than from the
convective—diffusion equation. For the two-region model, dispersion coefficients were well defined and remained unchanged
from the convective—diffusion equation for potassium ions but decreased for bromide ions. Retardation factors for bromide
ions were approximately the same, but those for potassium ions, though > 1, were poorly defined. In order to design mitigation
strategies for avoiding groundwater contamination, this study’s findings may help model groundwater pollution caused by
the activities of desalination of seawater, which produces concentrated liquid that intrudes into the coastal aquifer through
miscible displacement. However, robust saltwater intrusion models may be considered in future studies to confirm the
results of the approach presented in this exercise. Field data on the groundwater contamination levels may be collected to
compare with simulated trends drawn from the saltwater intrusion models and the curve-fitting technique used in this work.
A comparison of the output from the two types of models may help determine the right option to understand the phenomena
of saltwater intrusion into coastal aquifers of various characteristics.

Keywords Water treatment - Groundwater contamination - Miscible displacement - Surface-solute interactions -
Breakthrough curves

Index of Acronyms, Notations, and Symbols CXTFIT Curve fitting technique
Br~ Bromide ion GCC Gulf Cooperation Council
BTC Breakthrough curve H,0 Water tracers
CaCl, Calcium chloride K* Potassium ion
6C1 Chlorine tracers KBr Potassium bromide
CDE Convective—diffusion equation . .
Notations (units)
c Concentration of solute (mol L™2)
Responsible Editor: V.V.S.S. Sarma C Dimensionless concentration of solute
(unitless)

Extended author information available on the last page of the article

Published online: 28 September 2023 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-023-29866-y&domain=pdf

Environmental Science and Pollution Research

@ Springer

Displacing concentration of solute (mol L)
Intra-aggregate “immobile water region” solute
concentration (mol L™?)

Inter-aggregate “mobile water region” solute
concentration (mol L™3)

Resident concentration of solute (mol L™3)
Fraction of adsorption sites within the mobile-
water region (unitless)

Hydrodynamic dispersion coefficient (L> T~1)
Empirical distribution coefficient LM
Length of column (L)

Peclet number (unitless)

Peclet number from equilibrium analysis
(unitless)

Peclet number from non-equilibrium analysis
(unitless)

Darcy flux (L T

Retardation factor (unitless)

Retardation factor from equilibrium analysis
(unitless)

Retardation factor in immobile region (unitless)
Retardation factor in mobile region (unitless)
Retardation factor from non-equilibrium analy-
sis (unitless)

Time (T)

Average pore-water velocity (L T™!)
Maximum pore-water velocity (L T™)
Volume of dry aggregates (L°)

Volume of dry solid mix (L?)

Volume of medium (L?)

Pore volume (L?)

Volume of water content (L%)

Weight of oven dried (24 h) aggregates (M)
Weight of saturated aggregates (M)

Distance (M)

Mass-transfer coefficient (T~")

Relative partitioning factor (unitless)
Internal porosity of particle (L* L)

Total porosity (L® L™>)

Ratio of mobile to the total volume of fluid
(unitless)

Fraction of immobile water content (unitless)
Fraction of mobile water content (unitless)
Mass transfer coefficient (unitless)

Density (M L™%)

Bulk density (M L)

Density of water (M L)

Microporosity (L® L)

Volume of immobile water content (L3 L™>)
Volume of mobile water content (L* L™2)

0, Total volumetric water content in a medium/
porosity (L? L)

o Standard deviation (unit of the variable)

6 Average coefficients of variation (unit of the
variable)

Introduction

Worldwide, desalination plants produce a huge amount of
potable water. Desalination of seawater is actively practiced
for human, industrial, and agricultural uses by countries
in the Gulf Cooperation Council (GCC) countries, which
include Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, and
the United Arab Emirates (Bilal et al. 2021). In addition to
portable water, desalination also produces brine or saltwater
that may intrude into the aquifers varyingly depending upon
its concentration levels, the equilibrium/non-equilibrium
conditions of structured aquifers, and excessive pumping of
groundwater. Saltwater intrusion contaminates groundwater
(Cuthbert et al. 2019), another source in GCC countries to
fulfill drinking, domestic, and agricultural irrigation needs
(Wu et al. 2020). Beyond the limit groundwater pumping,
especially in the coastal regions, for irrigation or for any
other use withdraws coastal freshwater and causes the inland
flow of saltwater into fresh coastal aquifers (Goswami et al.
2020; Walther et al. 2020).

Avoiding groundwater contamination must be considered
seriously as one-third of global water demands are fulfilled
with groundwater (Famiglietti 2014). Qatar’s internal pro-
duction of groundwater hardly reaches 56 million cubic
meters (Mm?) per year with an annual consumption rate of
250 Mm?® mainly by agriculture (about 91%) (Alhaj et al.
2017). Qatar National Vision 2030 emphasizes a backup
supply of irrigation-suitable water in abundance (QNV
2030). The limited availability of groundwater, low annual
rainfall (<80 mm) (AlMamoon et al. 2014), and huge per
annum evaporation rate (2000 mm) (Darwish 2015) force
Qatar’s authorities to fulfill the country’s water needs
through desalination (QNV 2030). Desalination produces
brine that may intrude into the aquifers to pollute the fresh
groundwater because of the concentration gradient and
groundwater pumping. Deep knowledge and efficient tech-
niques to mitigate saltwater intrusion can results in contam-
ination-free groundwater in coastal regions (Abd-Elaty et al.
2021, 2022a,b).

Desalination is a process of obtaining treated freshwater
from brackish and/or saline seawater. It is a potential solu-
tion for water supply in many countries including Qatar,
which have no or limited access to freshwater supplies
(Elsaid et al. 2020). The global desalination capacity has
increased from its 2005 estimates of ~35 to ~95 Mm%/
day by the end of the second decade of the twenty-first
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century (Gleick 2006) with two-thirds of its consumption
in municipalities and the remaining one-third in indus-
trial operations (Jones et al. 2019). The Middle East/North
Africa (MENA) including GCC countries dominantly pro-
duces and consumes about half of the world’s desalinated
water followed by the Asia Pacific and North America
having shares of about 18 and 12%, respectively (Jones
et al. 2019). Qatar fulfills its 50% water needs from the
desalination of its seawater (Baalousha and Ouda 2017).

