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Abstract: This Special Issue presents the work of 30 scientists of 11 countries. It confirms that
the impacts of global change, resulting from both climate change and increasing anthropogenic
pressure, are huge on worldwide coastal areas (and very particularly on some islands of the Pacific
Ocean), with highly negative effects on coastal groundwater resources, widely affected by seawater
intrusion. Some improved research methods are proposed in the contributions: using innovative
hydrogeological, geophysical, and geochemical monitoring; assessing impacts of the changing
environment on the coastal groundwater resources in terms of quantity and quality; and using
modelling, especially to improve management approaches. The scientific research needed to face
these challenges must continue to be deployed by different approaches based on the monitoring,
modeling, and management of groundwater resources. Novel and more efficient methods must be
developed to keep up with the accelerating pace of global change.

Keywords: saltwater intrusion; groundwater resources; coastal aquifer; climate change; modelling;
monitoring; salinization; water resources management

1. Introduction

The salinization of groundwater resources can be caused by natural phenomena and anthropogenic
activities. If the global continental area of earth is considered, 16% is affected by groundwater
salinization; seawater intrusion can be considered the prevalent phenomenon in terms of potential effects
and risks [1]. Water and chemical fluxes, including nutrient loading, at the terrestrial/marine interface
and across the sea floor provide an important linkage between terrestrial and marine environments.

Climate and global change impacts on the hydrological cycle [2], water resources, and ecosystems
pose great challenges for global water and ecosystem management, especially where the ecological
equilibria are strongly dependent on groundwater–surface water interaction [3]. The climate change
scenarios require new and improved integrated tools for the assessment of climate change impacts on
the hydrological cycle.

Coastal aquifers and ecosystems are currently under pressure globally from overexploitation and
saltwater intrusion. Population growth and progressive gathering in coastal areas, climate change,
and sea-level rise will increase this pressure and enhance the need for the protection and sustainable
management of coastal groundwater resources and ecosystems for coastal communities in the future [4].

This Special Issue deals with hydrogeological, geophysical, and geochemical monitoring and
characterization of the subsurface, involving the distribution of freshwater and saltwater; assessment of
impacts resulting from the changing environment (both climate change and increasing anthropogenic
pressure) on groundwater resources in coastal areas in terms of quantity and quality; and monitoring
experiences and management approaches. This Special Issue presents the work of 30 scientists of

Water 2019, 11, 1118; doi:10.3390/w11061118 www.mdpi.com/journal/water1
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11 countries, located by the authors’ place of work or study. The contributions have been grouped
under three themes:

• impacts of the changing environment on the coastal groundwater resources;
• modelling of the freshwater–saltwater distribution;
• groundwater monitoring and management in coastal areas.

2. Impacts of the Changing Environment on Coastal Groundwater Resources

Oberle et al. [5], on the basis of monitoring data from Roi-Namur Island on Kwajalein Atoll,
Marshall Islands, including electrical resistivity tomography (ERT) surveys, studied the impact of
an island-overwash event, severe rainfall events, and tidal forcing of the freshwater lens on the
groundwater resources of low-lying atoll islands. The overwash event was related to climate-induced
local sea-level change, resulting in degradation in freshwater resources. Overwash events are likely to
increase in severity in the future due to projected sea-level rises.

Stumm and Como [6] studied the saltwater intrusion using electromagnetic induction
(EMI)-logging in the aquifer of southern Manhattan Island, New York. They reported that historical
industrial pumping (22.7 million litres per day) early in the 20th century caused the development of
several saltwater intrusion wedges. Although the pumping stopped more than 70 years ago, freshwater
flow in the aquifer has been unable to push the saltwater back, due to limited recharge caused by
impervious surfaces. They concluded that the glacial aquifer has had only a limited recovery from the
past industrial exploitation.

Tal et al. [7] investigated the interrelationship between a multi-layered coastal aquifer at the
southern Carmel plain in Israel, fish-ponds, and the sea using off-shore seismic surveying, on-land
time-domain electromagnetic (TDEM) surveying, electrical conductivity (EC) profiles, hydrological
field experiments, and groundwater levels. Using groundwater modelling, they showed that the exact
location of the hydraulic connection between the confined aquifer unit and the sea (variable continuity
of confining clay) played a significant role in the sensitivity of the aquifer unit to seawater intrusion.
The geophysical methods they used helped to determine this location. They used another practical
way to estimate this location, measuring the tidal amplitude in an observation well near the seashore.
The authors suggested that these methods be used as managerial tools near the sea to avoid large
seawater intrusion in response to impacts.

Mushtaha and Walraevens [8] quantified submarine groundwater discharge (SGD) in the Gaza
Strip, Palestine, where overexploitation, seawater intrusion, and pollution by nutrients are putting the
groundwater resources under high pressure. Using continuous radon measurements, they showed
SGD to occur throughout the coast. High values of SGD were found in the south, and are probably
related to the shallowness of the unconfined aquifer, while the lowest values of SGD were found in the
middle of Gaza Strip, and they are probably related to the presence of Sabkhas. Considering that SGD
would occur with the measured rates in a strip 100 m wide along the whole coast line, this results in
a quantity of 38 million m3 of groundwater being discharged yearly to the Mediterranean Sea along
the Gaza coast. This is accompanied by a yearly discharge of over 400 tons of nitrate and 250 tons of
ammonium from groundwater to the Mediterranean Sea.

3. Modelling of the Freshwater–Saltwater Distribution

Yoon et al. [9] used data of tide level, rainfall, groundwater level, and interface to construct
time series models based on an artificial neural network (ANN) and support vector machine (SVM).
Their data were for the groundwater observatory on Jeju Island, South Korea. They used the “interface
egg” [10], a monitoring probe which, thanks to its specific density, can float on the freshwater–saltwater
interface. They showed that the SVM-based time series model was more accurate and stable than the
ANN at the study site.
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Babu et al. [11] developed a methodology for regional- and well-scale modelling of an island
freshwater lens based on a sharp interface approach. A quasi-three-dimensional finite element model
was calibrated with freshwater thickness, where the interface was matched to the lower limit of the
freshwater lens, using Tongatapu Island in the Kingdom of Tonga, a Pacific island nation, as a case study.
The authors concluded that the application of a sharp interface groundwater model for real-world
small islands is useful when dispersion models are challenging to implement due to insufficient data
or computational resources.

Mabrouk et al. [12] assessed the situation in 2010 regarding the available fresh groundwater
resources and evaluated future salinization in the Nile Delta Aquifer in Egypt, using a three-dimensional
variable-density groundwater flow model coupled with salt transport with SEAWAT [13]. They examined
six future scenarios that combine two driving forces: increased extraction and sea-level rise. The results
showed that groundwater extraction has a greater impact on salinization of the Nile Delta Aquifer than
sea-level rise, while the two factors combined cause the largest reduction of available fresh groundwater
resources. The authors also determined the groundwater volumes of fresh water, brackish water,
light brackish water, and saline water in the Nile Delta Aquifer. They identified the governorates that
are most vulnerable to salinization.

4. Groundwater Monitoring and Management in Coastal Areas

Alberti et al. [14] considered the specific case of groundwater on small islands, with Nauru in the
Pacific Ocean as an example, and warned for overexploitation of the thin freshwater lens and saltwater
intrusion. They emphasized that the thin freshwater lens on small islands is an important resource
to ensure the islands’ future water security. But they emphasized that the most vulnerable aquifer
systems in the world are present on small islands. Especially there, groundwater should be considered
as a public and shared resource for present and future generations. The authors called for the State to
directly assume the responsibility for extracting and distributing water from this vulnerable resource.

Alfarrah and Walraevens [15] studied coastal areas of arid and semi-arid regions, where the
coastal aquifers are particularly at risk of saltwater intrusion, given the concentration of population
along the coasts and the limited groundwater recharge. They discussed the case of Tripoli (Libya),
where overexploitation has resulted in an impressive depression cone. Moreover, irrigation with
nitrogen fertilizers and domestic sewage has led to high NO3

− concentration and overall pollution of
the resource.

5. Conclusions

The increasing population density along the coasts is observed at a global scale, together with the
increase in groundwater abstraction, causing problems with groundwater salinity and quantity [16].
This Special Issue confirms that the impacts of global change, resulting from both climate change and
increasing anthropogenic pressure, are huge on worldwide coastal areas, with highly negative effects
on coastal groundwater resources, widely affected by seawater intrusion. The well-known specific
vulnerability of islands in the Pacific Ocean is clearly illustrated by the case studies presented here.

The scientific research needed to face these challenges must continue to be deployed by different
approaches based on the monitoring, modelling, and management of groundwater resources.
Novel and more efficient methods must be developed to keep up with the accelerating pace of
global change. New surveying geophysical methods and innovative monitoring tools and equipment
offer opportunities for better accuracy, higher frequency, more simplicity, and reduced costs of seawater
intrusion characterisation, while new modelling solutions improve our capacity to understand
groundwater systems and to predict the future effects of global change.

The further development and integration of these novel approaches is an urgent and compelling
challenge. The main objectives of research should be to define optimal groundwater management
criteria and to improve the performance of large-scale mathematical models to assess the impacts of
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global change on groundwater resources, using long-term up-to-date monitoring tools both to calibrate
and validate modelling results.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Groundwater resources of low-lying atoll islands are threatened due to short-term and
long-term changes in rainfall, wave climate, and sea level. A better understanding of how these
forcings affect the limited groundwater resources was explored on Roi-Namur in the Republic of the
Marshall Islands. As part of a 16-month study, a rarely recorded island-overwash event occurred and
the island’s aquifer’s response was measured. The findings suggest that small-scale overwash events
cause an increase in salinity of the freshwater lens that returns to pre-overwash conditions within
one month. The overwash event is addressed in the context of climate-related local sea-level change,
which suggests that overwash events and associated degradations in freshwater resources are likely
to increase in severity in the future due to projected rises in sea level. Other forcings, such as severe
rainfall events, were shown to have caused a sudden freshening of the aquifer, with salinity levels
retuning to pre-rainfall levels within three months. Tidal forcing of the freshwater lens was observed
in electrical resistivity profiles, high-resolution conductivity, groundwater-level well measurements
and through submarine groundwater discharge calculations. Depth-specific geochemical pore water
measurements further assessed and confirmed the distinct boundaries between fresh and saline
water masses in the aquifer. The identification of the freshwater lens’ saline boundaries is essential
for a quantitative evaluation of the aquifers freshwater resources and help understand how these
resources may be impacted by climate change and anthropogenic activities.

Keywords: aquifer; atoll; freshwater lens; sea-level rise; flooding; groundwater; tide; submarine
groundwater discharge

1. Introduction

In climate change vulnerability assessments, the Marshall Islands as well as the neighboring
Kiribati islands, are listed under the “Profound Impacts” category, i.e., the countries “may cease to
exist in the event of worst-case scenarios” [1]. A major part of such assessments comes from the
limited nature of freshwater resources on low-lying Pacific atoll islands, which is most commonly the
critical factor for sustained human habitation. The severity of groundwater dependency was witnessed
during a drought in 2016 that caused 16,000 Marshallese, or 30% of the total population to suffer
from severe water shortages prompting the Marshallese government to issue a state of emergency [2].
The freshwater resources on low-lying atoll islands typically reside in shallow aquifers, known as
freshwater lenses (FWLs), which are naturally recharged only by rainfall and float on top of denser
seawater. A brackish transition zone separates saline from fresh water (Figure 1). This hydrogeological
setting makes FWLs highly susceptible to vertical mixing that occurs across the entire island and not
just at the coastline [3]. In general, the FWL on atoll islands is a function of rainfall, recharge, hydraulic
conductivity of the unconsolidated Holocene deposits, and island width, including the reef flat plate

Water 2017, 9, 650; doi:10.3390/w9090650 www.mdpi.com/journal/water5
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and depth to the Thurber discontinuity [4]. The observed FWLs’ thicknesses for atoll islands across the
Pacific and Indian Ocean are commonly less than 15 m and rarely exceed 20 m [4].

A number of threats to the FWLs have been identified, including: (a) infiltration of anthropogenic
contaminants [5]; (b) upconing of saline water due to excessive freshwater pumping [6]; (c) reduction
in reef and island size due to coastal erosion, leading in turn to a reduction in the size of the FWL [7];
(d) droughts that hinder successful recharge of the FWLs [5,8–10]; and (e) storm surges that cause large
waves to wash over the atolls resulting in saline intrusion [11–13]. Nonetheless, a better understanding
of the processes that influence these FWLs—especially in light of expected climate change scenarios on
low-lying atoll islands is essential to better assess atoll water resources management challenges in the
near future.

The wide range of temporal variability in hydrological processes on low-lying atoll islands
complicates the scientific analysis of these processes, while rendering them all the more important.
Against the background of expected rising sea levels and more frequent large wave events,
hydrogeologic drivers such as tides and altered rainfall patterns must be better understood as they
will affect the freshwater resources and consequently lead to a reduction in habitable and cultivatable
land. In order to better understand the future changes to the FWLs of low-lying atoll islands, baseline
conditions and their temporal variability have to be clearly defined.

The primary goal of this project was to gain a better understanding of the processes that affect
the freshwater lens using high-resolution time-series observations of the marine and hydrologic
forcings. The effects of multistressors, such as wave-driven overwash events or large rainfall events,
represent one of the least monitored and understood topics within atoll hydrology. Only the coupling
of hydrological time-series data with oceanographic time-series data will allow a better prediction of
future responses of the FWL to the impacts of climate change. Specifically, we present and discuss
both geophysical and geochemical data addressing the forcing of the FWL by tides, rainfall, submarine
groundwater discharge, large wave events, and high resolution sea-level rise on Roi-Namur Island on
Kwajalein Atoll in the Republic of the Marshall Islands.

