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Abstract

The dropping of the water level of the lakes located in the arid lands leads to salt concen-
tration increase. In this study, a combined experimental-computational method is developed
to explore the effect of seawater concentration on the elevation of groundwater table and the
rate of saltwater intrusion, while the lake water level is dropping. At the laboratory tank scale,
we have collected experimental data by varying the saltwater concentration by 2.0 and 2.5
times its initial value while measuring the height of the groundwater table. Our simulation
has shown an unexpected increase in height of groundwater by 5.0 and 13.0% relative to the
head difference at the boundaries of the domain. Also, the intrusion rate of saltwater wedge
increased by 2.0 and 3.0 times, respectively. We have used the verified model for a field state
and found that if density variations are neglected in simulation, the calculated groundwater
level is affected more than 2 times in response to fluctuation of lake water level (relative to
simulations by including the effect of fluid density changes). Based on the results density vari-
ations can counteract; even reverse, the effect of water table changes. Remarkably, our simula-
tions have shown that despite a severe decrease in the water level of a saline lake over time, the
saltwater wedge has indeed intruded further because of the substantial increase in the density
of the lake water due to the rising salinity. Based on the findings, to reach a reasonable result
in the study of interaction between saline water of shrinking lakes with coastal groundwater,
saltwater concentration as well as saline water density in the modeling must be considered.
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1 Introduction

Water conservation and supply of freshwater are some of the main challenges in coastal
areas particularly in aired and semi aired areas with high-density population due to more
water consumption in domestic, industry, and agriculture (Kjelgren et al. 2000). A review
of freshwater distribution confirms the amount of surface fresh water is very limited com-
pare to groundwater in arid and semi-arid regions. Therefore, most of the water demand is
supplied by the groundwater particularly in the coastal region areas where around 3.2 bil-
lion people live a coastal strip of 200 km (Singh and Tangarajan 2016).

In coastal aquifers due to the difference between fresh water and seawater density a
reverse gradient is developed that leads to backward flow of saltwater below groundwater
known as the intrusion. Researchers believe different parameters threaten saltwater intru-
sion. Abdoulhalik and Ahmed (2018) studied the saltwater upcoming in laboratory-scale
coastal aquifer. The results revealed that pumping wells in aquifers with low permeability
are more vulnerable to salinization than aquifers with high permeability. Yi et al. (2016)
simulated the interaction between groundwater and seawater in a coastal surficial aquifer in
Bohai Bay, Tianjin, China. Their findings showed that both SGD (Submarine groundwater
discharge) and SWI (Seawater intrusion) occur across the sea-aquifer interface and SGD is
highest in the winter and lowest in the summer. Sebben et al. (2015) classified them in dif-
ferent groups as the extraction of groundwater, sea-level fluctuation, coastal flooding, cli-
mate change, and land-based activities. The mentioned parameters are not independent of
each other and some may directly depend upon another like sea-level rising due to climate
change (Webb and Howard 2011). Saltwater intrusion makes a substantial environmental
impact along with the coastal strips (Chang et al. 2011; Yuan et al. 2015; Xiao et al. 2018;
Hoan et al. 2019). Gladen and Park (2016) studied impacts of intrusion result in sea-level
rising in some coastal regions of Egypt, Bangladesh, Indonesia, and South Korea. Dra-
matically decreasing agricultural production has been reported not only by inundation but
also by increasing salinity concentration of groundwater in all four studied coastal areas. A
numerical study carried out by Giambastiani et al. (2007) revealed that a rising of sea level
about 0.475 m leads to 800 m intrusion of saltwater toward inland. Carretero et al. (2013)
studied the influence of sea-level rising on the position of the saltwater-freshwater inter-
face. The results revealed that the position of interface would be moved up 41 times of sea
level rising. In such a case, based on the conceptual intrusion model developed by Chang
et al. (2011) saltwater wedge movement causes lifting of the fresh groundwater table.

Generally, all types of aquifers are recharged by precipitation. The more precipita-
tion, the more water would flow to the groundwater and this phenomenon avoids saltwater
wedge penetration into the coastal groundwater (Chang et al. 2011). Obviously, in arid and
semi-arid areas rainfall seasons are limited, therefore saltwater intrusion could extend more
in comparison to tropical coasts (Pettit et al. 2018).

Beyond all effective parameters that may influence the fresh water and saltwater inter-
action in porous media, seawater density plays the main role in the creation of interaction
zone (Doulgeris and Zissis 2014). So that based on the hydrostatic distribution of pres-
sure at the interface of saltwater and freshwater Ghyeben-Herzberg theory was configured
as a function of the density of seawater. Based on the Ghyeben-Herzberg equation, 1 m
displacement of groundwater table leads to moving of interface between freshwater and
saltwater about 40 m at the same direction of groundwater table fluctuations in case of
seawater density is around 1.025 gr/cm3 (De Wiest 1966). By increasing the density of
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seawater, the saltwater-freshwater interface lifts up which leads reduction of the thickness
of groundwater.

