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Abstract: This study investigated the saltwater upconing mechanism in fractured coastal aquifers.
Head-induced saline intrusion was initiated into three narrow sandbox aquifers containing
individual horizontal discontinuities placed on different positions. Subsequently, using a peristaltic
pump, freshwater was abstracted from the aquifers’ center, triggering saltwater upconing.
Progressively larger pumping rates were applied until critical conditions, resulting in the wells’
salinization, were achieved. Advanced image analysis algorithms were utilized to recreate the
saltwater concentration fields and quantify the extent of the saline wedges with a high accuracy. A
numerical model was successfully employed to simulate the laboratory results and conduct a
comprehensive sensitivity analysis, further expanding the findings of this investigation. The impact
of the fractures’ length, permeability and position on the upconing mechanism was identified. It
was established that the presence of high permeability discontinuities significantly affected aquifer
hydrodynamics. The conclusions of this study could constitute a contribution towards the
successful management of real-world fractured coastal aquifers.
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1. Introduction

Freshwater overexploitation is the main cause of saltwater intrusion (SWI) in coastal
aquifers across the globe [1-3]. When excessive freshwater is abstracted from coastal
hydrological systems, the saltwater—freshwater interface may move further landward,
reaching the location of the pumping wells. This physical mechanism, called saltwater
upconing [4], can lead to the eventual salinization of abstraction wells. Since mixing
freshwater with only 1 percent of seawater makes it unfit for drinking [5], pumping-
induced saline intrusion could potentially threaten the access to freshwater for one half
of the global population which currently resides less than 200 km from the coast [6].

Approximately two billion people rely on freshwater abstracted from fractured
aquifers [7], and because of that, their hydrogeological attributes have been investigated
extensively over the years [8-12]. Coastal fractured aquifers are generally more vulnerable
to saltwater intrusion than other hydrological systems [13]. This vulnerability was the
driving force behind multiple studies, utilizing both field scale experimental observations
[14-18] and numerical modelling [19,20] to quantify SWI in real-word fractured aquifers.
Freshwater abstraction has been recognized as the root cause of saline intrusion in the
fractured coastal aquifer in the island of Crete in Greece [21] as well as the carbonate
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aquifer in southern Tuscany, Italy [22]. Park et al. [23] studied the impact of freshwater
abstraction on a tidally influenced fractured bedrock aquifer in Korea, while Romanazzi
et al. [24] and Steikakis et al. [25] modelled the potential impact of climate change on
pumping-induced saline intrusion in two karstic coastal aquifers in southern Italy and
Greece, respectively. Similarly, freshwater abstraction constitutes a primary threat to the
phreatic limestone aquifer, upon which the city of Tampa, Florida, in the United States,
depends to abstract freshwater [26].

Real-world fractured aquifers are complex systems, and their hydrodynamics are
affected by a series of factors whose impact cannot be easily quantified [27]. Therefore,
regional-scale investigations of SWI do not constitute the ideal approach towards
identifying the fundamental physical mechanisms influencing pumping-induced saline
intrusion in fractured hydrological systems. Laboratory sandbox setups offer an idealized
physical approximation of groundwater flow and have been successfully utilized over the
years to study specific aspects of aquifer SWI, such as the freshwater-saltwater interface
[28,29], the impact of tides [30-33], variations in saltwater density [34] and in applied
hydraulic gradients [35], alongside the suitability of various SWI prevention approaches
[36-38]. It has been established that aquifer heterogeneity significantly affects
groundwater flow; thus, saline intrusion in heterogeneous [39-41] and more specifically
stratified coastal aquifers [36,42—47] has been studied extensively utilizing laboratory-
scale experiments. Nevertheless, sandbox investigations of groundwater flow in fractured
porous media are relatively rare. Etsias et al. [48] conducted the first ever laboratory study
of saltwater intrusion in fractured coastal aquifers. Through a series of experimental
measurements, the study demonstrated that the presence of high permeability aquifer
discontinuities can significantly alter saltwater flow dynamics, leading to a saline
intrusion front fundamentally different from the traditional wedge-shaped front,
observed in homogeneous and stratified hydrological systems.

Werner et al. [49] conducted one of the first sandbox studies of saltwater upconing
utilizing an axisymmetric laboratory model. In their laboratory study of the freshwater
lenses, usually present in small islands, Stoeckl and Houben [50] demonstrated that the
saltwater upconing mechanism is less sensitive to horizontal than vertical pumping wells.
Mehdizadeh et al. [51] considered an inclined freshwater-saltwater interface to validate a
sharp interface analytical approach, while Noorabadi et al. [52] utilized a similar
experimental setup to quantify the impact of well depth and saltwater concentration on
the critical abstraction rate—that is, the flowrate in which well salinization occurs.
Abdelgawad et al. [53] introduced the first experimental saltwater upconing investigation
incorporating automated image processing, while Abdoulhalik and Ahmed [54]
examined the impact of aquifer permeability on saltwater upconing, demonstrating that
less-permeable hydrological systems are more vulnerable to pumping-induced saline
intrusion. Stoeckl et al. [55] utilized laboratory testing to introduce the novel concept of
post-pumping saline intrusion, which is the phenomenon of seawater intruding further
inland than the location of a well after pumping has ceased. While all these studies
assumed homogenous aquifer structures, Abdoulhalik et al. [56] performed the only
experimental study investigating pumping well salinization in heterogeneous-stratified
coastal aquifers. Since the hydrodynamics of fractured porous media vary significantly
from those of granular aquifers, the fundamental mechanisms of pumping-induced saline
intrusion in fractured aquifers are far from understood.

To the best of the authors’” knowledge, this is the first ever laboratory scale study of
saltwater upconing in fractured coastal aquifers. Experimental measurements were
conducted in a series of synthetic aquifers with high permeability discontinuities.
Freshwater was abstracted from the porous medium, applying increasing pumping
flowrates, until the saltwater upconing mechanism was clearly observed and pumping
well salinization was established. The ensuing laboratory data demonstrated the impact
of individual fractures on pumping-induced saline intrusion. Moreover, numerical
modeling was employed to contact a rigorous sensitivity analysis further expanding the



Water 2021, 13, 3331

3 of 31

experimental findings. As it is common with sandbox investigations [57], the two-
dimensional nature of the presented experiments does not permit the straightforward
association of the study’s conclusions to three-dimensional aquifers. Nevertheless, the
presented results could have implications for the successful management of real-world
coastal fractured aquifers, preventing the occurrence of pumping-induced saline
intrusion.