 

Figure 1. Satellite image and conceptual drawing of the shallow aquifer system of Roi-Namur,
Kwajalein Atoll, Marshall Islands. Location of shallow groundwater monitoring wells (magenta
dots) and time-series electrical resistivity transects (yellow lines) are indicated.
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Study Area

The data presented herein were collected on the island of Roi-Namur (Figure 1) on the northern
tip of Kwajalein Atoll in the Republic of the Marshall Islands. Kwajalein is a large (maximum width
~100 km), low-lying (average elevation~2 m) atoll system with a large, deep (>50 m) lagoon and
97 islets that support variably healthy freshwater lenses [14,15]. In 1944, Roi and Namur Islets, located
at the northeast tip of the Kwajalein Atoll (lat. 9◦23′ N, long. 167◦28′ E), were connected by the US
Navy with artificial fill to form a single island, now measuring 2.5 km2. The reef flat is fully exposed
(dry) at low tide, is about 250–350-m wide, and covers an area of about 1 km2. Most of the groundwater
the water supply system utilizes originates from a horizontal, 1000-m long, skimming well lying just
below ground surface, parallel to the runway [13]. This type of well-pumping system limits upconing
of the deeper saline water during groundwater withdrawals [16].

Previous research shows the shallow aquifer system at Roi-Namur Island is composed of
unconsolidated, reef-derived, calcium-carbonate sand and gravel, with few layers of consolidated rock
(coral, sandstone, and conglomerate). The island consists of an approximately 2-m thick disturbed
surface layer underlain by three Holocene layers, with a combined thickness of approximately 20 m
(Figure 1). This overlays a highly permeable Pleistocene deposit in the order of 900 m thick [14,17].
Aquifer horizontal permeability (k) has previously been calculated to be 1 × 10−11–2 × 10−10 m2

(hydraulic conductivity [K]: 1 × 10−4–1.6 × 10−3 m/s) in the upper Holocene layers and about
3.5 × 10−10 m2 (K: 3.2 × 10−3 m/s) in the lower Pleistocene layer [17]. Roi-Namur’s FWL thickness has
been shown to vary according to levels of recharge, ranging from 5–12 m thick [13,16]. The groundwater
on Roi-Namur is artificially recharged using stored rainwater; this artificial recharge amounts to
approximately 3.5% of the natural recharge from rain (66 × 106 L/year for the years 2000–2012) and
started in 2009 [13]. The available potable freshwater supply has been estimated to 86 × 107 L for Roi
and 16 × 106 L for Namur [16]. A more general overview on the effects of groundwater pumping on
the FWL can be found in Terry et al. [18].

Previous studies [19,20] have demonstrated that global sea level is rising at a rate almost double
the Intergovernmental Panel on Climate Change’s (IPCC) 2007 report in this area. These high rates of
sea-level rise have been tied to strengthened easterly trade winds, which, in turn, appear to be driven
by variations in the latent heat content of the earth’s warming atmosphere, suggesting that this trend
is likely to continue under projected emission scenarios e.g., [21]. Furthermore, the projected sea-level
rise will outstrip potential new reef flat accretion, for optimal vertical coral reef flat accretion rates for
coral reefs exposed to open-ocean storm waves are up to an order of magnitude smaller (1–4 mm/year
per [22,23] than the rates of sea-level rise projected for the years 2000–2100 (8–16 mm/year per [24,25]).
For Roi-Namur, this projected scenario results in a net increase in water depth over exposed coral reef
flats at the order of 0.4–1.5 m during the 21st century, which will result in larger wave heights [26] and
an increase of up to 200% in wave run-up [27], and may ultimately lead to a complete drowning of the
islets [28].

2. Materials and Methods

2.1. Groundwater Levels, Temperature, Specific Conductivity (Salinity) and Water Geochemistry

An assessment of Roi-Namur’s shallow freshwater lens was carried out from November 2013
to April 2015. This assessment included surveys of groundwater levels, temperature and specific
conductivity (salinity) in a suite of temporary, shallow monitoring wells strategically placed around
the island (Figure 1). The wells were constructed of 4-cm-diameter polyvinyl chloride (PVC) pipe with
a 60-cm screened section set 15 cm above the bottom to allow groundwater to flow into the well only
from the desired depths. Time-series groundwater levels and specific conductivity measurements
were performed every 15 min using factory-calibrated Solinst LTC Leveloggers, while time-series
groundwater temperature measurements were obtained every 20 min using factory calibrated Onset
HOBO temperature loggers. Additionally, depth-specific groundwater samples were collected with an
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AMS Piezometer Groundwater Sampling Kit alongside a calibrated YSI 556 multiprobe meter between
wells C1 and C2 (Figure 1) using protocols of the USGS National Field Manual [29]. The groundwater
samples, that were pumped from a depth of up to 8 m, were analyzed for ammonium (NH+4),
dissolved silicate (DSi), total dissolved phosphorus (TDP), molybdenum (Mo), barium (Ba), uranium
(U), and a suite of hydrological parameters, including pH and salinity. As per methods summarized
in Swarzenski et al. [30] nutrients were determined on a Lachat Instruments QuickChem 8000 at
Woods Hole Oceanographic Institute (WHOI), while the suite of trace elements was analyzed on
a High Resolution Inductively Coupled Plasma Mass Spectrometer at the University of Southern
Mississippi. From these measurements, tidal lag and efficiency could also be determined, and is useful
for estimating aquifer permeability and storage properties [15].

2.2. Electrical Resistivity Tomography (ERT) Surveys

The utility of electrical resistivity to examine the dynamics and scales of the freshwater/saltwater
interface in coastal groundwater is well established [31–33]. Time-series multichannel, electrical
resistivity tomography (ERT) surveys were conducted along two transects (A–A’ and B–B’ on Figure 1)
during both high and low tides in March 2013. Because the survey cable remained fixed in position on
the ground surface during the high tide/low tide and no acquisition parameters were altered during
collection, the observed changes in resistivity are only a function of the tidally-modulated pore–fluid
exchange. Transects were aligned perpendicularly to the shoreline and located 0.75 m above mean
sea level. A SuperSting R8 system (Advanced Geosciences Inc. [AGI], Austin, TX, USA) was used
to measure the electrical resistivity of the subsurface along a 56-electrode cable (consistently spaced
either 1- or 2-m apart). Each electrode was pinned to the underlying sediment with a 35-cm stainless
steel spike. The electrical resistivity measurements were acquired using a dipole-dipole array setting.
The relative elevation of each electrode was carefully measured using a Theodelite and the topographic
change incorporated into inverse modeling routines (AGI EarthImager).

2.3. Submarine Groundwater Discharge (SGD)

Coastal submarine groundwater discharge (SGD) is a highly dynamic and complex
hydrogeological phenomenon that involves both terrestrial and marine drivers that define the amount
and rate of submarine discharge into the coastal sea, which also incorporates the exchange of water
masses through seawater intrusion into the aquifer [34]. Quantification of SGD rates, even in
groundwater limited atoll settings, is important to assess groundwater exchange mechanisms and
associated constituent fluxes across the island shoreface. The utility of 222Rn as a water mass tracer is
well-proven to study rates of SGD due to its very short half-life (3.8 d) and its multifold enrichment in
groundwater relative to surface water [35]. RAD7 radon detection systems were employed to measure
Rn in air using a water/air exchanger. This setup allows for a near real-time calculation of the aqueous
Rn concentration by measuring the air 222Rn concentration and knowing the temperature-dependent
222Rn partitioning coefficient [31,36–40]. A peristaltic pump was used to produce a continuous stream
of coastal surface water into the water/air exchanger, while air from the exchanger was continuously
pumped into the RAD7 radon monitor. The RAD7 contains a solid-state, planar, Si alpha (PIPS)
detector and converts alpha radiation into usable electronic signals that can discriminate various
short-lived daughter products (e.g., 218Po, 214Po) from 222Rn [41]. Time-series measurements of
nearshore seawater 222Rn were obtained using a single RAD7 radon monitor setup for 30-min counting
intervals. An additional onsite monitoring station was set up at well R3 (Figure1) to establish a 222Rn
groundwater endmember. 222Rn time-series measurements were taken every 30 minutes for 12 h.
The 222Rn endmember value was established after measurements at peak values had fully leveled
(n = 10). For the 222Rn time-series, the surface- and bottom-waters were instrumented with Solinst LTC
Leveloggers that continuously measured pressure, conductivity, and temperature of ambient seawater.
A simple non-steady state radon mass-balance box model was then employed for calculations of SGD
following methods developed by Burnett and Dulaiova [36] and Burnett et al. [35]. In general, this box
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model accounts for radon sources from (a) total benthic fluxes via submarine groundwater discharge
(SGD); (b) diffusion from sediments; and (c) production from dissolved 226Ra. Radon losses were
calculated by including gas evasion, radioactive decay, and mixing with offshore radon-depleted water.
In all cases, the excess inventory per time (i.e., differences between source and sink fluxes) was divided
by radon concentration in groundwater (i.e., groundwater endmember) to calculate groundwater
discharge. Site locations for these surface water time-series deployments were strategically placed
based on previous data e.g., [13,16,42], and assumptions on gradients in oceanographic, geologic, and
hydrologic controls (Figure 1).

3. Results

The ERT profiles clearly identified the FWL in the nearshore environment by recording salinization
with depth, as confirmed with deep pore-water sampling (Figure 2). Although the horizontal variability
in the ERT profiles may be interpreted as freshwater fingers related to tidally induced convective forcing
as has been shown to occur in models [43,44], it is more likely that it is influenced by near-surface
variations in conductivity of the soil matrix. However, the overall homogeneity of the aquifer’s
substrate was found to be relatively uniform as observed by measurements of the hydraulic pressure
signal that propagates from the island perimeter inward through the geologic framework of the island.

 

Figure 2. Locations and examples of Electrical Resistivity Tomography (ERT) profiles; (A) ERT profile
A–A’ on the ocean side of Roi; (B) Map showing location of ERT profile A–A’; (C). Map showing
location of ERT profile B–B’; (D). ERT profile B–B’ on the lagoon side of Roi at high tide; (E). ERT profile
B–B’ on the lagoon side of Roi at low tide. The locations of wells A1, A2, C1, and C2 are denoted in
magenta. The pore water salinity profile shown in the lower image was obtained using a drive point
piezometer, as described in Section 3.1.
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Although the ERT profiles clearly identified a distinct FWL floating atop seawater (Figure 2),
they were also ground-truthed through geochemical pore water profiles (Figure 3) along the same
lagoonal transect (B-B’, Figure 2). Most geochemical analyses recorded a sharp transition zone below
4 m depth, indicating a zone of mixing and a differentiation of unique water masses. Salinities
sharply increased below 4 m from a freshwater environment (salinity = 1) to a saline environment
(salinity = 28). Approximately fourfold similar increases between the water masses were measured
in ammonium (NH+4), phosphate (PO4

−3), molybdenum (Mo), uranium (U), and pH. On the other
hand, barium (Ba) and silicate (Si) were highest near the surface and decreased with depth at more
gradual rates.

Figure 3. Geochemical pore water profiles demonstrating the sharp transition zone between the FWL
and the underlying saline groundwater. Site location for these pore water profiles is indicated on
Figure 2 between wells C1 and C2.

In order to evaluate the islands permeability and poroelastic storage capacity, a measurement
of the attenuation of the tidal signal was captured as tidal efficiency and tidal lag. Tidal efficiency is
the amplitude ratio between the magnitudes of the response seen in a well and the corresponding
tides. Tidal lag is the time difference or phase lag between the tidal peak and the aquifer response
peak. In general, this pressure signal is dampened by frictional losses related to the permeability
and the poroelastic storage capacity of the aquifer. Consequently, it is important to assess tidal lag
and efficiency in order to address the homogeneity of the aquifer’s substrate. Tidal efficiencies from
the shallow monitoring wells ranged from 7 to 63%, while the tidal lag ranged from 40 to 170 min
for wells measured at 3 m of groundwater depth relative to mean sea level. The measurements of
tidal lag and efficiency attained from multiple coastal wells at 3-m depth fit well (R2 = 0.9) with the
previously published data by Gingerich [42] (in Peterson [45]) and demonstrate that tidal attenuation
is predictably dependent on the distance from the shoreline (Figure 4). Gingerich [42] demonstrated
that tidal lag and efficiency were also dependent on the depth of each well, showing that deeper wells
had higher efficiencies as the signal traveled through the Pleistocene layer and then upward through
the Holocene layer.
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Figure 4. Tidal efficiency and tidal lag calculations for groundwater wells. Groundwater well locations
shown in Figure 1. Data for groundwater wells R1–R11 (green) were published by Gingerich, 1992 and
normalized to 3 m depth using a linear relationship.

3.1. Tidal Effect

The dominant driver for the repetitive changes in salinity and groundwater level on Roi-Namur
is the oceanic tide (Figure 5A). The measurements show that conductivity can vary up to 10,000
μS/cm within a single tidal cycle (Figure 5B). These changes in conductivity, as a proxy for salinity,
are also synchronized with changes in groundwater levels, both temporally and in magnitude.
Consequently, spring tides cause the greatest rise of groundwater levels (maximum = 0.75 m)
and salinity (maximum conductivity = 10,000 μS/cm), while neap tides are expressed as having
a significantly lower groundwater levels (maximum = 0.20 m) and salinities (maximum conductivity =
2000 μS/cm). The ERT profiles also imaged the vertical shift of the FWL with the tidal oscillations.
Groundwater wells within the ERT profiles confirmed this by recording freshwater during low tides
and in seawater during high tides at their base (Figure 2D,E).