As per common practices worldwide, the brine pro-
duced from desalination is injected into the saline
groundwater (SGW) portion of a coastal aquifer posing
two primary risks; (i) brine making its way back to the
ocean under the phenomenon of submarine groundwa-
ter discharge and (ii) seawater (saltwater) intrusion or
inland movement of the interface between fresh and saline
groundwater (Stein et al. 2021). In the case of GCC coun-
tries, the seawater intrusion resulting from the injection
of brine into the saline portion of the aquifer can pose a
risk to already-scarce freshwater resources in areas requir-
ing desalination by reverse osmosis (Stein et al. 2020).
Saltwater intrusion is impacted by sea level rises (Werner
and Simmons 2009; Shi et al. 2020), seasonal variations
in the groundwater levels (Andersen et al. 2005; Michael
et al. 2005; Yu and Michael 2019), occasional ocean surge
events (Paldor and Michael 2021), and mainly by extensive
pumping of fresh groundwater from coastal aquifers (Zhou
et al. 2005; Stein et al. 2020).

The salinity level of the Arabian Gulf seawater exceeds
45 kg/m3 (Ahmed et al. 2018), in terms of total dissolved
salts (TDS), in comparison to the seawater TDS range of
35 to 45 kg/m? (WHO 2004). On average, seawater in the
world’s oceans has a salinity of about 35 kg/m® (Tiwari et al.
2014). However, seawater salinity in the west of Qatar and
in some locations reaches 60 kg/m3 (Elsaid et al. 2020).
As earlier said, desalination of such saline water produces
concentrated brine that can intrude into coastal aquifers
in the complex shapes of saltwater if not properly treated
before disposing it back to the sea. Understanding the two-
regions—based solute transport in a porous media under equi-
librium and non-equilibrium states is vital for estimating
groundwater/soil contamination resulting from saltwater
intrusion (Khuzhayorov et al. 2020). The theoretical basis
for novel mitigation strategies to avoid groundwater con-
tamination from saltwater intrusion needs to be developed
and/or evaluated. The novelty of the approach for conducting
such investigations analytically strengthened by modeling
output is obvious. Once estimated accurately, the procedure
may be helpful in studying the economic dimension of water
during determining the offset of the cost of water produc-
tion from desalination plants while considering the indirect
return from using this water and its environmental impacts
(Abbas et al. 2023).

A large number of papers have been published in the past
several years reporting on the simultaneous movement of
water and solutes through porous media. The earliest work-
ers discussed results in terms of the shape of the resulting
breakthrough curves (BTCs) as one solution, initially resi-
dent in the porous medium, was displaced by a different
solution. One of the initial quantitative analyses of the con-
vective—diffusion equation (CDE) was cataloged by Peace-
man and Rachford (1962). For the CDE analyses, applied
to one-dimensional flow through a homogeneous medium
at uniform water content, the solute transport is usually
characterized by two independent parameters (retardation
factor, R; dispersion coefficient, K). Such analyses assumed
continuous concentration gradients everywhere within the
medium—an equilibrium situation. These analyses were of
differing degrees of subjectivity, one of the most objective
being the use of the logarithmic—normal transform to con-
vert sigmoid BTCs to lines whose slopes depended on the
column Peclet number (van Genuchten and Wierenga 1986;
Rose and Passioura 1971), which was applicable to both
finite and semi-finite boundary conditions.

Subsequently, there was a second approach, that of trans-
port through a medium with a bimodal pore-size distribu-
tion, in which micropores within structural units are sepa-
rated by macropores through which solution flows — the
two-region or mobile—immobile model of van Genuchten
and Wierenga (1976): solute transport is described by 4
independent parameters, including R and K. This is a non-
equilibrium situation because of differences in concentration
between the micro- and macropore domains—a possible and
assumed case of saltwater intrusion into the coastal fresh-
water (Parker and van Genuchten 1984). Passioura (1971),
however, showed that solute movement through such aggre-
gated materials could be described by the CDE over a wide
range of displacement speeds and aggregate sizes by treating
the micropores as a distributed source or sink, specifying the
critical velocity at which the transition from equilibrium to
non-equilibrium occurred (see also Rao et al. 1980).

Concurrently, the development of convenient software to
analyze displacement experiments, such as CXTFIT (Abbas
and Rose 2010; Toride et al. 1995), enabled the transport
parameters to be simultaneously optimized from both the
CDE and the two-region model, but only for semi-infinite
boundary conditions. These parameters are then used to pre-
dict the fate of chemicals in the environment, often without
much attention to the physicochemical mechanisms involved
in their transport (see, for example, Vanderborght and Ver-
eecken (2007) and references therein). There have, however,
been relatively few critical comparisons of these two meth-
ods of analysis on extensive datasets. The contributions of
the work, reported here, are the use of large sets of data from
a series of miscible displacement experiments where the
dense solutions (mimicking saltwater) replaced less dense
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liquids (mimicking fresh groundwater) and vice versa. Data
generated from such analytical exercises are scientifically
important and can be used to understand various real-world
phenomena (such as the phenomenon of saltwater intrusion
sourced from desalination plants at coastal aquifers), using
the available curve-fitting techniques (CXTFIT in this case)
that can estimate non-measurable variables mentioned in the
“Materials and methods” section of this article. The inten-
sive literature review did not reveal any study conducted
and/or reported on the use of analytical experiments and
the related simulation techniques to understand micro-level
solute transport governing saltwater intrusion into coastal
aquifers. This work is one of a kind to fulfill such a knowl-
edge gap.

It is hypothesized that understanding CDE and its all
parameters can help to model solute transport as a result of
saltwater intrusion that pollutes the fresh groundwater aqui-
fers. Therefore, the importance of this work is addressing the
impacts of the scarce nature of water resources in the GCC
countries due to the low average annual rainfall and high
evaporation. Desalination plants that have been established
to treat the seawater for substituting the water deficiency in
GCC countries produce concentrated wastewater that may
intrude the coastal aquifers. The transport of solutes carried
by the intruding water can be studied analytically and theo-
retically to model certain parameters that are impossible to
measure through experimentation. The novelty of this work
includes determining such optimized parameters from the
use of the existing datasets generated from the equilibrium
and non-equilibrium analyses of miscible displacement
experiments. Therefore, the objective of this exercise was
to understand the phenomenon of saltwater intrusion using
an existing set of data analyzed with the convective—diffu-
sion equation and the two-region mobile—-immobile solu-
tion model. Assumptions included that solute displacements
through sepiolite porous media and the related simulations
represented the phenomenon of saltwater intrusion under
non-equilibrium conditions of porous media mimicking the
geology of GCC countries aquifers (Al-Sarawi 1995; Sherif
and Hamza 2001; Melaine et al. 2008; Koussis et al. 2010;
Abbas et al. 2023). The study used an existing extensive
dataset (Abbas 2001) that was generated from conducting a
series of analytical experiments in the UK.