2. Experimental Setup

The laboratory setup employed in this investigation was presented in detail by
Robinson et al. [58] and Etsias et al. [48]. The sandbox (Figure la) comprised a thin
rectangular viewing chamber (0.38 m x 0.15 m x 0.01 m) bounded by two cylindrical tanks
at each side. The synthetic porous medium was recreated by siphoning pre-sieved, clear
glass spheres, with a diameter of 1090 um, into the central sand tank without being further
compacted. Two acrylic mesh screens, with 0.5 mm apertures, positioned at the sides of
the viewing chamber, secured the glass beads within, while also enabling water flow
between the central chamber and the side-tanks. The left side-chamber was filled with
freshwater (1000 kg/m?), while the right one with saltwater with a density of 1025 kg/mq.
To visualize groundwater flow inside the porous medium, saltwater was mixed with red
food coloring (Allura-red) at a concentration of 0.15 g/L. Water was continuously supplied
from the bottom of the two side-reservoirs. The water level of each tank was fine-tuned
using two adjustable-height overflow outlets (Figure 1b) positioned at the top of each
reservoir, while it was monitored with high accuracy (0.2 mm) using two ultrasonic
sensors (Figure 1c). Measurements were conducted in a dark room with two LED panels
(Camtree® 600) placed at the back of the sandbox apparatus constituting the only source
of illumination. High resolution experimental images were captured at 1-min intervals,
using a Nikon D850 Digital SLR Camera equipped with a Nikkor FX 60 mm lens.
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Figure 1. (a) Three-dimensional representation of the sandbox setup and photos of its (b) adjustable overflow outlet and
(c) ultrasonic sensor components [48].

A 15 cm long by 0.8 cm wide hollow cylinder with a volume of 30.16 cm?, fabricated
from a stainless-steel wire mesh, with 0.7 mm openings, was employed to simulate the
high permeability laboratory discontinuities. In total, three synthetic aquifers were
created, where the cylinder was horizontally placed either in the middle, or adjacent to
the right and left boundaries of the viewing chamber. For ease of reference, the
investigated experimental aquifers will henceforth be identified as fractured-right (Figure
2a), fractured-center (Figure 2b) and fractured-left (Figure 2c). It is worth noticing that the
fracture’s size is relatively big in comparison to the surrounding porous medium,
resembling more the layout of caves found in real-world karst aquifers. This larger size
was deliberately chosen by the authors to help visualize more vividly the impact of high
permeability discontinuities on saltwater hydrodynamics. Porous medium permeability,
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without the fractures, was experimentally determined at 1.83 x 10 m? via an in-situ test
on the laboratory flow domain using Darcy’s law, while porosity was equal to 0.385.

To simulate the pumping well, a 50 mm long Terumo Neolus hypodermic needle
with an internal and external diameter of 0.7 mm and 1.1 mm, respectively, was inserted
vertically into the glass bead porous medium from the open surface of the viewing
chamber. The needle was connected to an auto-control peristaltic pump (Verderflex
peristaltic, electric-operated, positive displacement pump) using a rubber hose with an
internal diameter of 4.8 mm. The hypodermic needle was firmly stabilized so that its tip
was located 8.5 cm from the bottom of the tank and at an equal distance of 19 cm from
viewing chamber’s left (freshwater) and right (saltwater) side boundaries. The same
abstraction point position was applied for all three experimental aquifers. A similar
laboratory pumping setup was employed by Abdelgawad et al. [53] and Abdoulhalik et
al. [56].

Experimental measurements comprised three distinct phases. In the first stage, saline
intrusion was initiated in all three synthetic aquifers by applying a hydraulic head
difference (dH) of 6 mm between the freshwater and saltwater boundaries (Table 1). The
resulting hydraulic gradients were comparable to those reported for various real-world
coastal aquifers [59,60]. To ensure that salt concentration in the right cylinder was not
affected by the outflow of freshwater through the glass bead porous medium, water
salinity was measured at 5-min intervals using a YSI Professional Plus Instrument (Pro
Plus) water quality meter. Once the freshwater-saltwater interface reached steady state,
water abstraction was initiated through the needle. The salinity of the pumped water was
measured with the aforementioned water quality meter. In cases where the abstracted
freshwater was mixed with more than 1% of saltwater, critical abstraction rate was
deemed to have been reached. The initial pumping rate was equal to 0.5 mL/s. This value
was identified, through trial and error, as the lowest one to cause salinization in one of the
three test cases (fractured-right). Progressively larger pumping rates (Tables 2 and 3) were
applied in the remaining two synthetic aquifers until the critical salinity was reached. The
utilized pumping step (0.3 mL/s) was deemed to strike an acceptable compromise
between the experimental accuracy and the total duration of the measurements. During
the last experimental stage, pumping was terminated, and the saltwater—freshwater
interface retreated further seaward. Every abstraction rate was applied for a total of 50
min—this was also the duration of the initial intrusion and the final saltwater retreat
phases. This time period was proven sufficient to ensure that the aquifer hydrodynamics
reached steady state in each one of the experimental stages .

The current study utilized the automated image processing tools developed and
validated at Queen’s University Belfast [58,61,62]. The monochromatic green light
intensity values of the experimental photos were imported into a pre-trained shallow
Artificial Neural Network (ANN), consisting of a single hidden layer with ten neurons, in
order to derive the saltwater (SW) concentration fields inside the viewing chamber (Figure
2). This enabled the quantification of variations in the fundamental SWI characteristics
such as the toe length (TL) of the saline wedge, the volume of the intruding saltwater and
the extent of the mixing zone, with a high temporal and spatial precision. TL was
calculated as the horizontal distance between the right (seawater) aquifer boundary and
the point where the 50% concentration isoline intersects the viewing chamber’s bottom,
while saline volume fraction expressed the percentage of image pixels with a saline
concentration of 75% or more. Previous studies using a similar laboratory setup [58]
calculated the width of the mixing zone as the vertical distance between the 25% and 75%
saltwater concentration isolines. Nevertheless, the presence of fractures in combination
with saltwater upconing resulted in uniquely shaped saltwater—freshwater interfaces, as
well as the formation of distinct saline enclaves inside the experimental aquifers, which
made explicit calculations of the width of the mixing zone problematic. Instead, an
alternative variable—the mixed concentration volume fraction—was utilized to
successfully quantify the extent of the mixing zone. Similar to the saline volume fraction,
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it was equal to the percentage of image pixels with a saltwater concentration varying
between 25% and 75%.