Numerous research has been conducted about seawater density and its relation with differ-
ent physical properties (McClimans 1984; Poisson et al. 1980; Millero 2000; Rodriguez and
Millero 2013; Schmidt et al. 2016). The density of seawater varying from 1.020 to 1.029 kg/
m3 at the surface (Garrison 2012) and increase non-linearly with the depth of the ocean
(Gladkikh and Tenzer 2012). However, the saltwater density value is very high for most of
the salty lakes such as Dead Sea lake, Great Salt Lake, and Urmia Lake (Karbassi et al. 2010;
Oren 2018). Based on the findings of Wang et al. (2010) it is predicted that seawater in the
North Atlantic will be lower, but the tropical part will be faced with getting saltier, and con-
sequently, the density of sea will increase. Urmia Lake is a highly concentrated saltwater
lake that showed a salinity increase particularly in the period of 1987 to 2017 (Karbassi et al.
2010; Farhoudi-Hafdaran and Ketabchi 2018; Jafari and Eftekhari 2013). In this period, the
concentration of different salt types in the lake has significantly increased from 214 g/ to
more than 400 g/l. In previous studies, the concentration of Lake Urmia in the years before
2001, less than 150 g/1, and since then, more than 300 g// has been reported (Manaftar 2012;
Rad et al. 2011; Farhoudi-Hafdaran and Ketabchi 2018).

Although several studies have explored the influence of rising water levels, major
uncertainties have remained which hinder making future predictions especially due to salt
concentration increase while receding of sea water level around the lakes located in the
arid areas and subject to drying crisis. To address this problem, we have performed tank-
scale experiments together with numerical simulations to explore how salt concentration
affects the saltwater wedge around coastal aquifers. In this study, the effect of changes in
the concentration and water level of saltwater source simultaneously on seawater intrusion
in coastal aquifers has been considered and also the effect of salt water concentration on
the aquifer level has been investigated. In previous studies, these issues have not been done
simultaneously in the laboratory and numerically, but in this study, an attempt has been
made to consider both cases in order to better understand this issue.

2 Materials and Methods
2.1 Experimental Setup
2.1.1 The Sand Tank

The experimental setup included a sand box with dimensions of 167 cm (length) X8 cm
(width) X 100 cm (height) as shown in Fig. 1a. To determine the real-time position of the
saltwater-freshwater interface, measurement tapes were pasted on the sides of the sand
tank. Prior to cast glass beads in the tank to make porous media, the box was filled full of
water. Then glass beads were strewed uniformly in the water and were settled at the bot-
tom. The porosity of the uniform porous medium was measured as 0.3 using the volumetric
method. A homogenous porous media was created in the tank with lucid and clean sorted
glass beads (0.125-0.725 mm in diameter) up to a height of 75 cm to represent the uncon-
fined aquifer.
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Fig. 1 a The experimental setup used in this study. b the schematic view of the setup

2.1.2 The Boundary Conditions

To assign the boundary conditions, we have used two reservoirs with adjustable water
heads located at the two sides of the tank as shown in Fig. 1. The left side was connected to
freshwater, and from the right side, the tank was connected to a reservoir of salt water. To
create an inclined boundary at the right side of the setup with an angle of 45° and vertical
in the left side in touch with fresh water, two fine stainless-steel meshes were used to keep
any undesirable deformation of glass beads body. To prepare saltwater, we have collected
the salt of Lake Urmia and dissolved it in tap water in a large tank. To fix the water head
at each boundary, two-step water supply tanks were used at both boundaries as pointed
in Fig. 1. A main big fixed position tank was used to supply saltwater and freshwater for
any test. Outflow from these tanks was discharged to an adjustable tank that connected to
the reservoir and so the water level in each reservoir could be easily regulated. The inlet
flowrate from the main tank to the adjustable was more than that infiltrated to the porous
medium therefore the extra water from these tanks was discharged using an overflow valve.
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Hence, the head of water at each side reservoir was at the same level of water in adjustable
thanks via a connected hose.

We considered three different salt concentrations for saltwater. For the first experi-
ments, it was set to 35 g/l (SC,), and for the second set to 70 g/l (SCyy), and the third to
90 g/ (SCyy). Saltwater solutions were colored as violet by dissolving 1 g/10L of potassium
permanganate which enabled us to distinguish it from the freshwater and to visualize the
wedge zone. The density values of the colored saltwater for concentrations of 35, 70, and
90 g/l were 1.022, 1.036, and 1.046 g/cm?, respectively. During saltwater intrusion experi-
ments we have used a digital camera to record images every 5 min.