Materials and methods
Theory
The theory of solute transport through a porous material

is well established and has been developed from first prin-
ciples by, among others, Van Genuchten and Wierenga

@ Springer

(1976), Toride et al. (1995), and Nkedi-Kizza et al. (1983).
The equations that are relevant to this study are used for
equilibrium and non-equilibrium analyses. For equilibrium
analysis of the one-dimensional steady flow at a pore-
water velocity, v=¢g/@, where g is the Darcy flux and 6, is
the total porosity, the CDE for fluid flow under longitudi-
nal hydrodynamic dispersion through a column of a uni-
form, saturated, and reactive porous material of length L is
oC _ d*C aC

o o Vox
in which.

C dimensionless concentration of solute =(c —c;)/(c;—c,).

¢ concentration of solute
displacing concentration of solute.

resident concentration of solute.

x  longitudinal coordinate.

¢t  time.
K coefficient of hydrodynamic dispersion.

R retardation factor=1+ (k, p/6,), assumed to be constant
over the concentration interval (c;—c,).

The form of the breakthrough curve is determined by
the column Peclet number (Rose and Passioura 1971),
P=vL/K. The CDE applies to solute transport through
aggregates (Passioura 1971) provided that the pore-water
velocity does not exceed a maximum, v,,,.. However, the
pore space of aggregates is partitioned into micropores
within structural units, in which liquid is essentially stag-
nant, separated by macropores through which liquid flows.
Solute transport is within and through such aggregates by
radial diffusion within the microporosity (the immobile
solution) and by hydrodynamic dispersion in the macropo-
rosity (the mobile solution). A non-equilibrium analysis is
used for such two-region models to define immobile and
mobile solutions. Transport models are based on the first-
order exchange of solute between the mobile and immo-
bile water regions. van Genuchten and Wierenga (1976)
extended this concept of mobile-immobile water to include
the Freundlich-type equilibrium adsorption process where
the solute transport is assumed to occur as a first-order
exchange between the two regions of solution as
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dc 2 dc dc;
ngm_m = eml<£ - vmem_m - HimRim_lm
ot 0x? 0x ot
dc

im

eimRimW = a(cm - Cim)

The values of the parameters of two-region models
including a (mass transfer rate coefficient between the
mobile and immobile regions), c,, (solute concentration
in the mobile solution), c;,, ( solute concentration in the
immobile solution), 8,, (volume of mobile solution as a
proportion of the total column volume), 6,, (volume of
immobile solution as a proportion of total column vol-
ume), and R,, and R;,, (dimensionless retardation factors,
which account for equilibrium-type adsorption in the
mobile and immobile regions, respectively) may be recov-
ered from dimensionless forms of the two-region models.
The dimensionless parameters include S (a partitioning
coefficient), w (a dimensionless mass-transfer coefficient),
f (the fraction of adsorption sites within the mobile-water
region), and ¢ (the ratio of mobile to the total volume of
fluid).

An estimate for fis needed in order to calculate ¢,
because there is no independent measurement for f. Esti-
mates of f have included /' = ¢ (Nkedi-Kizza et al. 1983),
¢/2 (Seyfried and Rao 1987), zero (Nkedi-Kizza et al.
1982), and 1 (Selim and Liwang 1995). Unfortunately, as
pointed out by Nkedi-Kizza et al. (1983), the values of
fand ¢ cannot be obtained from a single displacement
experiment because both are included in . Nkedi-Kizza
et al. (1984) discussed these four approaches in detail and
concluded that one could simply assume f to be zero if
any reaction occurred only in the stagnant region of the
soil, i.e., within the aggregates. This assumption appears
realistic for materials in which the interior surface area
of the aggregates is much larger than the exterior surface
area, e.g., the aggregated sepiolite used in experiments of
this study.

Numerous models have been proposed and tested in
the literature (see Huyakorn et al. 1987; Mantoglou 2003;
Datta et al. 2009; Meyer et al. 2019 and the references
therein) to study the phenomena of saltwater intrusion
into coastal aquifers of various geological formations.
The models used in this study have been chosen based on
their simplicity to use, comprehension of two-region situ-
ations, the capability of representing concentrated liquids’
transport through mobile-immobile water under equilib-
rium and non-equilibrium conditions, and feasibility of
curve fitting techniques (CXTFIT) to fit models on the
experimental BTCs to estimate the required non-measur-
able variables. Analyses of these data with non-specific
saltwater intrusion models may be considered a limitation
of this study.

Experimental

The porous material was sepiolite, a magnesium silicate
clay mineral from Vallescas in Spain, supplied as porous
aggregates (Berk Mineral Products, Worksop S81 7QQ,
UK). This sepiolite has a cation exchange capacity of 0.26
mol, kg~'=25.2kC kg™!, and a total (internal plus exter-
nal) surface area of 330 m? g~! giving a density of surface
charge of 0.79 pmol, m~2=0.076 C m~2 (Robertson 1957).
The aggregates retain their geometry and physical struc-
ture as the composition and concentration of the saturating
solution alter. A sieved fraction (2.0-2.8 mm) was packed
uniformly into an XK50 gel-filtration column (Amersham
Pharmacia Biotech, Little Chalfont, Bucks HP7 9AA, UK)
with a diameter of 50 mm to a length of 29.6 cm (Fig. 1).
The pistons (flow adaptors) of this column are designed
to provide uniform flow at the entrance and exit of the bed
of porous material and a minimal dead volume (less than
1% of the total column volume). The column was saturated
under a vacuum with deionized water and remained satu-
rated with liquid throughout the experiments.

The total porosity, 6,, was 0.798 m® m~3, found by suc-
cessively weighing the column empty, packed with sepi-
olite dried over silica gel, and saturated with deionized
water under vacuum, allowing for the water in the dead
volume. The microporosity, €,, was 0.392 m? m~3, found
from the water content of initially saturated aggregates at
a suction of 75 cm (Khuzhayorov et al. 2020). The macr-
oporosity was then 0.406 m> m~3, and the internal porosity
of the aggregates was 0.66 m®> m~. The internal porosity
of an aggregate is the ratio of the total volume of pores
in the aggregate to the total volume of the aggregate. It is
denoted by ¢, expressed in cm?® cm™3, and measured for
sepiolite. For this, the aggregates were washed, cleaned,
and oven dried and then saturated under vacuum with de-
aired de-ionized water. They were then removed from the
water, wiped, cleaned of surplus surface water, weighed
(W), and oven dried for 24 h then weighed again (W),
where W, and W, stand for the weight of saturated and
oven-dry aggregates, respectively. Assuming the aggre-
gates were initially saturated, the volume of pores within
the aggregates was assumed to be equal to the mass of
water content divided by the density of water. The aggre-
gate internal porosity was calculated as follows:

The volume of water content (V,) which is considered
to be equal to the volume of pores within the aggregates
was measured as