3. Numerical Modelling

Due to the relatively large size and well-defined shape of the experimental
discontinuities, a two-dimensional, saturated-unsaturated, finite element, variable-
density, groundwater flow model was created in SUTRA [63] to simulate SWI inside the
three sandbox fractured aquifers. The aquifers were represented by a rectangular, 38 cm
long by 13.4 cm wide, 2-dimensional flow area which was uniformly discretized using a
structured rectangular mesh. The utilized element size (1.22 mm) complied with the Peclet
number criterion established by Voss and Souza [64], while the applied dispersivity
values (Table 1) were within the range formulated by Abarca and Clement [65]. As
mentioned in the previous section, porous medium permeability and porosity values used
in the numerical models were experimentally determined. Through a rigorous sensitivity
analysis, it was established that the laboratory fractures were 25 times more permeable
than the surrounding glass bead porous medium. Since the steel mesh cylinders were
hollow, discontinuity porosity was set equal to 1. The image analysis tools introduced by
Etsias et al. [62] enabled the high precision identification of the position and shape of the
experimental discontinuities inside the aquifer. Using these tools each individual element
of the numerical model was assigned the hydrological characteristics of either the fracture
or the porous medium. The van Genuchten equation [66] was employed to simulate
unsaturated flow; the utilized parameters (Table 1) were similar to those obtained from
previous laboratory testing on glass beads of comparable diameter [67,68].

Hydrostatic freshwater (C = 0%) and saltwater (C = 100%) boundary conditions,
where C equals to the saltwater concentration, were applied to the left and right sides of
the porous medium domain. It is worth noticing that, even though head induced saltwater
intrusion is commonly studied in laboratory scale investigations, hydraulic head is not
defined in variable density systems as it was highlighted by Post et al. [69].The simulation
timestep was set equal to 1 s. Stress phases identical with those recreated in the sandbox
setup were applied to numerical aquifers. An initial head-induced saline intrusion phase
was followed by a period of freshwater abstraction, where one, two and three distinct
pumping rates were applied to the fractured-right, fractured-center and fractured-left
aquifers, respectively. Finally, pumping was terminated, and the saltwater—freshwater
interface receded. Similar to the laboratory experiments, the stress periods for each
numerical aquifer were 50 min long. All the numerical model parameters are listed in
Table 1. The near perfect match between the experimental and the numerical saltwater
concentration fields, demonstrated in Figures 2 and 4-6, confirms the successful
simulation of groundwater flow dynamics within the three laboratory test aquifers.

Table 1. Numerical model parameters.

Input Parameters Values
Domain length (m) 0.38
Domain height (m) 0.15

Element size (m) 1.22 x 103

Longitudinal dispersivity (m) 10-3
Transverse dispersivity (m) 3.75 x 10
Porous medium
Permeability (m?) 1.83 x 10~
Porosity 0.385
Fracture
Permeability (m?) 4.575 %108

Porosity 1
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Van Genuchten parameters

a (1/Pa) 8.45 x 10
n 45
Freshwater density (kg/m?) 1000
Saltwater density (kg/m?3) 1025
Freshwater head (m) 0.134
Saltwater head (m) 0.128
Time step (sec) 1
Stress period (min) 50
Abstraction rate (ml/sec) 0.5-1.1

Apart from simulating the experimental data, the numerical model was employed to
conduct a detailed sensitivity analysis, further expanding the study’s findings. In total, six
distinct sensitivity scenarios were created to quantify the impact of the individual fracture
position and length, alongside the depth of the pumping wells, the applied hydraulic head
difference, and the aquifer’s porous medium and discontinuity permeability values on the
saltwater upconing mechanism. To better assess the understanding of this study, these
scenarios are presented alongside their corresponding results in Section 4.2.

4. Results and Discussion
4.1. Experimental Results

The images of the quasi-steady state experimental flow fields, generated by the
different abstraction rates applied in the three synthetic fractured aquifers, are presented
in the left column of Figure 2. The saltwater concentration fields derived by laboratory
image processing (center column) and numerical modelling in SUTRA (right column) are
displayed alongside them. As described in Section 2, an initial abstraction rate of 0.5 mL/s
was applied in each aquifer. If a critical abstraction rate was not achieved, the pumping
rate was increased by 0.3 mL/s and the procedure was repeated. A single pumping rate
(0.5 mL/s) was applied in the fractured-right aquifer, two pumping rates in the fractured-
center system (0.5 mL/s and 0.8 mL/s), while the critical abstraction rate was the largest
(1.1 mL/s) for the fractured-left case. The measured salinity values of the abstracted water,
expressed in parts per thousand (ppt), for each critical pumping rate are presented in
Table 2. Since for the fractured-left aquifer, the saltwater—freshwater interface generated
by an abstraction rate of 0.8 mL/s included a higher salinity concentration zone protruding
towards the pumping well, the measured salinity of this case was also included in Table
2 to assure that no critical abstraction was reached during that stage.

Table 2. Salinity values of water pumped from the three fractured synthetic aquifers, measured with
a YSI Professional Plus Instrument (Pro Plus) water quality meter, expressed in parts per thousand
(ppt), and as a fraction of the seawater concentration (SW conc), determining if well salinization
(Crit. abstraction) occurred.

Aquifer AbSt:;CIt/ls(:cl)Rate Salinity (ppt) SW Conc (%) Crit. Abstraction
fractured-right 0.5 2.63 7.5 yes
fractured-center 0.8 4.45 12.7 yes
fractured-left 0.8 0.21 0.6 no
fractured-left 1.1 1.47 4.2 yes

reference salinity  pure saltwater 35.0 100 -
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Figure 2. Photos of the pumping-induced laboratory saline intrusion (left) alongside experimental (middle) and numerical
(right) saltwater concentration fields in the (a) fractured-right, (b) fractured-center and (c) fractured-left synthetic aquifers.

The fracture’s position significantly affected the pre-pumping saltwater
concentration fields. The initial TL was the longest (16.1 cm) in the fractured-right aquifer,
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where the presence of a high permeability structure in close proximity to the seawater
boundary augmented saline intrusion, while it was the shortest (5.9 cm) in the fractured-
left case, where the discontinuity was positioned in the opposite end of the hydrological
system. Similarly, the fracture’s distance from the left (seaward) boundary was positively
correlated to the observed saline volume fraction (Table 3). These results, highlighting the
impact of high permeability structures in the physics of head induced saline intrusion,
agree with the main laboratory findings of Etsias et al. [48].

Table 3. Experimental quasi-steady values of TL, saline volume fraction and mixed concentration
volume fraction, for the various abstraction rates applied in the three synthetic fractured aquifers.