Figure 5. Time series plots showing tidal forcing of groundwater levels and salinity (Well C1), as well
as the observed response to a large rain event. (A) From 11 November 2013 through 29 January 2014.
(B) From 1 December through 4 December 2013. Precipitation gauge data available from NASA/RTS
(2017) [46].
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On the same tidally controlled temporal scale, SGD also fluctuated between high and low tide
(Figure 6). Although SGD rates were generally quite low (average~1 cm/d), SGD rates varied between
0–3 cm/d. Increased SGD rates were observed shortly after low tide, whereas high tides caused a
landward seawater hydraulic head gradient that limited SGD. The ERT profiles confirm this aquifer
dynamic (Figure 2D,E), displaying no obvious SGD during high tide but increased brackish discharge
during low tide.

Figure 6. Time series showing ocean water levels (tides, in blue) and the computed submarine
groundwater discharge (SGD, in green) advection rates. The error bars denote ± 1 standard deviation.

3.2. Rainfall Effect

The size of the FWLs of low-lying atolls such as Roi-Namur is largely dependent on the rainfall
recharge rate and its temporal variation, such as seasonal and interannual rainfall variability related
to the El Niño-Southern Oscillation (ENSO) [8,10] plus groundwater extractions [3,13]. In general
however, the rate at which the FWL responds to a large rainfall event depends on the duration and
intensity of rainfall. The time-series data captured a large scale rain event (Figure 5B) lasting five days,
during which approximately 10% of the annual rainfall (~160–190 cm/year) occurred [13,42]. Such
rainfall events are often tied to large low pressure systems and are not uncommon on Roi-Namur [47].
The response to this rain event was recorded in the monitoring wells by a relatively rapid freshening
of the aquifer, followed by a gradual increase in conductivity (Figure 5B). The initial decrease in
conductivity by 64% (or 25,000 μS/cm) caused by this rain event occurred over a 30-d period, while the
return to salinity levels prior to the rain event took approximately 3 mo with little rain (8 cm) falling
during this period. The groundwater level observed in the wells was only elevated 25 cm for 24 h
directly after the large rainfall. This indicates that increased rates in SGD due to rainfall occurred only
for a short time period following the rain event, but were not correlative with the associated decreases
or increases in salinity.

3.3. Large Wave and Overwash Effect

On 2–3 March 2014, a series of large waves struck Roi-Namur, resulting in wave-driven flooding
of the northern portion of the island. The oceanographic forcing that lead to this event has been
documented in detail by Quataert et al. [27] and Cheriton et al. [48]. The large wave event, which had
almost 7-m high waves with 15-s periods, coincided with a spring high tide and caused ocean water
surface elevations, combined with wave run-up, to be 3.7 m above the reef flat, resulting in minor
seawater flooding of select low-lying inland areas (Figure 7).
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Figure 7. Photos of wave-driven flooding and overwash on Roi-Namur Atoll, Republic of the Marshall
Islands near the north end of the runway. Photo on the left is looking west and photo on the right is
looking east. Red dot on subplot (left photo) indicates the photos location on Roi-Namur.

The event was evidenced in groundwater wells A1, A2, B1, B2, C1, C2, and R3 where it caused an
increase in salinity levels e.g., (Figure 8). The overwash event was also accompanied by a sudden and
significant rise in groundwater level (20% over the tidally attributed effect) in all wells. The overwash’s
effect on salinities in wells A1, A2, B1, B2, C1, C2 and R3 was likely dampened by two large rain events
that occurred 10 d prior and 1 d (Figure 9) after the overwash event, causing a more gradual signal of
increasing salinity than is typical e.g., [9] of saline intrusion. The salinity levels at the nearshore well
location A1 closest to the areas flooded with seawater returned to pre-overwash levels within 1 month
(Figure 8). Groundwater wells on the lagoonal side of the island returned to pre-overwash salinity
levels within 3 d after the overwash event (Figure 9).

Figure 8. Observed variations in conductivity and ground water level in well A1 following an island
overwash event driven by increased significant wave height during 2–3 March 2014.

3.4. Long-Term Rainfall Effect

With the exception of the two large rain events during November 2013 and March 2014, the
collected data support the known rainfall patterns: a relatively dry season from December to April,
followed by a wetter season with maximum rainfall occurring between August and October (Figure 9).
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During the study period from November 2013 through February 2015, rainfall on Roi-Namur amounted
to a total of 274 cm, or 198 cm/year. A substantial portion of the total rainfall occurred in the form
of two significant storm events followed by periods of significantly reduced rainfall. The large rain
event of November 2013 marked the beginning of what was later to become Typhoon Haiyan near
the Philippines, one of the most intense and destructive tropical cyclones on record [49]. The annual
fluctuation of salinity in groundwater wells was directly correlative to the annual rainfall patterns,
as well as the large storm-induced rainfall events in November 2013 and March 2014 that caused
a rapid reduction in conductivity. The three largest rainfall events within the study period occurred on
15 November 2013, 21 February 2014 and 6 September 2014, and were all followed by record minimum
salinity levels 30–35 days afterwards. The likelihood of this correlation occurring randomly is less than
1% for the data sets of this study period. In the inland well R3, where oceanographic signals interfere
less, a reduction in conductivity of 1000 μS/cm was recorded (Figure 9) after these rainfall events.
Although these storm events also caused a sudden increase in groundwater levels, these increases
were short-lived (maximum duration of 2 d) and long-term rainfall trends could not be linked to
groundwater levels, which steadily decreased over the duration of the study.

Figure 9. Time series plot showing variations in rainfall (black), groundwater level (green), and
conductivity of water (red) in well R3 observed between November 2013 and February 2015. Linear
fits to the data are denoted by dotted lines.

3.5. Sea-Level Change Effect

By comparison to the beginning of the 16-mo monitoring period, the observed salinity and
groundwater levels fell by approximately 29% and 68%, respectively (Figure 9). Although a water
table is never truly stable, the observed negative trend in groundwater height is closely correlative
to the varying levels of decline in mean sea level (average 59%) during this time period (Figure 10A).
While mean sea level (MSL) measured by tide gauges since 1948 has, on average, been rising at
Roi-Namur by 2.2 mm/year (Figure 10B), previous studies [50,51] have shown that during a significant
El Niño-Southern Oscillation (ENSO) event a reduction in local mean sea level can occur. Because the
monitoring period of this study fell into a time frame of a strong ENSO event, a decrease in MSL of
13.56 cm total or 11.56 cm/year was observed. Discrepancies between groundwater levels and the fall
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of MSL were most pronounced during January–March 2014 in Well R11 (Figure 10A). In conjunction
with a large decrease in salinity during this time frame (Figure 10A), this discrepancy may indicate
the presence of artificial recharge of the FWL as described by Gingerich et al. [13] that would yield
higher groundwater levels than from natural sea-level forcing alone. For the study period after March
2014, a cross-correlation analysis of the MSL and the groundwater level data revealed a maximum
correlation of 76% at a 5-h shift. However, a definitive answer to this question requires a more detailed
analysis of artificial recharge volume, location, and timing.

Figure 10. Time series of sea-level forcing and well response; (A) Comparison of groundwater levels
and sea levels during the study at Well R11; (B) Local mean sea-level curve from 1945 to 2017. Period
pertaining to this study is marked in gray. Sea level data for Kwajalein Atoll from NOAA [52].
A Butterworth filter with a frequency cutoff of 60 d was used to filter data.

4. Discussion

High-resolution temporal observations and analyses of hydrological and oceanographic processes
are essential for responsible water resources management on atoll islands, and are especially valuable
for natural hazard risk reduction. For Roi-Namur, the results of this study indicate that multiple
stressors variably affect the freshwater resources. Whereas the size of the FWL is a function of (1) the
geological framework and (2) the hydrodynamics of a two-fluid miscible groundwater system e.g., [1],
the temporal variability of the atmospheric (rainfall) and oceanographic (tide, wave and sea-level)
forcing play a dominant role for both groundwater levels and hydrogeochemistry.

The influence of sea level caused by spring tides forced the greatest range of variability of
groundwater levels and conductivity (salinity) levels, whereas neap tides drive significantly lower
variability in groundwater level and conductivity (salinity) levels. The hourly changes in groundwater
levels and conductivity (salinity) levels caused by the semidiurnal tidal pressure wave were also the
most apparent groundwater signal in all collected datasets e.g., (Figures 5, 6 and 8). This dynamic is
expected to be a common response on low-lying carbonate atoll islands and confirms previous studies
on tide-induced fluctuations of salinity and groundwater level in unconfined aquifers [53].

The tidal measurements represent a vertically and horizontally averaged response of the aquifer
to a pressure wave passing through an unknown section of the aquifer to reach the well. Gingerich [42]
previously showed that tidal efficiency is a function of the dual aquifer effect of the more permeable
Pleistocene limestone topped by lesser permeable Holocene deposits (Figure 1). Although those results
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focused on the propagation of the tide with increasing aquifer depth, the results presented here, which
were normalized to a common depth of 3 m, show that the tidal lag and efficiency are also strongly
dependent on the distance to shoreline (Figure 4). Although this may appear obvious, the significant
logarithmic fit (R2 = 90) of the tidal lag and efficiency to shoreline distance implies a relatively high
homogeneity of the poroelastic aquifer’s composition.

Detailed analyses of sea level forces are specifically important in environments with expected low
SGD because tidal oscillation may considerably increase the average recirculated seawater component
of coastal groundwater [54]. The relatively low SGD rates for Roi-Namur (mean = 1 ± 3 cm/d)
fit with previously published SGD rates from low-lying atoll islands with similar atmospheric and
oceanographic forcing [55]. For the southern Pacific Rarotonga Atoll, which is considerably higher
but experiences similar levels of rainfall (190 cm) and oceanographic forcing, recent SGD calculations
suggest similar flow rates of 0.2–1.8 cm/d [56]. The variable SGD flow rates between high tide
and low tide are known as tidal pumping, and are the main driving force of pore water advection.
SGD-induced tidal pumping has previously been described as the “breathing” of offshore coral islands,
where seawater is inhaled at high tide and nutrient rich groundwater is exhaled at low tide, leading to
sustained productivity within coral reefs [57].

Furthermore, the analysis of tidally driven SGD is also important for a more complete
understanding of aquifer biogeochemistry and reef health. SGD has been shown to play a major
ecological factor connecting the reef to the subsurface environment, which, may in turn lead to
connections to land e.g., [41,58,59]. The geochemical loading from SGD has been described as
comparable to or exceeding those of surface runoff inputs, due to higher dissolved solids concentrations
in groundwater and larger accumulative discharge zones [41,60]. Contrary to these findings, nutrient
levels such as phosphate or ammonium from freshwater SGD on Roi-Namur are roughly four times
lower than the seawater underlying the island (Figure 3). The increasing levels of ammonium with
depth is likely caused by dissimilatory nitrate reduction that occurs in the more anoxic conditions in the
deeper parts of the aquifer [61]. The phosphate enrichment in the deeper saline waters have previously
been associated with carbonate dissolution. Burt [62] showed that saltwater penetrating a carbonate
aquifer is enriched with ammonia and phosphate, relative to fresh groundwater end-members.
He attributed these enrichments to calcite dissolution processes of the carbonate aquifer structure
driven by CO2 infiltration. On Roi-Namur, Hejazian et al. [16] have shown that the carbonate
dissolution leads to increased porosity of the aquifer and a downward transport of undersaturated
waters. Similar sharp increases with depth in Mo, U, and pH are likely reflective of an oxygenated
freshwater environment (<4 m depth) and a more anoxic saline environment (>4 m depth). While the
geochemical data clearly suggest a separation of the FWL from the underlying seawater at 4 m depth,
some minor freshwater mixing that decreases with depth is indicated within the more anoxic saline
environment (>4 m depth) by salinity, Mo or Si levels. The high surficial levels in Ba and Si imply
a surficial anthropogenic source, such as the building materials used in the construction of the runway
on Roi-Namur. This would also explain their gradual reduction with depth. In general, this indicates
that freshwater SGD is not likely to cause a significant nutrient input to nearshore waters, whereas the
tidal flushing of deeper saline groundwater may contribute to nutrients to the reef.

Contrary to the rhythmic, predictable hydrological processes driven by tidal oscillations, storm
events and their associated hydrological drivers, such as rainfall and wave-driven flooding, occur
less predictably. The high temporal variability of rainfall on Roi-Namur observed during this study
confirmed previous analysis of a relatively dry season from December to April, followed by a wetter
season with maximum rainfall occurring between August and October. This study shows that heavy
rainfall events, such as those caused by storm systems, can significantly and suddenly alter the
conductivity (salinity) levels in groundwater wells (Figure 5), while periods of drought or reduced
rainfall cause a gradual increase in groundwater wells’ salinities (Figure 9). On Roi-Namur and
elsewhere in Marshall Islands, this can become particularly important, as rainfall can decrease by
80% during El Niño droughts [63], causing more than half of the Marshall Islands to be classified as
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“highly vulnerable” to freshwater stress [10]. Model calculations have also shown that during drought,
groundwater on small islands (<300 m width) can be completely depleted [10]. In addition, the most
recent predictions by the Department of Defense’s Strategic Environmental Research and Development
Program [64] forecast significant decreases in rainfall. The latter prediction is also supported by
measured rainfall data since 1950 that shows a decreasing trend in annual and seasonal rainfall [65].
Nonetheless, there still exists uncertainty around the rainfall projections and not all models show
consistent results [47].