2.1.3 Hydraulic Properties of the Setup

To determine the permeability of the setup medium a sample of glass beads was remolded
at the same void ratio of the medium in the chamber of the constant head permeability
apparatus and the permeability experiments were repeated 5 times. The average value of
the estimated conductivity was 0.056 cm/s. In the following to determine the dispersivity
coefficient of the prepared porous medium the averaged grain size of glass beads (0.4 mm)
was considered as an initial estimate for longitudinal dispersivity based on recommenda-
tions of some researchers (Tsato and Shibata 2012; GeoSlope International Ltd 2007).
The traverse dispersivity is also estimated at about 1/10 of the magnitude of longitudinal
dispersivity about 0.04 mm (GeoSlope International Ltd 2007; Walther et al. 2012). Fur-
thermore, the estimated values for dispersivity were calibrated by numerical analysis with
observed experimental results. Table 1 shows the properties of the material employed in
the experimental setup.

2.2 Experimental Method

Before starting of the experiments, freshwater was allowed to flow from the left towards
the right boundary. This flow was established using a low value of constant pressure head
gradient which was held constant over time by fixing the left and right boundary heads at
68.6 cm and 65.6 cm, respectively. To keep the head fixed, tubular overflows were con-
sidered inside both left and right tanks. After establishing a steady-state flow, the saltwa-
ter was allowed to enter into the medium by opening the saltwater reservoir valve. For
this purpose, the saltwater enters the tank from below and the fresh water in the reservoir
exits from the intended spillway. The water at the right boundary is completely replaced
by saltwater in one minute. Then, saltwater began to intrude into the tank. We let the intru-
sion continue until a new steady-state configuration was reached. These experiments were

Table 1 The properties of the

porous medium Parameter Value
Porous sand medium dimensions 166 cmXx75 cmx8 cm
hydraulic conductivity 48.38 m/d
porosity 0.3
longitudinal and transverse dispersion 0.4 and 0. 04 mm
Saltwater concentration 35,70, 90 g/l
Density of saltwater 1.022, 1.036, 1.046 g/cm?
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carried out under three different saltwater concentrations of C; =35 g/l, Cyy=70 g/l, and
Cy=90 g/l. We nominated the steady-state saltwater wedge corresponding to these experi-
ments as SC;, SC,; and SCy, respectively.

In all experiments, the rate of saltwater flow into the right reservoir was kept fix at a
value of 15 cm¥/sec. It took almost 15 min to flow saltwater from the tank to the reservoir
and refresh the saltwater in the right tank while the seepage of freshwater was discharged
to the saltwater tank in the range of 0.45 to 0.75 cm®/sec. Seepage flow of freshwater to the
saltwater tank was very small in comparison to discharge from the saltwater tank, there-
fore the effect of freshwater in reducing salt concentration as well saltwater density was
negligible.

2.3 Numerical Simulations

The SEAWAT code which belongs to the MODFLOW family to simulate variable-density
flow was employed to model the steady-state and transient flow in this research. SEAWAT
a finite difference based numerical model commonly has been employed by researchers
to model density-dependent flow in porous media such as saltwater intrusion problems in
various circumstances (Motallebian et al. 2019; Chang et al. 2018; Abdelgawad et al. 2018;
Alfarrah and Walraevens 2018; Werner 2017; Gopinath et al. 2016; Javadi et al. 2015; Lu
and Werner 2013; Luyun et al. 2011; Chang et al. 2011). Since the model uses finite dif-
ference method to solve the governing equation, it has some difficulties or limitations in
the modelling flow problems in an irregular or complex geometry. However, for regular
domain with straight boundaries such as experimental sand boxes, model gives high pre-
cision result in computing the height of saltwater wedge while may slightly overestimate
length of the wedge (Ahmadi et al. 2022).

The model is capable to simulate complex problems of fluid flow and heat transfer in
porous media, specifically to the analysis of saltwater intrusion. (Werner et al. 2013). The
governing equation of density-dependent flow which is solved in SEAWAT has been pre-
sented by Frind (1982) as follows:

el ()] 5 s () [« (5 (503 )| oo vl 0
where p[ML™] is the density of the original aquifer water, k., k¢, .k, [LT~"] are hydrau-
lic conductivities of porous media in the of x, y, and z-direction respectively, S;[L™!]
the specific storage in term of the equivalent freshwater head, 0 is the effective porosity
(dimensionless), h;[L] is the equivalent head of freshwater, p,[ML™] the density of saltwa-
ter, ps[ML™%] is the density of fresh water, q,[7~'] is in or outlet flowrate to the aquifer and
C[ML™3] is the concentration of saltwater.

In the case of variation of density in groundwater flow owing to the oscillation of salt
concentration, redistribution of concentration accelerates fluid density dynamically that,
influence the flow in porous media. Consequently, groundwater flow and salt transport in
the porous media are a coupled process in this case, so that the flow Eq. (1) should be
solved simultaneously with the following convection—diffusion equation in a couple system
under constant effective temperature,

aCc
= =V.(D.VO) - V(19C)——C +Zk Ry 2)
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where C is the salt concentration, D is defined as diffusivity that is computed as the sum of
mechanical diffusion and effective diffusion. C; is the concentration of solute that could be
inflow/outflow by source/sink to model and R, is the decay rate of solute in reaction k of N
types reactions. Since in seawater the dissolved materials are different kinds of salts so in
the studied time scale R, is set zero.