Aquifer Abstraction Rate (mL/s) TL (cm)  Saline Vol. (%)  Mixed Conc. Vol. (%)
fractured-right 0 16.1 15.7 2.28
fractured-right 0.5 20.4 38.0 3.63
fractured-center 0 77 5.0 1.23
fractured-center 0.5 23.0 28.2 7.60
fractured-center 0.8 22.1 44.3 5.75

fractured-left 0 5.9 35 1.82
fractured-left 0.5 12.6 13.1 3.74
fractured-left 0.8 15.9 30.1 9.15
fractured-left 1.1 16.1 371 4.74

Even though the three synthetic aquifers were recreated by the exact same glass bead
porous medium, included the same steel mesh discontinuity, and had the same boundary
conditions (dH = 6 mm), critical abstraction rates varied significantly between them. It is
evident that the position of the discontinuity was the crucial factor determining the
magnitude of the critical abstraction rate. In the fractured-right aquifer, TL under critical
abstraction rate was approximately 27% longer than in the pre-pumping steady state.
Nevertheless, saline water occupied up to 38% of the total aquifer volume, instead of just
15.7% before pumping, an increase of 141.7% in the intruding saline volume. A similar
trend was observed in the fractured-center and fractured-left aquifers. In both systems,
TL tripled under critical water abstraction conditions, while the saline volume fraction
became approximately 8 to 10 times larger. Even though greatly affecting the saltwater—
freshwater interface, an increase in pumping rate did not always lead to a comparable
increase of the TL. Toe length in the fractured-center aquifer was equal to 23 cm during
the initial pumping phase (0.5 mL/s), while it became 4% shorter when the pumping rate
was increased to 0.8 mL/s. A comparable variation in TL was observed in the fractured-
left aquifer. While an increase in the applied pumping rate from 0 mL/s to 0.5 mL/s and
0.8 mL/s resulted in a similar increase of the TL from 5.9 cm to 12.6 cm and then to 15.9
cm, further pumping rate increase during the final abstraction phase (1.1 mL/s) did not
result in any significant variation in the observed TL (16.1 mL/s). Despite toe length being
the most commonly used variable in expressing the extent of saline intrusion in the
majority of laboratory studies, it is evident in the experimental data presented here that
the total saline volume fraction better quantified the impact of the saltwater upconing
mechanism on groundwater hydrodynamics in fractured aquifers.

Under critical abstraction, the SW fields in all three experimental aquifers
demonstrated 1.5 to 5 times larger values of mixed concentration volume fraction in
comparison to their pre-pumping state. This was expected due to the difference in the
extent of saline wedge between the aforementioned cases. Nevertheless, the largest
mixing zones were observed in the fractured-center aquifer for a pumping rate of 0.5 mL/s,
where mixed concentration volume attributed for 7.6% of the total aquifer, and in the
fractured-left system under a pumping rate of 0.8 mL/s, with a distinctively wide mixing
zone occupying approximately 1/10 of the aquifer volume. This indicated that the
correlation between pumping rates and the amount of mixing between the two liquids is
not as straightforward as that observed in the total intruding saline volume.
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The SW concentration fields recreated by the numerical model presented a high-
quality fit with the equivalent experimental results. The critical abstraction rates of the
laboratory aquifers were also critical for the corresponding numerical cases. In general,
the shape of the numerical saltwater—freshwater interface was comparable, if not identical,
to the interface in the experimental aquifers. The numerical model marginally under-
predicted the extent of the saline wedge in the fractured-right and the fractured-center
aquifer, where the numerical saline volume fraction was on average 4.8% and 6.1%
smaller than the equivalent experimental values. On the other hand, the numerical saline
volume was slightly over-predicted in the fractured-left aquifer, being between 3.8% and
11.4% larger than the values derived for the sandbox experiment. Moreover, the numerical
model successfully recreated the distinct widening of the mixing zone observed for the
fractured-center and the fractured-left experimental aquifers under a pumping rate of 0.5
mL/s and 0.8 mL/s, respectively.

Previously documented experimental errors [28,47] could be responsible for the
difference between the acquired laboratory and numerical results. In relatively small
sandbox setups, such as the one employed in the current study, errors can be potentially
introduced by flaws in the sandbox leveling and the adjustment of the hydraulic head
difference, as well as slight variations in the density of the saline solution and uneven
water flow between the side cylindrical tanks and the main viewing chamber, or the
fracture and the glass beads. Moreover, due to the two-dimensional nature of the
experiment, the cone of depression hits the impermeable walls of the sandtank very soon
leading to its deformation. In a real-life three-dimensional aquifer, the cone could
propagate without this effect into the x and y direction. Supplementary to that, even
though the numerical model assumed a perfectly homogeneous porous medium
surrounding the discontinuities, small variations in glass bead diameters and bead
packing can introduce heterogeneities into the synthetic laboratory aquifers. The
difference between the numerical and laboratory SWI characteristics was well within the
range defined by Robinson et al. [28]; thus, the utilized numerical model was considered
a reliable tool for the study of saltwater upconing in fractured coastal aquifers.

To better evaluate the main driving forces behind the experimental saltwater
upconing observed in Figure 2, the velocity vector fields of the various steady states
generated by the different abstraction rates applied in all three synthetic fractured aquifers
are presented in Figure 3c-k. Supplementary to that, the benchmark case of a
homogeneous, non-fractured aquifer with a porous media permeability equal to that of
the glass bead medium was incorporated (Figure 3a,b). The selected abstraction rate for
the benchmark aquifer (0.5 mL/s) was identified through numerical sensitivity analysis.
To assess vector field evaluation, the magnitude of flow velocities was expressed with
varying colors instead of varying vector lengths.
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Figure 3. Flow velocity vector fields, generated during the initial pre-pumping experimental phase and for the various
abstraction rates applied in the fractured-right (c,d), fractured-center (e-g) and fractured-left (h-k) laboratory aquifers and
in a benchmark homogeneous case (a,b) with the same porous medium characteristics.
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Figure 3a presents the well-studied mechanism of head-induced saltwater intrusion
in a homogeneous aquifer. The density difference between the two fluids caused the
overtopping of saline water by the less dense freshwater, leading to the traditional wedge-
shaped saltwater—freshwater interface, while water outflowed from the upper right part
of the aquifer. As expected, the flow velocity of the much denser saltwater was slower
than that of the freshwater in all investigated cases. The pre-pumping velocity vector
fields of the fractured-right (Figure 3c), fractured-center (Figure 3e) and fractured-left
(Figure 3h) aquifers vividly highlight the impact of high permeability discontinuities on
saltwater hydrodynamics. Etsias et al. [48] identified that the presence of horizontal
fractures generates three distinct flow velocity zones: a high velocity area around the left
edge of the discontinuity, where freshwater streamlines converge into the fracture; a
similar region at the vicinity of the right edge, where the freshwater outflows fast into the
porous medium; and a low velocity zone directly underneath the discontinuity. These
zones are clearly observed in Figure 3. In the fractured-center and fractured-left aquifers,
the high velocity outflow zone at the right edge of the discontinuity resulted in the
suppression of saltwater further seaward. On the other hand, in the fractured-right case,
the convergence of freshwater towards the left edge of the discontinuity’s left edge, led to
the occupation of the space directly underneath the fracture by saltwater, resulting in an
overall longer saline wedge.