Although Roi-Namur lies within a climatic zone where rainfall and storms are likely to occur
during specific times of the year, their exact temporal occurrence, specifically in relation to regional sea
level and tidal oscillations, is harder to predict. Consequently, concurrent high wave events and spring
tides leading to island overwash and seawater flooding occur with little warning [48]. Although the
overwash event recorded in this study caused conductivity (salinity) increases that recovered after
approximately one month (Figure 8) in affected groundwater wells, more severe overwash events have
the potential to be catastrophic, leading to FWL recovery times of 22–26 months [11–13]. For example,
in 2008, 2009, and 2011, storm-driven large wave events that coincided with high tides negatively
affected freshwater drinking supplies, destroyed vital crops, demolished infrastructure, and killed
hundreds of thousands of Federally-protected animal species on Pacific atolls [12,66], highlighting the
exceptional vulnerability of these low-lying island communities. We suggest that future work should
focus on further developing wave run-up forecasting tools for Roi-Namur and other Pacific Islands [67]
and integrating quantitative saline intrusion predictions, thereby not only protecting buildings and
general infrastructure, but also the islands’ vital freshwater resources.

The recorded conductivity data indicate that the overarching control on salinity levels detected
in groundwater wells is not driven by rainfall alone, but a combination of changes in rainfall and
sea level. Although tidal pressure causes oscillations in wells’ conductivity (salinity) profiles, the
longer-term control on salinity levels in groundwater wells can be attributed to a local change in MSL.
This can be observed in the slope of the recorded conductivity data that is congruent with the average
decline in MSL over the course of this study (Figure 9). The observed dependence of groundwater
conductivity levels on MSL indicates that salinity levels in groundwater wells should also increase in
the future in accordance with the predicted future rise in MSL.

Mean sea level is projected to continue to rise over the course of the 21st century and there is
very high confidence in the direction of change [68]. The most current models simulate a rise in mean
sea level between 7 and 19 cm by 2030 using the full range of emission scenarios. Increases in mean
sea level of 41–92 cm by 2090 under the Representative Concentration Pathways emission scenario,
8.5 can be expected [69]. The predicted rise in eustatic sea level will also increase the size of large
waves over coral reefs and the resulting wave-driven run-up, leading to more frequent and intense
overwash events in the future [26]. Although the documented overwash event in this study occurred
over a relatively short timeframe (3 h) when the spring tide and the high wave event overlapped, the
predicted future sea-level rise will allow overwash events to occur during a much longer portion of the
tidal cycle. This also means that in the future, as sea-level rise continues, smaller wave events, which
also occur more frequently, will be able to cause island flooding and negatively impact the island’s
freshwater resources.

5. Conclusions

FWLs on small low-lying atoll islands such as Roi-Namur are under constant and ever-increasing
threat of salinization. Yet, it is these groundwater resources that are critical for the survival of the
local population. The potential threats to the salinity levels of the FWLs are abundant and occur in
the form of high tides—especially king tides, lack of rainfall, large wave events, and sea-level rise.
Other anthropogenic threats not considered in this study include contamination, over-extraction, and
island modification.
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This study provides measured responses of conductivity (salinity) in groundwater wells to severe
rainfall events, as well as seasonal rainfall patterns. The study provides calculations on tidal lag and
efficiency in wells normalized to 3-m depth that demonstrate tidal attenuation is predictably dependent
on the distance from the shoreline. An island overwash event was documented and the nearshore
aquifer responses identified. ERT profiles characterized the freshwater outflow patterns and the FWL’s
saline boundaries. Depth-specific geochemical pore water measurements characterized and confirm
the distinct boundaries between fresh and saline water masses in the aquifer. SGD was calculated and
put in the context of tidal oscillations to show its varying degrees of output. Conductivity (salinity)
and groundwater levels were shown to respond to measured mean local sea-level change.

The results show that the impact of the individual threats on the FWLs is strongly dependent on
their relative timing. As expected, spring tides were observed to cause the greatest rise of groundwater
levels and conductivity (salinity), whereas neap tides are expressed as having a significantly lower
groundwater levels and salinities. Tidal oscillations could be identified in both groundwater levels and
conductivity (salinity) levels. The tidal signal was also expressed in SGD, which ceased to exist during
high tides, effectively allowing saline waters to intrude the outer limits of the FWL, while low tides
allowed freshwater to be expelled into the lagoon. Tidal lag and efficiency were reflective of a highly
permeable substrate that was homogenous throughout the of the island’s nearshore surficial aquifer
strata. Large rain events were shown to have a relatively sudden freshening effect in groundwater
wells (within 3 d), while returns to initial conductivity (salinity) levels took up to an order of magnitude
longer (30 d). The observed overwash event caused short-lived increases in groundwater levels and an
increase in conductivity (salinity) levels that recovered after 1 mo; this event was minor by comparison
to previous events that had recovery times of up to 26 mo. Groundwater levels and salinity levels were
observed to follow the general falling trend in MSL caused by an El Niño-Southern Oscillation event
during this study. Together, these observations demonstrate the atoll aquifer’s response to a wide
range of atmospheric and oceanographic forcing over a range of temporal scales, and provides insight
into the vulnerability of the FWL that will likely heighten with the predicted changes in rainfall and
sea level due to global climate change.
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Abstract: Groundwater with chloride concentrations up to 15,000 mg/L has intruded the freshwater
aquifer underlying southern Manhattan Island, New York. Historical (1940–1950) chloride
concentration data of glacial aquifer wells in the study area indicate the presence of four wedges
of saltwater intrusion that may have been caused by industrial pumpage. The limited recharge
capability of the aquifer, due to impervious surfaces and the 22.7 million liters per day (mld) of
reported industrial pumpage early in the 20th Century was probably the cause for the saltwater
intrusion and the persistence of the historical saltwater intrusion wedges over time. Recent drilling
of wells provided new information on the hydrogeology and extent of saltwater intrusion of the
glacial aquifer overlying bedrock. The new observation wells provided ground-water level, chloride
concentration, hydraulic conductivity, and borehole geophysical data of the glacial aquifer. The glacial
sediments range in thickness from less than 0.3 m to more than 76.2 m within the study area. A linear
relation between Electromagnetic-induction (EM) conductivity log response and measured chloride
concentration was determined. Using this relation, chloride concentration was estimated in parts
of the glacial aquifer where sampling was not possible. EM logging is an effective tool to monitor
changes in saltwater intrusion wedges.

Keywords: geophysics; groundwater; hydrogeology

1. Introduction

Manhattan Island is about 20.1 km long and 3.2 km wide and consists of unconsolidated deposits
ranging from less than 0.3 m thick to more than 76 m thick overlying high-grade metamorphic bedrock
in southern Manhattan (Figure 1). The lack of published water-table maps, unknown glacial aquifer
characteristics, unknown extent of saltwater intrusion, and the need for a relation to estimate chloride
concentration from EM conductivity log response prompted this research. The study area is south of
Central Park (Figure 1). Manhattan is bounded on the west by the Hudson River, on the east by the
East River, and on the south by New York Harbor (each of these tidal embayments contain saltwater).
Industrial pumpage of the aquifer underlying southern Manhattan Island in New York City may have
caused the chloride concentration to exceed the U.S. Environmental Protection Agency Secondary
Maximum Contaminant Level (SMCL) of 250 mg/L in private-supply wells beginning in 1940–1950 and
its effect was observed recently (2004–2006). Perlmutter and Arnow [1] indicate industrial pumpage
was as high as 22.7 million liters per day (mld) in 1940–1950. Chloride concentrations in groundwater
underlying southern Manhattan Island have remained unchanged, except in some areas where it has
increased since the 1940s.

Water 2017, 9, 631; doi:10.3390/w9090631 www.mdpi.com/journal/water23
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Electromagnetic-induction (EM) logging was completed on a set of observation wells along the
southeastern coast of the study area to determine the thickness and extent of saltwater intrusion where
screen samples were not possible. A set of polyvinyl-chloride (PVC) cased observation wells in nearby
Long Island, New York was used to determine the relation between EM log response and sampled
chloride concentration (Figure 2).

 

Figure 1. Locations of bedrock, glacial, and historical (glacial) wells within the (A) northern,
and (B) southern parts of the study area in Manhattan, NY.

Figure 2. Locations of 16 observation wells with Electromagnetic induction (EM) conductivity logs and
chloride concentrations used to calculate a relation between measured EM conductivity log response
and chloride concentration in Nassau County, Long Island, NY. The southern Manhattan study area
is shown.
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2. Historical Background

In 1865, a topographic and hydrographic map of Manhattan Island was completed with the
modern street grid superimposed [2]. The Viele [2] map shows flowing streams and wetland areas
within the study area indicating a shallow depth to water in the unconsolidated aquifer system.
Since that time, intensive urbanization has filled in and covered over most of the recharge areas
and surface water expressions, severely reducing recharge to this groundwater flow system in
Manhattan Island. Analysis using a Geographic Information System (GIS) indicates more than 90%
impervious surfaces within the study area. Examination of extensive wetland areas and numerous
flowing streams in the Viele [2] map suggests a much higher water table must have existed in 1865
before the installation of impervious surfaces in the early part of the 20th century. A geologic map
with cross sections based upon test borings for several subway tunnels describes the unconsolidated
sediments underlying Manhattan as consisting of sand and gravel deposits [3]. In 1905, a compilation
of drill core data from various projects in Manhattan Island were used to map the elevation of the
bedrock and describe the overlying unconsolidated sediments along several sections [4]. Hobbs
describes the sediments in southern Manhattan as consisting of sand, fine sand, and gravels with some
of the thickest deposits on Manhattan Island. Perlmutter and Arnow [1] describe the unconsolidated
sediments in Manhattan Island as consisting of till and ground moraine in the northern part of the
study area and stratified drift in the southern part of the study area. These deposits consist mainly of
sand and gravel with localized deposits of silt and clay. Perlmutter and Arnow [1] also list the chloride
concentrations of industrial wells screened in the glacial aquifer within the study area. Public-supply of
drinking water is supplied via pressurized water tunnels beginning around 1910. The only published
records of industrial pumping of the glacial aquifer are not very precise and appear to begin around
the beginning of the 20th century and end sometime after 1953 [1]. It appears that within thirty years
saltwater intrusion had occurred [1].

Recent drilling (2004–2006) indicates the saturated part of the glacial aquifer in southern
Manhattan only extends as far north as about 30th Street, with small localized exceptions in stream
channels (small buried valleys) of Pleistocene age to the north (Figure 1). A large deeply eroded
channel in southern Manhattan Island dominates the study area and is infilled with saturated sediment
that can produce significant quantities of groundwater [1]. Baskerville [5] included these Pleistocene
stream channels in his engineering maps of the study area.

3. Methods

Data collected during this study included ground-water levels, chloride concentrations, and
EM logs which are available at https://waterdata.usgs.gov/ny/nwis/gw, https://waterdata.usgs.
gov/ny/nwis/qw, and https://webapps.usgs.gov/GeoLogLocator/, respectively. In addition, this
study utilizes a nearby network of sixteen PVC cased wells on Long Island, New York to collect
groundwater samples for chloride concentration measurement from well screens and core samples,
and electromagnetic induction log responses from those zones to produce an equation that describes
the relation between EM conductivity log response and chloride concentration (Figure 2). This equation
was used to estimate chloride concentrations in several PVC cased wells within the study area that
did not have screens and groundwater samples for chloride concentration measurement. The aquifers
underlying Manhattan Island and nearby Long Island are similar (coastal plain aquifers) in that they
are quartz-rich and have very low percentages of fine materials (silts and clays) [6].

3.1. Manhattan Island Well Network

Fourteen wells were used for the collection of ground-water levels, chloride-concentrations,
aquifer-test data, and borehole geophysical logs (Figure 1, Table 1). Eleven of the fourteen wells,
installed during 2004–2006 in southern Manhattan, were cased with PVC and screened in the glacial
aquifer. Three of the eleven PVC wells were deep NX-sized (76 cm-diameter) wells (NY-177, NY-187,
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and NY-189) drilled by the mud-rotary method in the glacial aquifer and then drilled in bedrock by
the diamond-core method to obtain continuous rock core samples (Figure 1, Table 1). These three
wells had the unconsolidated sediment portion of the well cased off in PVC material with no screen.
A fourth deep PVC cased and screened glacial well (NY-194) was also used (Figure 1). Geophysical log
analyses were used on these wells to estimate chloride concentrations in the unconsolidated glacial
aquifer. Additional lithologic and thickness data on the glacial aquifer were collected from drilling
and gamma logs of 64 bedrock wells drilled throughout southern Manhattan [7].

Table 1. Well completion information and hydrogeologic data from observation wells referenced to
NGVD 29.