Vw = (Wsag - Wdug)/pw

where V'is volume and W is weight. The subscripts ,,, ,,, and

dag Yefer to water, saturated aggregates, and dry aggregates

@ Springer
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Fig.1 A schematic and a reference photo of the experimental setup
(Abbas 2001). Since an original photo of a sepiolite-packed gel-fil-
tration column could not be found, a sample photo showing a glass
ballotini-filled gel-filtration column in the same series of analytical

respectively, and p,, (0.998 g cm™3) is the density of water
at the experimental temperature (20 °C).
The volume of the dry solid matrix (V) is

Vd = Wdag/pp

where p, is the particle density of aggregates. The volume
of the aggregates (V,,) is given by

Ve =V +Vy
and aggregate internal porosity (g;) by
&= Vw/ Vag

The total pore volume (V,) of the sepiolite-packed col-
umns was 464 cm?, which for a porous medium is the ratio
of the total volume of pores in the medium to the total vol-
ume of the medium (Nielsen & Biggar 1962). It was cal-
culated from the internal porosity of the column (e;) and
volume of the medium (V,,) as
V,=¢€rV,

Solutions of analytical grade potassium bromide (KBr)
at 4 concentrations (10, 3, 1, and 0.6 mM) were used. Con-
centrations of bromide ion (Br") and potassium ion (K*)
were measured with ion-specific electrodes which were fre-
quently calibrated using 4 or 5 standard solutions over the
particular range of concentration used in the displacements.

@ Springer
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experiments is presented. Note that in this series of analytical tri-
als, various media were used for miscible displacement experiments
including glass ballotini, sepiolite clay minerals, and porous pumice
stones

Displacements were thus at average concentrations, ¢, of 5,
1.5, 0.5, and 0.3 mM because no K* eluted from sepiolite
in deionized water could be detected below 0.3 mM. These
four ranges of concentration have been termed as A, B, C,
and D, respectively.

The experiments involved deionized water displacing
a KBr solution initially resident in the vertical column of
saturated sepiolite, and vice versa. Eleven pore-water veloci-
ties ranging from 0.89 to 198 cm h™!, 3 of which exceeded
the limit (c. 50 cm h™') above which the CDE fails to apply
to the sepiolite (calculated following Passioura 1971), were
used. The displacements were controlled at the lower veloc-
ities by a cartridge pump (Model 7553-85, Cole Parmer
Instruments, Chicago, IL 60648, USA) and at the higher
velocities by a standard peristaltic pump (type MHRE,
Watson-Marlow Bredel Pumps, Falmouth TR11 4RU, UK).

The effluent was collected with a fraction collector (type
FC203B, Gilson, 3000 West Beltane Highway, Middleton,
WI 53562, USA) modified to accept volumes of up to 80 cm?
per aliquot. The usual aliquot volume was 35 cm?, and dis-
placements were continued until 3 pore volumes of liquid
had been collected. All experiments and chemical analyses
were done at a temperature of 20+ 1 °C. These miscible
displacement experiments were conducted during the study
reported by Abbas (2001).

The displacements were all repeated in reverse. Thus, for
each concentration and displacement speed, first water dis-
placed solution (leaching, desorption of solute), and then
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solution displaced water (uptake, resalinization, sorption of
solute). The sequence of the experiments was as follows:
(i) displacements at the highest solution concentration were
completed before starting those at the next highest concen-
tration, and so on; (ii) for a given concentration, displace-
ments proceeded from slowest to fastest, with each immedi-
ately repeated in reverse; (iii) alternate experiments involved
deionized water displacing solution resident in the porous
material and vice versa, irrespective of the speed of displace-
ment. The data of these alternate experiments (category iii)
when deionized water displaced concentrated KBr solution
resident in sepiolite column was used for this report in order
to represent a saltwater intrusion into an aquifer of fresh
water.

Data analysis

Non-dimensional breakthrough curves (BTCs) for the con-
centrations of the individual ions (Br—, K+) for each dis-
placement were produced. The BTCs were analyzed with
the appropriate solutions to CDE for the equilibrium and
non-equilibrium analyses in CXTFIT 2.1 (Baalousha and
Ouda 2017) for the time course of the flux concentration
of each ion in the effluent at the exit of the column follow-
ing an initial step-change in concentration at the entrance to
the column. For the CDE, only the value of the pore-water
velocity v=q/0, was specified as that delivered by the cali-
brated pump to control flow. Thus, a free optimization, for
each ion in each displacement, of the values of R and K in
the equilibrium, 2-parameter, and CDE formulation of solute
transport was allowed.

For the physical, non-equilibrium model, the input files of
CXTFIT require initial values of the parameters (R, K, f, and
) to be specified. These values are crucial to the outcome
of the optimization and so need to be fixed accurately. As
equilibrium was achieved in each displacement (Rose et al.
2009), initial values were set as the optimized values of R
and K under equilibrium conditions. The initial values for
and w were fixed at 0.9 and 0.02, respectively, because the
general solution for non-equilibrium transport reduces to
that for equilibrium transport when f=1 and @ =0 (Toride
et al. 1993).

Results

g and y refer to results from equilibrium and non-equilibrium
analyses, respectively. The equilibrium results are all based
on the optimization of 16 BTCs; the non-equilibrium results
on various numbers (n) as some BTCs proved unquantifi-
able by CXTFIT, and some optimized values were dis-
carded as unreliable. In the tables, results are presented as

mean values + standard deviations: coefficients of variation,
o= (standard deviation + mean) X 100%.

Reversibility

All displacements were reversible irrespective of the type of
analysis. The BTCs and dispersion coefficients by regressing
log P or log K for leaching against the corresponding values
for resalinization were tested: in every case, the slope did
not differ significantly from unity or the intercept from zero.
Similarly, there were no significant differences between val-
ues of R, f, @, and a from leaching and resalinization over a
given concentration interval when assessed by paired #-tests.
Accordingly, the results from the leaching and resalinization
BTCs were combined to increase n.

Breakthrough curves

Figure 2 shows measured and fitted BTCs for the individual
ions during the displacement of water by 0.6 mM KBr solu-
tion at 3 representative pore-water velocities: the fastest dis-
placement in Fig. 2c exceeds v,,,,. The BTCs were well fitted
by CXTFIT, with the goodness-of-fit value of R averaging
99.75 +0.12% and rarely falling below 99.5%. The form of
the BTCs is determined by the column Peclet number, P.

Figure 3 compares estimates from the non-equilibrium
analyses, Py, with those from the corresponding equilibrium
analyses, Pp.