Understanding the upconing mechanism in homogeneous hydrological setups is a
prerequisite for understanding pumping induced SWI in fractured media. Abdoulhalik
and Ahmed [54], in their study of saltwater upconing in homogeneous synthetic aquifers,
classified the flow domain into three distinct zones; the first located on the landward side
(upstream) of the pumping well, the second on its seaward side (downstream) directly
above the saline wedge, and the third being in the direct vicinity of the pumping point.
These three zones are easily identified in Figure 3b. The applied abstraction rate (0.5 mL/s)
generated flow velocities of up to 0.2 cm/s in a circular zone around the pumping well
and an increase of approximately 50% in the flow velocities on the landward side, while
it resulted in the reduction of freshwater velocities of up to 70% in the upper right part of
the aquifer. The limited inflow of freshwater in this aquifer zone was responsible for the
eventual upward move of the saltwater—freshwater interface at this position.

The velocity vector fields of the benchmark homogeneous and the fractured-right
aquifer (Figure 3b,d) are comparable to each other. With the exception of the relatively
larger saltwater velocities inside the fracture (light blue arrows), the remaining vectors
both inside and outside the saline wedge had similar magnitude and direction. Even
though the presence of the discontinuity significantly affected the saltwater—freshwater
interface in the pre-pumping SWI phase, its effect on the saltwater upconing mechanism
was limited. This limited impact can be reasonably attributed to the fact that in this
specific fractured aquifer, the whole of the discontinuity was located downstream of the
pumping point, indicating that critical abstraction rates are predominantly determined by
the flow regime upstream (freshwater zone) of the pumping well. This hypothesis is
supported by the vector fields observed for the remaining two fractured aquifers (Figure
3e-k).

In the fractured-center aquifer, freshwater converged towards two distinct points;
the pumping well and the left edge of the high permeability discontinuity. Under an
abstraction rate of 0.5 mL/s, only a fraction of the of the freshwater flowing into the
discontinuity was pumped towards the abstraction well, as indicated by the red arrows
directly underneath it, while the rest flowed out of the right edge of the discontinuity into
the glass medium and towards the upper right edge of the aquifer. Because of that, the
discontinuity acted as a high permeability barrier, limiting the slower-moving saltwater
at the lower part of the aquifer. In contrast to this, when the critical abstraction rate (0.8
mL/s) was applied to the system, the majority of freshwater present inside the
discontinuity was pumped towards the well. This resulted in the inflow of saltwater into
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the left part of the fracture, as well as the migration of the saltwater—freshwater interface
towards the upper portion of the aquifer, triggering the well’s salinization.

It is evident from Figure 3h-k that the bulk of the freshwater entered the fractured-
left aquifer through the discontinuity. Due to the position of the high permeability fracture
larger quantities of freshwater flowed into the hydrological system. Irrespective of the
differences in the shape of their corresponding saline wedges, saltwater upconing in the
fractured-left case demonstrated considerable similarities with the flow mechanism
described for the fractured-center aquifer. Only a fraction of the freshwater outflowing
from the right edge of the fracture was intercepted by the well for the first two abstraction
rates (0.5 mL/s and 0.8 mL/s). The remaining freshwater volume flowed towards the
upper-right aquifer corner, suppressing the saline wedge further inward, thus preventing
the salinization of the well. In the final phase of the experiment, the majority of the
freshwater inflowing into the aquifer was pumped towards the abstraction well. This is
evident by the relatively large high-velocity zone upstream of the pumping point, as well
as by the extremely small velocity vectors observed in the upper-right part of the
hydrological system. These vectors demonstrate the limited freshwater outflow in this
region, which triggered the upward movement of the saline wedge, resulting in the
eventual salinization of the well.

The analysis of the velocity vector fields in the previous paragraphs constitutes a first
attempt in understanding how the presence of high permeability discontinuities, and their
position relative to an abstraction well, affect the saltwater upconing mechanism under
quasi-steady state conditions. Nevertheless, the utilized experimental procedure enabled
the acquisition of data under both steady state and transient conditions. Since the saline
volume fraction was deemed the most appropriate variable in quantifying pumping-
induced SWI, the transient experimental saline volume values for the various pumping
phases, as well as during the final saltwater retreat (SWR) phase in the fractured-right,
fractured-center and fractured-left aquifer are presented in Figures 4, 5 and 6, respectively.
To assess direct comparison between the three experimental aquifers, the limits of the y-
axes were kept the same in all the subplots. As expected, every increase in the abstraction
rate was followed by a rapid increase in the total saline volume. In most cases the
saltwater—freshwater interface stabilized after approximately 20 to 40 min, nevertheless
the experimental procedure lasted 50 min to assure that quasi-steady state was achieved
in every case. The transient numerical results (blue line) demonstrated a time-dependent
variance that was similar to the variation in the experimental values. Nevertheless, due to
the idealized numerical flow conditions, steady state was achieved slightly faster in the
SUTRA flow fields.
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Figure 4. Transient experimental and numerical values of the saline volume fraction in the fractured-right aquifer, under
an abstraction rate of 0.5 mL/s (left) and during the saltwater retreat phase (right).
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Figure 5. Transient experimental and numerical values of the saline volume fraction in the fractured-center aquifer, under
an abstraction rate of 0.5 mL/s (top left) and 0.8 mL/s (top right) as well as during the final saltwater retreat phase (bottom).
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Figure 6. Transient experimental and numerical values of the saline volume fraction in the fractured-left aquifer, under an
abstraction rate of 0.5 mL/s (top left), 0.8 mL/s (top right) and 1.1 mL/s (bottom left) as well as during the final saltwater

retreat phase (bottom right).

The data in Figure 5 indicated that during SWR in the fractured-center aquifer the
saline volume fraction momentarily demonstrated values that were lower than that of the
final quasi-state, obtained 50 min after the termination of pumping. A selection of seven
experimental SW concentration fields for each experimental aquifer, obtained at different
intervals during the SWR phase are presented in Figure 7 to further investigate this
phenomenon. Since the variation in the saltwater—freshwater interface was more rapid
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immediately after the change in the applied boundary conditions, the first five SW
concentration fields were obtained between 1 to 5 min after the pausing of the peristaltic
pump, while the final two were obtained after 10 and 20 min, respectively. In their study
of saline intrusion in homogeneous aquifers, Chang and Clement [70] proved that during
SWR, the flow direction inside the saline wedge is reversed, resulting in both freshwater
and saltwater flowing towards the sea. The switch from an opposing to a unidirectional
fluid flow regime significantly disturbs the flow field leading to a transient widening of
the mixing zone. This mechanism applies in the fractured aquifers of this study (Figure
8); nevertheless, the different relative position of the discontinuity in each one of them
resulted in significantly divergent transient SW concentration fields.
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Figure 7. Experimental saline concentration fields generated during the saltwater retreat phase in the fractured-left, the
fractured-center and the fractured-right synthetic aquifers.
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Figure 8. Transient experimental values of mixed concentration volume fraction (saltwater
concentration between 25% and 75%) obtained for the three laboratory aquifers during the saltwater
retreat phase. Critical water abstraction, Q = 0.5 mL/s (red), Q = 0.8 mL/s (blue) and Q = 1.1 mL/s
(black), was terminated at t=0s.

