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ABSTRACT 

Modeling to Predict the Salt Transport between an Estuary and The Unconfined Aquifer 

with Groundwater flow 

Author: Abeer Ibraheem Khazaly 

Major Advisor: Heck, Howell, Ph.D, P.E. 

 

In many field studies, variation in fluid density may have important effects on controlling 

groundwater flow and solute transport processes. These studies include: Indian River Lagoon 

(IRL), a coastal estuary, located on the east coast of Florida, saline disposal basins, 

radioactive waste disposal and contaminant spills. In the environment, where the fresh 

groundwater region is in direct contact with the saline seawater region in coastal aquifers, 

dynamic equilibrium normally exists between these two regions, but there are numerous 

human and environmental factors that can adversely impact the equilibrium and lead to 

severe saltwater contamination of the freshwater region. Intrusion of saline water is the 

common groundwater pollution problem. The problem can occur due to seepage of saline 

wastes from the surface, invasion of seawater in coastal aquifers and upward movement of 

geologic origin saline waters in other aquifers (Gupta, 2017). Variations in concentration 

and/or temperature can play an important role in the transport of solutes in such groundwater 

systems. This study has five key objectives: (1) to explore how the nature of saline surface 

water changes as the groundwater flow rate changes and the subsequent effect on the salt 

transportation through the porous media, (2) to analyze Bahkmat and Elrick’s (1970) 

equation to predict the source depletion curve with existence of groundwater and modify the 

equation to include groundwater flow, (3) to explore how the nature of a breakthrough curve 

changes as the groundwater flow rate changes, (4) to examine the feasibility of using the 2-

D SEAWAT model to predict the source depletion and breakthrough curves under different 

groundwater flow rates, and (5) to study the movement of salt into the aquifer under time 

varying recharge scenarios. Ten experiments were carried out in a fully saturated, 

homogeneous sand column. Measurements were taken at the source and five ports 

distributed vertically along the column, located at fairly uniform distances below the source.   

Results for the first eight experiments show that an increase in the groundwater flow rate 
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leads to an increase in the rate of decrease in the source salt concentration and breakthrough 

curves with lower peak concentrations and earlier peak breakthrough curves concentration 

with time. The main transport mechanism was simply molecular diffusion because the salt 

concentration at the lower ports would never get higher than that at the higher ports. The 

Bachmat and Elrick (1970) equations are applicable for a period of time but the Modified 

Bachmat equations are applicable for a longer period of time than the Bachmat and Elrick 

(1970) equations. Detailed numerical experiments were completed using the MODFLOW-

family computer Code SEAWAT to study the effect of changing the groundwater flow rate 

on salt migration in porous media. Different methods were used to compare the measured 

and model-predicted values which included visual comparison and statistical analysis. The 

visual and statistical comparisons were made by comparing model-predicted and measured 

normalized salt concentration at the source and at the five ports locations. By visual 

comparisons, the model was very good in predicting the source. By statistical comparison, 

the model was very good in predicting the source and at the ports except for ports 1 and 2 

where the NSE Index values were out of the acceptable level.  
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Chapter 1 

Introduction 

 

1.1 Fundamentals of Saltwater Intrusion  

In general, river and stream discharges at the coast pointed, but groundwater in coastal 

aquifers also drains into the marine environment across the seabed, mostly unnoticed. In 

marine studies, because of poorly described and quantified Submarine Groundwater 

Discharge (SGD), SGD must often be neglected. SGD can be defined as any upward flux of 

water from seabed sediment into the overlying marine water column, and this includes 

discharges of terrestrial groundwater derived from rainfall as well as discharge of former 

marine water that previously flowed into sediments (Smith, 2004). Nield and Bejan (1992) 

reported that the component of SGD that is induced by hydraulic head differences between 

sediment pore water and the marine water column is called forced convection since the fluid 

flow is said to be forced by an external agent that is unrelated to the fluid properties. 

Appelo (1994) mentioned that there is an important reaction zone that can form due to the 

seawater recirculation through the near-shore aquifer (i.e., the different chemical 

compositions of meteoric groundwater and seawater cause the mixing of these waters and 

form this zone). 

Ippen (1996) noted that estuaries are either once or twice daily washed by the sea water. The 

concentration of salts in fresh water (i.e., salinity) is nearly zero. In the ocean, the salinity of 

water averages about 35 parts per thousand (ppt). He reported that the mixture of sea water 

and fresh water in estuaries is called brackish water and its salinity can range from 0.5 to 35 

ppt. The salinity of estuarine water varies from estuary to estuary and can change from one 

day to the next depending on the tides, weather, or other factors. Ali (2011) stated that 
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estuaries are a large source of salt water and can cause salt water intrusion in the underlying 

aquifer similar to the salt water intrusion caused by the ocean in an adjoining aquifer. 

In the environment, the fresh groundwater region is in direct contact with the saline seawater 

region in coastal aquifers. Normally, dynamic equilibrium exists between these two regions, 

but numerous human and environmental factors can adversely impact this equilibrium and 

lead to severe saltwater contamination of the freshwater region. Bear and Cheng (2010) 

reported that once freshwater aquifers are contaminated, it is difficult and expensive to clean 

up saltwater contaminated aquifers. The common groundwater pollution problem is an 

intrusion of saline water. The problem can occur due to seepage of saline wastes from the 

surface, invasion of seawater in coastal aquifers, and upward movement of geologic origin 

saline waters in other aquifers (Gupta, 2017). 

Saltwater intrusion (or sea water intrusion) into freshwater aquifers mostly occurs due to the 

density difference between seawater and freshwater. Across the interface, the fluid density 

may increase from that of freshwater (about 1,000 kg/m3) to that of seawater (about 1,025 

kg/m3), an increase of about 2.5 percent. It is important to know that this relatively minor 

variation in groundwater density can play a significant role in controlling saltwater intrusion 

processes and affect groundwater flow rates and patterns (Guo and Langevin, 2002). 

Moreover, lateral seawater intrusion would happen naturally when heavier saltwater 

(seawater) leaks inland at the bottom of the fresh groundwater aquifer. However, an 

understanding of variable-density ground-water flow can be important in many types of 

studies of coastal aquifers, such as studies of saltwater intrusion, contaminated site 

remediation, and fresh ground-water discharge into oceanic water bodies. Chang (2012) 

reported that the lateral seawater intrusion would result in a curved interface that separates 

the freshwater and saltwater regions; this interface is known as the regional “saltwater 

wedge”. The extent and shape of that interface is affected by various factors such as the 

geology of the aquifer, climate patterns, variations in natural groundwater flow, and sea 

level. Many researchers reported that the reasons of the exchange and circulation of water 

and solutes between an estuary and its adjacent aquifer is mainly due to effects of density 

contrasts (Westbrook et al., 2005; Trefry et al., 2007) and tidal pumping (Werner and 

Lockington, 2006). 
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The estimation of groundwater flow and solute transport is an essential component of 

conservation, management, and protection of aquifers against contamination. Numerous 

studies have been performed to quantify the salt movement from an estuary to the subsurface 

system. Pandit (1997) evaluated the steady state salinity distribution below the Indian River 

Lagoon (IRL) using a two-dimensional, coupled, finite element model in the vertical plane. 

The results of the model indicated that there was a significant possibility of massive saltwater 

intrusion from the IRL into the underlying aquifer. Due to lack of real field data, Pandit 

(1997) was unable to calibrate the model. Fujinawa et al. (2009) applied a transient, two-

dimensional (vertical plane), variable density, saturated-unsaturated, coupled model to 

simulate the dynamic interaction between a lagoon and the underlying groundwater system. 

Their model made them able to calculate the estuary phase and salt concentration and then 

use those values as a transient boundary condition for the coupled flow and transport model 

to simulate the salinity concentration in the subsurface environment. Moreover, they were 

able to calibrate their model by comparing model predicted water levels with measured water 

levels at thirteen observation wells. 

In all of these studies (Pandit, 1997; Langevin et al., 2005; Fujinawa et al., 2009), no 

groundwater salinity data was available below the estuary itself, where the groundwater 

salinity was being predicted for model calibration. Smith and Turner (2001) examined 

steady-state flow and mass transport. Duffy and Al-Hassan (1988) studied the circulation of 

groundwater and solutes in a closed basin in western Utah (Pilot Valley). They found that 

the recirculation and storage of salt in the subsurface is consistent with the apparent loss of 

salt from the surface budget. 

Ali (2011) stated that the spatial distribution of groundwater salinity below the lagoon bed 

is influenced by the lagoon salinity while the groundwater salinity at either west shore or 

east shore is influenced by the meteoric groundwater discharge (MGWD) from mainland. 

Furthermore, another interesting phenomenon represents the reversal of the groundwater 

salinity gradient at the Palm Bay transect. He found that the salinity is higher in the top part 

compared to the lower part of the aquifer in June and July, but the distribution pattern is 

reversed in September because relatively low salinity lagoon water is transported to the top 

portion of the aquifer. He reported also that the magnitude of the freshwater lens near the 
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shore is less dependent on the MGWD and more dependent on the vertical hydraulic 

conductivity of the soil below the estuarine bed. The downward movement of the estuarine 

water and the deeper groundwater in these regions remain relatively fresh according to the 

lower hydraulic conductivity which severely restricts this movement. He also reported that 

there was significant fluctuation of spatial distribution of groundwater salinity below the 

lagoon bed profile from June 2008 to September 2008 due to variation of lagoon salinity 

over this period caused by tropical storm Fay. The IRL iso-salinity was reduced from 0.7 on 

July 8 (dry season) to 0.3 on September 1 (two weeks after tropical storm fay) and that was 

also the salinity in the top portion of the aquifer. Furthermore, he stated that the lagoon water 

penetrates deeper into the aquifer close to the west shore. 

This study was undertaken to determine the saltwater movement with existing groundwater 

flow, study the salt penetration into the aquifer, and study and simulate these conditions in 

the laboratory by using a physical model and by using the numerical model (SEAWAT). 

Moreover, this study includes studying the salt migration from the source to the underlying 

porous media and through the porous media under different groundwater flow rates and 

during changing scenarios. The first scenario is a steady state when there is a groundwater 

flow from the beginning of the experiment, and the second scenario is when the experiment 

starts with no groundwater flow, and after four days, the groundwater flow is added. 

 

 

 

 

 

 

 

 



5 

 

1.2 Goals and Objectives 

The overall goal of this research is to develop a better understanding of the dynamics of 

saltwater migration into an aquifer saturated with groundwater. The study has five main 

objectives: 

1. Study the movement of heavier salt water into underlying freshwater by using a 

physical model in the laboratory under different groundwater flow rates (Chapter 

Three). 

2. Predict the source (i.e., the upper layer of the physical model which contains the 

saltwater) salt concentration depletion curve mathematically for different 

groundwater flow rates (Chapter Four). 

3. Perform a breakthrough curve analysis of unstable density-driven flow and 

transport in homogeneous porous media with the existence of groundwater flow 

(Chapter Five). 

4. Perform a numerical modeling using SEAWAT to investigate the impact of 

groundwater flow rate on saltwater transportation processes (Chapter Six)                                                                                                                               

a. Predict the source depletion curve. 

b. Predict the salt transportation through the porous media. 

c. Test model under multiple groundwater flow rates. 

d. Compare modeled results to measured results from the physical model 

experiments. 

5. Study the movement of salt into the aquifer under time varying recharge scenarios 

(Chapter Seven). 



6 

 

 

Chapter 2 

Literature Review 

 

2.1. Introduction 

Over the years, there has been growing interest in the migration of solutes in groundwater. 

In many field studies, the variation in fluid density may have important effects on 

controlling groundwater flow and solute transport processes. These include the IRL, a 

coastal estuary, located on the east coast of Florida (Mamoua et al., 2016), saline disposal 

basins (Simmons et al., 1999), and radioactive waste disposal and contaminant spills 

(Kimmel and Braids, 1974). Hamidi and Sabbagh-Yazdi (2008) reported that when a 

contaminant is introduced into a groundwater system, the change of groundwater density 

may be sufficiently large to alter the flow dynamics of the system, so the pollutant may 

either displace or mix with freshwater. As shown by field and laboratory studies, the fluid 

density gradients caused by variations in concentration and/or temperature can play an 

important role in the transport of solutes in such groundwater systems (Simmons et al., 

2001). 

2.2. Main Transport Mechanisms that Occur Under 

Unstable Flow Conditions 

 Jiao and Hötzl (2004) stated that depending on the density and viscosity differences and 

displacing direction, the system may be either stable or unstable as shown in Figure 1. When 

the density increases with depth, such as classic seawater intrusion problems, the flow will 

be stable Figure 1(a) (i.e., the mass of salt will migrate as layering),  otherwise, instabilities 

set in, resulting in “fingering” or “channeling” along the density and viscosity gradient as 

shown in Figure 1(b). Simmons (2005) reported that the complexity of variable density 

problems generally increases as one moves from situations where light fluid overlies dense 
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fluid to potentially unstable situations where dense fluid overlies less dense fluid. He also 

added that in unstable cases, transport can be characterized by rapid instability development 

where finger instabilities sink under gravitational influence enhancing solute transport and 

mixing. Quintard et al. (1987) reported that the unstable displacement can be further 

classified into two types of instabilities, first, Rayleigh–Benard instability is induced by 

density variations in the gravity field (gravitational instability), and second, Saffman–Taylor 

instability induced by viscosity differences (viscous instability). 

 

 

Figure 1- Schematic concentration contours for stable and unstable flow patterns with density and viscosity 

differences in homogeneous isotropic porous medium: (a) stable displacement, where μin > μdis, and ρin > 

ρdis; (b) unstable displacement with μin < μdis, 

(The figure above is modified from Jiao, C.-Y. and Hӧtzl, H., 2004, An Experimental Study of 

Miscible Displacements in Porous Media with Variation of Fluid Density and Viscosity, Transport in 

Porous Media 54: 125–144, 2004. In Figure 1, 

u actual velocity (cm/s); Cdis concentration of the displaced solute (g/L); Cin concentration of the 

injected solute (g/L); µdis viscosity of the displaced fluid (Pas) (kg/m/s);  µin viscosity of the injected 

fluid (Pas) (kg/m/s); ρdis density of the displaced fluid (g/L) and ρin density of the injected fluid (g/L). 
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Generally, three main transport mechanisms occur under unstable flow conditions which 

include the following: 

1. The first main transport mechanism is the transport of saltwater from the overlying 

salt source (hereafter called “source”) to the underlying porous media, which is 

saturated with the lighter fluid. The most important study is Bachmat and Elrick 

(1970) because they were able to derive an equation that could predict the salt 

depletion with time. They and Simmons and Narayan (1997) also reported that the 

net transfer of salt from the source into the horizontal surface of the underlying 

porous media is mainly due to convective or free dispersion and not due to molecular 

or mechanical dispersion. Mamoua et al. (2017) reported that one can predict the 

salt mass that would enter from a salt source into the underlying porous media with 

certainty. They also reported that the main salt transport mechanism was not 

molecular diffusion.  

2. The second main transport mechanism is the transport of the saltwater through the 

porous media, which is saturated with lighter fluid (tap water). Bachmat and Elrick 

(1970) reported that the vertical spread of the salt within the porous material occurs 

in the form of fingers, the number and configuration of which are not reproducible 

in practical experiments. Mamoua et al. (2017) stated that the salt transport through 

the porous media was stochastic and that one cannot predict the rate or pattern of 

salt transport through the porous media itself. Schincariol and Schwartz (1990) 

stated that fingering causes rapid and erratic redistribution of solutes and as reported 

also by Simmons et al. (2002) that the salt travels faster and farther when fingers are 

formed as opposed to when the transport is due to mechanical dispersion. 

Furthermore, Simmons et al. (2002) added when the density of the invading plume 

is significantly greater than that of the ambient groundwater, density-driven flow 

can manifest itself in the form of lobe-shaped instabilities or fingers. The salt plumes 

movement is proportional to the source concentration (i.e., with increasing source 

concentration, the salt plumes move faster and farther (Schincariol and Schwartz, 

1990; Simmons and Narayan, 1997). In most of these experiments, fingering was 

observed either by some sort of digital processing (Johannsen et al., 2006)or visually 
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through photographs (Wooding, 1959; Bachmat and Elrich, 1970; Schincariol and 

Schwartz, 1990; Simmons et al., 2002; Wood et al., 2004)   

3. The third main transport mechanism is the upward transport of fresh water from the 

underlying porous media into the source as a result of displacement by the heavier 

saltwater. Simultaneously, migration of the salt downward into the porous media 

creates an upward movement of the lighter freshwater (Smetacek et al., 1976; 

Webster et al., 1996; Simmons and Narayan, 1997;  Johannsen et al., 2006; Fujinawa 

et al., 2009). 