For Br™ (Fig. 3a), Py increases from c. 67 at the fastest
displacement to c. 850 at the slowest, consistently exceeding
P which ranges between c. 4-5 and c. 500. Although there
is some scatter in the data, particularly relating to the steeper
BTCs, the regression is highly significant:

Py =1.624P, —7.97,r = 0.951,n = 63,p < 0.001

In contrast, for K* (Fig. 3b), the estimates from the two
methods of analysis are comparable:

Py =0977P; +6.46,r = 0.996,n = 64,p < 0.001

The consequences of these outcomes are manifested in
the estimates of dispersion coefficients — see later.

At the highest velocities, when v>v,, ., the equilibrium
analyses failed (Rose et al. 2009), so comparisons between
the two methods of analysis cannot be made. In addition, the
values of P were then consistently less than 5, so optimiza-
tions by CXTFIT of the CDE were inappropriate for a finite
column because they are strictly only valid for semi-infinite
boundary conditions. Nkedi-Kizza et al. (1983) observed
Py > Py, for both *°Cl and *H,0, though the scatter in their
data was much more extreme than in this investigation. In
addition, the majority of their BTCs had P, <5 whereas the
majority of their non-equilibrium analyses had P, > 5.
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Fig. 3 Comparison of column
Peclet numbers from non-equi-
librium, Py, and equilibrium,
Py, analyses for a Br and b K.
The regression lines are solid;
the 1:1 lines are dashed
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Retardation factor, R

Table 1 compares values of the retardation factor estimated
by the two methods of analysis for the four ranges of con-
centration in the displacements. R, was independent of
velocity and closely defined with average coefficients of
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variation, &, of 0.7% for Br~ and 0.4% for K*. Values of Ry
were < 1 for Br~ and> 1 for K* and became more extreme
as concentration decreased. For Br~, Ry, was also less than
1 and decreased as concentration decreased, though R,; val-
ues exceed Ry in each concentration range and are less well
defined (6 = 1.6%). For K*, R, exceeds unity but is poorly
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Table 1 Mean values and standard deviations of retardation factor
optimized from equilibrium, Ry, and non-equilibrium, Ry, analyses.

ny=14-16

ITon Range Ry Ry ng
Bromide A 0.9314+0.0046  0.9441+0.0169 14
B 0.8989+0.0067  0.9145+0.0094 16
C 0.8510+0.0052  0.8657+0.0138 16
D 0.8083+0.0063  0.8270+0.0159 15
Potassium A 1.0631+0.0019 1.2313+0.1373 15
B 1.1120+0.0024 1.2116 +£0.0819 16
C 1.1515+0.0053 1.3390+0.1224 16
D 1.1963£0.0100 1.2682+£0.0720 16
10000 -
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Fig.4 Coefficients of hydrodynamic dispersion, K cm?h, as func-
tions of pore-water velocity, v cm/h. Open symbols, non-equilibrium
analysis; closed symbols, equilibrium analysis. Br~ open and filled
red circle; K* open and filled blue squares. The data points for Kt
have been shifted by one decade to the right to avoid overlap

defined (6 = 8.2%) and independent of concentration. For
both ions, Ry was independent of velocity.

Dispersion coefficient, D

Figure 4 shows values of K as functions of pore-water veloc-
ity, v, including the 3 values when v>v,,,.. The data points
for K* have been shifted one decade to the right to avoid
overlap because the functions K (v) for Br~ and K* are con-
gruent within experimental error. Each point is the mean of
8 values (leaching and resalinization in each concentration
range) as a GLM analysis confirmed that there were no sig-
nificant effects of concentration on K. Mean values are well
defined (6 of 6-8%) except for Ky (Br) with & = 20%.

For Br~, Ky < Ky at all velocities, but differences were
small for K*, a consequence of the differing behaviors of
Py and P), for the two ions (Fig. 4). All results were well
fitted by equations of the form K=a+ bv+ cv? applicable to
aggregated systems when v<v, .. (Passioura et al. 1971) but
diverged from this at larger speeds, especially for K, (Br").
It is nevertheless difficult to discern significant trends from
Fig. 4 or comparisons of the regression coefficients in the
fitted parabola.

Figure 5 a, however, compares ratios of the values of K
from the two methods of analysis as functions of v. There is a
significant increase in K/K; as v increases for Br™ (r=0.89,
p<0.01) but not for K* (r=0.28). Figure 5 b compares
the ratio of the dispersion coefficients of the two ions as
functions of v. There is a significant increase in this ratio
as v increases for the non-equilibrium analyses (r=0.74,
p <0.05) but not for the equilibrium analyses (r= —0.01):
for the latter, the ratio was constant at 1.019+0.023. These
differences between ions and methods of analysis are, how-
ever, small compared to the effect of speed of displacement
on K.

Parameters derived from non-equilibrium analysis
Table 2 presents values of the optimized parameters and

derived variables from the non-equilibrium analyses as dis-
cussed below.

Fig.5 Ratio of values of disper- 1.3 1 13 1
sion coefficient a from non- () (b)
equilibrium, K, and equilib- o

. . 1.1 4 1.1 4
rium, K, analyses as functions ~ ® & 3
of pore-water velocity, v, for o X ° 0 e
Br (filled red circle) and K* 2 09 4 = 0o o
(open blue circle) and b of Br~, N T
K(Br), to that of K*, K(K™), for g
equilibrium (filled purple circle) 0.7 1 0.7 4
and non-equilibrium (open sky
blue circle) analyses

0.5 T T ] 0.5 T T ]
0.1 1 10 100 0.1 1 10 100
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Table 2 Mean values and

.. . Range A B C D

standard deviations of derived

parameters from the non- Ton Bromide (Br)

equilibrium analyses " 14 16 16 15
Ry 0.9441+0.0169 0.9145 +0.0094 0.8657+0.0138 0.8270+0.0159
p 0.9529 +0.0292 0.9618 +0.0224 0.9360+0.0337 0.9606 +0.0215
¢ 0.9069 +0.0175 0.8794+0.0138 0.8103+0.0326 0.7941 +0.0099
[0} 0.1940+0.0620 0.1680+0.1270 0.1880+0.0730 0.0830+0.0740
0, 0.7237+0.0139 0.7018 +0.0100 0.6466 +0.0260 0.6337+0.0079
0., 0.0743 0.0962 0.1514 0.1643
/R 0.974 0.978 0.952 0.982
Ton Potassium (K*)
n 15 16 16 16
Ry 1.2313+0.1373 1.2116+0.0819 1.3390+0.1224 1.2682 +0.0720
p 0.8739+0.0896 0.9246 +0.0567 0.8724 +0.0899 0.9425 +0.0499
¢ 1.0648 +0.0157 1.1159+0.0190 1.1589+0.0520 1.1921+0.0259
0} 0.0110+0.0070 0.028 +0.0230 0.0090 +0.0040 0.0630+0.0740
0, 0.8497+0.0125 0.8905+0.0152 0.9248 +0.0415 0.9513+0.0206
0., —-0.0517 —0.0925 —0.1268 —0.1533
/Rg 1.002 1.004 1.006 0.996

The standard deviations are equal to those for 6,,

Relative partitioning factor,

Parameter f accounts for partitioning of transport between
phases 1 and 2 (Toride et al. 1993) which constitute the
equilibrium (i.e., mobile) and non-equilibrium (immobile)
parts of the transport system, respectively. When £ is small,
leaching is less effective at removing solute from soil. As
p increases, conditions in phase 2 increasingly resemble
those in phase 1; more of the transport occurs in phase 1
and leaching becomes more efficient: the limiting case of
equilibrium transport occurs when f=1.