One of the objects of this study was oriented to understand the consistency of experimental
observed results with predictions computed by numerical imitations. The first purpose of the
numerical modeling problem was to determine whether the experimental data are consistent
with the predictions made by these widely used numerical models, and the second purpose
was to perform simulations for a greater number of saltwater concentrations in a very relevant
real field case in terms of saltwater density impacts on groundwater. In the numerical model,
the porous medium with the same dimensions as the laboratory setup was introduced. Also, a
structured mesh with one cm grids in space was applied (totally 167 cells in the horizontal and
75 in the vertical axis) to discretize the domain of the problem in any coordinates. For time
steps, 1 min was considered.

Since water heads at both reservoirs remained constant during the tests (h;=68.6 cm for
freshwater, and hy=65.6 cm for saltwater), the constant head boundary condition was applied
for them in the numerical model as shown in Fig. 1. Besides, the concentration of saltwater
at the right boundary was kept constant therefore this boundary was assigned as a constant
concentration boundary. However, to assess the effect of different densities of saltwater in the
studied problem three different concentrations were included as 35 g/1, 70 g/1, and 90 g/1 under
S1, S2 and S3 nominated experiments, respectively. The lower and upper faces of the model
were marked as no-flow boundaries. Before starting the tests, the tank was in a saturated state
with freshwater, in continue, by regulation of water level at both reservoirs to the mentioned
levels a steady-state seepage flow was configured in the glass beads box. To2 control iterations
in solving the unknown matrix, the tolerances for water head were set equal to or smaller than
10 cm and 1078 g/l for concentration was accepted.

2.4 Model Accuracy

To compare the computed results against the observed results of the experimental test, specific
statistical indicators were used. The accuracy of the computed data achieved by numerical
analysis known as a prediction of the model (P) was quantified in comparison to the observed
data (O) from experiments by using three statistical indicators (a measure of Nash—Sutcliffe
(CE), root-mean-square error (RMSE) and Weighted RMSE (WRMSE)) presented as follows:

3

“4)

WRMSE = 0.67 X RMSE + 0.33 X ARMSE (5)
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where O, represent the observed position of the fresh-saltwater interface in the setup, P; is
the refer to fresh-saltwater interface computed by the model and m is the regression line
slope of O, and P;. The theoretically desired value of RMSE, WRMSE and CE are equal to

0,0 and 1.0, respectively.

2.5 Case Study

After verification of the numerical model, we employed the SEAWAT model to simu-
late saltwater intrusion in a coastal aquifer adjacent to the Salt Lake Urmia (Fig. 2).
Lake Urmia is a hypersaline lake located in the northwest of Iran. This lake is known as
the largest saline lake in the country (Zarghami 2011) which suffers from a significant
decrease in water level. The lake is surrounded by unconfined aquifers. The hydrau-
lic and geophysical parameters of the coastal aquifer which is needed for SEAWAT are

Table 2 The parameters used in

the numerical model Parameter Value

Hydraulic conductivity 0.9 m/day

Porosity 0.3

Longitudinal and transverse dispersion land 0. 1 m

Specific yield 0.15

Length of the model 1700 m

Numerical grid size Ax=10 m and
Az=2m
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presented in Table 2. The presented parameters have been estimated based on in situ
investigation. As noted above, the lake has been faced with a severe drying problem and
its water level has been dropped dramatically in recent years while the salt concentra-
tion raised unprecedentedly. Table 3 presents information about the water level in the
lake and saltwater concentration overs years of measurement.

To modeling of the interaction between the fresh water of the adjacent aquifer with
the saltwater of the lake, we have considered a cross-sectional domain with a length of
1700 m from the shore line. The left model boundary is the groundwater table of the
adjacent aquifer and the right model boundary is the water level of the lake.

To investigate the impact of density changes on the groundwater table, the simula-
tions were performed in two different conditions:

Fix Boundary Head The groundwater source, at the left boundary of the model, was con-
sidered to be infinite and at a constant level. Based on the averaged measured groundwater
level at this point over 15 years it was considered at a constant level of 1282 m. In order
to establish the initial steady-state conditions, the lake water level was fixed at a level of
1277.8 m. as the normal water level at the lake before the drying problem. After reaching
the steady-state flow, the lake level was reduced to 1270.6 m, which is the recent year’s
water level in the lake.

Variable Boundary Head The groundwater source on the left of the model was assumed
to be changing due to recharge into groundwater. Therefore, the water level was let to
increase and/or decrease in response to the rainfall. Groundwater recharge was assumed to
be 75 mm / year, which is approximately 30% of the average annual rainfall in the nearest
meteorological station (located at the Urmia airport). As a boundary condition, the left side
of the model is considered the no-flow boundary.