 

2.3.   Forced, Free, and Mixed Convective Flow 

In flow fields where saltwater and freshwater are in contact with each other, (i.e., when 

density differences are present in a flow system), transport of the salt may be dependent on 

three factors: 

I. Hydraulic driven flow, called “forced convection” (or “advection”), 

II. Buoyancy driven flow, called “free convection”, and 

III. Dispersion/diffusion. 

Typically, the groundwater flow is due to natural hydraulic gradients, and the movement of 

the fluid is termed “forced” convection. Therefore, the advective transport or convection is 

the transport of the material that occurs as a result of the bulk fluid motion (Gupta, 2017). 

Bachmat and Elrick (1970) reported that under forced convective conditions and absence of 

any ambient groundwater velocity, the flux of salt can be regarded as the sum of molecular 

diffusion and mechanical dispersion. Simmons (2005) stated that fluid density differences 

create flow gradients that are equivalent to typical hydraulic head gradients. 

Density differences may be too small to encourage movement of fluid, and the system 

remains stable. In this case, only molecular diffusion will be the responsible for the 

transportation of solutes. On the other hand, free convective flow may be induced due to 

larger density differences resulting in regional downwards migration of dense fluid 
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(fingering), which is balanced by upwards flow in upwelling regions, so, free convection 

happens where a dense fluid overlies a less dense one (i.e., the density stratification is the 

main cause of the instability (Simmons et al., 2001)). Graf (2006) reported that these flow 

regimes are unstable and solutes are transported by molecular diffusion and advection. 

Simmons and Narayan (1997) and Musuuza et al. (2011) reported that when heavier 

saltwater overlies relatively lighter groundwater, the downward movement of the heavier 

water also establishes hydraulic gradients, and the movement of the fluid is termed “free” 

convection. Deeds and Jones (2011) pointed out that a system in which flow is driven by 

both forced convection and free convection is called a “mixed convection” flow regime.  

Cycling of marine water between the sea and coastal sediments happens due to mixed 

convection that is caused by natural intrusion of seawater along coastal and estuarine margins 

of groundwater systems (Smith, 2004). He also reported that the term “mixed convection” is 

used because the fluid motion involves a combination of forced convection and free or 

natural convection caused by fluid density variation.  

Gebhart et al., (1988) mentioned that mixed convective flow occurs in a groundwater system 

when both forced convection (i.e., hydraulically driven transport) and free convection (i.e., 

buoyancy-driven transport) operate together to control solute concentration and/or 

temperature distributions. 

 

2.4. Past Numerical and Experimental Studies 

The three transport mechanisms that occur under unstable flow conditions, Section 2.2, have 

been investigated by several researchers via laboratory and/or numerical experiments such 

as (Wooding, 1959; Bachmat and Elrick, 1970; Schincariol and Schwartz, 1990; Webster et 

al., 1996; Simmons et al., 2002; Wood et al., 2004; Johannsen et al., 2006; Post and 

Simmons, 2010; Kneafsey and Pruess, 2010; Goswami et al., 2011). Several researchers 

have studied the transport mechanisms that occur under unstable flow conditions. In general, 

the physical models used by the researchers in their studies is a tank filled with porous media 
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that is saturated with freshwater, and heavier fluids (salty water) were placed on top of a 

tank. In some of the experiments the salt concentration of the heavier fluids was kept constant 

by continuous injection (Webster et al., 1996; Fujinawa et al., 2009; Simmons et al., 2002) 

while others started with a fixed mass and the source concentration varied over time as 

transport into the porous media occurred (Wooding, 1959; Bachmat and Elrick, 1970; Wood 

et al., 2004; Johannsen et al., 2006). 

Wooding (1962) studied the problem of an unstable fluid overturning by using a vertical tube 

containing porous material saturated with water attached at the top to a reservoir filled with 

an aqueous solution (an analogue of Taylor's (1954) experiment). The decline of dense solute 

in the experimental results were substantiated by theoretical analyses. 

Bachmat and Elrick (1970) set up their experiments in a cylindrical vertical column (0.05m 

diameter and with a length of 1m), which contained a porous medium saturated with pure 

water and a ball-like reservoir on top of the column, containing heavier fluid. By the 

theoretical analyses, they observed that convective dispersion arising from the onset of 

horizontal variations of the salt concentration and of the vertical velocity component is 

considered the main contributor to the influx of salt into the porous material.  

The impact of density differences on the displacement behavior has also been investigated 

(Krupp and Elrick, 1969; Rose and Passioura, 1971). Many other researchers observed the 

unstable behavior of dense solute plumes in a number of physical model investigations 

including (Dane et al., 1991; Hayworth et al., 1991; Oostrom et al., 1992a; Oostrom et al., 

1992b). 

Schincarriol and Schwartz (1990) studied variable density flow in homogeneous, layered, 

and lenticular porous media and indicated that density differences as low as 0.0008 g/cm3 

can cause unstable displacement, which can be termed free convection. 

The Johannsen et al. (2006) experiment was carried out in a cubic (0.2m) Plexiglass tank 

containing an artificial porous medium saturated with water. To study the unstable situation 

of flow solely driven by density gradients, a saltwater layer above a freshwater layer was 

created in a closed box. In their study, the porous medium was filled with freshwater, and a 
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salt solution with a salt mass fraction of 0.30% of NaCl was placed above freshwater. Over 

a period of four hours, the downward migration of the salt was observed by using magnetic 

resonance imaging (MRI). They reported that fingering was initiated as a result of the density 

gradient and that the salt reached the bottom of the container within the measurement period. 

Also, they mentioned that a freshwater finger started moving upward simultaneously as the 

salt moved downward.  

The upward movement of freshwater as a result of the downward movement of saltwater 

was reported by Webster et al. (1996) who carried out their experiment in a rectangular 

container (small aquarium) that was half filled with sediment saturated with a solution of 

dye (KBr) in freshwater. They noticed that when the dense saline fluid ‘fell’ into the 

sediment, the lighter KBr solution pushed into the flow above the sediment-water interface. 

In other words, the denser water overlying the sediment over time exchanged with lighter 

water within the sediment. They also indicated that the volume of fluid exchanged was 

directly proportional to the initial source concentrations. 

Wood et al. (2004) carried out their experiments in fully saturated homogeneous sand 

columns that were constructed from PVC pipe 0.91m in length with a diameter of 0.15m to 

study the effects of invading fluid density on solute transport and breakthrough curves. They 

pointed out that transport occurs by way of fingering instabilities and is clearly unstable at 

higher densities.  

Mamoua et al. (2016) set up their experiments in Plexiglass has a height of 1.83m and a base 

of 0.61m by 0.61m. The model consists of a vertical column which containing a porous 

medium saturated with tap water and a source area at the top of the column which contains 

a heavier fluid. They indicated that the flow was unstable in the beginning (did not yield 

smooth breakthrough curves) but stabilized after approximately 23days. 

Mamoua et al. (2017) carried out other experiments in the same column that was explained 

previously to study the two main transport mechanisms that occur simultaneously under 

unstable flow conditions are transport of saltwater from an overlying salt source to the porous 

media, and transport of salt through the porous media. They studied these mechanisms 

through two fixed mass (source concentrations decrease with time) experiments conducted 
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over 15days. Also they studied the transport through the porous media via three continuous 

injection (source concentration kept constant by continuous injection) experiments lasting 

between 5 to 29days. They pointed out that the salt transport from the source to the porous 

media was deterministic, but the transport through the porous media was stochastic. They 

also added that one can predict the salt mass that would enter from a salt source into the 

underlying porous media with certainty, but one cannot predict the pattern of salt transport 

through the porous media itself.  

Other researchers have studied the transport mechanism through the porous media and the 

upward movement of lighter fluid as a result of salt migration downwards such as Fujinawa 

et al. (2009) via numerical modelling. Fujinawa et al. (2009) pointed out that the fluid 

exchanged volume was directly proportional to the initial source concentration, and he agrees 

with Webster et al. (1996). 

In spite of these related studies, the prediction of the salt depletion with time of the source 

with existing groundwater flow at different flow rates has not been adequately considered. 

The study of the downward movement of salt and upward movement of freshwater as 

subsequent to salt movement through the porous media with the groundwater flow at 

different flow rates had less attention in past studies. 

 

2.5. Discussion of Bachmat and Elrick (1970) Equations to 

Predict Source Depletion Curve 

In 1970, Bachmat and Elrick examined the source solution penetration into the porous 

media under unstable conditions. They reported that the convective dispersion is the main 

contributor to the influx of salt into the porous material. Furthermore, they found that the 

flux from the heavier fluid into the porous medium can be approximated by the following 

hyperbolic equation: 

𝑪𝒕 =
𝑪𝒐

𝟏+𝑭𝒕
 ………………………………………………………………… (2-1) 

Where: 
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Ct is the concentration of the solution in the source reservoir at any time, 

Co is the initial source solution concentration at time t=0, 

t is the time and 

F is defined as 

 𝑭 =
𝑨𝜶𝑲𝑪𝒐

𝑯
 ………………………….……………………………….…… (2-2) 

Where: A is a non-dimensional parameter dependent on the shape of the container, α is the 

slope of the density versus concentration graph of the source solution which is estimated as 

0.6944 since the density of the ocean water equal to 1025 kg/m3 (c=36g/l) and freshwater are 

1000 kg/m3 (c=0), 

H is a characteristic length,𝐻 =
𝑉𝑆

𝐴𝑆
 

 Where Vs represent the volume of the solution in the source,  

 As represent the horizontal surface area at the top of the porous material, and 

 K is the hydraulic conductivity and defined as: 

𝑲 =
𝒌𝒈𝝆𝒐

𝝁𝒐
 .....................………………………………………………………………………. (2-3) 

k is the permeability of the porous material (dimensions L2) 

g is the acceleration due to the gravity, 

ρo is the initial mass density for the liquid in the column (pure water in their case),  

µ0 is the viscosity of the fluid in the porous media, 

So, F can be defined to be equal to 

𝑭 = 𝑨
𝒌𝒈𝜶𝑪𝒐

𝑯𝝁𝒐
 …………………………………………………………………. (2-4) 
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To calculate F the equation (1) can be rearranged in the form of an equation of a straight line 

𝑦 = 𝑚𝑥 + 𝑏: 

𝑪𝒐

𝑪𝒕
-1=Ft  ……………………………………………………………….. (2-5) 

Where: 𝑦 =
𝐶𝑜

𝐶𝑡
− 1 , m=f, x=t, and b=0  

After conducting an experiment, the value of F can be represented by a slope of the graph 

that can be obtained by plotting  
𝐶𝑜

𝐶𝑡 
− 1 versus t. Once F is calculated, then the value of A 

can be obtained by substitute the value of F into equation (2-4). The porous material used 

for Bachmat and Elrick’s (1970) experiments were either glass beads or a specially prepared 

sand taken from a local area. Also, they mentioned that some experiments differed by the 

rate of pumping and with/without stirring the solution of the source. 

The assumptions made by Bachmat and Elrick were that the column that contains the porous 

media is vertical, the porous media column is considered to be infinite, the water in the 

porous media is freshwater, the source area is placed on top of a porous media, the source 

volume is constant, (no groundwater flows), the salt concentration in the horizontal plane is 

uniform and finally, the net transfer of salt through the horizontal surface of the column is 

mainly due to convection. 

2.6. Seepage Data Collection 

Seepage data collected from personal communication with the persons who were involved 

under Pandit e al and others work, were used in determining typical seepage rates for the 

following Indian River Lagoon crossing transects: [1] Eau Gallie, [2] River walk, [3] Banana 

River, and [4] Mims, see Figure 2. The highest and the lowest flow rate was identified from 

seepage readings of each sector measured at different times and locations (west shore, 

middle, and east shore). Additionally, the largest, lowest and mean flow rate values for all 

sectors at different locations were calculated in Table 1. 
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Table 1 - The highest, lowest and mean seepage for transects at different locations 

 West Shore Seepage* 

m3/m2.d 

Middle Seepage* 

m3/m2.d 

East Shore Seepage* 

m3/m2.d 

Mean 7.10E-03 4.68E-03 2.12E-03 

High 5.45E-02 3.53E-02 4.92E-02  

Low 2.62E-08 2.16E-09 9.00E-07 

*The data above is received from Pandit et al., 2016, Sediment Survey and Fluxes of Nutrients from 

Sediments and Groundwater in the Northern Indian River Lagoon, Florida (Part III), Charles Jacoby, 

Program Manager, St. Johns River Water Management District. 

 

 

To determine the magnitude of the flow rate that should be employed in this experimental 

work, the selected seepage rates obtained from field observations were multiplied by the 

cross-sectional area of the rectangular column as will be explain in chapter 3. 

 

  

Figure 2- Location of the four mentioned transects 
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Chapter 3 

Methods 

 

3.1. Experimental Set-Up 

The experiments were conducted in a vertical plexiglass rectangular column with the length 

of 1.83m and a cross-sectional area of (0.61m * 0.61m). The column was supported and 

fixed by a steel framework. Figure 3, shows the general appearance of the column and 

accessories. The column consisted of three parts: a pipe that included a valve used for 

cleaning the column, the sand column with a net length of 1.70m, and an upper reservoir 

with the net depth of 0.05m and surface dimensions of 0.61m * 0.61m. The framework had 

four supports in order to hold the base of the column and give ability for using a drain valve 

at the bottom. Five sampling locations (ports) are distributed vertically along the column, 

located at fairly uniform distances below the source as shown in Figure 4. The lower base 

of the sand column was covered with a layer of gravel. A drain field filter cloth covers the 

gravel layer and prevents the fine grain sand from moving into the gravel and out the drain. 

There are also two reservoirs: one filled with tap water that provided a uniform groundwater 

flow condition by using a peristaltic pump and the other used to collect the overflow water. 

A groundwater distribution pipe within the gravel layer and with holes 3cm a part to 

distribute the flow uniformly along the base as shown in Figure 5.   

In order to achieve a homogeneous and isotropic saturated sand pack, the sands were placed 

inside the column up to a depth of 1.70m in increments of 25cm. Before adding the next 

increment of sand, each increment was fully saturated with water. Water was maintained on 

top of each sand increment for a period of at least 24 hours to allow saturation. The whole 

process to fill all the column with sand took approximately one week. After placing the sand, 

water flowed downward through the sand column for a period of six hours until the inflow  
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Figure 3- Actual experimental setup, column details 
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Figure 4- Schematic diagram of physical model 
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Figure 5- Groundwater distribution pipe layout 
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was equal to outflow to ensure that there were no compaction changes in the sand column as 

a result of the fluid passing through the porous medium. Thereafter, the drainage valve was 

closed, and the column source was filled with freshwater and kept saturated. In order to 

minimize system error and evaporation losses in all experiments, the source area was covered 

by using a thin plastic sheet. In general, all experiments started by introducing saline water 

solution (sodium chloride, NaCl) at a concentration of 36 g/l into the source area on top of 

the saturated column to the desired depth. During the initial addition of saline solution, the 

sand layer was covered with layers of paper toweling to minimize sand surface disturbance. 

To fill the source volume with saline solution took approximately two minutes. 

  

3.2. Porous Media and Salinity Solution Properties 

The column was packed with 40F sand produced by Standard Sand and Silica Company with 

the following characteristics: an effective size (d10) of 0.17 mm and a uniformity coefficient 

of 1.8. The hydraulic conductivity and porosity of the packed porous medium in the column 

was determined to be 7.6m/d and 0.32, respectively. The porous medium was saturated with 

tap water with a salinity of 0.3 g/l. Sodium chloride (NaCl) mixed with freshwater. 

 

3.3. Salinity Measurements 

Salinity was measured by using 

a) A YSI salinity meter, model 85 Figure 6 - a. This device converts conductivity 

readings to salinity values based on standard ASTM algorithms. This particular 

salinity device can measure salinity in the range of 0-80 ppt (parts per thousand) 

with a 0.1 resolution and an accuracy of 0.5 percent. 

b) A salinity pen, model (AZ8371) Figure 6 - b, was also used. The salinity pen can 

measure salinity within the range (0.00 – 70.0) ppt (NaCl), with a resolution 0.01 

when the salinity is between 0.00 to 10.00 ppt (NaCl) and 0.1 when the salinity is 

between 10.1 to 70ppt (NaCl), and an accuracy of (1-2) percent. 
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Figure 6- Salinity meters used, a) YSI salinity meter, model 85, b) salinity pen, model (AZ8371) 
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3.4. Equivalent Flow Rate Determination 

As mentioned in chapter 2, section 2.6, Table 1, to determine the magnitude of the flow 

rate that should be employed in this experimental work, the selected seepage rates obtained 

from field observations were multiplied by the cross-sectional area of the reactor which is 

(0.61m × 0.61m). 