Values of  were c. 0.95 for Br and c. 0.90 for K™ and
independent of concentration. Although f was more closely
defined for Br™ than for K*, there was a small but signifi-
cant decrease in f as v increased for Br™ but not for K*. The
data of Nkedi-Kizza et al. (1984) also show g decreasing
not only as the speed of displacement increased but also as
concentration decreased, though the scatter in their results
is large. Bajracharya and Barry (1997), however, show that
p is independent of v.

Proportion of pore space in mobile phase, ¢

In Table 2, the values of ¢, like those of Ry, are less than
unity for Br~, more than unity for K*, and become more
extreme as concentration decreases. Although individual
values of # and R, vary widely for K*, those optimized from
a particular BTC self-compensate so that ¢is estimated with
some precision. At first sight, a value of ¢ > 1 implies that the
macroporosity exceeds the total porosity, which is absurd.
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Averaging over the four ranges of concentration, however,
the ratio ¢/R;=1.002 +0.004 for K*, so that ¢ appears to
equate to the retardation factor from the equilibrium analysis
for the cation. For Br™,¢ < R, with ¢/R;=0.972+0.013 sug-
gesting that ¢ and R are significantly distinct.

Mobile and immobile volumetric water contents, 6,,,
andé6;,

These are simply calculated as 6, = ¢ 6, and 6,,=6,—-6,,.
For Br, following from the behavior of ¢, 8,, decreases and
0,,, increases as concentration decreases. This is physically
realistic, but 6, greatly exceeds the volumetric liquid content
of the macroporosity, 0.406 m* m™, and 0, 1s less than that
of the microporosity, 8,=0.392 m® m~>, of the column of
sepiolite aggregates. For K*, 6, increases and 0, decreases
as concentration decreases, but 6,, exceeds the total poros-
ity, ,, and 0,,, is negative, which is physically unrealistic,
but which follows from the rigorous application of the non-
equilibrium optimization.

Volume of exclusion, 6,

This is calculated as 6,,= (1 — R)0, for the anion and is the
volumetric liquid content adjacent to the clay surfaces from
which anions are excluded by the electrical double layer.
Values are not tabulated but displayed in Fig. 6 as func-
tions of 1/¢ /2, where ¢ is the average concentration over a
displacement. The results for 8;,, are also graphed. Each line
is statistically significant with p <0.05 for 6,,, p <0.01 for
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Fig.6 Effect of average concentration on volumes of immobile and
excluded solution for Br™. 8,, open red square, 8, non-equilibrium
open sky blue circle, 6,, equilibrium filled purple circle

(0,,)p and p <0.001 for (8,,)y- The slopes are similar, but the
extrapolated intercepts on the abscissa differ 0.043 m® m™
for 6, 0.023 m* m= for (6,,),, and 0.014 m* m™ for (,,).
These results thus accord with the simple equation of Bolt
and de Haan (1979) for the thickness of the electrical double
layer adjacent to a plane surface of a negatively charged clay
in a dilute solution of a single salt composed of monovalent
anions and cations (thickness proportional to ¢™'/?). The sim-
ple equation does not hold at higher concentrations so that
extrapolations to infinite concentration (¢”>=0) have little

physical significance.
Mass-transfer coefficients, w and a

For Br~, CXTFIT gave definite estimates of @ in 59 of 64
optimizations when v <v, .., and average values (Table 2)
ranged between 0.1 and 0.2 with large coefficients of varia-
tion and little effect of concentration. There was a trend of
decreasing w as v increased in each concentration range, sta-
tistically significant in the three lowest concentration ranges.
As a consequence of the wide range of displacement veloci-
ties, however, the mass-transfer coefficient o increased as v
increased, typically from less than 0.01 h™! to 0.05-0.10 h™!
over the range of v<v,, ..

For K*, @ was poorly defined with estimates from only
37 optimizations. Average values increased from c. 0.01
in range A to 0.06 in range D. There was no discernable
effect of velocity on w and a, and the mean value of o was
0.006 +0.008 h™'. When v>v,,,., @ was not fitted for K*.
For Br~, however, values ranging between 0.2 and 0.8 were
optimized leading to values of a between 0.3 and 1.4 h™!, the
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Fig.7 Distribution coefficients, k,, as functions of solution concen-
tration, c. kz (K*) open blue square, kz(Br") open red circle, ky (Br)
filled red circle

limited data not permitting effects of velocity and concentra-
tion to be explored. Nkedi-Kizza et al. (1984) found that @
was the most inconsistent parameter in their optimizations,
influenced by the aggregate size, flux, and concentration.
Rao et al. (1980) had earlier pointed out that @ was not con-
stant for a given ionic species but a function of aggregate
size, flux, and mobile-water content.

Distribution coefficients, k,

Distribution coefficients, k,, follow directly from optimized
values of R and the physical characteristics of the system
(bulk density, p=0.642 g cm™; §,=0.798 cm? cm™). They
are negative (exclusion) for the anion, positive (adsorption)
for the cation, and the moduli of the values from the equi-
librium analyses are comparable. Figure 7 demonstrates that
they are linear functions of 1/c!?, with p <0.01, over the
range of dilute concentrations in these displacements, whose
slopes are comparable. The values for Br~ from the non-
equilibrium analyses are larger (i.e., less negative) than those
from the equilibrium analyses, but no reliable values for K*
can be derived because of the unreliable estimates of Ry,
(Table 1). Rose et al. (2009) recovered complete Freundlich
isotherms for Br™ and K* in sepiolite from the equilibrium
estimates of k,, but this is not repeated here.