The fractured-left aquifer was the only case where the saline wedge did not occupy
any portion of the discontinuity, under critical pumping conditions. As a result, the saline
front retreated without any significant interface shape distortion, closely resembling the
shape of retreating saline wedges documented for homogeneous aquifers [54]. The mixing
zone was the widest at 5 min into the saltwater retreat phase, where the mixed
concentration volume fraction was equal to 9%.

Under critical abstraction, the saline wedge in the fractured-center aquifer occupied
approximately half of the discontinuity. When pumping was terminated, the saline
interface retreated rapidly from the direct vicinity of the well (t = 1 min). The pausing of
water abstraction resulted in the fast outflow of freshwater from the right edge of the
fracture; this can be clearly observed in the SW concentration fields generated 1 and 2 min
after the start of the retreat (Figure 7). The faster flowing freshwater resulted in the
separation of the saline wedge in two parts; a main part located on the bottom right section
of the aquifer, and a distinct saline plume located directly above the fracture, that
outflowed from the porous medium after approximately 10 min. Similar to the previous
case, peak mixing zone values were observed 5 min after pumping was stopped, where
22.7% of the total aquifer volume had a saltwater concentration between 25% and 75%. It
is evident in Figure 8 that the mixed concentration volume fraction had a second peak
value (13.2%) 20 min into the SWR phase. During the first 10 min of the saltwater retreat,
there was little variation in the TL and the shape of the saline wedge in the lower part of
the fractured-center aquifer (Figure 7). Only after the saline plume was flushed out of the
porous medium did the TL start becoming progressively shorter. The two distinct peaks
in the observed mixing zone (Figure 8) should thus be respectively attributed to the
outflow of the saline plume and the subsequent shortening of the TL.

Finally, in the fractured-right aquifer, the discontinuity was located entirely inside
the saline wedge under critical pumping conditions. Stopping water abstraction
generated two distinct outflow zones, in the upper-right part of the aquifer and at the
right edge of the fracture. This resulted in the continuous retreat of the lower portion of
the saline wedge towards its pre-pumping position, while the uppermost section of the
saline wedge outflowed towards the upper-right part of the aquifer, in a similar way to
what was observed for the saline plume in the fractured-center case. The largest mixed
concentration volume fraction (11.3%) was yet again observed five minutes after the
termination of pumping. This time-lagging between the end of the freshwater abstraction
and the peak mixing zone values is in agreement with previous laboratory investigations



Water 2021, 13, 3331

17 of 31

on SWR in homogeneous [28] and stratified [47] coastal aquifers. The mixing zone data
indicate that steady-state was achieved in the fractured-left and fractured-right aquifers
20 min after the cessation of pumping, while an extra 20 min (Figure 8) were needed for
the fractured-center case.

The analysis of the SW concentration fields generated during the saltwater retreat
phase demonstrated that the presence of high permeability structures can significantly
impact the shape of the saltwater—freshwater interface, generating extended mixing zones
and distinct saline plumes at the upper portion of the aquifers. The mechanisms observed
here, under idealized 2-dimensional laboratory conditions, could have a significant
impact in the successful management of real-world coastal fractured aquifers, where the
variation in freshwater abstraction rates, precipitation or the impact of tides can lead to
aquifers which are constantly under transient conditions, fluctuating between saltwater
intrusion and retreat.

4.2. Sensitivity Analysis

The experimental data highlighted the significant impact that high-permeability
discontinuities have on the saltwater upconing in coastal hydrological systems. The
numerical model, introduced in Section 3 (Table 1), was employed to conduct a detailed
sensitivity analysis. It comprised six distinct scenarios, one of them included in the
Supplementary Materials, that investigated the impact of the length and horizontal
position of the fracture, as well as the pumping well’s depth, the applied hydraulic head
difference and the permeability values of both the discontinuity and the surrounding
porous medium have on the critical abstraction rates and the shape of the saltwater—
freshwater interface in fractured coastal aquifers. Below is a summary description of the
utilized numerical setup:

e The aquifers in five of the six scenarios contained individual horizontal fractures
consisting of 123 x 7 elements, corresponding to the actual size of the utilized
experimental mesh cylinders (15 cm x 0.8 cm).

e  Unlike the numerical models simulating the three laboratory synthetic aquifers,
where the discontinuity’s outline was derived through image analysis of the
experimental photographs for accurate model validation, all the numerical fractures
presented in this section had an idealized rectangular shape.

e Except for the wo scenarios in Sections 4.2.4 and 4.2.5, numerical fracture
permeability was equal to the experimental value reported for the steel cylinder,
while the permeability of the surrounding porous medium was equal to that of the
utilized glass beads.

e In five of the test cases, saline intrusion was initiated into the numerical aquifers by
a hydraulic head difference of 6 mm between the landward and seaward side
boundaries.

e After the initial intruding wedge reached steady state, freshwater abstraction was
applied for a stress period of 50 min, assuring that all hydrological systems achieved
steady state. In all but one scenario (Section 4.2.3), the location of the pumping point
was identical to the needle’s tip in the laboratory setup.

In the experimental saltwater concentration fields, the mixing zone was relatively
thin, the mixed concentration volume being just a fraction of the saline volume.
Nevertheless, this did not apply to many of SW fields presented in the following sub-
sections, where wider mixing zones of a much larger extent were identified. To further
assess the analysis of the results, an alternative variable the non-fresh volume fraction,
representing the parts of the aquifer where saltwater concentration was more than 25%
was introduced.

4.2.1. Impact of the Horizontal Position of the Fracture
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The impact of the fracture’s relative position on saline intrusion hydrodynamics was
investigated in this scenario. In total, five aquifers containing a single discontinuity
located at the middle depth of the aquifer, and at different horizontal distances from its
side boundaries, were investigated (Figure 9). As seen in Figure 9b, the critical abstraction
rates were positively correlated to the fractures’ distance from the seaward aquifer
boundary, measured from the discontinuity’s center. This is in agreement with the trend
observed in the experimental data. It is worth noticing that the generated SW
concentration fields of the fractured-left and fractured-right numerical aquifers were
comparable to the concentration distribution generated during the sandbox experiment,
while this did not apply for the fractured-center case. This variation can be attributed to
the higher accuracy (0.01 mL/s) utilized in the identification of critical abstraction rates
during the sensitivity analysis. The numerical critical pumping rates for the fractured-left
and fractured-right aquifers were equal to 1.08 mL/s and 0.48 mL/s, respectively, while it
was equal to 0.71 mlL/s for the fractured-center case, significantly less than the
experimental value of 0.8 mL/s.
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Figure 9. Simulated (a) critical SW concentration fields alongside their corresponding values of (b)
critical abstraction rates, (c) toe length, (d) non-fresh and (e) mixed-concentration volume fractions,
demonstrating the impact of fracture position (x) on the saltwater upconing mechanism.
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With the exception of the fractured-right case, where the presence of the
discontinuity significantly suppressed the landward intrusion of the saline wedge (TL =
18.9 cm), the toe length was positively correlated with the discontinuity’s distance from
the left side boundary. Since Etsias et al. [48], in their study of head induced SWI intrusion
in fractured aquifers, identified a reverse trend between TL and the fracture’s horizontal
position, it is evident that the current results were predominantly dictated by the different
values of pumping rate applied in each numerical case. The total non-fresh volume
fraction and the extent of the mixing zone presented a similar correlation with the
discontinuity’s horizontal (x) position. In the two aquifer cases where the fracture was
placed directly next to the aquifer’s left or right-side boundary, the intruding saline
volume and the corresponding mixing zones were limited. On the other hand, the
fractured-center case exhibited the largest non-saline volume fraction (37.8%) while the
mixing zone attributed for up to 12% of the total aquifer area.