The simulations applying the above two conditions were carried out in three modes:

(a) Neglecting density effects (M1 mode). In this case, the effect of the dropping lake
water level on groundwater level is studied while changes in the density of the lake
water are neglected. By applying this assumption, we can find out to what extent
changes in lake water level alone affects groundwater level. For this purpose, a com-
parison was made between the maximum level of Lake Urmia (1277.8 m) and the
minimum level of Lake Urmia (1270.6). In order to establish the initial steady-state
conditions, the lake level was fixed at the level of 1277.8 m above free sea level. After
reaching a steady state the lake level was reduced to 1270.6 m. Saltwater concentration
was assumed to be 166 g/l for both levels of lake water.

Table 3 Water level and its

. . Time Lake level (m) Salt concentration Density
concentration in Lake Urmia (Year) @ ¢/ )
(Karbassi et al. 2010; Farhoudi- cm?
Hafdaran and Ketabchi 2018;

Jafari and Eftekhari 2013) 1987 1276 230 1.16
1995 1277.8 166 1.11
2004 1274 260 1.19
2008 1272 340 1.25
2012 1270.6 400 1.29
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Table 4 Properties of glass bead

material after calibration Parameter Value
hydraulic conductivity 553 m/d
porosity 0.22
longitudinal and transverse dispersion 0.0004 and 0.00004 m

(b) Accounting for density effects (M2 mode). In this case, the effect of the dropping lake
water level on groundwater level is studied by considering changes in lake water den-
sity. This scenario is similar to the previous scenario, except that the effects of changing
lake water concentrations by increasing and decreasing water levels are included. In
order to establish the initial steady-state conditions, the lake water level was fixed at the
level of 1277.8 m and the saltwater concentration was fixed at 166 g/I. After reaching
a steady state, the lake level was reduced to 1270.6 m and the saltwater concentration
was increased to a value of 400 g/l (see Table 3).

(c) Intrusion rate (M3 mode). In this part, we have explored how dropping lake water
level controls the intruding or receding rates of the saltwater interface.

3 Results and Discussion
3.1 Model Calibration

To calibrate the numerical model different hydraulic conductivity of materials which has
been determined in the laboratory was changed slightly till seepage flow computed by
model got equivalent with experimental under steady-state freshwater flow (right reservoir
with fresh water for a while). Similarly, the longitudinal and transverse dispersion for case
SC; are modified to reach best fit between saltwater wedge of model and the observed one.
The final values for the calibrated parameters are summarized in Table 4. The calculated
values and observed values of the position of the saltwater wedge were compared by using
the Nash—Sutcliffe Efficiency (CE), the residual mean square error (RMSE) and Weighted
RMSE (WRMSE) (Pandey and Pandey 2020). Table 5, presents the results of employed
statistical indexes.

3.2 Experimental Results

In this section, we will first present the results of the tank experiments, and then we will
proceed with the field scale results.

Table 5 Statistical indexes at

. statistical indicator
SC; experiment

Mode RMSE [cm]  WRMSE [cm] CE
SC,, before calibration 1.03 1.11 0.988
SC,, after Calibration 0.55 0.74 0.997
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3.2.1 Tank Experiments

The behavior and dynamics of saltwater intrusion under concentration change conditions
were investigated in three experiments, i.e., SC;, SCy;, and SCy. All three experiments
were performed under a single hydraulic gradient (i.e. i = 0.018). In the first steady-state
condition SC;, the saltwater concentration was considered 35 g/l. We used photos taken
at 2, 4, 8, and 12 h just after the beginning of the experiment SC; to show the Saltwater
intrusion (SI) process (see Fig. 3a—d). In the first experiment, the saltwater wedge reached
the steady-state after 12 h. Digital data analysis (accuracy of image analysis is +0.01 cm)
of the first steady-state condition (SCp ) revealed that the end of the wedge, X, was almost
extended to X, =50 cm and level of the crest of freshwater and saltwater interface (Z,,)
was fixed at 30 cm above the model bed. (see Fig. 3e). Seepage flow in the experimental
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Fig.3 a-d The observed salt-wedge profiles for transient experimental conditions for SC; (i.e., C=35 g/l).
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model was determined with high accuracy by measurement the discharge of inflow and
outflow to reservoirs at both sides of the model. For this case, the net freshwater seepage
from the left reservoir to the right was determined as 0.598 cm?/sec.

In the second steady-state condition, SC,;, the saltwater concentration raised up to
70 g/1. Photos were taken at 2, 4, 12, and 25 h after the beginning of the experiment SCy; to
record the SI process (see Fig. 4a—d).

Assessment of the achieved data regarding the SCM test revealed that the wedge of salt-
water intrusion penetrated beneath freshwater up to 104 cm from the saltwater source tank.
For the mentioned test, the crest of the wedge was lifted 44.5 cm above from the model
base. The transmitted freshwater flow, in this case, was recorded at about 0.510 cm?/sec.