Representations of
Table 3 contains estimates of ¢ from the four different

assumptions of f, the proportion of reaction sites in the
mobile-water region, for each concentration range. For
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Table 3 Comparative values

e Ton Range 0 $/2 ¢ 1
(mean =+ standard deviation) of
¢ for different assumptions of Bromide A 0.907+0.017 0.929+0.021 0.953+0.029 0.955+0.029
the fraction of exchange sites B 087940014  0919+0.017 0.962+0.022 0.967+0.020
assumed to be at equilibrium, f
C 0.810+0.033 0.869+0.033 0.936+0.034 0.945+0.029
D 0.794+0.010 0.869+0.013 0.961+0.021 0.967 +0.019
Potassium A 1.065+0.016 0.958 +0.059 0.874+0.090 0.834+0.141
B 1.116+0.019 1.010+0.036 0.925+0.058 0.904 +0.079
C 1.159+0.052 0.994+0.071 0.872+0.090 0.820+0.136
D 1.192+0.026 1.052+0.035 0.943 +0.050 0.924+0.071

each ion, ¢ was most closely defined when f=0: for other
formulations, the values for Br~ were much better defined
than those for K*. All estimates for Br~ were less than
unity, increasing in each concentration range in the order
f=0<¢/2<$ < 1: most estimates for K* were less than
unity (but not when f=0), decreasing in each concentration
range in the order f=0> ¢/2> ¢>1. As noted earlier (Table 2
and text), with f=0, ¢ decreased continuously for Br~ and
increased continuously for K as concentration decreased.
For the other formulations, there was little effect of concen-
tration when f=1 and f=¢, but overall decreases (Br") and
increases (K*) when f=¢/2. From this behavior, it can be
concluded that f=0 is the most appropriate assumption for
our aggregated sepiolite.

Researchers (van Genuchten and Wierenga 1986; Toride
et al. 1995) argued that f=0 was the best formulation for an
aggregated system, but nevertheless used f=¢in their studies
of *H,0, **Cl, and **Ca in an aggregated Oxisol.

Discussion

Despite reports that groundwater contamination/salinization
is caused by agricultural, industrial, domestic, and urban
development activities (Benaafi and Al-Shaibani 2021;
Frollini et al. 2022), Kloppmann et al. (2013) found that
groundwater was salinized by saltwater intrusion in the
French aquifers they investigated. Examining a volcano-
sedimentary aquifer in Djibouti’s coastal region of Africa,
Ahmed et al. (2017) also concluded that saltwater intrusion
and other geogenic processes were responsible for ground-
water deterioration. Field observations have been reported
in the literature to study the pattern of saltwater intrusion
in different aquifers. Theoretical and analytical approaches
have not been extensively used for this purpose. This study
is an effort to optimize non-measurable solute transport
parameters (Tables 1, 2, and 3) using an existing set of data
generated from a series of logical miscible displacements
through sepiolite minerals and curve-fitting simulations to
understand and estimate patterns of saltwater intrusion.
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The equilibrium analyses invariably gave excellent defi-
nitions to both Ry and K, though the uncertainty was less
in the former than in the latter (Rose et al. 2009). The non-
equilibrium analyses, however, despite the excellent fits to
the BTCs, often delivered extremely wide confidence ranges
to and/or unrealistic values of some of the fitted parameters.
These excellent fits often resulted from mutual compensa-
tion among the 4 optimized parameters leading to the poor
identification of some or all of them and a consequent inabil-
ity to identify the process correctly and unambiguously. In
general, K, was better defined than Ry, particularly for the
cation (Table 1; Fig. 4), for which K, = K. This reflects the
need for using specialized techniques and/or models repre-
senting saltwater intrusion into coastal aquifers of specific
geology. For example, Abdalla (2016) studied a portion of
Jazan aquifer (southwest of Saudi Arabia) to understand
the impact of seawater intrusion and to assess the dominant
hydrogeochemical processes controlling groundwater pol-
lution. Field data comprising 70 groundwater samples were
analyzed for the chemistry of major cations and anions using
conservative tracer methods and assumptions of Appelo and
Postma (2004), Slama (2010), and Zghibi et al. (2013). It
was recommended to establish a seawater intrusion monitor-
ing well network followed by periodic monitoring of ground-
water concentration using electrical conductivity particu-
larly near the coastal area to track salinization. Lathashri
and Mahesha (2015) used SEAWAT-2000 a coupled ver-
sion of MODFLOW and MT3DMS to conceptually simu-
late groundwater flow and transport for a coastal stretch in
Karnataka state (India) and recommend to be scientifically
sound for further saltwater and groundwater management
applications.

In order to reduce the uncertainty in estimating these non-
equilibrium parameters, three more restricted options, fol-
lowing the example of Bajracharya and Barry (1997), were
tried:

1. Fixing Ry, at the overall mean R (Table 1) for a set of
measurements from the equilibrium analyses, e.g., all
16 displacements at v<v,, .. over a given concentration
range, and allowing free optimization of K,  and @
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2. Fixing K, at the mean value of K, from corresponding
leaching and uptake displacements at the same velocity,
and free optimization of Ry, # and @

3. Fixing both Ry, and K, as in (1) and (2) above, and free
optimization of § and @

Table 4 contains some outcomes from these modifica-
tions for displacements in the lowest concentration range,
and from the original free fits. With each option, § increased
towards unity, ¢ remained stable, and @ decreased towards
zero. With option (1), dispersion coefficients, K, increased
by an average of 10% for Br~ but were unchanged for K*.
With option (2), values of Ry were unchanged for both ions.
Overall, the modifications achieved little; such techniques
to guide optimization, in fact, bias the outcome and are not
recommended, although apparently used successfully by
Nkedi-Kizza et al. (1984) and Bajracharya and Barry (1997).

The probable reason that the non-equilibrium model was
relatively unsuccessful is the lack of usable data points on
our BTCs of the dispersing front. A typical steep BTC might
have 30 data points, only 7 of which were effectively used
by CXTFIT, as data points with relative concentrations of
zero and unity are ineffective in the optimization. In contrast,
the non-equilibrium analysis has been used successfully by
Nkedi-Kizza et al. (1983; 1984) and many others who used
a pulse of solute rather than a front in their displacements.
Typical BTCs from their work typically contain 25-30 data
pairs, all of which are available to the model for identifying
the process. It would be preferable in the future to use finite
pulses of tracer rather than fronts for the most precise iden-
tification of transport parameters. This would apply to both
equilibrium and non-equilibrium analyses, but especially the
latter to better accommodate the free fitting of 4 independent
parameters.

Passioura and Rose (1971) confirmed the applicability
of the CDE to aggregated systems and the criterion for its
breakdown in 43 displacements through 2 sizes of each of 3
inert and reactive materials with °Cl (chlorine) as a tracer.