Hydrogeologic
Unit

New York
State ID
Number

Land
Surface

Elevation
(m)

Bottom
Depth of
Well (m)

Casing
Length

(m)

Water Level
(m) above
Mean Sea

Level

Chloride
in Glacial
Aquifer
(mg/L)

Hydraulic
Conductivity

(m/Day)

Transmissivity
(m2/Day)

bedrock

NY 241 8 183 15 3.41 NA NA NA
NY 206 6 155 7 NA NA NA NA
NY 207 6 183 8 NA NA NA NA
NY 234 6 162 9 NA NA NA NA
NY 189 13 183 71 NA NA NA NA
NY 187 11 171 88 NA 11,800 ** NA NA
NY 177 2 182 69 NA 7000 ** NA NA

glacial aquifer

NY 239 6 8 6 1.16 641 6 48
NY 248 5 12 11 −0.09 240 550 13,470
NY 237 5 12 11 −0.04 1080 * 12 297
NY 253 8 18 14 3.31 357 NA NA
NY 235 6 8 6 0.95 1440 * 0.05 0.10
NY 242 11 20 18 4.47 405 0.04 0.20
NY 236 6 25 24 0.28 672 * 39 660
NY 244 8 20 19 0.30 217 52 670
NY 194 9 65 62 NA 15,250 * 0.9 53
NY 238 11 11 9 2.64 277 22 1660
NY 249 5 9 8 0.25 560 92 409

Notes: NA indicates the data are either not available or not applicable. * Indicates aquifer test grab samples analyzed
with Cl probe. ** Indicates Cl value in the glacial aquifer estimated by EM log through PVC casing. Data available
at http://waterdata.usgs.gov/nwis/si.

3.2. Groundwater Levels and Hydraulic Testing

Groundwater levels were measured during borehole-geophysical logging, water-level synoptics,
and aquifer tests at the wells (Table 1). Two wells (NY-253 and NY-241) had a continuous digital recorder
installed during the study to determine possible hydraulic interconnection with the underlying bedrock
flow system at that location (Figure 1). Daily precipitation data were collected by the National Weather
Service at the Central Park weather station (Figure 1) [8]. Tidal elevation data were collected by the
National Oceanographic and Atmospheric Administration every six minutes at The Battery Park tidal
station (Figure 1) [9]. A total of 10 wells had aquifer tests completed using a submersible pump that
pumped the wells until the drawdowns stabilized at a constant rate for up to three hours. During
the aquifer tests, drawdown was measured and the pumping rate was measured periodically using a
calibrated bucket and stopwatch. The time-drawdown and pumping rate data were entered into a
computer program for aquifer-test analysis [10].

The following analytical solutions were used for the analyses of the single-well aquifer test data
for eight of the glacial aquifer wells: Neuman [11], Theis [12], and Moench [13]. The average hydraulic
conductivity was estimated for each well using these methods (Table 1).

3.3. Chloride Concentrations

During the drilling of the sixteen Long Island observation wells, samples of groundwater were
collected from core samples using the filter-press method using nitrogen gas to force pore-fluids from
portions of core material that were uninvaded by drilling mud into sealed test tubes [14]. A calibrated
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chloride probe was inserted into the samples to obtain a chloride concentration in milligrams per
liter. A Thermo-Scientific chloride ion probe calibrated to laboratory standard solutions with an
accuracy of 10% was used to measure the concentration of chloride in the ground-water samples
at room temperature [15]. Eleven of the Manhattan observation wells had been installed prior to
this study and only pumping of groundwater through their screen zones were possible to obtain
representative samples for chloride concentration measurement of the glacial aquifer. Pumping usually
lasted from two to three hours after hydraulic equilibrium and field water quality parameter data
indicated equilibrium was achieved, a representative sample was obtained according to protocols
outlined by Koterba and others [16] and analyzed for major inorganic analysis including chloride
concentrations at the USGS water quality laboratory [17] (Table 1).

3.4. Borehole-Geophysical Logging

Borehole-geophysical logs used for this study included natural gamma and focused
electromagnetic induction (EM conductivity). The logging methods have been described by
Archie, 1942, Keys and MacCary, 1971; Serra, 1984; Keys, 1990; McNeill and others, 1996; and
Williams and Lane, 1998 [18–23]. Gamma logs were used for lithologic and stratigraphic correlation.
Gamma log response is generally low in the quartz-rich sand aquifers of Pleistocene and Cretaceous
age found within New York City and Long Island coastal plain deposits. The exception was the
Raritan clay, a Cretaceous aged clay unit underlying nearby Long Island that exhibits significant
gamma responses [6,24]. The unconsolidated sediments underlying Manhattan Island are of
Pleistocene age based upon core analysis and previous work [1]. EM conductivity logs provided
an electrical conductivity profile of the formation, from which ground-water conductivity and chloride
concentrations can be inferred [25,26].

Electromagnetic induction (EM) conductivity logs were collected using a Geonics model EM-39
tool that employs coaxial coil geometry with an intercoil spacing of 50 cm to allow substantial radius of
measurement into the formation with excellent vertical resolution [27,28]. Measurement is unaffected
by conductive borehole fluid or the presence of plastic casing. The combination of a large conductivity
range, high sensitivity and very low noise and drift, allows accurate measurement of subsurface
conditions [27].

In the NYC and Long Island area the EM log responses for brackish to saltwater saturated materials
are tens to hundreds of times higher than lithologic changes in the regional sediments [29]. EM logs
were used to delineate saltwater intrusion in other earlier studies in Florida, and California [30,31].
In the California study, a relation between bulk EM resistivity and pore-fluid conductance was
determined for predictive studies [32]. Within the New York City and Long Island regional area, the
aquifers and groundwater are highly resistive, therefore EM conductivity log response is very sensitive
to slight increases in groundwater conductivity due to increased dissolved solids [29]. A nearby
network of sixteen PVC cased wells in the coastal plain sediments on Long Island, NY similar to those
encountered on Manhattan Island were used to collect calibrated EM conductivity logs of sections
where groundwater samples for chloride concentration measurement were obtained (Table S1 in
Supplementary Materials). Gamma log and EM conductivity log responses are typically low in the
region’s aquifers due to the high quartz content (Figure 3). Well N-12506, one of the sixteen Long Island
observation wells used in this study to produce the EM log response to chloride concentration relation,
was used to show how gamma and EM conductivity logs relate to changes in chloride concentration
and geology (Figure 3). The chloride concentrations and EM log response from sixteen Long Island
observation wells were used to determine the relation between chloride concentration in milligrams
per liter (mg/L) and measured EM log response in millisiemens per meter (mS/m) (Figure 4). The main
purpose of using the relation between EM conductivity log response and chloride concentration is to
allow the conversion of EM log response in wells where chloride sampling is not possible to estimate
the chloride concentrations in the aquifer. A similar technique was used in California in PVC cased
wells where groundwater samples for chloride concentration measurement were available with EM
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conductivity logs, and in Florida to map the saltwater interface using surface and borehole EM methods
to produce logarithmic equations relating EM response to chloride concentration [25,33].

A linear relation was observed in the data from Long Island wells between EM conductivity log
response and chloride concentration collected from screen zones in the well and pore fluid samples
obtained from cores during drilling (filter-press) (Figure 4). A least-squares regression was developed
to relate changes in EM conductivity to changes in chloride concentration in groundwater from 16 wells
using 43 samples (Table S1):

Cl = 25.26 (EM) + 10.1 (1)

where Cl is the chloride concentration (milligrams per liter) in groundwater from screen zones of wells
and filter press samples from cores, and EM is the peak electromagnetic conductivity (millisiemens
per meter) from the EM conductivity geophysical log over the screen zone length (6 m) and core
sample length.

 

Figure 3. Generalized geology, natural gamma log, EM conductivity log, and chloride concentrations
(milligrams per liter) in observation well N-12506 Long Island, NY (location shown in Figure 2).

The relation between these two variables is significant with an R2 of 0.96 (Figure 4). A p-value
of <2.2 × 10−16 indicates significant differences between the two datasets and a t-test value of
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33.3 indicates a strong relation [34]. The reason for the strong correlation was due to the consistent
EM conductivity log field calibration, and the region’s aquifers that typically consist of high quartz
content and low silt and clay concentrations providing minor EM conductivity response from the
geology compared to the primary EM conductivity response that was very sensitive to minor increases
in chloride concentrations of the groundwater.

Figure 4. Chloride concentration (milligrams per liter) in ground water as a function of electromagnetic
induction (EM) conductivity log response (millisiemens per meter) in 16 wells shown in Figure 2 in
Nassau County, Long Island, NY.

4. Hydrogeology of the Glacial Aquifer in Manhattan Island

Analyses of drilling logs, ground-water levels, aquifer-test data, chloride concentrations, and
borehole-geophysical logs provide new insight on the hydrogeologic properties of the glacial aquifer in
southern Manhattan Island. The term glacial aquifer is introduced in this paper to represent a sequence
of unconsolidated Pleistocene-age glacial sediments that overlie the bedrock in southern Manhattan.
The sediments consist of gravel, sand, silt, and clay underlain by crystalline bedrock of Proterozoic
and Paleozoic age [1,3,4,35–37].

4.1. Extent and Thickness of the Glacial Aquifer

The southern Manhattan study area is underlain by unconsolidated glacial drift and till deposits
of Pleistocene age throughout most of the study area, except in a few areas in the northern part
(near Central Park) where bedrock outcrops are present (Figure 1).

The topography of the northern part of the study area is dominated by the bedrock outcrops and
a veneer of soils above them. Drilling data indicate the sediment thins to less than 6 m in a large part
of the northern study area north of 30th Street (Figure 1). The sediment thickness increases to 15.2 m
or more in very narrow buried valleys in the northern part of the study area (north of 30th Street).
In contrast, an extensive buried valley containing over 76 m of sediment was delineated in most of the
southernmost part of Manhattan [1,3,4,35,36]. Split-spoon core analysis of a monitoring well (NY-194)
near the East River within the southern buried valley indicates stratified-drift deposits consisting of
sand and gravel (Figure 1). The gravels are composed of sandstone and diabase transported by glacial
action from New Jersey (Figure 1).
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4.2. Water-Table Map of the Glacial Aquifer

This paper presents the first comprehensive water-table map constructed for the unconsolidated
glacial aquifer in southern Manhattan (Figure 5). The presence of a clay unit was indicated in
the southwestern-most part of Manhattan and may partially confine groundwater locally at depth.
Water-level elevation (hydraulic head) ranged from 4.5 m above National Geodetic Vertical Datum of
1929 (NGVD 29) at NY-242 to −0.09 m (below NGVD 29) at NY-248 (Figure 5, Table 1). The highest water
levels occur in the central part of the study area, which appears to be the recharge zone for the glacial
aquifer (Figure 5). Groundwater flows from the central part of the study area toward the southern,
western, and eastern coastal discharge zones. The ground-water divide in the glacial aquifer appears
to follow the central topographic ridge of the island, but is slightly shifted towards the east probably
due to the effect of dewatering operations in subway and rail stations located in the southwestern
part of the study area (Figure 5). A cone of depression along the southwest part of the study area was
indicated in the water-table map and includes wells NY-248 and NY-237 due to the dewatering of the
glacial aquifer in the area for subway stations (Figures 1 and 5). The bedrock potentiometric-surface
below this area is also depressed suggesting a possible hydraulic interconnection between the glacial
aquifer and the bedrock in this area. Leakage from water mains and sewers probably contributes
some recharge to the glacial aquifer which is mostly covered by impervious surfaces except in small
neighborhood parks.

Water levels digitally recorded in two wells at E22nd Street in the central part of the study area
(one screened at 14 m in the glacial aquifer (NY-253), and the other open in fractured-bedrock from
15.2 m to 183 m (NY-241)) indicate similar aquifer responses in both ground-water flow systems to
precipitation events (Figures 1, 5 and 6). Both the glacial aquifer and bedrock water levels indicate
this area is a recharge area. The glacial aquifer well (NY-253) shows a slight delay in recharge from
precipitation as compared to the bedrock well (NY-241) (Figures 1 and 6). The bedrock aquifer well
had a slightly higher water elevation (hydraulic head) (0.1 m) than the glacial aquifer well (Figure 6).
The slightly higher water level elevation in the bedrock, the faster recharge response to precipitation
compared the glacial aquifer at this location, and the large amount of impervious surfaces within
the study area suggests the bedrock aquifer may be a source of recharge to the glacial aquifer in this
part of Manhattan Island (Figures 1, 5 and 6). The glacial aquifer well (NY-253) does not show clear
indications of a tidal influence while the bedrock well (NY-241) does show a small delayed influence
(Figures 1 and 6).

Pumping of two bedrock wells, NY-207 and NY-234, along the eastern side of the study area during
aquifer testing had no effect on water levels in an adjacent glacial aquifer well NY-235 (Figure 1) [7].
The glacial aquifer appears to be not hydraulically connected to the transmissive bedrock fractures in
this area.
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Figure 5. Composite water-table elevation map in the glacial aquifer in Manhattan Island,
NY (2004–2006).
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Figure 6. Precipitation, tidal data, and water levels in the fractured bedrock and glacial
aquifer on the south part of Manhattan, NY for the periods of: (A) 1 July–30 September 2006;
and (B) 15 August–15 September 2006 (locations of wells, precipitation and tidal stations shown in
Figure 1).

4.3. Hydraulic Properties of the Glacial Aquifer

Aquifer tests of the 10 glacial aquifer wells indicate a wide range of aquifer hydraulic conductivity.
The estimated hydraulic conductivity of the glacial aquifer ranges from 0.04 to 550 m per day at wells
NY-242 and NY-248, respectively (Figure 1 and Table 1). The hydraulic conductivity data of the glacial
aquifer in southern Manhattan indicate lower permeable sediments were present along the eastern
extent of the aquifer, and the highest were measured in the western part of the study area. The highest
values of hydraulic conductivity in the glacial aquifer were also present within the northwestern end
of the deep southern buried valley.
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The wide range in hydraulic conductivity may be due to the glacial origin of deposition with
ground moraine and stratified drift.