The Third steady-state condition SCy, is presented in Fig. 5a—d. The saltwater concen-
tration to simulate this condition was 90 g/l. In the third experiment, the toe position of
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Fig.4 a-d The observed salt-wedge profiles for transient experimental conditions for SCy; (i.e., C=70 g/L).
e the salt-wedge, X,,, profile at steady state for SCy,
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the saltwater wedge reached the freshwater source after 25 h. At the third state of the con-
ducted tests, the toe of the saltwater wedge was moved more and traveled 166 cm from the
right boundary (X,,), the crest of the wedge raised up to an elevation of 53.2 cm (Z,,) above
the model bed, simultaneously. The measured flow rate of seepage from the fresh water
reservoir to the saltwater was about 0.432 cm?/sec.

Change of saltwater concentrations in addition to changing the salt-wedge location also
affects the profile of the water table. Figure 6a. shows a comparison between the tank water
table at different concentrations of saltwater. The results indicate that with increasing con-
centration of saltwater source, groundwater table also is increased. Increasing the concen-
tration by 2 and 2.5 times the initial concentration, the level of groundwater is increased at
the laboratory scale by 0.15 and 0.4 cm respectively. In the other words, it leads to increase
in height of groundwater by 5.0 and 13.0% relative to the head difference at the boundaries
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Fig.6 a The water table profiles for steady-state conditions corresponding to different concentrations. b
The salt-wedge profiles belonging to different concentrations

of the domain. Figure 6b shows the progression of saltwater wedge after 12 h for different
concentrations, that it can be found by increasing the concentration by 2 and 2.5 times the
initial concentration, the rate of intruding saltwater wedge is increased by 2 and 3 times. As
shown in Fig. 6b as the concentration of saltwater increases, the speed of intruding the salt-
water increases It can also be found from the results that the rate of flow transferred from
the freshwater source to the saltwater source decreases with increasing saltwater concentra-
tion. Validation of the employed numerical model was carried out by using the collected
set of seepage data and recorded digital photos.

The influence of the saltwater concentration on the position of the saltwater wedge is
shown in Fig. 7. The results dictated that the toe position of the saltwater wedge has a non-
linear behaviour related to the saltwater concentration.

3.3 Numerical Simulation Results

In this section, laboratory data are compared with model predictions. At the first step, the
position of the freshwater-saltwater interface at tests of SC; and SC,; designated as steady-
state intrusion tests were compared with results of numerical simulations. The results
of this comparison are revealed in Fig. 8 which is shown very good agreement between
observed experimental data and the model output.

Fig. 7 Relation of concentration 200
and toe position of saltwater
wedge - K
= 150 *
<
g Y =23/209¢M007
= 100 0
g "
& e
E 50 o
0
0 20 40 60 80 100

Concentration(g/l)
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Fig.8 Comparison of model results when steady state condition is reached against experimental data

At the second step, defined as the flux test, computed seepage flow rates were com-
pared with the directly measured fluxes in the steady state experiments. Table 6 is allo-
cated to results of this step and it prove acceptable accuracy of the model performance
in prediction of fresh water seepage flow in the designed system.

In the third step, designated as the transient test, the numerical results are compared
against the observed data of transient experiment of SC,; during unsteady transient
condition before reach to steady-state. Figure 9 relates the results of this comparison,
indicating a good accuracy of the model in the prediction of saltwater interface posi-
tions under transient conditions.

Figure 10 illustrates the resulting velocity field and flow patterns for different salt-
water concentrations which is difficult to be measured experimentally. Figure 10 also
shows that the developed SGD (submarine groundwater discharge) zones for concen-
trations of 0.3 (i.e. freshwater), 35, 70, and 90 g/I. It is clear that with increasing con-
centration, the rate of advancing saltwater wedge increases, and the length of the SGD
zone decreases, resulting in an increase in velocity near the shore as well as a vertical
flow direction, which also helps to increase the water table. Moreover, the change of
velocity field alters the horizontal and vertical components of the flow field. Figure 11
shows the spatial distribution for the ratio of vertical to the horizontal velocity compo-
nents corresponding to the flow fields provided in Fig. 10.

Table 6 Observed data in
comparison to the model-
prediction of freshwater flows

Mode Volumetric flow rate from freshwater
resource to saltwater resource (cm? /s)

Freshwater SC,, SCy SCy
Experimental Data 0.714 0.598 0.510 0.432
SEAWAT model 0.727 0.611 0.528 0.446
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Fig.9 a The model results of salt-wedge profiles at transient experimental conditions for SCy;. b Compari-
son of steady-state model for SCy,

3.4 Field-scale Results

To assess the influence of the saltwater concentration changes on the groundwater table
and the interaction of freshwater and saltwater in a coastal aquifer at the field scale, the
Rashakan aquifer was studied and the simulations are presented separately below.