For instance, the highest seepage flow rate value was 5.45E-02 m3/m2d, 

So the equivalent flow rate for the reactor is the following: 

𝑄 = 𝑣𝐴 

𝑄 = 5.45 ∗ 10−2 𝑚3

𝑚2𝑑
(0.61 ∗ 0.61)𝑚2 ∗

1000𝑙

𝑚3 ∗
𝑔𝑎𝑙

3.785𝑙
= 5.36𝑔𝑝𝑑  

And the results of the other flow rate conversions are presented in Table 2. 

 

Table 2- The highest, lowest and mean flow rate for transects at all locations 

 West Shore Seepage 

(gpd) 

Middle Seepage 

(gpd) 

East Shore Seepage (gpd) 

Mean 0.7 0.46 0.21 

High 5.36 3.47 4.84 

Low 2.58E-06 2.12E-07 8.85E-05 
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3.5. Groundwater Flow Rate Pumping 

The groundwater flow rate was metered by using peristaltic pumps 

a) A Stenner Pump Company model (SVP1) Figure 7-a, with pump head (SVP1L1) ,  

is designed for an adjustable, variable speed, peristaltic metering pump suitable for 

industrial applications, municipal and wastewater treatment plants. The pump is 

provided with manual output control, so, the output is adjusted by increasing or 

decreasing the motor speed. This particular pump can control flow rate within the 

range of 0.3-5.0 gpd. 

b) Variable- speed peristaltic minipump Figure 7-b, also a Stenner Pump Company 

model (M201LC) with pump head (M201LCA1SXG1) was used. The maximum 

flow rate that can be measured by using this particular meter is 46gpd. 

 

 

 

Figure 7- Groundwater flow rate pumps, a) pump model SVP1, b) pump model M201LC 
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3.6. Experimental Procedure 

Salinity and temperature measurements were taken using the YSI and Pen salinity meters. 

Experiments were started by adding saline water solutions (sodium chloride) to the source 

area and the volume of saline water that was added was also recorded for each experiment. 

Then the groundwater pump was turned on. 

Two types of experiments were conducted at the same initial source concentration. 

➢ Eight experiments were conducted by adding a measured volume of saline water 

solution to the source. Immediately when the addition of the saline water solutions 

is finished, the groundwater pump was turned on, so, the groundwater flow will start. 

The groundwater flow rate ranged between 1gpd to 5.5 gpd Table 3 lists all flow 

rates tested.  

➢ Two other experiments were conducted by adding the saline water solution without 

groundwater flow. The experiments were run until salt was detected in port 3. It took 

around 4 days. After the salt had been detected in port 3, the groundwater pump was 

turned on. Using this procedure, two experiments were conducted with two different 

groundwater flow rates 2 gpd and 5.5 gpd. 

As shown Table 3, the experimental values of source volume are ranged from 17.77 l to 

19.82 l. The source volume may not have been equaled because the sand surface is not 

perfectly flat. The average source volume is 18.6 l. 

Also, it should be noted that the pump flow rate is adjusted manually by a digital keypad to 

increase or decrease the motor speed, and the pump flow rate is checked by letting the pump 

work for 24 hours and measuring the volume of the water. Also, the YSI salinity meter has 

been calibrated by using the YSI 3169 Conductivity Calibrator. 

 

3.7. Sample Collection 

A 35ml sample size was extracted from port locations by using 30cm needles that attached 

to each port. After taking the salinity measurements, the extracted samples were injected 
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back at the port location during approximately one - minute sample time. Since the source 

salinity measurements were performed by inserting the salinity meter into the source, no 

samples had to be extracted. The salinity measurements at the source and ports were taken 

after the first hour and every six hours during the first twelve hours of experiments. 

Thereafter, the salinity measurements were taken every 12 hours from the second day to the 

fifth day, every 24 hours from the fifth day to the thirty - fifth day, every 48 hours from the 

thirty - fifth day to the forty - first day and every 72 hours after that as explained in Table 4.  

After each experiment was completed, the physical model was flushed with tap water until 

the salt concentration of the effluent and ports drop to that of fresh tap water.  

Table 3- List of experiments 

Experiment 
No. 

Initial solute 
concentration, 

g/l 

Source 
volume, 

l 

Groundwater 
pumping 

rate, gal/d 

Duration of 
experiment, 

days 

Final source 
concentration, 

g/l 

1 36 17.77 1.0 20 1.61 
2 36 18.52 2.0 53 0.32 
3 36 19.1 2.5 26 0.4 
4 36 17.88 3.0 25 0.3 
5 36 18.6 3.5 16 0.4 
6 36 18.4 4.2 9 0.32 
7 36 18.1 5.0 8 0.3 
8 36 19.82 5.5 7 0.3 
9 36 18.0 0.0-2.0 50 0.8 

10 36 18.0 0.0-5.5 22 0.6 

 

Table 4- Sampling schedule at source and ports for all experiments 

Duration  At source At Ports 

0 – 6hrs After 1 hour 

After 6 hours 

After 6 hours 

6hrs – 12hrs Every 6 hours After 12 hours 

12hrs – 5days Every 12 hours Every 12 hours 

5days – 35days Every 24 hours Every 24 hours 

35days – 41days Every 48 hours Every 48 hours 

41days – 53days Every 72 hours Every 72 hours 
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Chapter 4 

Predict the Source Salt Concentration Depletion 

Curve for Different Groundwater Flow Rates 

The purpose of this chapter is to study the salt transport from the source area to the porous 

media with different groundwater flow rates by analyzing the changes in the source depletion 

curves as the salt moves downward into the porous media and flows out the overflow 

opening. The validity of the Bachmat and Elrick equation and a modified form of that 

equation in predicting the source depletion curve (i.e., Ct versus t graph) are presented. 

 

4.1. Mass Balance Calculations 

Material balances, the first step of data analysis, are necessary to prove that the data collected 

is reliable. Mass balances are the application of the law of conservation of mass. For 

example, specify an input to a reactor of 600 g of NaCl and measure an output of 1000 g of 

NaCl. 600 grs of NaCl of total material input will only give 600 g of total output.  

The mass balance equation is a simple relationship since all the components of input and 

output were measured. 

 

𝑀𝑎𝑠𝑠 𝑖𝑛 ± ∆𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 𝑀𝑎𝑠𝑠 𝑜𝑢𝑡…………………………………………………… (4-1) 

𝑀𝑎𝑠𝑠 𝑖𝑛 = ∑(𝑀𝑎𝑠𝑠 𝑓𝑟𝑜𝑚 𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑀𝑎𝑠𝑠 𝑓𝑟𝑜𝑚 𝐺𝑟𝑜𝑢𝑛𝑑𝑤𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤)……….…... (4-2) 

𝑀𝑎𝑠𝑠 𝑜𝑢𝑡 = ∑ 𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑡 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑡ℎ𝑒 𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤 𝑜𝑝𝑒𝑛𝑖𝑛𝑔…………………...…… (4-3) 

∆𝑆𝑡𝑜𝑟𝑎𝑔𝑒 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑎𝑛𝑑 𝑚𝑎𝑠𝑠 ± 𝐹𝑖𝑛𝑎𝑙 𝑠𝑎𝑛𝑑 𝑚𝑎𝑠𝑠………………………….…… (4-4) 
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Additionally, the recovery percentages have been calculated as shown in equation below: 

 

% 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚 =
𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 𝑎𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑡𝑜𝑡𝑎𝑙 𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤 𝑚𝑎𝑠𝑠 + 𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑠𝑎𝑛𝑑

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑎𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 + 𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑓𝑙𝑜𝑤 𝑚𝑎𝑠𝑠 + 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑖𝑛 𝑠𝑎𝑛𝑑
∗ 100 

…………………………………………………………………………………….…… (4-5) 

The calculated percent recovery varied from 96 to 102 as shown in Table 5. A recovery near 

100% proves that the measured data is accurate and provide strong evidence to support 

conclusions of data collected and used. The experimental values of source volume are ranged 

from 17.77 to 19.82 l. The source volume was not equal because the sand surface is not 

perfectly flat. The average source volume is 18.6 l.



 

2
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Table 5- Recovery percentage for all experiments 

Experiment 

No. 

Flow 

gpd 

Source 

volume 

(l) 

Initial 

source 

mass (g) 

Initial 

sand salt 

mass (g) 

Inflow 

salt mass 

(g) 

Final 

source 

mass (g) 

Final 

sand salt 

mass (g) 

Overflow 

salt mass 

(g) 

Recovery 

% 

1 1.0 17.77 639.72 60.7 22.76 28.61 173.1 493.85 96 

2 2.0 18.52 666.7 60.7 121.7 5.9 60.7 762.04 98 

3 2.5 19.1 687.6 60.7 73.83 7.64 60.7 738.85 98 

4 3.0 17.88 643.68 60.7 71.47 5.36 60.7 722.12 102 

5 3.5 18.6 669.6 60.7 61.47 7.44 60.7 715.9 99 

6 4.2 18.4 662.4 60.7 43.73 5.89 60.7 700.2 100 

7 5.0 18.1 651.6 60.7 38.82 5.43 60.7 702.33 102 

8 5.5 19.82 713.49 60.7 44.03 5.95 60.7 751.58 100 

9 0.0-2.0 18.0 648 60.7 109.8 14.94 94.13 692.07 98 

10 0.0-5.5 18.0 648 60.7 110.4 11.88 75.5 752.12 98 
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4.2. Modification of Bachmat and Elrick (1970) Equations 

to Predict Source Depletion Curves With any 

Groundwater Flow Rate 

The differences between the Bachmat and Elrick experimental apparatus and the present 

experiment apparatus are listed in Table 6 and shown in Figure 8 

 

Table 6- Differences between Bachmat and Elrick Experiment and the present Experiment 

Points of difference Bachmat and Elrick Experiment Present Experiment 

Porous Media model 

Shape 

1m long and 0.05m diameter 

cylindrical column 

0.61m by 0.61m by 1.7m 

rectangular column  

Source model shape Ball-like reservoir Square as porous media 

column 

Cross-sectional Area 0.002m2 0.37m2 

Source Solution CaCl2 in the range (2.8-55.5)g/l NaCl (36g/l) 

Porous media Primarily glass beads or sand 

taken from local area 

Sand type 40F 

Groundwater Flow Zero Different flow rate in the 

range (1-5.5)gpd 
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Figure 8- Schematic diagram of physical model; a) used by Bachmat and Elrick, 1970, b) used in current 

studying 
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To make the Bachmat and Elrick equations more general and applicable when there is a 

groundwater flow, the mass of salt added to the physical model from the groundwater flow 

at each time interval needs to be included. The salt added by groundwater flow can be 

calculated as follows: 

𝑴𝑮 = 𝑪𝒇𝑸𝒕……………………..…………..………………………………………   (4-6) 

Where:  

MG is the mass of the salt added to the source reservoir at any time (g/l), 

Cf is the groundwater concentration (g/l), 

Q is the groundwater flow rate (l/d), and 

t is the time (day), 

𝑪𝒈 =
𝑴𝑮

𝑽𝒔
…………………………………………………...…………………… (4-7) 

Where: 

Cg is the change in the source due to the concentration groundwater added (g/l) 

Vs is the volume of the source (l) 

So, the flux from the heavier fluid into the porous medium with the existing of groundwater 

can be approximated by the following equation: 

𝑪𝒕 =
𝑪𝒐

𝟏+𝑭𝒕
− 𝑪𝒈 ………………………………………………………… (4-8) 

Where: Ct is the concentration of the solution in the source reservoir at any time, 

Co is the initial source solution concentration at time t=0, 

t is the time and
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This equation only applies if: 

1. The source concentration is higher than the groundwater concentration (i.e. this 

equation is applicable when Ct ranges from 36g/l to 0.3g/l only, below 0.3g/l there 

is no decrease). 

2. The porous media salt concentration is same as the groundwater concentration. 

To calculate F the equation (4-7) can be rearranged to: 

𝑭𝒕 = (
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏 ………………..……………………………………….. (4-9) 

After conducting an experiment, the value of F can be represented by a slope of the graph 

that can be obtained by plotting  (
𝑪𝒐

𝑪𝒕+
𝟎.𝟑𝑸𝒕

𝑽𝒔

) − 𝟏 versus t.  
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4.3. Results and Analysis of Measured Source Depletion 

Curves 

Eight experiments, having durations between 7 to 53 days, were conducted as shown in 

Table 3. Experiments 1 through 8 were conducted with an initial source concentration of 36 

g/l. The final source concentrations, at the end of the experiments, were in the range of 0.3 

to 1.61 g/l. The measured source depletion curves for Experiments 1 through 8 are shown in 

Figure 9. It should be noticed that the source concentration measurements at a groundwater 

flow rate of 0 gpd were provided by personal communication with Mamoua K., 2018.  

 

Figure 9- comparison of measured source depletion curves using an initial source of 36g/l (C=1.0), source 

depth 5cm for experiments 1 through 8 

From Figure 9, the following is evident: 

1. The variation of the salt concentration at the source reservoir as a function of time 

is affected by the initial concentration of the solution and the groundwater flow rate. 

2. For a given porous material and initial source concentration, when the groundwater 

flow rate increases, the source depletion rate increases.  

3. At zero flow rate, the source lost 50 % of the salt during about 1.25 days (Mamoua 

K., 2018) while in experiments 1 through 8 (flow rates ranged from 1 to 5.5 gpd), 
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the source lost 50% of the salt during 1.25, 1.0, 0.85, 0.75, 0.75, 0.5, 0.4, 0.3 days, 

respectively. This faster salt depletion is due to the effect of the groundwater flow 

rate on the source depletion curve. 

4. The length of time to reach steady state conditions decreases with increasing flow 

rates. 

 

4.4. Comparison (Bachmat and Elrick, 1970) and Modified 

Equations in Predicting Source Depletion Curve under 

Different Groundwater Flow Rate 

First, graphs of F versus t were plotted for each of the eight experiments by using equation 

4-9, section 4.2 and equation 2-5, section 2.5, and are shown in figures below. 

Second, the predicted source salt concentrations were calculated by using equations 4-8, 

section 4.2, and equation 2-1, section 2.5 for modified Bachmat and, Bachmat and Elrick’s 

equations, respectively. Finally, the comparison between measured, predicted by the 

Bachmat’s equation, and predicted by the modified Bachmat equation are shown in the 

figures below and in Table 7. These comparisons show that all measured source depletion 

curves are initially identical with theoretically predicted curves but that they deviate from 

the theoretical solutions after some time. Also, clearly as shown in Table 7, the modified 

Bachmat equations accurately predict the source depletion curve for longer time than the 

Bachmat’s equations. 
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In experiment 1, where the groundwater flow rate is 1gpd, Figure 10 and Figure 11yields a 

graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on the 

Bachmat and Elrick’s equation and of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the modified 

Bachmat and Elrick equation. The accuracy criteria is that the linear relationship should have 

a R2 value of 0.999, so the values of F were obtained by determining the slope of the graphs 

as shown in Figure 10 and Figure 11. The values are also shown in Table 7. It follows from 

those graphs that the F value meets the criteria for the first 7 days and 12 days respectively 

when R2 is 0.999. When the F value is calculated, a longer time will give a lower R2 value 

and decrease the accuracy of the source prediction values. For example, by depending on the 

Bachmat and Elrick equation, if the F value is 8, 9, or 10 the R2 is 0.996, 0.995, and 0.994 

respectively. The same is true for the modified Bachmat equation; if the F value is 13 or 14 

days, the R2 is 0.998 and 0.997 respectively. A comparison between the predicted and 

measured curves Figure 12 indicates that the modified Bachmat equations are applicable for 

a longer time period than the Bachmat and Elrick, (1970) equations. 
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0

2

4

6

8

10

12

14

16

18

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Time (days)

Ft Bachmat Exp.1 (Q=1gpd)

𝐶
𝑜 𝐶
𝑡

−
1

Figure 10- 𝑭𝒕 =
𝑪𝒐

𝑪𝒕
− 𝟏 for experiment 1 (Q=1.0gpd) 
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Figure 11- 𝑭𝒕 =
𝑪𝒐

𝑪𝒕+𝑪𝒈
− 𝟏for experiment 1 (Q=1.0gpd) 

Figure 12- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 1(Q=1.0gpd), Initial source of 36g/l 
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In experiment 2, where the groundwater flow rate is 2gpd, Figure 13 and Figure 14 yields 

a graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on 

Bachmat and Elrick equation and from graphs of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the 

modified Bachmat and Elrick equation. The accuracy criteria is that the linear relationship 

should have a R2 value of 0.999, so the values of F were obtained by determining the slope 

of the graphs as shown in Figure 13 and Figure 14. The values are also shown in Table 7. 