5. Extent of Saltwater Intrusion of the Glacial Aquifer in Southern Manhattan Island

Industrial pumpage more than 70 years ago that may have caused significant saltwater intrusion
into the glacial aquifer. On nearby Long Island, similar saltwater intrusion wedges were formed due
to excessive pumpage of groundwater near coastal saltwater embayments [26,38]. Contouring of
historical and current chloride concentration data indicates several wedges of saltwater intrusion in
the study area. Borehole-geophysical logging using EM conductivity logs delineated the thickness and
provided estimates of chloride concentrations in the most severely intruded saltwater wedge.

5.1. Chloride Concentrations in the Glacial Aquifer in 1940–1950

Perlmutter and Arnow [1] reported the location, depth, and chloride concentration of private
wells on Manhattan Island, but did not contour the data. Examination of the historical data indicates
37 glacial aquifer wells used for private supply were sampled for chloride concentration from 1940
to 1950 within the study area (Figure 1). When these data are plotted, several wedges of saltwater
intrusion are indicated in the first chloride concentration (isochlor map) of the glacial aquifer in
southern Manhattan (Figure 7). Industrial pumpage in southern Manhattan during the 1940s–1950s
was documented to be as high as 22.7 mld [1]. The limited recharge capability of this aquifer due to
impervious surfaces and the extreme industrial pumpage created a severe stress on this system and is
the probable mechanism for saltwater intrusion at that time.

 

Figure 7. Chloride concentrations in the glacial aquifer during 1940–1950, Manhattan Island,
NY (saltwater wedges A, B and C shown) (chloride data [1]).
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Three areas of historical saltwater intrusion are indicated and designated wedges A, B, and C
(Figure 7). Historic saltwater wedge A in the southernmost part of the study area had a peak chloride
concentration of 10,150 mg/L in well NY-61 and extended to well NY-101 (Figures 1 and 7). Saltwater
wedge B is northwest of saltwater wedge A along the Hudson River coastline with a peak chloride
concentration of 2800 mg/L at well NY-35. A third wedge of saltwater intrusion, wedge C, was
indicated along the northwestern-most part of the glacial aquifer with a peak chloride concentration at
well NY-83 of 2350 mg/L (Figures 1 and 7). Significant industrial pumpage from the glacial aquifer
decreased after the 1950s [1].

5.2. Present Chloride Concentrations in the Glacial Aquifer

All of the wells sampled during 1940–1950 have either been destroyed or abandoned [1]. Samples
of groundwater were collected from the 11 recently installed observation wells screened in the
glacial aquifer during aquifer testing in 2004 and ground-water quality sampling in 2006. Chloride
concentrations in the glacial aquifer range from 217 mg/L at well NY-244 to 15,250 mg/L at well
NY-194 in 2004–2006 (Figures 1 and 8, Table 1). Most of the central part of the glacial aquifer appears
to have chloride concentrations less than 100 mg/L. Four areas of saltwater intrusion are indicated
and designated saltwater wedges A, B, C, and D (Figure 8).

 

Figure 8. Chloride concentrations in the glacial aquifer during 2004–2006, Manhattan Island,
NY (saltwater wedges A, B, C and D shown).
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5.2.1. Saltwater Wedge A

EM logs of three bedrock wells (NY-177, NY-187, and NY-189) that had PVC casings in the
unconsolidated overburden (glacial aquifer above bedrock) and one glacial aquifer well (NY-194) cased
and screened in PVC facilitated the delineation of saltwater wedge A at the base of the glacial aquifer
(Figures 1, 8 and 9). Similar methods were used to delineate the saltwater–freshwater interface on Long
Island using EM conductivity logs [26,29]. EM conductivity logs of these wells indicate the highest
conductivity was in wells NY-194 and NY-187 (Figures 1 and 9). Using Equation (1), the peak measured
EM conductivity log responses were converted to estimated chloride concentrations in mg/L in the
deeper parts of the glacial aquifer.

Well NY-194 had a sampled chloride concentration of 15,250 mg/L (Figures 1 and 9). The saltwater
wedge is 25.6 m thick with a freshwater–saltwater interface at 27.7 m below land surface
(−18.9 m elevation) at NY-194 (Figure 9). Further inland, at well NY-187, the wedge is 42 m thick,
had a sharp (narrow) interface, and the peak EM log response was 470 mS/m, which correlates to an
estimated chloride concentration of 11,800 mg/L using Equation (1) (Figures 1, 8 and 9). Adjacent to
deep well NY-187 is a shallow well NY-238 with a depth of 11 m (Figures 1, 8 and 9). The water-table
elevation at this well is 2.65 m above sea level which indicates an estimated depth of the saltwater
interface of nearly 106 m below sea level under natural conditions using the Ghyben-Herzberg relation
where the depth of the saltwater interface below sea level is about 40 times the freshwater elevation
above sea level [39,40].
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Figure 9. Hydrogeologic section showing the extent of saltwater wedge A, Manhattan Island,
NY (location shown in Figures 1 and 8).

This supports the interpretation that the saltwater wedges in southern Manhattan Island were
probably caused by industrial pumpage and are not natural. The sharp or narrow interfaces indicated
by the EM logs are indicative of areas where active saltwater intrusion is due to pumpage, similar
wedges are seen on nearby Long Island [26,29].

Well NY-177 is closest to the coastline; the saltwater wedge is 22.9 m thick, has a sharp (narrow)
interface, and the peak EM response was 280 mS/m, which correlates to an estimated chloride
concentration of 7000 mg/L (Figure 9). This indicates that this well is at the northeastern edge of
saltwater wedge A (Figures 1, 8 and 9).

NY-189 was the farthest inland well where borehole EM logs were used (Figures 1 and 9).
The saltwater wedge was 11.6 m thick with a sharp (narrow) interface and peak EM response was
143 mS/m, which correlated to an estimated peak chloride concentration of 3600 mg/L. This indicates
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that well NY-189 is at the toe of saltwater wedge A (Figures 1, 8 and 9). This wedge is a remnant of the
historical saltwater wedge A indicated in 1940 to 1950 (Figures 7 and 8).

5.2.2. Saltwater Wedges B, C, and D Under Current Conditions

Saltwater wedge B is on the southwestern coastal part of the study area (Figure 8) and appears to be
another remnant of a historical saltwater wedge documented in that area from 1940 to 1950 [4] (Figure 7).
Well NY-237 is in this saltwater wedge and had a sampled chloride concentration of 1080 mg/L
(Figures 1 and 8). Saltwater wedge C is a remnant of a historical saltwater wedge (Figures 1, 7 and 8).
It is unclear if saltwater wedge C may be part of saltwater wedge B or a separate wedge unto itself.
Another saltwater wedge D is indicated along the central-eastern coastline (Figure 8). Wells NY-235
and NY-242 had sampled chloride concentrations of 1440 and 405 mg/L, respectively. This wedge
may have existed in 1940–1950 as indicated by well NY-147 with a chloride concentration of 223 mg/L
(Figures 1, 7 and 8).

6. Discussion

The results of this study indicate a strong linear relation exists between bulk measured EM
conductivity log response and chloride concentration in pore water of coastal plain aquifers. The use
of this relation correlated very well with sampled results for saltwater that intruded coastal aquifers.
The high correlation in the relation between chloride and EM log response suggests negligible influence
of aquifer geology on the EM conductivity log response as opposed to elevated chloride concentrations
from saltwater intrusion. Application of this relation was used to estimate chloride concentrations
outside of PVC cased wells where no screen zones are present that would allow groundwater samples
for chloride concentration measurement to be taken.

The existence of nearly identical saltwater intrusion wedges in southern Manhattan Island during
1940–1950 and 2004–2006 indicates little movement of the saltwater interface in over 70 years. EM log
responses from several wells within one of the saltwater wedges indicate sharp interfaces. The limited
recharge capability of the aquifer, due to impervious surfaces and the 22.7 mld of reported industrial
pumpage early in the 20th Century was probably the cause for the saltwater intrusion into the glacial
aquifer and the persistence of the historical saltwater intrusion wedges over time. A similar situation
was observed in nearby Kings County on Long Island across the East River from the study area.
EM logs collected in Kings County decades after the cessation of groundwater pumpage infer that
limited recharge potential for the area due to urbanization and low water elevations allowed the
persistence of historical saltwater intrusion wedges to be preserved [41].

7. Conclusions

The use of filter-press samples obtained from core samples and screen zone groundwater samples
to measure chloride concentrations indicate good agreement between to these two methods within
the margin of instrument drift. Using a nearby network of sixteen PVC cased wells, forty-three data
points were used to generate a relation equation between EM log response and chloride concentrations.
The equation has a strong correlation coefficient. Application of the relation equation will provide
valuable estimation of the chloride concentration in this coastal plain aquifer where no screen zone
exists and will help delineate zones of chloride concentrations that exceed the SMCL. In contrast to
screen zone water samples that represent only a small portion of a borehole, EM logs can provide a
complete cross-sectional measurement of the variation in saltwater intrusion with depth in a PVC
cased well. The equation was used to estimate the chloride concentration within saltwater intrusion
wedges in southern Manhattan Island.

Analysis of the geophysical logs, chloride concentration, and aquifer test data provided
information on the glacial aquifer in southern Manhattan. The water-table map and water-level
data for the glacial aquifer indicate a recharge zone in the central-northern part of the study area with
discharge zones along the southern, western, and eastern coastal areas.
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Historical chloride data from 1940 to 1950 in 37 glacial aquifer wells used for private supply
were contoured. Three wedges of saltwater intrusion were indicated in the glacial aquifer at that time.
The highest chloride concentrations were present in saltwater wedge A in the southernmost part of the
study area.

During 2004–2006, chloride concentrations from 14 glacial aquifer wells indicated four saltwater
wedges. Three of the saltwater wedges, designated A, B, and C, are probably remnants of the historical
saltwater intrusion wedges delineated earlier. Current chloride concentrations in the glacial aquifer
range from 217 mg/L in well NY-244 to 15,250 mg/L in well NY-194. EM logs of three bedrock
wells (NY-177, NY-187, and NY-189) and one glacial aquifer well (NY-194) cased in PVC were used to
delineate saltwater wedge A in the glacial aquifer.

EM logs provided a unique opportunity to delineate the thickness and concentration of saltwater
wedge A. The EM logs indicate the freshwater–saltwater interface is still very sharp. Despite the
cessation of industrial pumpage more than 70 years ago, the freshwater flow in the glacial aquifer has
been unable to push the saltwater interface to any measurable degree back to its source. The limited
recharge capability of the aquifer, due to impervious surfaces and the 22.7 mld of reported industrial
pumpage early in the 20th Century was probably the cause for the saltwater intrusion and the
persistence of the historical saltwater intrusion wedges over time. This suggests that the glacial aquifer
has had only a limited recovery from the past industrial pumpage.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/9/631/s1,
Table S1: Peak EM log response and chloride concentration values for wells in Nassau County, NY.
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Abstract: This research examines the interrelations in a complex hydrogeological system, consisting
of a multi-layered coastal aquifer, the sea, and a surface reservoir (fish ponds) and the importance of
the specific connection between the aquifer and the sea. The paper combines offshore geophysical
surveys (CHIRP) and on land TDEM (Time Domain Electro Magnetic), together with hydrological
measurements and numerical simulation. The Quaternary aquifer at the southern Carmel plain is
sub-divided into three units, a sandy phreatic unit, and two calcareous sandstone (‘Kurkar’) confined
units. The salinity in the different units is affected by their connection with the sea. We show that
differences in the seaward extent of its clayey roof, as illustrated in the CHIRP survey, result in a
varying extent of seawater intrusion due to pumping from the confined units. FEFLOW simulations
indicate that the FSI (Fresh Saline water Interface) reached the coastline just a few years after pumping
has begun, where the roof terminates ~100 m from shore, while no seawater intrusion occurred in an
area where the roof is continuous farther offshore. This was found to be consistent with borehole
observations and TDEM data from our study sites. The water level in the coastal aquifer was
generally stable with surprisingly no indication for significant seawater intrusion although the
aquifer is extensively pumped very close to shore. This is explained by contribution from the
underlying Late Cretaceous aquifer, which increased with the pumping rate, as is also indicated by
the numerical simulations.

Keywords: seawater intrusion; multi-layered coastal aquifer; offshore geophysics; numerical model;
tidal signal; sea–aquifer relations; fish ponds

1. Introduction

The extensive rural and urban development in coastal areas strongly impacts the coastal
environment. This partly occurs via subterranean interaction between land and the sea, which involves
a bi-directional flow, including seawater intrusion [1,2] and Submarine Groundwater Discharge
(SGD, [3–5]). The latter may cause deterioration in water quality of the shallow sea, leading to
algae blooms [6–9]. In some coastal areas, there are surface reservoirs (e.g., fish ponds) above the
aquifer which can make the hydrogeological conditions more complex. Worldwide aquaculture
has been annually increasing by 8.7% over the past 40 years, the fastest-growing food-producing
sector [10]. One of the key environmental concerns about aquaculture is water degradation, due to the
discharge of effluents with high levels of nutrients and suspended solids into adjacent waters, causing
eutrophication, oxygen depletion and siltation [11]. In the study area, it was shown that the phreatic
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unit beneath the fishponds area has indeed been deteriorating. It is rich in phosphate, ammonium,
Total Organic Carbon (TOC) and manganese, and characterized by strong reducing conditions [12].