4.2.2. Impact of the Fracture’s Length

The impact of fracture length on the saltwater upconing mechanism was quantified
in the second sensitivity analysis setup. In total, five aquifers were created containing
horizontal discontinuities of varying lengths, spanning either the whole 38 cm or a
fraction (1/6, 1/3, 1/2 and 2/3) of the total aquifer width (Figure 10a). A positive correlation
between the length of the discontinuity and the critical abstraction rate was identified
(Figure 10b). The critical pumping rate was distinctively larger for the aquifer containing
the longest fracture (1.66 mL/sec), being at least two times larger than the values observed
in the remaining four cases. With the exception of the last numerical aquifer, both the TL
the non-fresh and the mixed concentration volume fractions were positively correlated to
the length of the discontinuity (Figure 10c—e). It is evident that the presence of a high-
permeability, high-porosity fracture spanning the whole width of the aquifer resulted in
the majority of the mass transport occurring through it, thus significantly altering the
saltwater upconing mechanism and the values of the corresponding SWI characteristics.
The maximum difference between the identified critical abstraction rates was 85% larger
than the pumping rate variation observed in the previous scenario, while on the other
hand, the TL values range (3.17 cm) was significantly smaller than the range in the first
sensitivity analysis setup (6.58 cm).
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Figure 10. Simulated (a) critical SW concentration fields alongside their corresponding values of (b) critical abstraction
rates, (c) toe length, (d) non-fresh and (e) mixed-concentration volume fractions, demonstrating the impact of fracture
length on the saltwater upconing mechanism.
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4.2.3. Impact of the Abstraction Well’s Depth

A centrally fractured numerical aquifer was employed in the third sensitivity
analysis scenario. As depicted in Figure 11a, freshwater was pumped from six distinct
positions in order to quantify the impact of well depth on critical abstraction rates. Three
of the abstraction points were located above the discontinuity, at a depth of 5.4 cm, 6.8 cm
and 8.1 cm, respectively, the fourth one was placed inside the discontinuity (y = 10 cm),
while in the remaining two setups, freshwater was pumped from further deeper into the
aquifer (11.9 cm and 13.2 cm). As expected, pre-pumping saline wedge occupied the
lower-most part of the aquifers, and as a result, the well depth was negatively correlated
to the critical abstraction rate (Figure 11b). It is worth noting, though, that in the final two
cases (Figure 11(av,vi)), the critical pumping values were between 44.7% and 59.2%
smaller than the critical rates in the other four cases, highlighting that when located
between the abstraction well and the intruding saline wedge, fractures act as high-
permeability flow barriers, allowing for the abstraction of significantly larger quantities
of freshwater, without the danger of aquifer salinization. Similar negative correlations
between the abstraction depth and the other three SWI intrusion variables (Figure 11c—e)
were identified.
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Figure 11. Simulated (a) critical SW concentration fields alongside their corresponding values of (b) critical abstraction
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A distinctively wide mixing zone (11.7%-15.3%) directly above the discontinuity was
observed in the SW concentration fields for the three cases with the shortest abstraction
wells. On the other hand, the extent of the saline wedge at the aquifer’s bottom (TL)
presented little variation between the three cases (24.73 cm—-24.76 cm), indicating the
limited impact that progressively larger abstraction rates (0.71 mL/s-0.76 mL/s) had on
saltwater hydrodynamics in the zone underneath the discontinuity. In the fourth aquifer,
the shape of the intruding saline wedge was comparable to the shape in the three previous
numerical setups with the exception of the wide mixing zone. The saltwater—freshwater
interface in the final two aquifers resembled the saline interface initiated by the presence
of deep abstraction wells in stratified aquifers [56]. This illustrated the relatively minor
influence that the discontinuities, located further above, had on the saltwater upconing
mechanism.

4.2.4. Impact of Fracture Permeability

The impact of fracture permeability on the saltwater upconing mechanism was
quantified in the fourth sensitivity analysis scenario. Five numerical fractured aquifers,
containing a single horizontal fracture at their center, were created (Figure 12a). The
corresponding discontinuity permeabilities became progressively larger from the top to
the bottom aquifer, being equal to 0.1, 0.2, 1, 5 and 10 times the experimental permeability
of the utilized steel mesh cylinder presented in Section 2. Critical abstraction rate was
positively correlated to the fracture’s permeability (Figure 12b). Critical pumping rate was
equal to 0.52 mL/sec in the first case, a slightly bigger value than the reported 0.5 mL/s for
the benchmark homogeneous aquifer with the same porous media permeability. On the
other hand, the critical abstraction rate was equal to 0.79 mL/s for both the final two cases,
indicating that there is an upper limit on the impact of fracture permeability on the
saltwater upconing mechanism, and that progressively larger permeability values do not
result in considerable variations in the generated saltwater concentration fields. The larger
applied abstraction rates initiated longer TL values (Figure 12c), resulting in a maximum
toe length variation between the five numerical cases of approximately 3.4 cm. The
presence of more permeable discontinuities generated significantly wider mixing zones;
the mixed concentration volume fractions measured in the final two aquifers (17.1% and
17.9%) being the largest ones documented in all six sensitivity analysis scenarios
presented in the current investigation.
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4.2.5. Impact of Porous Media Permeability