It follows from those graphs that the F value meets the criteria for the first 4 days and 10 

days respectively when R2 is 0.999. The F value calculated for a longer time that will give 

lower R2 value and decrease the accuracy of the source prediction values. For example, by 

depending on the Bachmat and Elrick equation, if the F value holds for 5 or 6, the R2 is 0.995 

and 0.987 respectively. The same is true for the modified Bachmat equation; if the F value 

holds for 11 or 12 days the R2 is 0.998 and 0.996 respectively. A comparison between the 

predicted and measured curves (Figure 15) indicates that the modified Bachmat equations 

are applicable for a longer time period than the Bachmat and Elrick, (1970) equations.  

 

Figure 13-  𝑭𝒕 = (
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Figure 14- Ft=(
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏for experiment 2 (Q=2.0gpd) 

Figure 15- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 2(Q=2.0gpd), Initial source of 36g/l 
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In experiment 3, where the groundwater flow rate is 2.5gpd, Figure 16 and Figure 17 yields 

a graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on the 

Bachmat and Elrick equation and from graphs of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the 

modified Bachmat and Elrick equation. The accuracy criteria is that the linear relationship 

should have a R2 value of 0.999, so the values of F were obtained by determining the slope 

of the graphs as shown in , Figure 16 and Figure 17. The values are also shown in Table 7. 

It follows from those graphs and table that the F value meets the criteria for the first 2.5 days 

and 10 days when R2 is 0.999. The F value calculated for a longer time will give a lower R2 

value and decrease the accuracy of the source prediction values. For example, by depending 

on the Bachmat and Elrick equation, if the F value holds for 4 or 5 the R2 is 0.995 and 0.992 

respectively. The same is true for the modified Bachmat equation; if the F value holds for 11 

or 12 days, the R2 is 0.996 and 0.98 respectively. A comparison between the predicted and 

measured curves (Figure 18) indicates that the Modified Bachmat equations are applicable 

for a longer time period than the Bachmat and Elrick, (1970) equations.  

 

 

Figure 16- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕
) − 𝟏 for experiment 3 (Q=2.5gpd) 
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Figure 17− 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏for experiment 3 (Q=2.5gpd) 

Figure 18- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 3(Q=2.5gpd), Initial source of 36g/l 
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In experiment 4, where the groundwater flow rate is 3.0gpd, Figure 19 and Figure 20 yields 

a graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on the 

Bachmat and Elrick equation and from graphs of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the 

modified Bachmat and Elrick equation. The accuracy criteria is that the linear relationship 

should have a R2 value of 0.999, so the values of F were obtained by determining the slope 

of the graphs as shown in , Figure 19 and Figure 20. The values are also shown in Table 7. 

It follows from those graphs and table that the F value meets the criteria for the first 3 days 

and 10 days when R2 is 0.999. If the F value calculated for a longer time will give lower R2 

value and decrease the accuracy of the source prediction values. For example, by depending 

on the Bachmat and Elrick equation; if the F value holds for 4 or 5, the R2 will be 0.991 and 

0.991 respectively. The same is true for the modified Bachmat equation; if the F value holds 

for 11 or 12 days, the R2 is 0.98 and 0.95 respectively. A comparison between the predicted 

and measured curves (Figure 21) indicates that the modified Bachmat equations are 

applicable for a longer time period than the Bachmat and Elrick, (1970) equations. 

 

 

Figure 19-  𝑭𝒕 = (
𝑪𝒐

𝑪𝒕
) − 𝟏 for experiment 4 (Q=3.0gpd) 
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Figure 20- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏for experiment 4 (Q=3.0gpd) 

Figure 21- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 4(Q=3.0gpd), Initial source of 36g/l 
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In experiment 5, where the groundwater flow rate is 3.5gpd, Figure 22 and Figure 23 yields 

a graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on the 

Bachmat and Elrick equation and from graphs of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the 

modified Bachmat and Elrick equation. The accuracy criteria is that the linear relationship 

should have a R2 value of 0.999, so the values of F were obtained by determining the slope 

of the graphs as shown in , Figure 22 and Figure 23. The values are shown in Table 7. It 

follows from the graphs and table that the F value meets the criteria for the first 2.5 days and 

7 days when R2 is 0.999. The F value calculated for a longer time will give a lower R2 value 

and decrease the accuracy of the source prediction values. For example, by depending on the 

Bachmat and Elrick equation, if the F value holds for 3.5 or 4 the R2 will be 0.992 and 0.981 

respectively. The same is truefor the modified Bachmat equation; if the F value holds for 8 

or 9 days, the R2 is 0.98 and 0.95 respectively. A comparison between the predicted and 

measured curves (Figure 24) indicates that the modified Bachmat equations are applicable 

for a longer time period than the Bachmat and Elrick, (1970) equations. 

 

  

Figure 22-  𝑭𝒕 = (
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) − 𝟏 for experiment 5 (Q=3.5gpd) 
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Figure 23- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏 for experiment 5 (Q=3.5gpd) 

Figure 24- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 5(Q=3.5gpd), Initial source of 36g/l 
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In experiment 6, where the groundwater flow rate is 4.2gpd, Figure 25 and Figure 26 yields 

a graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on the 

Bachmat and Elrick equation and from graphs of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the 

modified Bachmat and Elrick equation. The accuracy criteria is that the linear relationship 

should have a R2 value of 0.999, so the values of F was obtained by determining the slope 

of the graphs as shown in , Figure 25 and Figure 26. The values are also shown in Table 7. 

It follows from those graphs and table that the F value meets the criteria for the first 2 days 

and 4 days when R2 is 0.999. The F value calculated for a longer time will give a lower R2 

value and decrease the accuracy of the source prediction values. For example, by depending 

on the Bachmat and Elrick equation, if the F value holds for 3 or 4 the R2 will be 0.995 and 

0.97 respectively. The same is true for the modified Bachmat equation; if the F value holds 

for 5 or 6 days, the R2 is 0.995 and 0.994 respectively. A comparison between the predicted 

and measured curves (Figure 27) indicates that the modified Bachmat equations are 

applicable for a longer time period than the Bachmat and Elrick, (1970) equations. 

 

Figure 25- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕
) − 𝟏 for experiment 6 (Q=4.2gpd) 
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Figure 26- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏 for experiment 6 (Q=4.2gpd) 

Figure 27- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 6(Q=4.2gpd), Initial source of 36g/l 
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In experiment 7, where the groundwater flow rate is 5.0gpd Figure 28 and Figure 29yields 

a graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on the 

Bachmat and Elrick equation and from graphs of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the 

modified Bachmat and Elrick equation. The accuracy criteria is that the linear relationship 

should have a R2 value of 0.999, so the values of F was obtained by determining the slope 

of the graphs as shown in , Figure 28 and Figure 29. The values are also shown in Table 7. 

It follows from those graphs and table that the F value meets the criteria for the first 1.5 days 

and 4 days when R2 is 0.999. The F value calculated for a longer time will give a lower R2 

value and decrease the accuracy of the source prediction values. For example, by depending 

on the Bachmat and Elrick equation, if the F value holds for 2.0 or 2.5 the R2 will be 0.995 

and 0.98 respectively. The same is true for the modified Bachmat equation; if the F value 

holds for 4.5 or 5.0days, the R2 is 0.9938 and 0.9932 respectively. A comparison between 

the predicted and measured curves (Figure 30) indicates that the modified Bachmat 

equations are applicable for a longer time period than the Bachmat and Elrick, (1970) 

equations. 

 

Figure 28- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕
) − 𝟏 for experiment 7 (Q=5.0gpd) 
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Figure 29- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏 for experiment 7 (Q=5.0gpd) 

Figure 30- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 7(Q=5.0gpd), Initial source of 36g/l 
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In experiment 8, where the groundwater flow rate is 5.5gpd, Figure 31 and Figure 32 yields 

a graphical representation of the experimental values of  (
𝐶𝑜

𝐶𝑡
− 1) versus time based on the 

Bachmat and Elrick equation and from graphs of (
𝐶𝑜

𝐶𝑡+𝐶𝑔
− 1) versus time based on the 

modified Bachmat and Elrick equation. The accuracy criteria is that the linear relationship 

should have a R2 value of 0.999, so the values of F was obtained by determining the slope 

of the graphs as shown in , Figure 31 and Figure 32. The values are also shown in Table 7. 

It follows from those graphs and table that the F value meets the criteria for the first 1.5 days 

and 2.5 days when R2 is 0.999. The F value calculated for a longer time will give a lower R2 

value and decrease the accuracy of the source prediction values. For example, by depending 

on the Bachmat and Elrick equation, if the F value holds for 2 or 2.5, the R2 is 0.992 and 

0.97 respectively. The same is true for the modified Bachmat equation; if the F value holds 

for 3 or 3.5 days, the R2 is 0.995 and 0.993 respectively. A comparison between the predicted 

and measured curves (Figure 33) indicates that the modified Bachmat equations are 

applicable for a longer time period than the Bachmat and Elrick, (1970) equations.  

 

Figure 31- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕
) − 𝟏 for experiment 8 (Q=5.5gpd) 
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Figure 32- 𝑭𝒕 = (
𝑪𝒐

𝑪𝒕+𝑪𝒈
) − 𝟏 for experiment 8 (Q=5.5gpd) 

Figure 33- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 8(Q=5.5gpd), Initial source of 36g/l 
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Table 7- Description of experimental results regarding source measurements and predictions 

Exp. 
# 

Q 
gpd 

td 
days 

CSO 
g/l 

CSf 
g/l 

VS 
l 

Mi 

g 

ML FBachmat FModified 

R2 
g % F 

tB 

(days) 
F 

tM 

(days) 

1 1 19 36 1.61 17.77 639.72 611 96 0.8352 7 0.774 12 0.999 

2 2 53 36 0.32 18.52 666.7 661 99 1.0343 4 1.022 10 0.999 

3 2.5 26 36 0.4 19.1 687.6 680 99 1.1772 2.5 1.177 10 0.999 

4 3 25 36 0.3 17.88 643.68 638 99 1.4594 3 1.332 10 0.999 

5 3.5 16 36 0.4 18.6 669.6 662 99 1.8053 2.5 1.740 7 0.999 

6 4.2 9 36 0.32 18.4 662.4 657 99 2.2474 2 2.114 4 0.999 

7 5 8 36 0.3 18.1 651.6 646 99 2.9756 1.5 2.985 4 0.999 

8 5.5 7 36 0.3 19.82 713.52 708 99 3.2824 1.5 3.157 2.5 0.999 

Q = groundwater flow rate; td = duration of each experiment; CSO = initial source concentration; CSF = final source 

concentration; VS = source volume; Mi = initial source mass; ML = loss of mass after td; FBachmat = measured slope line of 

Bachmat; tB = duration of Bachmat prediction source concentration; FModified = measured slope line of modified Bachmat; 

tM = duration of modified Bachmat prediction source concentration 
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4.5. Calculation of the Salt Flow into the Porous Media 

To study the effect of the groundwater flow rate on the source depletion curve and the salt 

transportation from the source to the underlying porous media, a tank containing 18 liters of 

water with 36 g/l of dissolved salt was diluted with freshwater (0.3 g/l) that entered the tank 

at different flow rates (1.0 and 5.0) gpd. The solution was kept thoroughly mixed and drained 

from the tank overflow at the same flow rate, so the tank volume was constant. The salt 

added by the freshwater flow can be calculated by using equation 4-6, section (4-2), and the 

change in the tank concentration due to the freshwater added can be calculated as follows: 

𝑀𝐺 = 𝐶𝑓𝑄𝑡......................................................................................................... (4-6) 

𝑀𝑡 = 𝑀𝑜 + 𝑀𝐺.................................................................................................. (4-10) 

Where: 

Mt is the change in the tank solution mass due to the concentration of the freshwater added 

(g) at time t 

Mo is the initial tank solution mass at time t=0 

MG is the mass of the salt added to the tank at any time (g) 

The salt concentration after t time can be calculated as follows: 

𝐶𝑡 =
𝑀𝑡

𝑉𝑡
............................................................................................................... (4-11) 

Where:   

Ct is the concentration of the solution in the tank at any time (g/l), and 

Vt is the change in the volume of the solution in the tank due to the freshwater added (l), 

which can be calculated as follows:  

𝑉𝑡 = 𝑉𝑜 + 𝑄𝑡 ....................................................................................................... (4-12) 

Where: 
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Vo is the tank volume 

Q is the freshwater flow rate added (l/d), and 

t is the time (day) 

Vt is used to calculate the salt concentration, but the volume of the solution in the tank is 

kept constant. The tank analysis is to study the effect of the flow added to the source when 

there is only overflow (i.e., without the existence of the porous media). In the lab, the effect 

of the flow added when there are porous media and an overflow, is measured. Finally, the 

comparison between these two cases are conducted through figures below. 

In experiment 1, where the groundwater flow rate is 1.0 gpd, Figure 34 shows a graphical 

representation of the comparison between the measured and mathematically calculated 

source depletion curve. The graph indicates that the source depletion rate is increased when 

there is an overflow and porous media (i.e., there is some salt transport through the porous 

media in addition to the salt migrating through the overflow opening), and the difference 

between these two curves represent the salt concentration transport through the porous media 

separately. The initial source salt concentration is 36 g/l (639.7 g). The source lost 23.26 g/l 

of salt due to the overflow alone (i.e., the salt mass exit through the overflow separately is 

413.33 g) and 29.1 g/l due to the salt exit through the overflow and porous media (i.e. the 

salt mass lost due to the combination of the existence of overflow and porous media is 517 

g) during the first 5 days. So, the source lost 5.84 g/l of the salt due to the porous media alone 

during the first 5 days (i.e. the salt mass migrate through the porous media is 103.78 g). 

In experiment 7, where the groundwater flow rate is 5.0 gpd, Figure 35 shows a graphical 

representation of the comparison between the measured and mathematically calculated 

source depletion curve. The graph indicates that during first 2.0 days the source depletion 

rate is increased when there is overflow and porous media (i.e., there is certain amount of 

salt transport through the porous media in addition to the salt out through the overflow 

opening) but after 2.0 days the source depletion curve due to the overflow alone and due to 

the overflow and porous media is matched (i.e., there is no salt transport through the porous 

media after 2 days). Also, the difference between these two curves represent the salt 
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concentration transport through the porous media alone. The initial source salt concentration 

is 36 g/l (651.6 g). The source lost 30.82 g/l of the salt due to the overflow alone (i.e. the salt 

mass exit through the overflow separately is 557.8 g) and 31.2 g/l due to the salt exit through 

the overflow and porous media (i.e., the salt mass lost due to the combination of the existence 

of overflow and porous media is 564.7 g) during the first 2 days, so the source lost 0.38 g/l 

of the salt due to the porous media alone during the first 2 days (i.e., the salt mass migrate 

through the porous media is 7.0 g). 

Experimental measured and mathematically calculated data show that the groundwater flow 

rate is an important factor in the transport of salt from the source to the underlying porous 

media. Furthermore, for a given porous material and initial source concentration, when the 

groundwater flow rate is increased the source depletion will also increase and the amount of 

salt transported through the porous media decreases.  
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Figure 34- Comparison of source depletion curves using measured (overflow & porous media) and 

mathematically calculated (with only overflow) using an initial source of 36g/l (c=1.0), source depth 5cm for 

experiment 1 

Figure 35- Comparison of source depletion curves using measured (overflow & porous media) and 

mathematically calculated (with only overflow) using an initial source of 36g/l (c=1.0), source depth 5cm for 

experiment 7 
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4.6. Summary and Conclusion 

• At a given initial source concentration CSO and with a given porous material, the 

relative concentration of the solution above the column decreases with time. 

• At a given groundwater flow rate and given initial source concentration, the relative 

concentration of the solution above the column decreases with time. The higher the 

groundwater flow rate, the faster the rate of decrease. However, in all experiments, 

the rate of decrease of the salt concentration with time approaches a constant value. 

The higher the groundwater flow rate, the earlier the constant value seems to be 

reached.   

• The results of the comparison calculating F and associated source depletion curves 

by using the Bachmat and Elrick equation and modified equation showed that the 

modified equation is applicable for a longer period of time, so the overall impact of 

the current experimental results and the comparison is that the modified equation 

provides a much stronger validation of the the Bachmat and Elrick equations. 