Seawater intrusion (SI) is also a global concern, exacerbated by increasing demands for freshwater
in coastal zones and predisposed to the influences of rising sea levels and changing climates.
Open questions still exist, in particular about the transient SI processes and timeframes, and the
characterization and prediction of freshwater–saltwater interfaces over regional scales and in highly
heterogeneous and dynamic settings [13].

Numerical solutions have become standard tools for analyzing aquatic systems, which involve
a bi-directional flow [14]. Two different modeling approaches have been used in the literature to
represent the freshwater–saltwater relationship, one of which is sharp interface approximation [15–17],
while the other includes a transition zone between freshwater and seawater [18–21]. Numerical
solution with the FEFLOW cod is a common tool to study the salt water interface movement [22].
Yet, extensive measurement campaigns are necessary to accurately delineate interfaces and their
displacement in response to real-world coastal aquifer stresses, encompassing a range of geological
and hydrological settings [13]. Analytical studies of tide-induced groundwater fluctuations in confined
coastal aquifers that extend under the sea have been studied in References [23–25] and others. Other
studies [24,26] suggested a general analytical solution that showed that the tidal fluctuation in an
inland borehole decreases with the confined layer roof length under the sea until a certain distance
offshore, wherefrom it remains constant due to the loading effect.

The direct discharge of groundwater to the sea was quantitatively studied by several authors [27–29].
A common way of assessing the discharge to the sea is the use of numerical simulations and analytical
solutions of the water flow regime [30,31]. This is aided by geophysical [32] and the use of chemical and
isotopic tracers, including radon and radium isotopes [5,6,33]. Seepage meters, which are deployed on
the seabed, provide direct local measurements of fluxes [34].

The objective of this study was to investigate the effect of the marine and terrestrial boundary
conditions on the hydraulic connections between the sea and a multi-layered coastal aquifer and its
resultant seawater intrusion, using numerical simulations and field observations.

2. Hydrogeological Background of the Study Area

The study area extends from Mt. Carmel to the sea at the southern Carmel coastal plain, Israel
(Figure 1). It is covered by Quaternary Nilotic sands with a total thickness of about 40 m, which are
underlain by Late Cretaceous carbonate basement [35]. Located on its eastern part are the Taninim
springs at +3 m asl, which are the northern discharge of the Late Cretaceous Yarkon–Taninim carbonate
Aquifer (Figure 1). These springs are the principal source of water for fishponds in this area. The spring
water is brackish (1500–2000 mg L−1 Cl), which is due to the mixing of fresh groundwater with saline
water that exists in the western part of the Late Cretaceous aquifer [36]. The Late Cretaceous carbonates
change from limestone and dolomite facies in the Mt. Carmel area on its eastern side to a chalky
facies on its western (seawards) side [35,37], which prevents the direct flow of groundwater from the
Late Cretaceous aquifer to the sea and forces the water to discharge in the Taninim springs through
Quaternary sediments (Figure 3). Some of this water flows westward through the Pleistocene sediments
and plays an important role in the water balance of the coastal Quaternary Aquifer [12,38–40].
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Figure 1. (a) Location map of the research area. (b) Borehole locations are shown as red points.
Ponds’ area is circled by a Red line. The area where the Cretaceous aquifer is exposed is colored
green, and the Quaternary coastal aquifer is grey. (c) The left inset is an aerial photo of wells 71 area.
The hydrogeological sections presented in Figures 3 and 2a were taken along the lines A–A’ and B–B’.

Figure 2. (a) Detailed hydrogeological section of the coastal aquifer in the study area (B–B’ in Figure 1).
The coastal aquifer is subdivided into three units which are separated by clay layers: upper phreatic
sandy unit (A) and two confined calcareous sand (Kurkar) units (B and C). (b) A hydrogeological cross
section in the southern part of the studied area. The eastern boundary of the model is not shown (4 km
from the shoreline).
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Figure 3. Hydrogeological section in the research area (A–A’ in Figure 1), modified after [35].
The coastal aquifer overlays Late Cretaceous limestone and dolomite aquifer in the east and chalk
aquitard in the west. The dolomite aquifer (green) is the main source to the Taninim springs. The upper
units in the Mount Carmel area, consisting of limestone and chalky limestone, are also of Late
Cretaceous age. The blue number indicates the pre-utilization heads.

The thickness of the coastal Quaternary aquifer in the study area is 40 m (Figure 2a). It includes
three sub-aquifers (Figure 2a). The shallow sub-aquifer is a phreatic Holocene sandy unit (unit A) with
a thickness of several meters, which is separated from the underlying Pleistocene calcareous sandstone
(locally called Kurkar) aquifer by a clay unit. The Pleistocene Kurkar is subdivided by another clay
layer at an approximate depth of 20 m into two confined units, B and C, which in turn are underlain
by the Late Cretaceous chalks. The coastal area is characterized by two N–S oriented Kurkar ridges on
its western side, with the western one often partly or completely submerged [41,42]. In the study area,
fish ponds occupy the area between the eastern ridge and the sea (Figures 1 and 2a), with an annual
infiltration to the aquifer of about 9 × 106 m3year−1 [40].

The confined units B and C, which contain brackish water (1500–2000 mg L−1 Cl), have been
extensively exploited since 2005 as raw water for a desalination plant and for the fish ponds.
The pumping in this area currently reaches ~20 × 106 m3year−1. Although exploitation is very
high, groundwater level in these units is quite stable, and seawater intrusion is very limited [43].
Geochemical mass balance indicates that more than 85% of the water in units B and C derives
from the underlying Late Cretaceous aquifer [12], while the ponds contribution is no more than
3 × 106 m3year−1 [12]. This suggests that most of the ponds’ losses flow through unit A to the sea.

3. Field Methods

The relations between the aquifer and the sea were studied in two coastal sites, 1.5 km apart
(Figure 1). Groundwater level was mainly studied in boreholes drilled at 45–70 m from the sea to a
depth of 10–40 m (wells 71-1, 71-2, 71-3, 72, 73, Figure 1), each opened to a different unit, A, B or C.
We also used data from a few observation boreholes located farther inland (1500–600 m from the sea).

TDEM (Time Domain Electro Magnetic) measurements were conducted to locate the fresh–saline
water interface. Surveys in coastal aquifers [44–47] show that this method is feasible for detecting the
interface due to the very high resistivity contrast between the sea water saturated portion of the aquifer
(1–2 ohm-m) and the fresh water part, which is characterized by values more than 10 ohm-m [45].
The survey was conducted using the Geonics EM-67 TDEM system (GEONICS Ltd., Mississauga,
ON, Canada). The TDEM method utilizes a step-wise current flowing in a squared transmitter

43



Water 2018, 10, 1426

loop that produces a transient secondary electromagnetic field in the subsurface. Depending on the
required exploration depth, the loop size varies between tens by tens meters to hundreds by hundreds
meters. In the described survey, the loop size was 25 × 25 m. The electromagnetic field induced
into the ground produces a secondary response, which is picked up on the surface by a receiver
coil. The data were analyzed using two different inversion methods, smooth inversion, and sharp
boundary inversion. The combination of solutions usually improves both the accuracy and reliability
of decryption. The TDEM survey was conducted along two E–W traverses, one in the southern site
and the second in the northern site (Figure 1). In each profile, three loop measurements were carried
out between the shore and approximately 80 m inland. The TDEM survey and the interpretation of the
data were conducted by the Geophysical Institute of Israel.

CHIRP sub bottom profiler was used for mapping of the shallow sub-seafloor sediments.
The seismic survey was conducted with the “Adva” boat of the IOLR (Israeli Oceanography and
Limnology Research), which also carried a Trimble AgGPS 132–receiver, an Odom Echotrack MKIII
depth meter, and Oceanographer navigator. The depth meter was calibrated by Bar check and sound
wave velocity meter in water, SV-2000 Smart sensor, which belongs to AML company (Hong Kong,
China). The velocity of sound waves in the submarine sand and clay was taken as 1700 m/s, while for
the sea water, it is 1530 m/s [48]. The CHIRP survey and the interpretation were conducted by Arik
Golan from IOLR.

Electric conductivity (EC) profiles were conducted in the monitoring wells 71-1, 71-2, and 71-3
(locations in Figure 1) using a Robertson Geologging (RG) profiler.

Water level was measured by Schlumberger divers with 5 min frequency in wells 1, 2, 71-1-3,
and 73. Sea Level was measured at Hadera MedGloss station, 2.5 km from the shore by IOLR (Israeli
Oceanography and Limnology Research).

Slug tests were conducted for the determination of the hydrological conductivity in the aquifer.
In each well, we conducted five tests, including three nitrogen injections, slug in and slug out. The slug
tests were conducted in the monitoring wells 1, 2, 71-1, 71-2, 72, and 71-3. Results are presented in the
Supplementary Materials, while the interpretation follows the procedure given in [49].

Point dilution test with Uranine solution was implemented in well 71-3, which penetrates the
shallow phreatic aquifer. The tracer, with a concentration of 1000 ppb was injected uniformly
along the hole, and time series concentrations were measured by a Fluorometer (Turner Design,
San Jose, CA, USA). The rate of decrease in tracer concentration was used to calculate the horizontal
groundwater velocity in the well by the procedure described in Reference [50]. Results are given in
The Supplementary Materials.

Interference recovery test was conducted by analyzing the level recovery in wells 71-2 (unit
B) and 71-1 (unit C) after stopping pumping in the nearby (within 50 m) well 211 (Figure 1). Test
results were used to calculate the transmissivity and the storativity of the aquifer, using the solution of
Reference [51] for confined aquifers.

Radon (222Rn) was sampled in both seawater and groundwater, using pre-vacuumed 4.5 L glass
bottles. Seawater was sampled close to the seafloor in coastal water up to 700 m offshore (maximum
water depth of 5 m) and groundwater was sampled from wells (the 71 series) using a peristaltic
pump. 222Rn activities were measured by alpha-scintillation Lucas cells, using a modified emanation
technique. In this method, helium is circulated and bubbled through the sampling bottle, resulting in
the extraction of 222Rn. The radon is trapped on activated charcoal (at −90 ◦C) and then transferred to
the Lucas cell.

Numerical simulations were conducted with the 2D FEFLOW program, which is a finite element
code, allowing the examination of both flow and salt transport. To deal with the specific process in a
precise way, a very dense net of triangular elements (~100,000) was built (element size range from ~1 m
to 10 m). The model configuration included seven layers, in accordance with the geological section of
the southern Carmel coastal plain: five layers in the Quaternary section and two in the underlying Late
Cretaceous (Figure 2b). The conceptual model and model calibration were based on field measurements,
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presented and discussed in Section 4, including seabed geology (provided by the CHIRP survey), the
TDEM survey, EC profiles, hydrological field experiments, and groundwater levels. The length of the
model section is 7 km, from the sea on its west to the Carmel Mountains on its eastern end.

4. Field Results

4.1. Water Level

Figure 4a presents sea level and groundwater levels at the southern (wells 71-1, 71-2, 71-3) and
the northern sites (well 73, Figure 1). Groundwater table in the intermediate confined unit (B) at the
southern site was 0–0.3 m asl, while in the phreatic unit (A) and the deeper confined unit (C) it was
higher, 1.5 and 1.3 m asl, respectively. The level in well 71-2 (unit B) and well 71-1 (unit C) was affected
by a nearby pumping well, which is reflected in level increase during pumping breaks (i.e., return
to more natural conditions) by 80 and 20 cm, respectively. At the northern site, water level in Unit B
was higher (~1 m asl). In Figure 4b, we compare sea level and groundwater levels by zeroing to their
mean values. Tidal fluctuation was hardly observed in the phreatic unit (southern site) at 70 m from
the sea (1 cm), while it was clearly evident in the confined units B and C (amplitudes of up to 13 and
9 cm, respectively, during spring tide, compared with 21 cm at the sea, Table 1). At the northern site,
maximum amplitude in unit B at 70 m from the sea and during the same period was just 7 cm. Level
fluctuation decreased with distance from shore (4.5 and 3 cm at 300 m and 500 m, respectively, at the 2
and 1 sites, Table 1).

Table 1. Maximum tidal amplitudes in different units and distance from shoreline during May 2014.

Amplitude (cm) Distance from Shoreline (m) Aquifer Unit Well Name

21 Sea
0.5 70 A—south 71-3
13 70 B—south 71-2
9 70 C—south 71-1
7 70 B—north 73

4.5 300 B 2
3 500 B—north 1

Figure 4. Cont.
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Figure 4. Detailed (5 min) water level time series in monitoring wells and the sea. (a) a 48 h level
fluctuations; (b) 24 h superimposed levels of different wells and the sea, zeroed around their mean
level. See well locations in Figure 1.

4.2. EC Profiles

Electrical conductivity profiles in units C, B, and A, at 70 m from shore, are presented in Figure 5.
Units A and C show low and uniform EC values (5–6 mS/cm, similar to the natural salinity in this
area) while unit B shows an interface composed of two steps. The EC changes from 5.5 mS/cm at a
depth of 12 m to 40 mS/cm at a depth of 24 m.

 

Figure 5. EC profiles in wells 71-3, 71-2, 71-1 penetrating the three Quaternary units (A, B and C,
respectively), 70 m from the sea, at the southern site of Ma’agan Michael.
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4.3. Electrical Resistivity—TDEM

The interpreted TDEM results from the southern site are in agreement with the EC borehole
profiles. According to the TDEM, there is a large resistivity difference in unit B between the southern
and the northern sites (Figure 6 and Figure S1 in the Supplementary Material), whereby relatively fresh
groundwater is found in the northern site (resistivity of about 10 ohm-m), while brackish groundwater
is exhibited in the southern site (resistivity of 3–5 ohm-m). The TDEM results also suggest that relatively
fresh water occurs in unit C at both sites (Figure 6 and Figure S1 in the Supplementary Material).