A sensitivity analysis setup, comparable with the one presented in the previous sub-
section, was employed to investigate the impact of porous medium permeability on
saltwater upconing in fractured coastal aquifers. Pumping induced saline intrusion was
initiated into five numerical aquifers, consisting of a single horizontal fracture, of
standardized size and permeability, and a surrounding homogeneous porous medium
with different values of permeability, equal to 0.1, 0.2, 1, 5 and 10 times the experimental
permeability measured for the glass bead medium in the sandbox setup. The saltwater
concentration field for the less permeable aquifer is presented in Figure 13(ai), while saline
distribution for the most permeable one is depicted in Figure 13(av). Porous medium
permeability was positively correlated to the critical abstraction rate (Figure 13b). This is
in agreement with the conclusions of Abdoulhalik et al. [54] on saltwater upconing in
homogeneous aquifers of varying permeability. The value range between the five
acquired critical abstraction rates (5.03 mL/s) was the largest one observed in all six
sensitivity analyses, highlighting the crucial impact of porous medium permeability on
the potential of well salinization due to freshwater over-abstraction. Except for the first
case, with the lowest permeability, all three investigated SWI variables (Figure 13c-e)
were negatively correlated to aquifer porous medium permeability. In the extremely low
porous medium permeability (1.83 x 10-1° m?) aquifer, there was no saline intrusion before
the introduction of saltwater pumping, this resulted in a uniquely shaped saltwater—
freshwater interface.
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Figure 13. Simulated (a) critical SW concentration fields alongside their corresponding values of (b) critical abstraction
rates, (c) toe length, (d) non-fresh and (e) mixed-concentration volume fractions, demonstrating the impact of the porous
medium permeability on the saltwater upconing mechanism.
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It is worth noticing that the critical saltwater concentrations of the final two aquifers
(Figure 13(aiv,v)) closely resembled the SW concentration fields of the aquifers containing
the less permeable fractures (Figure 12(ai,ii)) presented in the previous sensitivity analysis
scenario. Even though total aquifer permeability was significantly different between the
four aquifers, they shared the exact same permeability contrast between their
discontinuity and its surrounding porous medium, that was equal to 5 for the cases
presented in Figure 12(ai) and Figure 13(av), and equal to 2.5 for the ones depicted in
Figure 12(aii) and Figure 13(aiv). This resemblance is exhibited in the values of the three
SWI variables presented in Table 4. The maximum TL difference between these aquifer
pairs was equal to just 0.8 mm, while the maximum deviation in the total non-fresh and
the mixed concentration volume fractions were equal to 0.06% and 0.21%, respectively.
The permeability contrast between various layers has been identified as defining factor of
the saline intrusion dynamics in stratified hydrological systems [47,71,72]. This study
expands on this observation, showing for the first time the importance of the permeability
contrast on the saltwater upconing mechanism in fractured coastal aquifers.

Table 4. SWIintrusion characteristics generated by critical abstraction in numerical aquifers having
the same permeability contrast between their discontinuity and the surrounding homogeneous
porous medium.

Scenario Aquifer k.fract/k.porous TL (cm) Non-Fresh Vol (%) Mixed Conc. Vol (%)

5 i 5 22.12 38.73 3.19
6 \4 5 22.20 38.75 3.10
5 ii 2.5 22.87 40.55 3.60
6 vi 2.5 22.90 40.49 3.81

The sensitivity analysis results presented here, agreed with, and further expanded
the laboratory findings of the previous section. Critical abstraction rates were positively
corelated to the horizontal fracture’s length, permeability and distance from the seaward
boundary, as well as to the permeability of the surrounding porous medium, while being
negatively correlated to the abstraction well’s depth and the hydraulic head difference
applied to the fractured 2-dimensional aquifers. Moreover, the resulting saltwater
concentration fields revealed interesting relationships between the various discontinuity
characteristics and the toe length, the total volume of the intruding saline wedge as well
as the mixing zone in the investigated aquifers.

A sixth sensitivity analysis scenario, presented in the supplementary material,
identified the impact of applied hydraulic head difference, indicating that smaller
hydraulic head differences lead to significantly smaller critical abstraction rates.

5. Conclusions

Pumping-induced saline intrusion in fractured coastal aquifers was investigated for
the first time on a laboratory scale. Three synthetic aquifers were created in a thin sandbox
setup, each one containing a single horizontal discontinuity placed in a different position.
Freshwater was abstracted from the center of the aquifers using a peristaltic pump,
initiating the saltwater upconing mechanism. Progressively larger pumping rates were
applied into the systems until a critical state, that resulted in well salinization, was
achieved. Automated image analysis was employed to visualize the experimental
saltwater concentration fields and to quantify the extent of both the intruding saline
wedges and the corresponding mixing zone with high accuracy. A finite element
numerical model, performed using the SUTRA code, successfully simulated the
laboratory results and was subsequently utilized to conduct a comprehensive sensitivity
analysis, expanding the experimental findings.

Before the introduction of pumping, discontinuities acted in a similar manner to high
permeability barriers, confining the saline wedge at the lower most part of the aquifer. As
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a result, the presence of fractures permitted the abstraction of relatively larger volumes of
freshwater without the occurrence of well salinization. The following key relationships,
regarding head-controlled systems, were identified for the critical abstraction rates and
the various fractured aquifer characteristics:

e (ritical abstraction rates were positively correlated to the distance of the
discontinuities from the seaward aquifer boundary.

e  The presence of longer horizontal fractures corresponded to progressively larger
critical pumping rates.

e  Since the pre-pumping saltwater—freshwater interface was located in the lower part
of the aquifers, deeper pumping wells resulted in more rapid well salinization.

e  Smaller hydraulic head differences corresponded to longer pre-pumping intruding
wedges, thus leading to significantly smaller critical abstraction rates.

e Critical pumping rates were positively correlated to the permeabilities of both the
discontinuity and the surrounding porous medium. Nevertheless, the impact of the
porous medium was far more significant.

In all three experimental setups, the cessation of pumping resulted in the rapid
retreat of the saline wedge, where a noticeable transient widening of the mixing zone was
observed. Moreover, in cases where the discontinuity was located between the pumping
well and the seaward aquifer boundary, the saline front was segmented into two distinct
saline plumes that retreated separately towards the sea.

Under critical pumping conditions, fractured aquifers with different total
permeabilities but the same permeability contrast between their discontinuity and the
surrounding porous medium, demonstrated comparable distributions of saltwater
concentrations, and comparable TL and mixing zone values. This indicated that, similar
to what applies with stratified coastal aquifers, permeability contrast has a crucial impact
on saltwater hydrodynamics in fractured media.

The current investigation quantified the impact of high permeability, high porosity
fractures on pumping-induced saline intrusion hydrodynamics. The simplified nature of
the laboratory setup enabled the formulation of relationships between the critical
abstraction rates and the various aquifer characteristics, while minimizing the impact of
unknowns present in most field scale studies. Even though formulated under idealized
conditions, these findings could be a valuable contribution towards the sustainable
management of real world fractured coastal aquifers. Moreover, the large amount of high-
quality experimental data could be successfully utilized to benchmark future numerical
models or analytical solutions investigating SWI dynamics in fractured porous media.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/w13233331/s1.
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