• Experimental measured and mathematically calculated data showed that the 

groundwater flow rate is an important factor in the transport of salt from the source 

to the underlying porous media. 

• For a given porous material and initial source concentration, when the groundwater 

flow rate increases, the source depletion rate increases and the amount of salt 

transport through the porous media decreases. 

• The Bachmat and Elrick equations are applicable for the period of time as shown in 

Table 7, so the result of this study is expand the use of Bachmat and Elrick’s (1970) 

equations where the equations can be used in the existing of groundwater flow. 

• As shown in Table 7, the F calculations by a modified equation are applicable for 

the period of time longer than Bachmat and Elrick’s equation, so the modified 

Bachmat equations are applicable for the period of time longer than the original 

equation. 
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Chapter 5 

A Breakthrough Curve Analysis of Unstable Density-

Driven Flow and Transport in Homogeneous Porous 

Media with Existing Groundwater Flow 

 

The purpose of this chapter is to study the salt transport through porous media with 

groundwater flow by examining the changes in the breakthrough curves as the salt moves 

downward into the porous media. First, the salt concentration measurements were used to 

detect evidence of fingering. Second, depending on mass balance calculations and the 

measured data, the amount of salt transported through the porous media was calculated to 

study the salt downward salt movement. Third, depending on the mass balance data, curves 

smoothing was solved mathematically to obtain data that are more understandable and to 

prepare the data for model calibration.   

 

5.1. Results of Breakthrough Curves Depending on 

Measured Data Set 

Salinity measurements at each port were taken as explained earlier in chapter 3, section 3.7. 

Of importance, since the ports are located in the center of the column, these breakthrough 

curves reflect the salt transport through the center of the column. 

Figure 36 through Figure 41 give the breakthrough curves for a sand column at different 

locations (ports) and different flow rates depending on the measured data set.  

From Figure 36 through Figure 41, it is clear that: 

• At ports 1 through 3 for experiment 1, the breakthrough curves were not smooth and 

showed that the salt concentration randomly fluctuated during the first two to twenty 
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days, but the fluctuations were not quite as prominent at ports 4 and 5 for experiment 

1. 

• A comparison of breakthrough curves for ports 4 and 5 for experiment 1 indicates 

increasing salt concentration at day 17 at port 4 while at port 5 the salt concentration 

increased at day 13. The time difference is due to the vertical spread of the salt within 

the porous material that occurs in the form of fingers and maybe the finger of salt 

did not pass through the port 4 location but collected on the bottom and was detected 

in port 5. Also, after 16 days, the salt concentration at port 5 is higher than the salt 

concentration at ports 3 and 4, and the increase of salt collected at port 5 was another 

key that supported the fingering phenomena. 

• In experiment 1 as shown in Figure 36, salt still in the porous media at all levels after 

19 days.  

• In experiment 2 and 3 as shown in Figure 37 and Figure 38 , the groundwater flow 

stopped the movement of salt below the port 2 level and flushed salt out of the 

system in ports 1 and 2, but less salt made it to port 2 in experiment 3. Also, all salt 

had been flushed from the porous media by 20 days. 

• In experiment 4 as shown in Figure 39, almost no salt reached port 2, and almost all 

salt was removed in 8 days. 

• A comparison of the breakthrough curves for ports 1 through 5 in all experiments 

indicates that the concentration at the lowest port (port 5) became lower than that of 

the upper most port (port 1) towards the end of the experiment. The phenomena 

indicate that the main salt transport mechanism was molecular diffusion because the 

salt concentration at the lower ports were always smaller than those at the upper 

ports. 

• Another key difference in the salt transport between all experiments can be 

demonstrated by the “maximum salt concentration measured and their arrival times” 

noted at each port as shown in Table 8. Arrival time at a port is defined as the time 

when the salt concentration was greater than any other day during all the experiment 

duration.  
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• A comparison of the maximum concentrations and their arrival times for experiment 

1 indicated that at the lower groundwater flow rate the salt can be transported along 

the sand column and reach port 5. Also, the comparison of the arrival maximum 

concentration times between ports 2 and 3 and between 4 and 5 indicated that the 

maximum concentrations measured is 1.04 g/l at day 17, 0.52 at day 19 at ports 2 

and 4, respectively, while the maximum concentration measured is 0.93 at day 14 

and 0.8 at day 17 at port 3 and 5, respectively. These differences between the 

maximum concentration and the arrival times were due to the fingering and 

groundwater flow. Another key difference in the salt transport between experiments 

1, 2, 3, and 5 and experiment 4 can be demonstrated by the salt transportation 

through port 2. In experiment 1, 2, 3, and 5 an increase in salt concentration at port 

2 was detected while in experiment 4 almost no any salt was detected at port 2. 

• Experimental data show that the groundwater flow rate is an important factor in the 

transport of salt from the source to the underlying porous media. For example, at a 

low groundwater flow rate (experiment 1, groundwater flow rate = 1.0 gpd), the salt 

downward movement reached port 5. When the groundwater flow rates ranged from 

2.0 gpd to 3.5 gpd (experiment 2 through 5) the salt downward movement reached 

port 2. When the higher groundwater flow rates ranged from 4.2 gpd to 5.5 gpd 

(experiment 6 through 8) salt was not detected at any port.  

• As shown in Table 8, the higher salt concentration detected at ports 1 and 2 for 

experiment 2 through 4 reflects the effect of the groundwater flow rate By increasing 

the groundwater flow rate, the salt downward movement decreased, but in 

experiment 5, more salt was detected at ports 1 and 2 than in experiment 4 which is 

another sign of fingering.   

• A comparison of the maximum concentration measured arrival times for 

experiments 1 through 5 indicates that the times are vastly different; for example, 

the salt reached maximum concentration at port 1 after 6, 2.5, 4, 2.5, and 2.5 days, 

respectively. Furthermore, the salt reached maximum concentration at port 2 after 

17, 3.5, 11, 12, and 6 days, respectively. 
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Figure 36- Breakthrough curves at the ports for experiment 1(Q=1gpd) using an initial source of 36g/l 

(C=1.0) and source depth 5cm 

Figure 37- Breakthrough curves at the ports for experiment 2(Q=2gpd) using an initial source of 36g/l 

(C=1.0) and source depth 5cm 
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Figure 38- Breakthrough curves at the ports for experiment 3(Q=2.5gpd) using an initial source of 36g/l 

(C=1.0) and source depth 5cm 
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Figure 39- Breakthrough curves at the ports for experiment 4(Q=3.0gpd) using an initial source of 36g/l 

(C=1.0) and source depth 5cm 
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Figure 40- Breakthrough curves at the ports for experiment 5 (Q=3.5gpd) using an initial source of 36g/l 

(C=1.0) and source depth 5cm 

Figure 41- Breakthrough curves at the ports for experiment 6, 7, 8 (Q=4.2, 5.0, 5.5gpd) using an initial 

source of 36g/l (C=1.0) and source depth 5cm 
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5.2. Results of Breakthrough Curves Depending on Mass 

Balance Data Set 

As mentioned in section 5.1, salt measurements at ports represent the salt transport through 

port locations and do not give the real amount of salt that exist in that layer of soil. By 

depending on mass balance calculations, the changes in the salt mass in the sand layer have 

been calculated. By using the mass balance calculations, the salt concentrations started 

increasing earlier than measured because the calculation indicated that there were increase 

in salt concentrations but there is no way to know exactly where. Depending on the salt 

measurements at the ports, the salt masses resulted from mass balance calculations at each 

time interval added to the ports salt measurements. 

Equations 4-1 through 4-4, section 4.1were used to calculate the salt mass changes in the 

sand column. Then after this the total amount of salt calculated was distributed on each port 

of the sand column based on the measured data. In order to calculate the salt mass at each 

port, the volume that was covered by each port was determined. For instance, the volume 

associated with port 1 extended from the bottom of the source to halfway between port 1 and 

2. Also, the volume associated with port 2 extended from the halfway point of ports 1 and 2 

to the halfway points of ports 2 and 3. Likewise, the volume associated with port 5 extended 

from the halfway point of ports 4 and 5 to the bottom of the column. Since there was no 

increase in salt concentration at ports 3, 4 and 5 noticed, the concentration at these ports was 

assumed constant (0.3 g/l) in mass balance calculations. It should be noticed that in mass 

balance calculation, the calculated salt mass was distributed equally on the whole volume 

that was covered by the port. 

Breakthrough curves for all experiments depending on mass balance calculations are 

shown in Figure 42 through Figure 46. 
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Figure 42- Breakthrough curves for experiment 1(Q=1.0gpd) at the ports using an initial source of 36g/l 

(C=1.0) and source depth 5cm (depending on mass balance calculations) 

Figure 43- Breakthrough curves for experiment 2(Q=2.0gpd) at the ports using an initial source of 36g/l 

(C=1.0) and source depth 5cm (depending on mass balance calculations) 
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Figure 44- Breakthrough curves for experiment 3(Q=2.5gpd) at the ports using an initial source of 36g/l 

(C=1.0) and source depth 5cm (depending on mass balance calculations) 

Figure 45- Breakthrough curves for experiment 4(Q=3gpd) at the ports using an initial source of 36g/l 

(C=1.0) and source depth 5cm depending on mass balance calculations) 
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5.3. Breakthrough Curves Depending on Smoothing Mass 

Balance Curves 

The breakthrough curves at port 1, 2 and 3 for experiment 1 and at ports 1and 2 for 

experiments 2 through 5 were not smooth demonstrating that the salt concentration was 

randomly fluctuating during the first two to twenty days at ports 1, 2, and 3 for experiment 

1 and at ports 1 and 2 for experiments 2 through 5. The fluctuations were not quite as 

prominent at ports 4 and 5 for experiment 1. The mass balance calculations indicate that the 

salt concentration initially increased and then after a period of time decreased, but because 

of fingering, the breakthrough curves do not reflect that. A statistical technique was used to 

make the data more understandable called curves smoothing. Curves smoothing was 

completed mathematically by depending on the mass balance data. In smoothing, the data 

points were modified so individual points were reduced and curve fitting was adjusted to any 

number of the measurements to obtain the best fit (i.e., the mass balance criteria are not 

maintained).   

Figure 46- Breakthrough curves for experiment 5(Q=3.5gpd) at the ports using an initial source of 36g/l 

(C=1.0) and source depth 5cm (depending on mass balance calculations) 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Sa
lt

 c
o

n
ce

n
tr

at
io

n
 (g

/l
)

Time (days)

P1mass balance Exp.5

P2mass balance Exp.5

P3,4,5mass balance at Q=3.5gpd



68 

 

 

  

Figure 47- predicted breakthrough curves after smoothing curves at Ports 1, 2, 3, 4 and 5 for Experiment 

3(Q=2.5gpd) 

Figure 48- predicted breakthrough curves after smoothing curves at Ports 1, 2, 3, 4 and 5 for Experiment 

4(Q=3.0gpd) 
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5.4. Comparison of Breakthrough Curves for Experiments 

1 through 5 Depending on Different Data Set 

To visualize the effect of mass balance calculations and curve smoothing on the measured 

salt downward movement, the comparison of all ports for all experiments was studied as 

shown in Figure 50 through Figure 54. The key features of interest in the figures below are 

the differences in the rate of advancement of the salt (i.e. vertical movement) and the spatial 

distribution of the salt as it passes through the column. There are not any figures for 

experiments 6, 7, and 8 because there was no increase in salt measurements at the ports. 

Furthermore, to visualize the effect of the groundwater flow rate, maximum salt 

concentrations depending on measured, mass balance and curves smoothing calculations and 

their arrival times at each port for experiments 1 through 8 was studied as shown in Table 8 

through Table 10. The following is evident: 

Figure 49- predicted breakthrough curves after smoothing curves at Ports 1, 2, 3, 4 and 5 for Experiment 

5(Q=3.5gpd) 
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• There were large differences between measured and mass balance breakthrough 

curves at port 1 for experiment 1 through 5. These differences were due to mass 

balance calculations. The first increase in calculated mass was distributed uniformly 

after time 0 (i.e., after one hour from the beginning of each experiment) on the area 

that was covered by port 1. 

• A comparison of the measured maximum concentration arrival times for 

experiments 1 through 5 indicates that they were vastly different; for example, the 

salt reached maximum concentration at port 1 after 6, 2.5, 4, 2.5, and 2.5 days, 

respectively. Furthermore, the salt reached maximum concentration at port 1 after 

17, 3.5, 11, 12 and 6 days, respectively. 

• A comparison of the arrival times calculated depending on the mass balance 

calculations at port 1 for the experiments 1 through 5 presented in Table 9 indicates 

that the higher the groundwater flow rate, the lower the time needed to reach the 

peak of the concentration. 

• A comparison of the maximum concentration calculated depending on mass balance 

calculations for all experiments (Table 9) indicates that they are affected by 

groundwater flow rate. The higher the ground water flow rate Q, the lower the peak 

of concentrations. 
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Figure 50- comparison of breakthrough curves (measured, mass balance and smoothing curves) at all ports for Experiment 1 (Q=1.0gpd) 
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Figure 51- comparison of breakthrough curves (measured, mass balance and smoothing curves) at all ports for Experiment 2 (Q=2.0gpd) 
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Figure 52- comparison of breakthrough curves (measured, mass balance and smoothing curves) at all ports for Experiment 3 (Q=2.5gpd) 
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Figure 53- comparison of breakthrough curves (measured, mass balance and smoothing curves) at all ports for Experiment 4 (Q=3.0gpd) 
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Figure 54- comparison of breakthrough curves (measured, mass balance and smoothing curves) at all ports for Experiment 5 (Q=3.5gpd) 
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Table 8- Maximum salt concentrations measured and their arrival times at each port for experiments 1 

through 8 

Experiment 

No. 

Flow 

gpd 

Port 1 Port 2 Port 3 Port 4 Port 5 

g/l day g/l day g/l day g/l day g/l day 

1 1.0 3.01 6 1.04 17 0.93 14 0.52 19 0.8 17 

2 2.0 6.18 2.5 4.31 3.5 * * * 

3 2.5 3.2 4 0.9 11 * * * 

4 3.0 2.2 2.5 0.36 12 * * * 

5 3.5 3 2.5 1.4 6 * * * 

6 4.2 * * * * * 

7 5.0 * * * * * 

8 5.5 * * * * * 

( *) Indicates that the concentration of salt is not increased  (i.e. freshwater in these ports) 

 

 

Table 9- Maximum salt concentrations depending on mass balance calculations and their arrival times at 

each port for experiments 1 through 8 

Experiment 

No. 

Flow 

gpd 

Port 1 Port 2 Port 3 Port 4 Port 5 

g/l day g/l day g/l day g/l day g/l day 

1 1.0 4.76 2.5 1.16 11 1.01 14 0.33 13 0.81 15 

2 2.0 4.49 1.5 2.15 4 * * * 

3 2.5 3.04 1.5 0.93 11 * * * 

4 3.0 2.54 1 0.43 8 * * * 

5 3.5 2.33 1 0.72 4.5 * * * 

6 4.2 * * * * * 

7 5.0 * * * * * 

8 5.5 * * * * * 

( *) Indicates that the concentration of salt is not increased  (i.e. freshwater in these ports) 
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Table 10- Maximum salt concentrations depending on smoothing curves calculations and their arrival times 

at each port for experiments 1 through 8 

Experiment 

No. 

Flow 

gpd 

Port 1 Port 2 Port 3 Port 4 Port 5 

g/l day g/l day g/l day g/l day g/l day 

1 1.0 4.76 2.5 1.1 12 1.01 14 0.3 13 0.81 15 

2 2.0 4.49 1.5 2.15 4 * * * 

3 2.5 3.04 1.5 0.93 11 * * * 

4 3.0 2.54 1 0.43 8 * * * 

5 3.5 2.33 1 0.69 5 * * * 

6 4.2 * * * * * 

7 5.0 * * * * * 

8 5.5 * * * * * 

( *) Indicates that the concentration of salt is not increased  (i.e. freshwater in these ports) 
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5.5. Comparison of Breakthrough Curves at Ports 1 and 2 

for Experiments 1 Through 5  

 

To visualize the effects of groundwater flow rate on the salt downward movement, the 

comparison of ports 1 and 2 for all experiments was studied. The key features of interest in 

these figures are the differences in the rate of advancement of the salt (i.e. vertical 

movement) and the spatial distribution of the salt as it passes through the column. In 

comparing the vertical migration of the salt at ports 1 and 2 for all experiments as shown in 

Figure 55 and Figure 56. The following is evident: 

• For a given initial concentration Co and porous material, the very low-groundwater 

flow rate makes the salt move far more rapidly and migrate farther through the 

porous media than the very high-groundwater flow rate as expected. 