Table4 Mean values and standard deviations of parameters opti-
mized from modified non-equilibrium analyses for lowest concentra-
tion range D

Ton Option f ¢ w

Bromide  Free 0.960+0.025 0.796+0.009 0.083+0.074
@) 0.988+0.014 0.799+0.011 0.039+0.033
(ii) 0.980+0.023 0.810+0.007 0.020+0.014
(iii) 0.991+0.009 0.801+0.008 0.025+0.019

Potassium Free 0.951+0.042 1.184+0.018 0.063+0.074
@) 0.985+0.013 1.179+0.016 0.064+0.081
(ii) 0.951+0.048 1.195+0.013 0.010+0.013
(iii) 0.994+0.006 1.189+0.008 0.034+0.030

Rao et al. (1980) explored the applicability of both models in
11 experiments with inert solid and aggregated materials and
with *6Cl and 3H20 (water) as the tracers. Nkedi-Kizza et al.
(1983) used both models to analyze the behavior of a pulse
of %Cl in tritiated CaCl, (calcium chloride) solution from 17
displacements through aggregates of an Oxisol maintained at
pH 7 (3 sizes X 2 velocities X 3 concentrations). Bajracharya
and Barry (1997) examined the physical significance of non-
equilibrium solute-transport parameters in 27 experiments
with 3 materials (mixtures of porous polyethylene cylinders
and either sand or silt), supplemented by numerical simula-
tions. Rose et al. (2009) investigated the role of the electri-
cal double layer on the surface—solute interactions affecting
solute transport. They performed 230 displacements through
4 different materials with several ranges of concentration of
solutions of 4 simple salts. One component of this investi-
gation was the displacement of KBr solutions of 4 different
concentrations through a column of 2.0-2.8 mm aggregates
of sepiolite at 11 pore-water velocities.

Nkedi-Kizza et al. (1983) found the equilibrium analy-
sis applied only to their small (0.5-1.0 mm) aggregates
but failed with the larger (1-2 and 2-4.7 mm) sizes even at
low pore-water velocities between 0.4 and 6 cm h™!. This
was because they used short columns (5 cm long) which
caused the CDE to fail even at such small displacement
speeds because, theoretically, v,,,, is proportional to col-
umn length (Passioura 1971). The CDE, however, gave sta-
ble values of R and K, for our 2.0-2.8-mm aggregates up to
v=42.8 cm h™! and failed only when v exceeded its predicted
limit of validity.

There is, however, no a priori reason why a non-equilib-
rium analysis should not apply within the equilibrium trans-
port regime because it comprises an alternative intellectual
construct, that of a pore architecture of two discrete regions
each with distinct characteristics. This model, for the anion
Br, delivers plausible parameter values of both volumes of
immobile solution and of anion exclusion consistent with
electrical double-layer theory; although dispersion coeffi-
cients are modified, the effect is trivial compared to that of
displacement speed. For the cation K*, dispersion coeffi-
cients are unchanged, but retardation factors and adsorption
are poorly defined, and the partitioning of the pore space is
physically unrealistic. Therefore, Ry and K, for equilibrium
analysis that may dominate the scenarios of saltwater intru-
sion into fresh aquifers can be easily determined by conduct-
ing analytical experiments on the specific porous media and
the available model of CDE.

After understanding the scale and fate of pollutants mov-
ing from saltwater of sea to the groundwater, the former can
be prevented to mix with the latter through conventional
methods, physical barriers, and hydraulic barriers (Hus-
sain et al. 2019; Abd-Elaty et al. 2021, 2022a,b). The nega-
tive hydraulic barrier that uses barrier wells to pump the
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brackish and/or saltwater has been advocated in literature
(Ozaki et al. 2021) with an option of its reuse in desalina-
tion plants (Stein et al. 2019). Benaafi et al. (2022) assessed
groundwater salinization in the shallow and deep coastal
aquifers of the Al-Qatif region (an eastern region of Saudi
Arabia) caused by saltwater intrusion and concluded that
reduced withdrawal of groundwater in the central part of the
study area raised its level by about three meters protecting it
from saltwater intrusion. They advocated such management
practices in the entire region and continuous monitoring of
groundwater levels for informed decision-making.

Conclusions

Analytical experimentation to understand the phenomena
of miscible displacement that governs saltwater intrusion
into the fresh coastal aquifers was conducted, and the results
were discussed for behaviors of anions and cations under
the equilibrium and non-equilibrium conditions individually
and for with their interactions. The results are presented for
debate as a contribution to the continuing problem of deter-
mining realistic parameter values for use in simulating solu-
tion transport in porous media. A major snag with formal
optimization techniques, in general, is that the outcome can
vary with the choice of the initial values of the parameters to
be optimized, and the more parameters that are involved, the
greater the opportunity for mutual adjustments among them.
This is a particular drawback with non-equilibrium transport
and a way forward might be to use a modeling technique
such as ORCHESTRA (Meussen 2003), a framework for
implementing chemical equilibrium and transport models,
in which all parameter values are either known or can be
independently measured and not need to be optimized. This
technique has been used successfully by several workers to
quantify the transport of solutes in reactive soils, e.g., van
Beinum (2007) and references therein. It has also been suc-
cessful in modeling the non-equilibrium leaching of ions
from inert porous spheroids in a series of displacements in
which the macropore and micropore solutions were sepa-
rately labeled and traced (Abbas 2001; Rose et al. 2008).
Considering the mentioned assumptions, i.e., the current
choice of models for their simplicity to use, comprehen-
sion of two-region situations, the capability of representing
concentrated liquids’ transport through mobile-immobile
water under equilibrium and non-equilibrium conditions,
the feasibility of curve fitting techniques (CXTFIT) to fit
models on the experimental BTCs to estimate the required
non-measurable variables, and the limitations for this study,
the robust saltwater intrusion models may be considered in
the future to analyze these sets of data. Comparative assess-
ments of the output from the two types of models thereafter
may help recommend the most feasible method to define
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the phenomena of saltwater intrusion into coastal aquifers
resembling the geology of GCC countries. One way of mit-
igation of groundwater water contamination of GCC was
suggested by Al-Rashed and Sherif (2000), i.e., recycling
of water and artificial recharge of groundwater by surface
water and treated wastewater at a larger scale. Knowledge-
based approaches can mitigate saltwater intrusion in coastal
regions (Abd-Elaty et al. 2021, 2022a,b). Such solutions and
knowledge, if applicable, will need careful investigation of
the state of groundwater pollution to determine the scale of
mitigation efforts. The novelty of the study reported here is
the protocol for conducting such investigations. It may be
helpful in studying the economic dimension of water during
determining the offset of the cost of water production from
desalination plants while considering the indirect return
from using this water and its environmental impacts (Abbas
et al. 2023).
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