3.4.1 Influence of the Drop-in Lake Water Level on Groundwater Table Changes
Neglecting of Changes in Lake Water Density (M1)

Firstly, the effect of the drop-in lake water level on the groundwater table change was
examined under condition 1 (i.e. The groundwater source on the left of the model was
considered to be infinite and at a constant level). The saltwater concentration was assumed
to be 166 g /I for both levels of lake water (1277.8 and 1270.6 m). In this case, we lowered
the lake’s water level by 7.2 m which was observed through the last two decades (Karbassi
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SGD Submarine groundwater discharge
—> Velocity Vector
—— Saltwater Interface

Fig. 10 The velocity filed and flow patterns under different salt concentration on the size of submarine dis-
charge face

et al. 2010; Farhoudi-Hafdaran and Ketabchi 2018; Jafari and Eftekhari 2013). As shown
in Fig. 12, the groundwater table at distances of 500, 1000, and 1500 m from Lake Urmia
(the right of the model) decreased by 5, 3, and 1 m, respectively. According to the results,
by moving from the shore of the lake toward the land, the impact of lake water level drop
on groundwater table is lessened.

Then, the effect of the drop-in lake water level on the groundwater table change was
examined under condition 2 (i.e. The groundwater source on the left of the model was
assumed to be a variable level water source affected by recharging and Boundary condi-
tion for the left side of the model is considered no flow). The saltwater concentration was
assumed to be 166 g/ for both levels of lake water (1277.8 and 1270.6 m). As shown in

v
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Fig. 11 The ratio of vertical to horizontal velocity showing the development of relatively strong vertical
flow velocities for larger saltwater concentration values
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Fig. 12 Groundwater level profiles in maximum and minimum lake levels without density change effects

Fig. 13, By reducing the lake water level by 7.2 m, the groundwater level also decreased by
7.2 m. The results presented in Fig. 12 generally show that if the lake water concentration
is considered to be constant, the increase and decrease in groundwater level will be equal
to the increase and decrease in lake level, which is approximately equal across the aquifer.

3.4.2 Influence of the Drop-in Lake Water Level on Groundwater Table Changes

As in the previous scenario, the effect of the drop-in lake water level on the groundwater
table change was examined under conditionl, except that the concentration changes caused
by changes in lake water volume were also considered. To establish the initial steady-state
conditions, the lake water level was fixed at the level of 1277.8 m and the saltwater con-
centration was fixed at 166 g/l. After reaching steady-state, the lake level was reduced to
1270.6 m and the saltwater concentration was increased to 400 g/l. As shown in Fig. 14a,
the groundwater table at distances of 500, 1000 and 1500 m from Lake Urmia (the right
of the model) decreased by 2.8, 1.5, and 0.5 m, respectively. According to the results, by
moving from the shore of the lake toward the land, the impact of lake water level drop
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Fig. 14 Constant water table. a Groundwater level profiles in maximum and minimum Lake levels with
density changes. b Comparison of Groundwater level profiles with and without the density variation when
later water is at its minimum level

on groundwater table is lessened. Figure 13b compares the groundwater table profiles at
the minimum water levels of Lake Urmia with and without considering density changes.
The results indicate that when the density changes are neglected, the groundwater level
is affected by the lake water level changes more than about 2 times than when the den-
sity changes are considered. This is because part of the pressure inserted from saltwater to
the freshwater is due to the increase of concentration and density of the saltwater. When
assuming constant density, this component of the saltwater pressure is neglected, and,
therefore, lower heads of the water table are sufficient to counter-balance the force inserted
by saltwater.

The effect of the drop-in lake water level on the groundwater table change was exam-
ined under condition 2 (cf. Sect. 2.5). In order to establish the initial steady-state condi-
tions, the lake water level was fixed at the level of 1277.8 m and the saltwater concentration
was fixed at 166 g/l. After reaching steady-state, the lake level was reduced to 1270.6 m
and the saltwater concentration was increased to 400 g/l. The results presented in Fig. 15a
showed that by reducing the lake level by 7.2 m, the groundwater level decreased from
1.5 to 7.2 m depending on the distance from the lake. The results indicate that the rate of
decline and increase in the groundwater table is influenced by the distance from the lake.
Figure 15b compares the groundwater table profiles at the minimum water levels of Lake
Urmia with and without considering density changes. The results indicate that when the
density changes are neglected, the groundwater level is affected by the lake water level
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Fig. 15 Variable water table. a Groundwater level profiles in maximum and minimum Lake levels with den-
sity changes. b Comparison of Groundwater level profiles with and without the density variation in the
minimum lake level

@ Springer



4076 M. Motallebian et al.

changes more than about 2 times than when the density changes are considered. Similar
results were reported by Shibuo et al. (2006) regarding water level changes in Aral Sea for
a 44-year period.