• It is clear from Figure 55 and Figure 56 and Table 10 indicate that an increase in the 

groundwater flow rate results in breakthrough curves with lower peak 

concentrations. 

• At the very high-groundwater flow (5.5 gpd), the salt exits the sand column and the 

source after 7 days while at the other groundwater flow rates (2.0, 2.5, 3.0, 3.5, 4.2, 

5.0 gpd), the salt exit the sand column and the source after 53, 26, 25, 16, 9 and 8 

days respectively. 

•   Although at around 1 to 2 days for experiment 2, 3, 4, and 5 at port 2, there was no 

increase in salt concentration, at port 1 the salt concentration decreased with time. 

The decrease was due to the effect of the groundwater flow. With the salt downward 

movement due to the unstable flow case, the groundwater flow added another salt 

transportation mechanism through the porous media which was the upward 

movement of salt.  
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Figure 55- comparison breakthrough curves at Port 1 for Experiments 1, 2, 3, 4 and 5 

Figure 56- comparison breakthrough curves at Port 2 for Experiments 1, 2, 3, 4 and 5 
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5.6. Summary and Conclusion 

Experiments were carried out for eight different groundwater flow rates and a constant initial 

source concentration solution in a large scale, fully saturated, homogenous sand column to 

study the effects of salt transport through porous media with the existence of groundwater. 

All experiments were conducted under unstable conditions to study the salt transport from a 

salt source to the porous media and the vertical salt transport within the porous media itself. 

The rate of mass transport from the source to the porous media was observed and recorded 

by measuring the salt concentration within the source at various times while the salt transport 

through the porous media was recorded measuring breakthrough curves at five locations. 

Real measurements at ports were recorded and an attempt was made to make the data more 

reasonable and understandable by using mass balance calculations and the smoothing curves 

technique. Other key observations were: 

• For a given initial concentration and porous material, and at a constant temperature, 

an increase in the groundwater flow rate resulted in breakthrough curves with lower 

peak concentrations and earlier peak breakthrough curve concentration and time. 

• Visual verification of breakthrough curves clearly indicated a change in the 

penetration and transport dynamics with increasing the groundwater flow rate. 

• This work highlights a simple idea to study the transport mechanism through the 

porous media with the existence of groundwater flow. Because the current study 

only used one port at the center of each layer, further additional studies using a grid 

of ports within each layer are required for a better vision of what happens across the 

porous media cross section.  

•  Generally, if the main transport mechanism was simply molecular diffusion, the salt 

concentration at the lower ports would never rise higher than that at the higher ports. 

In fact, in all of the experiments including experiment 1, the concentration at lower 

ports became lower than that of the upper two ports, indicating that the saline water 

in the source sank but the groundwater flow pushed the salt back up to the source 

and then out of the system. 
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• The difference in the arrival times depends on measured data at port 2 for 

experiments 1, 2, 3, 4, and 5 is another indirect indication that fingering took place 

as the salt moved downward into the porous media.  

• Clearly, the initial high rate of mass transfer followed by a slowdown implies that 

the mode of salt transport through the porous media is unstable or finger dominated 

in the beginning of the experiment and then converts to a stable or diffusion 

dominated mode towards the end. 

• At ports 1 through 3 for experiment 1, the breakthrough curves were not smooth and 

showed that the salt concentration was randomly fluctuating during the first two to 

twenty days but these fluctuations were not quite as prominent at ports 4 and 5 for 

experiment 1. 

• Mamoua et al. (2017) observed that the fingers tend to coalesce as they move 

downwards the movement of the salt mass is not as random at the bottom as at the 

top. Because of this effect, the differences in the breakthrough curves are highest in 

the upper regions of the porous media and decrease as the salt traverses downward. 

• In experiments 2 through 8, no increase in salt concentration at ports  3, 4 and 5 was 

observed (i.e. the salt concentration that was measured during all the time of the 

experiment is 0.3 g/l) 

• In experiment 1, the salt did not travel into the center of the vertical sand column 

where the salinity concentration readings were being measured since it did not show 

any increase of the salt at port 4 until day 19 while there was an increase in the salt 

concentration reading at port 5 on day 17. This indicates that the salt did not travel 

uniformly across the sand column as a front, but in the form of fingers that only 

occupied a narrow zone of the sand column. Fingers were not physically observed 

due to opaque porous material and clear liquids, but the fact that the mass transport 

through the porous media was dominated by fingers is clearly evident from the shape 

of the breakthrough curves 

• Through the breakthrough curves, an important phenomena was observed, which is 

called oscillatory behavior (i.e., the concentration measured at all ports for 

experiment 1 and ports 1 and 2 for the other experiment did not smoothly increase 
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or decrease with time as in normal breakthrough curves). There are two reasons for 

oscillatory behavior: the first is that the fingers coalesced with one another as they 

moved down the column and the second is the fresh groundwater flow movement 

upward opposite to the salt movement. 
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Chapter 6 

Modeling to Investigate the Impact of Groundwater 

Flow Rate on Saltwater Transportation Processes 

 

The objective of this chapter is to test a numerical model to investigate the impacts of 

variations in the groundwater flow rate on source salt depletion and saltwater penetration 

through the aquifer. In this effort, the model-predicted and measured data have been 

compared by visual and statistical analysis.    

6.1. Details of The Numerical Experiment 

The numerical study is considered a two-dimensional aquifer system which is 0.61 m wide 

and 1.7m deep. A square numerical grid, with ∆x = 0.01 m, ∆y = 0.01 m and ∆z = 0.01 m, 

was used for the aquifer and a rectangular numerical grid, with ∆x = 0.01 m, ∆y = 0.01 m 

and ∆z = 0.05 m for the source layer water above the aquifer system. Therefore, 61 cells in 

the x-direction and 171 cells in the z-direction were used to discretize the flow tank. The 

seawater density was assumed to be 1,025 kg/m3 with salt concentration of 36 g/l. A regional 

groundwater flow supplied through the aquifer boundary using a set of artificial injection 

well nodes will be used. The total groundwater flows supplied from the base boundary were 

in the range 1 gpd to 5.5 gpd. The hydraulic conductivity was 7.6 m/day, specific storage 

was 10-5 1
𝑚⁄  in each confined layer, and the porosity was 0.32. Transverse and vertical 

dispersivity values were assigned to be 10 m and 0.0001 m, respectively. The selected 

diffusion coefficient 10-4m2/d (1.157×10-9 m2/s) is within the range of typical values reported 

to be 1×10-9 to 2 ×10-11 m2/s (Fetter 1999). The selected longitudinal dispersion coefficient 

1cm (0.01m) is within the range of laboratory values (1 to 10 cm) (Bedient et al., 1999). 

Sampling points were used at the port locations to monitor the salt concentration. Other 

model parameters used are summarized in Table 11. The MODFLOW-family variable 

density flow code SEAWAT [Langevin C et al., 2003] was used in this study with the 

upstream weighting option; the model was run for a sufficiently long period until steady state 
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conditions were reached. The numerical modeling results were compared with laboratory 

measured data in the source layer and at port locations. Several sets of numerical experiments 

were completed to explore various values of groundwater flow rates and parameter values. 

 

Table 11- A description of the domain and parameters used in the numerical model 

Property Symbol Values 

Horizontal length LH 0.61m 

Vertical length H 1.75m 

Columns number C 61 columns with ∆x = 0.01 m 

Rows number R 1 Row ∆y = 0.01 m 

Layers number L 171 1 Source layer with ∆z = 0.05 

       Other layers with ∆z = 0.01 m 

Hydraulic conductivity Kx, Ky, Kz 7.6 m/d 

Porosity n 32% 

Specific yield Sy 0.01 

Specific storage Ss 0.00001m-1 

Saltwater concentration Cs 36g/l 

Saltwater density ρs 1,025kg/m3 

Freshwater density ρf 1,000kg/m3 

Dispersivity coefficients αL, αT, αV 0.01,10, 0.0001m 

Diffusion coefficient Do 10-4m2/d 
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Figure 57- SEAWAT Model Domain and mesh description 
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6.2. Normalized-Salinity Contours 

Figure 58 through Figure 65 show the model simulated plume of the normalized salinity 

contours at different times as the salt water traveled from the source layer through the aquifer 

and the displaced aquifer or groundwater flow migrated into the source. Normalized salinity 

values were calculated by dividing the salt concentration by a salinity of 36g/l, the 

normalized salinity contours indicate that the salt migration through the aquifer are unique 

for each experiment. The dense salt water sank immediately and the sinking process 

continued for about 3 days.  The model was able to reproduce the sinking pattern.   

In the following figures, the horizontal black line represents the location of the interface 

between the source and the porous media. Everything above the horizontal line occurred in 

the source, and everything below the horizontal line represents what happened in the porous 

media. The model figures were taken at 3, 9, and 16 days after starting the groundwater flow. 

The numerical model allows visualization of the transport patterns occurring within the 

source and the porous media. Figure 58 shows the migration patterns of experiment 1 

(groundwater flow rate is 1.0 gpd). After 3 days, the bulk of the plume mass migrated at the 

top of the tank with a finger like structure evolving downward. On day 9, the bulk of the 

plume mass fingers became longer, the fingers rapidly extended and the freshwater moved 

up. The unique aspect of the time sequence is occurred on day 16. On this day the vertical 

flow of freshwater from the porous media can clearly be seen flowing into the source area. 

Figure 59 shows the migration patterns of experiment 2 (groundwater flow rate is 2.0 gpd). 

After 3 days, the bulk of the plume mass migrated at the top of the tank with a finger like 

structure evolving downward. On day 9, the bulk of the plume mass fingers became longer, 

the fingers rapidly extended and the freshwater moved up. On day 16, the vertical flow of 

freshwater from the porous media can clearly be seem flowing toward the source area. 
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Figure 58- Normalized salinity contours at groundwater flow rate 1.0gpd at different time 

a. 3 days b. 9 days c. 16 days 

Source interface 
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Figure 59- Normalized salinity contours at groundwater flow rate 2.0gpd at different time 

a. 3 days b. 9 days c. 16 days 
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Figure 60 shows the migration patterns of the experiment 3 (groundwater flow rate is 2.5 

gpd). After 3 days, the bulk of the plume mass migrated at the top of the tank with a finger 

like structure evolving downward. The unique aspect of this time sequence occurred on days 

9 and 16. For those days the vertical flow of freshwater from the porous media can clearly 

be seem flowing into the source area. The salt solution migrated from the source has flowed 

for less depth into the porous media than for the previous lower flows. 

Figure 61 shows the migration patterns of the experiment 4 (groundwater flow rate is 3.0 

gpd). After 3 days, the bulk of the plume mass migrated at the top of the tank with a finger 

like structure evolving downward. On day 9, the bulk of the plume mass fingers became 

longer, the fingers rapidly extended and the freshwater moved up. The unique aspect of this 

time sequence is occurred on day 16. For this day the vertical flow of freshwater from the 

porous media can clearly be seem flowing into the source area. The lower salt solution from 

the source has flowed into the porous media than for the previous lower flows. 

Figure 62 shows the migration patterns of the experiment 5 (groundwater flow rate is 3.5 

gpd). After 3 days, the bulk of the plume mass migrated at the top of the tank with a finger 

like structure evolving downward. On day 9, the bulk of the plume mass fingers became 

longer, the fingers rapidly extended and the freshwater moved up. The unique aspect of this 

time sequence occurred on days 9 and 16. For those days the vertical flow of freshwater from 

the porous media can clearly be seem flowing into the source area. The salt solution migrated 

from the source has flowed for less depth into the porous media than for the previous lower 

flows. 
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Figure 60- Normalized salinity contours at groundwater flow rate 2.5gpd at different time 

a. 3 days b. 9 days c. 16 days 
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Figure 61- Normalized salinity contours at groundwater flow rate 3.0gpd at different time 

a. 3 days b. 9 days c. 16 days 
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Figure 62- Normalized salinity contours at groundwater flow rate 3.5gpd at different time 

a. 3 days b. 9 days c. 16 days 
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Figure 63 shows the migration patterns of the experiment 6 (groundwater flow rate is 4.2 

gpd). The model figures were taken at 3, 6, and 9 days after starting the groundwater flow. 

After 3 days, the bulk of the plume mass migrated at the top of the tank with a finger like 

structure evolving downward. On days 6 and 9, as the salt migrated downward the freshwater 

also migrated upward. Clearly, the freshwater upward movement migrated through the 

porous media toward the source layer from day 3. 

Figure 64 shows the migration patterns of the experiment 7 (groundwater flow rate is 5.0 

gpd). The model figures were taken at 3 and 6 days after starting the groundwater flow. After 

3 days, the bulk of the plume mass migrated at the top of the tank with a finger like structure 

evolving downward, the depth of the deepest fingers was approximately equally at both 

sides. As the salt migrated downward the freshwater also migrated upward as shown at day 

6; and the bulk of the plume mass fingers at the two sides became longer, the fingers rapidly 

extended and the freshwater moved up.  

Figure 65 shows the migration patterns of the experiment 8 (groundwater flow rate is 

5.5gpd). The model figures were taken at 3and 6 days after starting the groundwater flow. 

After 3days, the bulk of the plume mass migrated at the top of the tank with a “finger like” 

structure evolving downward. On day 6, the salt migrated downward the freshwater also 

migrated upward; and the bulk of the plume mass fingers at the two sides became longer, the 

fingers rapidly extended and the freshwater moved up. After the simulation studies had been 

completed, it is evident that the freshwater fluxes primarily control the transport processes 

occurring through the aquifer. As the groundwater flow rate increased, the depth of the bulk 

of the plume mass migrated decreased, the source salt concentration also decreased, the 

number and the shape of fingers also changed. So, increasing the groundwater flow rate 

limited the finger formation. 
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Figure 63- Normalized salinity contours at groundwater flow rate 4.2gpd at different time 

a. 3 days b. 6 days c. 9 days 
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Figure 64- Normalized salinity contours at groundwater flow rate 5.0gpd at different time 

a. 3 days b. 6 days 
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Figure 65- Normalized salinity contours at groundwater flow rate 5.5gpd at different time 

a. 3 days b. 6 days 
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6.3. Visual Comparison of Model-Predicted and Measured 

Data 

Model simulated normalized salt concentrations at source and ports locations compared with 

the measured data in Figure 66 through Figure 73. The following is evident: 

1. For a given initial concentration (Co), porous material, and groundwater flow rates 

ranging from 1.0gpd to 3.5 gpd, as shown in Figure 66 through Figure 73, a visual 

comparison for source measurements shows that there is an excellent match between 

measured and model-predicted measurements. 

2. For a given initial concentration (Co), and higher groundwater flow rates (ranging 

from 4.2 gpd to 5.5 gpd), as shown in Figure 71 through Figure 73, a visual 

comparison for source model-predicted and measurements shows small differences.  

3. In experiments 2 through 8, no increase in salt concentration at ports 3, 4 and 5 was 

noticed (i.e., the salt concentration that were measured during all the time of the 

experiment is 0.3 g/l), and the model matched the measured data at the mentioned 

ports. 

4. A visual comparison for ports 1 and 2 at flow rate 2.0 gpd and for port 1 at flow rate 

2.5gpd shows differences between model-predicted and measured, that is normal 

because of fingering. The model shows that the fingers passed through ports while 

in real lab work the fingers did not pass through the ports’ locations. Similarly, Xie 

et al., (2011) demonstrated that it is extremely difficult, and probably impossible to 

predict exactly the size of fingers, the exact places where fingers form, and their 

subsequent migration pathways. 
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Figure 66- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 1.0 gpd and Initial Normalized Salt concentration =1 

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14 16

N
o

rm
al

iz
ed

 S
al

t 
C

o
n

ce
n

tr
at

io
n

Time (days)

Port 1 Measured
Port 1 Predicted



 

99 

 

 

  

Figure 67- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 2.0 gpd and Initial Normalized Salt concentration =1 
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Figure 68- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 2.5 gpd and Initial Normalized Salt concentration =1 
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Figure 69- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 3.0 gpd and Initial Normalized Salt concentration =1 
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Figure 70- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 3.5 gpd and Initial Normalized Salt concentration =1 
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Figure 71- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 4.2 gpd and Initial Normalized Salt concentration =1 
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Figure 72- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 5.0 gpd and Initial Normalized Salt concentration =1 
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Figure 73- Comparison of Model-Predicted and Measured Normalized Salt Concentration at Different 

Locations at Groundwater Flow rate 5.5 gpd and Initial Normalized Salt concentration =1 

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6

N
o

rm
al

iz
ed

 S
al

t 
C

o
n

ce
n

tr
at

io
n

Time (days)

Measured source

Predicted Source

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6

N
o

rm
al

iz
ed

 S
al

t 
C

o
n

ce
n

tr
at

io
n

Time (days)

Port 2 Measured

Port 2 Predicted

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6

N
o

rm
al

iz
ed

 S
al

t 
C

o
n

ce
n

tr
at

io
n

Time (days)

Port 3 Measured

Port 3 Predicted

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6

N
o

rm
al

iz
ed

 S
al

t 
C

o
n

ce
n

tr
at

io
n

Time (days)

Port 4 Measured

Port 4 Predicted

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6

N
o

rm
al

iz
ed

 S
al

t 
C

o
n

ce
n

tr
at

io
n

Time (days)

Port 5 Measured

Port 5 Predicted

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6

N
o

rm
al

iz
ed

 S
al

t 
C

o
n

ce
n

tr
at

io
n

Time (days)

Port 1 Measured

Port 1 Predicted



 

106 

 

6.4. Statistical Comparison 

Pandit et al., (2011) compared the model- predicted and measured data statistically by 

comparison of the Nash-Sutcliffe efficiency index (NSE), and estimation of Root Mean 

Square Error (RMSE). In addition to these methods of statistical analysis, Ali (2011) used 

the average absolute difference, between measured and model-predicted normalized salt 

concentration and RMSE-observations Standard Deviation Ratio (RSR) for the statistical 

analysis. These same statistical tests were used in this study. The statistics for the methods 

were obtained by comparing model-predicted and measured normalized salt concentration 

values at the source and ports locations as shown in Table 12 and Table 13. From these 

tables, the following is evident: 

1. The average absolute differences between the measured and model-predicted 

normalized salt concentration for the source at the lower groundwater flow rates 

(1.0 gpd - 3.5 gpd) were extremely small and ranging from 0.026 to 0.046. 

2. At the higher groundwater flow rates, the result of the average absolute differences, 

between the measured and model-predicted normalized salt concentration for the 

source ranged from 0.077 to 0.11, which means that the model is underestimated 

the measured data by 7.7% – 11%. 

3. At port locations, the average absolute differences between the measured and 

model-predicted normalized salt concentration were extremely small and ranged 

from 0 to 0.064.  

4. The NSE index, RMSE, and RSR values at source for all experiments were within 

the range of the acceptable values. 

5. At port 1 and 2, for the lower groundwater flow rates (1.0 gpd – 3.5 gpd), the NSE 

index values showed values < 0, which means the mean measured values are better 

than the simulated values, meaning the model cannot predict the exact location of 

fingers.   

6. At all other port locations, the NSE index, RMSE and RSR were within the 

acceptable range. 
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Table 12- A statistical comparison (average absolute difference) of measured and model predicted normalized salt concentration at different groundwater 

flow rate and different locations 

Groundwater 
flow rate 

(gpd) 
Source Port 1 Port 2 Port 3 Port 4 Port 5 

1.0 0.026 0.022 0.007 0.004 0 0.002 

2.0 0.032 0.064 0.038 0 0 0 

2.5 0.029 0.03 0.006 0 0 0 

3.0 0.031 0.011 0 0 0 0 

3.5 0.046 0.028 0.008 0 0 0 

4.2 0.077 0 0 0 0 0 

5.0 0.09 0 0 0 0 0 

5.5 0.11 0 0 0 0 0 
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Table 13- Summary of statistical analyses of salt transport by comparison of measured and model predicted 
 

At groundwater flowrate = 1.0gpd 

 NSE RMSE RSR 

Source 0.99 0.035 0.025 

Port 1 -0.47 0.03 0.24 

Port 2 -0.81 0.009 0.27 

Port 3 -0.41 0.0065 0.24 

Port 4 1 0 0 

Port 5 -0.2 0.004 0.22 

 

 

At groundwater flowrate = 2.0gpd 

 NSE RMSE RSR 

Source 0.98 0.04 0.03 

Port 1 -1.4 0.08 0.31 

Port 2 -1.06 0.05 0.3 

Port 3 1 0 0 

Port 4 1 0 0 

Port 5 1 0 0 

 

 

At groundwater flowrate = 2.5gpd 

 NSE RMSE RSR 

Source 0.98 0.043 0.03 

Port 1 -1.32 0.04 0.3 

Port 2 -0.78 0.008 0.3 

Port 3 1 0 0 

Port 4 1 0 0 

Port 5 1 0 0 

  

At groundwater flowrate = 3.0gpd 

 NSE RMSE RSR 

Source 0.99 0.035 0.02 

Port 1 -0.38 0.02 0.23 

Port 2 -0.2 0 0.22 

Port 3 1 0 0 

Port 4 1 0 0 

Port 5 1 0 0 

 

 

At groundwater flowrate = 3.5gpd 

 NSE RMSE RSR 

Source 0.95 0.062 0.04 

Port 1 -1.31 0.04 0.3 

Port 2 0.9 0 0.06 

Port 3 1 0 0 

Port 4 1 0 0 

Port 5 1 0 0 

 

 

At groundwater flowrate = 4.2gpd 

 NSE RMSE RSR 

Source 0.92 0.07 0.05 

Port 1 1 0 0 

Port 2 1 0 0 

Port 3 1 0 0 

Port 4 1 0 0 

Port 5 1 0 0 

  

At groundwater flowrate = 5.0gpd 

 NSE RMSE RSR 

Source 0.8 0.11 0.09 

Port 1 1 0 0 

Port 2 1 0 0 

Port 3 1 0 0 

Port 4 1 0 0 

Port 5 1 0 0 

 

 

At groundwater flowrate = 5.5gpd 

 NSE RMSE RSR 

Source 0.8 0.1 0.09 

Port 1 1 0 0 

Port 2 1 0 0 

Port 3 1 0 0 

Port 4 1 0 0 

Port 5 1 0 0 

 

 

Optimal values and acceptable 

ranges 

 NSE RMSE RSR 

Optimal 1 0 0 

range (0-1) (0-∞) (0-∞) 
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6.5. Port 1 Analysis 

Experiment 2 at agroundwater flow rate 2.0 gpd, and a source salt concentration 36 g/l, was 

repeated to see if the same salt concentrations were detected at port locations. A comparison 

of the breakthrough curves for port 1 indicated that the concentration at port 1 were vastly 

different; for example, the salt reached port 1 for experiment 2a after one day while in 

experiment 2b after two days. A comparison of breakthrough curves at port 1 for experiments 

2a, 2b and predicted by SEAWAT is shown in Figure 74. Also the statistical analysis was 

done for both experiments (2a, 2b) as shown in Table 14 which shows a different statistical 

result since measurements differ. Finally, another statistical analysis was conducted by 

calculating one standard deviation of the mean, which is a statistic that can help measure 

data spread. The mean and standard deviation were calculated by using the model predicted 

data at the whole horizontal layer where the port was located instead of looking at the specific 

port location. The statistical analysis showed that the measurements were unpredictable 

because many measurements for both experiments were out of the range of one standard 

deviation (Figure 75). 

Table 14- Summary of statistical analyses of salt transport by comparison of measured at experiments   2a, 

2b and model predicted 

Port 1 statistical analysis experiment 2a and 2b 

 NSE RMSE RSR 

2a -1.4 0.08 0.31 

2b 0.32 0.01 0.23 
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Figure 74- Comparison of breakthrough curves at Port 1 for Experiments 2a, 2b, and predicted by 

SEAWAT 

Figure 75- Comparison of salt concentration measured at port 1 for experiment 2a, 2b, mean and 1standard 

deviation predicted 
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6.6. Summary and Conclusion 

Detailed numerical experiments were completed using the MODFLOW-family computer 

code SEAWAT to study the of groundwater flow rate of salt migration in a confined aquifer. 

Different methods were used to compare the measured and model-predicted values including 

visual comparison and statistical analysis. The visual and statistical comparisons were made 

by comparing model-predicted and measured normalized salt concentration at the source and 

five port locations. By visual comparisons, the model was very good in predicting the source 

and ports for all experiments. By statistical comparison, the model was very good in 

predicting a source and almost all ports except ports 1 and 2 when the groundwater flow rate 

ranged from 1.0 to 3.5 gpd where the NSE Index values were out of the acceptable level. 
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Chapter 7 

A Study of the Movement of Salt into an Aquifer 

Under Time-Varying Recharge Scenarios 

The first objective of this chapter is to study the salt transport from the source area to the 

porous media with two different groundwater flows for each experiment. Experiment 9 

started with a zero-groundwater flow rate, and then after 4 days, the 2.0 gpd groundwater 

flow rate was added. Experiment 10 started with a zero-groundwater flow rate, and then after 

4 days a 5.5 gpd groundwater flow rate was added. The changing groundwater flow was 

studied by examining the changes in the source depletion curves as the salt moved downward 

into the porous media and escaped through the overflow opening by using the initial source 

concentration 36 g/l. The second objective is to study of salt transportation through the 

porous media with these groundwater flow scenarios by examining the changes in the 

breakthrough curves as the salt moves downward into the porous media. The third objective 

is to compare the numerical model to investigate the impacts of variations in the groundwater 

flow rate on the source salt depletion curve and saltwater penetration through porous media. 

In this effort, we have compared the model-predicted and measured data by visual 

comparison and also by statistical analysis.    
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7.1. Results and Analysis of Measured Source Depletion 

Curves 

Two experiments, having durations between 22 to 50 days, were conducted as explained in 

Table 3 section 3.7. Experiments 9 and 10 were conducted with an initial source 

concentration 36 g/l. At the end of the experiments, the final source concentrations were 0.83 

g/l in experiment 9 and 0.66g/l in experiment 10. The measured source depletion curves for 

experiments 9 and 10 are shown in Figure 76. 
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Figure 76- Comparison of measured source depletion curves using an initial source of 36g/l (C=1.0), source 

depth 5cm for experiments 9 and 10 
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From Figure 76, the following is evident: 

1. The source depletion curves for the two experiments are fairly similar for the first 4 

to 5 days. After that the source depletion curve comparison showed differences due 

to groundwater flow rates.  

2. The variation of the salt concentration at the source reservoir as a function of time 

is affected by the initial concentration of the solution and the groundwater flow rate. 

3. At a zero flow rate, the source loses 50% of the salt during about 1.25days (Mamoua 

K., 2018) while the source lost 50% of the salt during about 2days in experiments 9 

and 10 when the groundwater flow rate 0.0 gpd for around 4 days. 

4. The mass of the source declined with time in both experiments. In terms of mass and 

percentage, the rate of change of salt mass lost or transferred from the source is 

shown in Table 15 

 

 

7.2. Comparison of Bachmat and Elrick’s (1970) Equation 

and the Modified Equation in Predicting Source 

Depletion Curve for Experiment 9 and 10 

First, graphs of F versus t were plotted for each experiment by using equation 4-9, section 

4.2 and equation 2-5, section 2.5 and are shown in figures below. 

During the first four to five days, F was calculated when there was no groundwater flow 

(F=0.47d-1); then another F was calculated with different groundwater flow rates ranging 

from 2.0 to 5.5 gpd) 

Second, the predicted source salt concentrations were calculated by using equations 4-8, 

section 4.2, and equation 2-1, section 2.5 for the modified Bachmat and the Bachmat and 

Elrick equations, respectively. Finally, the comparison of data that is measured, predicted by 

Bachmat equation, and predicted by modified Bachmat equation are conducted through 

figures and Table 15. These comparisons clearly bring to light that all measured source 
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depletion curves are initially identical with theoretically predicted curves, and then they 

begin to deviate from the theoretical solutions after some time. As shown in Table 15, the 

modified Bachmat equations can predict the source depletion curve for a longer time than 

the Bachmat equations. 

Both experiments 9 and 10 started with zero groundwater flow rate, so the first value of F 

Figure 77that was calculated applied to both experiments with t=0 to t=4-5 days. After 5 

days, the starting time was reset to t=o, and the initial concentration would be the 

concentration at t=5 days, then the other F values were calculated for both experiments. One 

F value was calculated using the Bachmat equation and the other the modified Bachmat 

equation for both experiments. After the F values were calculated, the predicted source salt 

concentration was calculated for experiments 9 and 10 depending on the Bachmat and 

modified Bachmat equations. The comparison measured and predicted by the Bachmat and 

modified equations source salt concentration have been shown in Figure , Figure 82 and 

Table 15. The Bachmat and Elrick (1970) equations are applicable for the period of time as 

shown in Table 15, so the result of this study is to expand the use of (Bachmat and Elrick, 

1970)equations so the equations can be used in the presence of groundwater flow. As shown 

in Table 15, the modified Bachmat equations are applicable for the period of time longer 

than the Bachmat and Elrick (1970) equations. 



 

116 

 

 

y = 0.47x
R² = 0.999

0

0.5

1

1.5

2

2.5

0 1 2 3 4 5 6

Time (days)

Ft Bachmat at Q=0gpd (Exp. 9 and10)

Figure 77- Ft= (Co/Ct)-1 for experiment 9 and 10 

Figure 78- Ft = (Co/Ct)-1 for experiment 9 (Q=2.0gpd) 
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Figure 79- Ft= (Co/ (Ct+Cg))-1 for experiment 9 (Q=2.0 gpd) 

Figure 80- Comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 9, Initial source of 36g/l 
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Figure 80- Ft=(Co/Ct )-1 for experiment 10 (Q=5.5gpd) 

Figure 81- Ft= (Co/(Ct+Cg ))-1 for experiment 10 (Q=5.5 gpd) 
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Figure 82- comparison measured and predicted (by Bachmat and modified equations) salinity levels at the 

source Experiment 10, Initial source of 36g/l 
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Table 15- Description of experimental results regarding source measurements and predictions for experiments 9 and 10 

Exp. 
# 

Q 
gpd 

td 
days 

CSO 
g/l 

CSf 
g/l 

VS 
l 

Mi 

g 

ML FBachmat FModified 

g % F 
tB 

(days) 
F 

tM 

(days) 

9 0-2.0  50 36 0.83 18 648 633 636 0.44 10 0.34 12 

10 0-5.5 22 36 0.66 18 648 98 98 0.39 6 0.33 11 

 

 

.

Q = groundwater flow rate; td = duration of each experiment; CSO = initial source concentration; CSF = final source 

concentration; VS = source volume; Mi = initial source mass; ML = loss of mass after td; FBachmat = measured slope line of 

Bachmat; tB = duration of Bachmat prediction source concentration; FModified = measured slope line of modified Bachmat; 

tM = duration of modified Bachmat prediction source concentration 
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7.3. Results of Breakthrough Curves Depending on 

Measured Data Sets 

Salinity measurements at each port were taken as explained earlier in chapter 3, section 3.7. 

Since the single port in each layer was located in the center of the column, the breakthrough 

curves only reflect the salt transport through the center of the column. 

Figure 83 and Figure 84 give the breakthrough curves for a sand column at different 

locations (port) and different flow rates depending on measured data sets.  

From Figure 83 and Figure 84, it is clear that: 

• At ports 1 through 3 for experiment 9 and 10, the breakthrough curves were not 

smooth and showed that the salt concentration was randomly fluctuating during the 

first 2 to 8 days. These fluctuations were not quite as prominent at ports 4 and 5 for 

these experiments. 

• The largest difference is how the salt in all ports, especially 1 and 2, decreased 

rapidly when the higher flow rate was applied. The higher flow rate appears to flush 

the salt out of the system and stop any downward movement of salt. 

• A comparison of breakthrough curves for ports 4 and 5 for experiment 10 indicates 

increasing salt concentration at day 8 at port 4 while at port 5 the salt concentration 

increases at day 7. The increase is due to the vertical spread of the salt within the 

porous material that occurs in the form of fingers. It is possible that the finger of the 

salt did not pass through the port 4 location but did pass through port 5.  

•  A comparison of the breakthrough curves for Ports 1 through 5 in experiments 9 

and 10 indicates that the concentration at the lower port (5) became less concentrated 

than that of the upper port (port 1) towards the end of the experiment. This indicates 

that the main salt transport mechanism was molecular diffusion because the salt 

concentration at the lower ports were always smaller than those at the upper ports. 

• Another key difference in the salt transport between experiments 9 and 10 can be 

demonstrated by the arrival time noted at each port as shown in Table 16. Arrival 

time at ports is defined as the time when the salt concentration at the port was first 
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detected to be greater than the salt concentration in the freshwater, which was 0.3 

g/l.  

• A comparison of the arrival times for the experiments 9 and 10 indicates that they 

are the same for ports 1 and 2 but vastly different for ports 3, 4, and 5; for example, 

the salt reached Port 4 after four days and eight days, respectively. Furthermore, the 

salt arrived at Port 5 earlier than Port 4 in Experiment 10 whereas that was not the 

case in Experiment 9. 