3.4.3 Influence of the Drop-in Lake Water Level on the Rate of the Intruding
or Receding of Saltwater

The effect of the drop-in lake water level on the intruding or receding rates of the saltwater
wedge was examined under condition-1(cf. Sect. 2.5) while the concentration change is
neglected. In order to establish the initial steady-state conditions, the lake water level was
fixed at the level of 1277.8 m, the groundwater table was fixed at the level of 1282 m and
the saltwater concentration was assumed to be 166 g/L. The location wedge of saltwater
is extended to 1350 m from the lake after reaching a steady state. And then the lake level
was reduced to 1270.6 m without density change. At this step, the wedge of saltwater was
drawn back to 607 m from the lake after reaching a steady state, which is consistent with
the results of Giambastiani et al. (2007) and Carretero et al. (2013). that with the increase
of the lake water level caused the advancement of saline water. Next, the effect of the drop-
in lake water level on the rate of the intruding or receding of the saltwater wedge was
examined under condition-1 while concentration effects are taken into account. The lake
water level was fixed at the level of 1277.8 m, the groundwater table was fixed at the level
of 1282 m and the saltwater concentration was assumed to be 166 g/l. After reaching a
steady state, the lake level was reduced to 1270.6 m and the saltwater concentration was
increased to 400 g/l. The saltwater wedge is positioned at 1770 m from the lake after reach-
ing the steady-state condition. Figure 16a compares the saltwater wedge at the minimum
water levels of Lake Urmia with and without considering density change effects.

The effect of the drop-in lake water level on the rate of the intruding or receding
of the saltwater wedge was examined under condition-2 (cf. Sect. 2.5) while concen-
tration changes were neglected. In order to establish the initial steady-state conditions,
the lake water level was fixed at the level of 1277.8 m, the left side of the model the
boundary conditions were not introduced as a fixed head (1282 m) and the saltwater
concentration was assumed to be 166 g/l. The saltwater wedge is located at 390 m from
the lake after reaching a steady state. And then the lake level was reduced to 1270.6 m
without density change. The saltwater wedge is located at 230 m from the lake after
reaching a steady state. Next, the effect of the drop-in lake water level on the rate of
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Fig. 16 Density effects. Saltwater wedge in the maximum and minimum lake levels with and without den-
sity change. a constant water table on the left side of the model. b variable water table on the left side of the
model
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the intruding or receding of the saltwater wedge was examined under condition-2 with
considering the concentration change effects. The lake water level was fixed at the level
of 1277.8 m, the left side of the model the boundary conditions were not introduced as
a fixed head (1282 m) and the saltwater concentration was assumed to be 166 g/l. Then,
the lake level was reduced to 1270.6 m and the saltwater concentration was increased to
400 g/l. The saltwater wedge is located at 870 m from the lake after reaching a steady
state. Figure 16b compares the saltwater wedge at the minimum water levels of Lake
Urmia with and without considering density changes. It can be concluded that when
concentration changes and as a result of variations in density are affected, despite of
decreasing the level of the lake, the saltwater wedge would be intruded unexpectedly.
Otherwise, when the effect of the density changes is neglected, the saltwater wedge
would be receded. Similarly, intruding of salt water in costal groundwater was reported
by Vahidipour et al. (2021) around shrinking Bakhtegan-Tashk Lakes based on field
monitoring. Yechieli et al. (2010) studied effect of 20 m dropping of Dead Sea water
level on the coastal groundwater behaviour while the saline water density kept constant.
Similar to our findings, their results showed that dropping of lake water level leads to
the receding of 1 km of the saltwater edge toward the lake.

Hence, in order to study the interaction between saltwater and coastal groundwater
nearby a shrinking lake, considering saltwater density variation is an essential factor
that must be involved in the water management program.

4 Conclusions
The results from this study have shown that:

e The experimental results have shown that increasing saltwater concentration by 2.0
and 2.5 leads to increase in height of groundwater by 5.0 and 13.0% relative to the
head difference at the boundaries of the domain., and the rate of saltwater wedge
intrusion by 2.0 and 3.0 times, respectively.

e The numerical results indicated a good accuracy of the developed model in predict-
ing the movement of the saltwater interface under transient conditions, the steady-
state position of the saltwater interface, the net freshwater flow transmitted across
the system.

e The results showed that the toe position of the saltwater wedge is non-linearly related to
the saltwater concentration. This nonlinear behaviour was shown and discussed.

e The results of a field-scale study indicated that when the density changes are
neglected during saltwater dropping, the groundwater level is affected by the lake
water level changes more than about 2.0 times compared to cases where density
changes are considered in flow simulation.

e The results have shown that, despite the decrease of about 7.0 m in Lake Urmia’s water
level, due to the substantial increase of water density, the saltwater wedge has intruded
into the land. We have shown that, in the event of an increase in the water level of the
lake, and consequently a decrease in water density, the saltwater wedge will recede.
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