• A comparison of the arrival times for the experiments 9 (groundwater flow rate 

changed from zero to 2gpd) and experiment 2 (groundwater flow rate was constant 

at 2 gpd). Table 16 indicates that they are same for ports 1 and 2 but vastly different 

for ports 3, 4 and 5; for example, the salt reached ports 3, 4, and 5 at experiment 9 

while it did not reach any of the previous ports in experiment 2.  

• A comparison of the arrival times for experiment 10 (groundwater flow rate was 

changed from zero to 5.5 gpd) and experiment 8 (groundwater flow rate was constant 

at 5.5 gpd) Table 16 indicates that they are vastly different for all ports; for example, 

the salt reached all five ports in experiment 10 while it did not reach any port in 

experiment 8. 

 

Table 16- Arrival time at each port for Experiment 9 and 10 

Experiment 
No. 

Flow 
gpd 

Port 1 
Day 

Port 2 
Day 

Port 3 
Day 

Port 4 
Day 

Port 5 
Day 

9 0.0-2.0 1 2 3.5 4 6 

10 0.0-5.5 1 2 5 8 7 

2 2.0 1 2 - - - 

8 5.5 - - - - - 
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Figure 83- Breakthrough curves at the ports for experiment 9(Q=0-2.0gpd) using an initial source of 36g/l 

(C=1.0) and source depth 5cm 

Figure 84- Breakthrough curves at the ports for experiment 10(Q=0-5.5gpd) using an initial source of 36g/l 

(C=1.0) and source depth 5cm 
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7.4. Comparison of Breakthrough Curves at Ports 1 and 2 

for Experiments 1 Through 5  

To visualize the effect of the groundwater flow rate on the salt downward movement, the 

comparison of ports 1 through 5 in experiments 9 and 10 was studied. The key features of 

interest in these figures are the differences in the rate of advancement of salt (i.e., vertical 

movement) and the spatial distribution of the salt as it passes through the column. In 

comparing the vertical migration of the salt at ports 1, 2, 3, 4, and 5 for all experiments as 

shown in Figure 85 through Figure 89. The following is evident: 

• For a given initial concentration (Co) and porous material, the very low-groundwater 

flow rate makes the salt move far more rapidly and migrate far more through the 

porous media than the very high-groundwater flow rate as expected. 

• According to Figure 85 and Figure 86, when there is no groundwater flow, 

breakthrough curves show approximately the same readings until day 5 at ports 1 

and 2. 

• From Figure 87 through Figure 89, after 4 to 5 days, the groundwater flow started 

and affected the readings of the ports 3, 4 and 5.  

• At ports 1 and 2, first 4 to 5 days, breakthrough curves showed an increase in the 

salt concentration, and once the groundwater flow started, the salt concentration 

decreased. 
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Figure 85- comparison breakthrough curves at Port 1 for Experiments 9 and 10 

Figure 86- comparison breakthrough curves at Port 2 for Experiments 9 and 10 
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Figure 87- comparison breakthrough curves at Port 3 for Experiments 9 and 10 

Figure 88- comparison breakthrough curves at Port 4 for Experiments 9 and 10 
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Figure 89- comparison breakthrough curves at Port 5 for Experiments 9 and 10 
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7.5. Modeling to Investigate the Impact of Changing the 

Groundwater Flow Rate on Saltwater Transportation 

Processes 

Numerical modeling was conducted to investigate the impacts of variations in the 

groundwater flow rate on source salt depletion curves and saltwater penetration through 

porous media. The model-predicted and measured data were compared by visual comparison 

and statistical methods. 

7.5.1. Details of Numerical Experiment 

Our numerical study is considered a two-dimensional aquifer system which is 0.61 m long 

and 1.7m thick. A square numerical grid, with ∆x = 0.01 m, ∆y = 0.01 m and ∆z = 0.01 m, 

was used. A rectangular numerical grid, with ∆x = 0.01 m, ∆y = 0.01 m and ∆z = 0.05 m for 

the water above the porous media (source layer) was used. Therefore, 61 cells in the x-

direction and 171 cells in the z-direction were used to discretize the flow tank. The seawater 

density was assumed to be 1,025 kg/m3 with a salt concentration of 36 g/l. The regional 

groundwater flow supplied through the porous media using a set of artificial injection well 

nodes. The groundwater total flow supplied from the base boundary were in the range 0 - 2.0 

gpd and 0 – 5.5 gpd. The hydraulic conductivity was set to 7.6 m/day, specific storage was 

set to 10-5 m-1 in each confined layer, and porosity to 0.32. Transversal and vertical 

dispersivity values were assigned to be 10 m and 0.0001 m, respectively. The selected 

diffusion coefficients 6.3×10-5 m2/d (7.29×10-10 m2/s) and 8.64×10-5 m2/d (1×10-9 m2/s) are 

within the range of typical values (1×10-9 to 2 ×10-11 m2/s) (Fetter, 1999). The selected 

longitudinal dispersion coefficient 0.04m is within the range of laboratory values (1 to 10 

cm) (Bedient et al., 1999). Sampling points were used at the ports locations to monitor the 

salt concentration at these locations. Other model parameters used are summarized in Table 

17. The MODFLOW-family variable density flow code SEAWAT [Langevin C et al., 2003] 

was used in this study with the upstream weighting option; the model was run for a 

sufficiently long period until steady state conditions were reached. The modeling approach 

was compared with laboratory measured data at source and at ports locations. Two sets of 
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numerical experiments were completed to explore various values of groundwater flow rates 

and parameter values. 

First, the model ran for 5 days with zero groundwater flow rate. Then after the result from 

first run took as an initial conditions and put in a new runs with two different groundwater 

flow rates. 

 

Table 17-A description of the domain and parameters used in the numerical model for experiments 9 and 10 

Property Symbol Values 

Horizontal length LH 0.61m 

Vertical length H 1.75m 

Columns number C 61 columns with ∆x = 0.01 m 

Rows number R 1 Row ∆y = 0.01 m 

Layers number L 171 1 Source layer with ∆z = 0.05 

       Other layers with ∆z = 0.01 m 

Hydraulic conductivity Kx, Ky, Kz 7.6 m/d 

Porosity n 32% 

Specific yield Sy 0.01 

Specific storage Ss 0.00001m-1 

Saltwater concentration Cs 36g/l 

Saltwater density ρs 1,025kg/m3 

Freshwater density ρf 1,000kg/m3 

Dispersivity coefficients αL, αT, αV 0.04,10, 0.0001m 

Diffusion coefficient Do 6.3×10-5m2/d at groundwater flow rate 

zero and 2.0gpd 

Diffusion coefficient Do 8.64×10-5m2/d at groundwater flow 

rate 5.5gpd 
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7.5.2. Normalized-Salinity Contours 

Figure 90 through Figure 92 shows the model-simulated plume of the normalized salinity 

contours at different times as the salt migrated from the source layer through the porous 

media and from the porous media back to the source layer due to the effect of the introduction 

of groundwater flow. Normalized salinity values are calculated by dividing the salt 

concentration by the ocean water salinity, which is 36 g/l. The normalized salinity contours 

indicate that the salt migration through the porous media is the same for the first 4 days in 

experiments 9 and 10, but become unique in each experiment. 

In experiments 9 and 10, the dense salt water sank immediately, and the sinking process 

continued for about 10 days and 4 days respectively. As the dense saltwater migrated 

downward, the flow rate changed and the plume of salty water rose upward due to the 

presence of the groundwater flow that pushed the salty water toward the source again. The 

model was able to reproduce the sinking pattern.   

The numerical model allowed visualization of the transport patterns occurring within the 

source and the porous media. Figure 90 show the migration patterns of experiment 9 and 10 

(zero groundwater flow rate during first 5 days). The model figures were taken at 0, 2, 4, 6, 

12 and 20 days. The initial salt concentration at t=0 was 36 g/l. After two days, as shown in 

Figure 90, the bulk of the plume mass migrated at the top of the tank with a finger-like 

structure evolving downward. As the salt migrated downward the freshwater also migrated 

upward as shown on day 2 and 4. Figure 91 indicates the migration patterns of the salt 

migration when the groundwater flowrate changed from 0.0 to 2 gpd after 4 days (experiment 

9). On day 6, the bulk of the plume mass fingers became longer, the fingers rapidly extended 

and the freshwater moving up. On day 12, the deepest finger was at the right side. The unique 

aspect of the time sequence occurred on day 20. on this day the vertical flow of freshwater 

from the porous media can clearly be seem flowing into the source area.  

Figure 92 indicates the migration patterns of the salt migration when the groundwater 

flowrate changed from 0.0 to 5.5 gpd after 5 days (experiment 10). On day 6, the bulk of the 

plume mass fingers became longer, the fingers rapidly extended. On day 12, the deepest 

finger was at the right side and the freshwater moving up. The unique aspect of the time 
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sequence occurred on day 20. On this day the vertical flow of freshwater from the porous 

media can clearly be seem flowing into the source area. Figure 91 and Figure 92 indicate 

that the differences between shapes, numbers, and depth of the fingers, and differences were 

due to the various groundwater flow rates used.  
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Figure 90- Normalized salinity contours for Experiment 9 and 10 from time zero to four days (zero groundwater flow) 

a) 0 day b) 2 days c) 4 days 
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Figure 91- Normalized salinity contours for Experiment 9 at different time 

a) 6 days b) 12 days c) 20 days 
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Figure 92- Normalized salinity contours for Experiment 10 at different time 

a) 6 days b) 12 days c) 20 days 
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7.5.3. Visual Comparison of Model-Predicted and Measured 

Data 

Model simulated, normalized salt concentrations at source and ports locations are compared 

with the measured data in Figure 93 and Figure 94. It is evident that: 

1. A visual comparison of source measurements shows that there is an excellent match 

between measured and model predicted measurements, as shown in Figure 93 and 

Figure 94. 

2. In experiments 9 and 10, the model shows no increase in salt concentration at all 

ports (i.e., the salt concentration that the model predicted during all the time of the 

experiment is 0.3 g/l) while the measured data shows increasing salt concentration 

at ports 1, 2, 3, 4, and 5 for experiment 9 and 10 after 1.0, 2.0, 3.5, 4.0, and 6.0 days 

and 1, 2, 5, 8, and 7 days, respectively as shown earlier in Table 16. The model did 

not show finger passing through the ports while in real lab work the fingers passed 

through the ports. As stated earlier, this result is consistent with Xie et al., (2011 

when they demonstrated that it is extremely difficult and probably impossible to 

predict the same size of the fingers, the exact places where fingers form, and the 

subsequent migration pathways. 
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Figure 93- Comparison of Model-Predicted and Measured Normalized Salt Concentration at source at 

Groundwater Flow rate changed from zero to 2.0gpd and Initial Normalized Salt concentration =1 

Figure 94- Comparison of Model-Predicted and Measured Normalized Salt Concentration at source at 

Groundwater Flow rate changed from zero to 5.5gpd and Initial Normalized Salt concentration =1 
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7.5.4. Statistical comparison 

Pandit et al., (2011) compared the model-predicted and measured statistically by: estimation 

of the Nash-Sutcliffe efficiency index (NSE) and estimation of Root Mean Square Error 

(RMSE). In addition to the methods of statistical analysis, Ali (2011) used the average 

absolute difference between measured and model-predicted normalized salt concentrations 

and RMSE-observations Standard Deviation Ratio (RSR) for the statistical analysis. These 

same statistical evaluations were used in this study. The statistics for these methods were 

obtained by comparing model-predicted and measured normalized salt concentration values 

at the source and port locations as shown in Table 18 and Table 19. From these tables, the 

following is evident: 

The average absolute differences between the measured and model-predicted normalized salt 

concentration for the source in experiments 9 and 10 were extremely small at 0.024 and 

0.021 respectively. The NSE index, RMSE and RSR values at the source for all experiments 

were within the range of acceptable values. 
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Table 19- Summary of statistical analyses of salt transport model by comparison of measured and model predicted for Experiments 9 and 10 

 

Table 18- A statistical comparison (average absolute difference) of measured and model predicted normalized salt concentration for experiments 9 

and 10 at d different locations 

Experiment No. Source 

9 0.025 

10 0.02 

 

 

 

 

 

Experiment 9 

 NSE RMSE RSR 

Source 0.99 0.03 0.02 

 
 

Experiment 10 

 NSE RMSE RSR 

Source 0.99 0.03 0.02 

 

 

Optimal values and acceptable 

ranges 

 NSE RMSE RSR 

Optimal 1 0 0 

range (0-1) (0-∞) (0-∞) 
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7.6. Summary and Conclusion 

Detailed numerical experiments were completed using the MODFLOW-family computer 

Code SEAWAT to study the effect of changing groundwater flow rate on salt migration in a 

porous media. Different methods were used to compare the measured and model-predicted 

values which were included visual comparison and statistical analysis. The visual and 

statistical comparisons were made by comparing model-predicted and measured normalized 

salt concentration at the source. Through visual and statistical comparison, the model was 

very good at predicting the source salinity.  

 

 

  



 

140 

 

Chapter 8 

Conclusions and Recommendations 

 

8.1. Summary and Conclusions 

The goal of this research was to develop a better understanding of the dynamics of saltwater 

migration into saturated aquifers with groundwater flows. The first objective of the research 

was to study the salt transport from the source area to the porous media with various 

groundwater flows by examining the changes in the source depletion curves as the salt moves 

downward into the porous media and escapes through the overflow opening by using an 

initial source concentration 36 g/l and different groundwater flow rates ranged from 1.0 to 

5.5 gpd. The result of the first objective of the study demonstrates the source salt 

concentration is decreased with time and affected by the groundwater flow rate. 

Experimental data shows that the groundwater flow rate is an important factor in the 

transport of salt from the source to the underlying porous media.  

The second objective of the research was to modify Bachmat and Elrick’s (1970) equation 

to better predict the source depletion curve under different groundwater flow rates and 

modify the equation to include groundwater flow. Bachmat and Elrick’s (1970) equation can 

be used in the presence of groundwater flow but the modified Bachmat equations are 

applicable for the longer period of time than Bachmat and Elrick’s (1970) equations.  

The third objective of the research was to study the salt transport through the porous media 

with groundwater flow by examining the changes in the breakthrough curves as the salt 

moves downward into the porous media. Visual verification of breakthrough curves clearly 

indicate a change in the penetration and transport dynamics with increasing groundwater 

flow.  

The fourth objective of this research was to conduct a numerical model to investigate the 

impacts of variations in the groundwater flow rate on source salt depletion curves and 

saltwater penetration through confined aquifers. We completed numerical simulations for a 
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lab-scale problem with groundwater flow rates ranging from 1.0 gpd to 5.5 gpd and an initial 

source salt concentration 36 g/l. Different methods were used to compare the measured and 

model-predicted values, which included visual comparison and statistical analysis. Through 

visual comparison, the model was very good in predicting the source and port concentrations 

for all experiments. By statistical comparison, the model was very good in predicting source 

and almost all ports concentrations, except ports 1 and 2 when the groundwater flow rate 

ranged from 1.0gpd to 3.5 gpd where the NSE Index values were beyond the acceptable 

levels.  

The fifth objective of the research was to study the movement of salt into the aquifer under 

time-varying recharge scenarios. We examined the changes in the source depletion curves 

as the salt moves downward into the porous media and escapes through the overflow opening 

by using the initial source concentration of 36 g/l, and studied the salt transport through the 

porous media by examining the changes in the breakthrough curves as the salt move 

downward into the porous media. Numerical modeling was conducted to investigate the 

impacts of the groundwater flow scenarios on source salt depletion curves and saltwater 

penetration through porous media.  The result of the fifth objective of the study demonstrates 

that very low-groundwater flow rates make the salt move more rapidly and migrate farther 

through the porous media than the high-groundwater flow rate. The model-predicted and 

measured data were compared visual comparison, and some statistical comparisons. Based 

on visual and statistical comparison, the model was very good at predicting the source.    
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8.2. Recommendations for Future Work 

Several additional investigations could be conducted to extend further our understanding of 

the dynamics of saltwater migration into the saturated aquifers with different groundwater 

flow rates. First, future researches are needed to study the effects of different types of porous 

media on the transportation processes. Second, since our measurements through the porous 

media involved only five ports, which were distributed vertically through the center of the 

sand column. A horizontal grid of ports in each layer of aquifer system model would allow 

for a more comprehensive understanding about what happens through the porous media. 

Third, a three-dimensional model can be established from the boundary conditions of the 

two-dimensional model for a more comprehensive understanding of salt transportation 

through porous media. 
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