 
Figure 6. Representative TDEM (Time Domain Electro Magnetic) profiles at the northern site (a) and at
the southern site (b). In the north, high resistivity is observed for both unit B and C (10 Ohm-m), while
in the south the middle aquifer (unit B) has low resistivity (5 Ohm-m). The letters along the profile are
the interpretation of the resistivity values: F—Fresh, B—Brackish, FB—fresh–brackish, C—Clay unit.
Additional TDEM profiles are included in Figure S1 in the Supplementary Material.

4.4. Seismic Reflection

A CHIRP survey was conducted along eight parallel E–W offshore transects, 2 km each (Figure 7).
The interpretations of the seismic data allowed the identification of the top of the upper clay and of the
intermediate Kurkar unit (B). CHIRP results also show areas, where the clay layer is missing and the
Kurkar rock is exposed at the seabed (e.g., Figure 7). The results of the survey suggest that there is a
major difference between the southern and the northern sites with regards to the continuation of the
upper clay layer (Figure 8). While at the southern site the clay was eroded around 100 m from shore
line, at the northern site the clay layer is mostly continuous, and if missing, it occurs in limited areas
relatively far from shore (>700 m). A sketch of the geological section, which expresses the difference
between the southern and the northern site, is presented in Figure 9. The CHIRP survey also identified
a “hot spots” (weak acoustic reflection in the high frequently CHIRP channel) along Sections 2 and 3,
which was interpreted as groundwater discharge at one of the unit B exposure sites (Figure S8 in the
Supplementary Material).
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Figure 7. Location map of the CHIRP survey lines (a) and CHIRP seismic interpretation along part of
Section 2 (b). The top calcareous sandstone (‘Kurkar’) layer is shown by red line, the top clay layer by
blue line and the seabed by green line.

 
Figure 8. Interpretation of CHIRP lines 6 and 2 (location in Figure 8). The top Kurkar layer is shown by
red line, the top clay layer by orange line and the seabed by green line.
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Figure 9. Schematic geological section in the northern and southern sites. In the southern site, the
clay is eroded near the shore (100 m), therefore, the Kurkar unit is in direct contact with the sea closer
to shore.

4.5. Radon

The average Radon activity in water sampled onshore from the confined Kurkar units B and C
(wells 71-2 and 71-1, Table 2) was 735 dpm/L, quite similar to the findings at Dor Bay, 5 km to the
north [5]. Most seawater samples (10–800 m from shore, all taken close to seabed) had much lower
activities (0–2 dpm/L). One exception of 10.9 dpm/L was found at 5 m depth, above a seabed Kurkar
exposure, about 700 m offshore at the northern site (Figure S9 in the Supplementary Material).

Table 2. Radon activity in groundwater and fish pond water (dpm/L) from Aug 2010 and May 2011.

Rn Source Sample

dpm/L

841 Calcareous sand stone Units B + C 71-1
628 Calcareous sand stone Units B + C 71-2

5 Fishpond Pond Fish pond

4.6. Hydrological Tests

Table 3 summarizes the hydraulic parameters, obtained from the field experiments, which are
later used as the initial hydraulic parameter for the model calibration (Section 5). The slug and the
interference recovery tests yielded similar hydraulic conductivity values, 45 and 68 m/day in unit
B and 66 and 109 m/day in unit C, respectively. Since the slug is a local test, which is influenced
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by the well structure, we prefer to use the values obtained from the interference test, whenever
available. The detailed results of the field experiments are given in Figures S2–S7 and Tables S1–S3 in
the Supplementary Material.

Table 3. Hydraulic Transmissivity, conductivity, and Storativity, determined by field tests (slug, point
dilution, and the interference recovery tests).

Unit A (South) Unit B (South) Unit C (South) Unit B (North)

195 750 1200 780 T (m2/day)
30 68 109 71 K (m/day)

0.0001 0.0016 S

Point dilution results from well 71-3 suggest that flow rate (v) in unit A was 5.9 m/day.
Considering the hydraulic gradient near the shore (j = 1.5 m/70 m), and assuming porosity (n) of 0.15
for the sandy matrix, the hydraulic conductivity for the phreatic sand unit is 42 m/day (k = nv/j). This
value is somewhat higher than the value of 13.2 m/day obtained from the slug test conducted in the
same well. For the model calibration, we choose an intermediate value of 30 m/day.

5. Numerical Modeling

5.1. Geological Configuration

The eastern boundary was set at ~2 km east of the Taninim springs, where Late Cretaceous
dolomite rocks are exposed at the foot of Mt. Carmel. This allowed the examination of the effect of
pumping from the coastal Quaternary aquifer on the Late Cretaceous aquifer. The western boundary
was set 3 km offshore, based on the CHIRP results, which showed that the onshore hydrogeological
configuration continues beneath the seabed. Based on the offshore differences between the northern
and the southern sites (see CHIRP results above), we conducted simulations with two different
hydrogeological configurations. In the first, the upper clay unit extended 800 m offshore, while in the
second, simulating the southern site, it reached just 100 m offshore (Figure 9).

5.2. Hydraulic Properties

The hydraulic conductivity of the Late Cretaceous dolomites was assumed to be 200 m/day [52],
while for the Late Cretaceous chalks, underlying the Quaternary aquifer, a value of 1 m/day was
assigned. Hydraulic parameters in the coastal aquifer were estimated according to the pumping results
and the slug tests, conducted during this study (Table 2). After calibration, the hydraulic conductivity
was taken to be somewhat higher than field estimates, 100 and 160 m/day for units B and C, compared
with 66 and 100 m/day, respectively. On the eastern part, where no division to sub-aquifers was
observed, a value of 100 m/day was assumed for the whole Quaternary aquifer. Conductivity of the
phreatic sand unit (A) was assumed 30 m/day (between the 42 m/day of the point dilution results
and 13 m/day of the slug test). The specific storage was assumed 10−4 m−1 for both units, porosity
was taken as 0.1, and dispersion as 5 m/day, with anisotropy of 10:1 (longitudinal to transversal ratio).

5.3. Boundary and Initial Conditions

We used two extreme scenarios for water level at the eastern boundary: level of +5 m, as was used
to be in the more pristine conditions [37], and level of +3 m, as is the current case due to over-pumping
from the Late Cretaceous Yarkon–Taninim carbonate Aquifer. The head at each offshore point was
calculated as water depth multiplied by the seawater density. The salinity at the western boundary
was taken as 39,000 mg/L TDS (Total Dissolved Solutes) and the specific gravity was 1.027, similar to
that of the coastal Mediterranean Sea. Based on estimates of the Hydrological Survey of Israel, we used
infiltration coefficient of 35% (average of 200 mm/year) for the western 0.7 km of the coastal plain,
which is covered by sand and some clay, while a coefficient of 18% was assumed for the clayey soils of
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the eastern part. Total ponds losses were assumed as infiltration of 13 mm/day (about 3 m3year−1 for
1 km of coast), following [40].

The simulation was performed with the above conditions until steady state was reached. These
steady-state conditions were used as initial conditions for the transient modeling after pumping began.

5.4. Pumping Regime

Withdrawal from the coastal aquifer in the studied area during 2005–2015 was 18–20 m3year−1.
According to chemical balances [12], the fish ponds’ contribution to the Kurkar aquifer (units B) is
2–3 × 106 m3year−1. This value was subtracted from the total pumping instead of adding artificial
recharge from the pond, and, thus, the effective pumping was assumed ~15 × 106 m3year−1. Since
the length of the coast in the studied area is about 3 km, the pumping in the model was taken as
5 × 106 m3year−1 per 1 km coast. Most pumping wells are perforated along the whole Pleistocene
section and pump from both confined units (B and C). Therefore, the model assumes that of the existing
four pumping wells, two pump from unit B and the other two from unit C (Figure 2b, red points).

5.5. Calibration of the Model

The calibration was done by comparing the dynamic results of the simulation to field measurements
of water level and salinity in the different aquifer units at the southern site, near the sea. This includes:
(1) water level in units C and B (1.3 and 0.3 m, respectively); (2) water salinity in unit B at the site
(occurrence of FSI), and (3) low salinity in unit C. Because the pristine level conditions in the different units
are not known, we calibrated the model only for the dynamic condition (pumping of 5 × 106 m3year−1

per 1 km coast). The simulation was conducted for the maximum and minimum heads at the eastern
boundary (+5 and +3 m). Both scenarios were simulated until the flow field stabilized.

6. Simulation Results

6.1. Seawater Intrusion

The fresh–saline water interface in unit B is located where the confining clay layers breach
the seabed, which is further off-shore at the northern site than in the southern site (Figure 10a,b).
The location of the interface does not change much after pumping in the case of an eastern boundary
head of +5 m (not shown in Figure 10), while in the case of +3 m head, pumping results in significant
inland shift of the interface in unit B (Figure 10c). The location of the interface after 1000 days of
pumping is shown in Figure 10c,d, and the change in salinity in unit B at a distance of 70 m from
the shore (in observation point 2, Figure 10) is shown in Figure 11. This shift occurs both at the
southern and at the northern site, but while at the southern site the interface reached the pumping
wells, no salinization occurred at the northern site during the first few years (Figure 11). At both sites,
penetration of seawater in unit C was very limited.
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Figure 10. The location of the fresh–saline water interfaces in the different sub-aquifers: before pumping
in the southern site (a); and in the northern site (b); after 1000 days of pumping with eastern boundary
water level of +3 m, in the southern site (c) and the northern site (d). “2” and “3” denote units B and C.

Figure 11. The simulated salinity in unit B at a distance of 70 m from the shore in the northern and
southern sites (point 2 in Figure 10), for different boundary conditions (level of +5 and +3 m at the
eastern model border).
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6.2. Water Balance and Levels in Units B and C

The calculated water levels in observation boreholes at the pristine state and after pumping
are given in Table 4. To maintain the average water level of +1.3 m in unit C at 70 m from shore
(as observed in the field, Figure 4a), a significant amount of water must enter from the base of the
coastal aquifer, namely from the Late Cretaceous aquifer. According to the results of the model, the
increase in pumping from the coastal aquifer causes a ~0.4 m decrease in Late Cretaceous water level
around the Taninim springs (borehole 5, Figure 1). The calculated water volumes entering from the
Late Cretaceous aquifer to the coastal aquifer are shown in Table 5. In the natural state, when the water
level in the eastern boundary was ~+5 m, this flux is estimated at 2.2 × 106 m3year−1 per 1 km of coast,
which is almost the natural flow to the sea. After the initiation of pumping from the coastal aquifer
(5 × 106 m3year−1 per 1 km coast), flux from the east increased to 5.4 × 106 m3year−1 per 1 km, and
the discharge to the sea from units B and C almost ceased (Table 6). With an eastern boundary water
level of +3 m (over-exploitation of the Late Cretaceous Yarkon–Taninim aquifer), the pristine water
flow into the coastal aquifer was smaller (1.7 × 106 m3year−1 per 1 km coast), and after pumping
commenced, flux from the east increased to 4.6 m3year−1 per 1 km (Table 5). Under these conditions,
discharge from the confined units to the sea is negative (unit B: −0.7 and unit C: −0.2 × 106 m3year−1,
Table 6), and seawater intrudes as to keep the water balance in these units.

Table 4. Simulation-calculated water levels in observation boreholes, before and after pumping in the
southern and northern sites under different boundary conditions. The measured levels in wells 71-1,
71-2, which represent the level after pumping, are presented in Figure 4a.

Site
Level in the

Eastern Border

Pump
Condition

Well T5 Well 71-2 Well 71-1

Late Unit Unit
Cretaceous B C

Southern site H = +5 m
No pump 4.6 1.2 2.8

With pump 4.2 0.6 1.4

Southern site H = +3 m
No pump 2.8 0.8 1.9

With pump 2.4 0.3 0.8

Northern site H = +3 m
No pump 2.8 1.8 2.2

With pump 2.3 0.3 0.8

Table 5. Calculated water input from the Late Cretaceous aquifer to the coastal aquifer in the pristine
case and after pumping of 5 × 106 m3year−1 per 1 km coast from the coastal aquifer, with eastern
boundary level of +5 m and + 3 m.

East Border Head (m) Unit Q (106 m3year−1 per 1 km) Q (106 m3year−1 per 1 km)

without Pumping
with Pumping of 5 × 106

m3year−1 per 1 km

H = +5

A 0.4 0.3
B 1.2 2.6
C 0.6 2.5

SUM 2.2 5.4

H = +3

A 0.2 0.2
B 1.2 2.1
C 0.3 2.3

SUM 1.7 4.6
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Table 6. Calculated flux to the sea with and without pumping from the coastal aquifer. In brackets, is
the flux from unit A affected by ponds losses. The natural discharge to the sea is about 2.2 m3year−1

per 1 km.

Eastern Border Head (m) Unit Q (106 m3year−1 per 1 km) Q (106 m3year−1 per 1 km)

without Pumping
with Pumping of 5 × 106

m3year−1 per 1 km

H = +5

A 0.4 (1.8) 0.3 (1.8)
B 1.2 −0.1
C 0.6 0

SUM 2.2 0.2

H = +3

A 0.2 (1.8) 0.2 (1.8)
B 1.2 −0.7
C 0.3 −0.2

SUM 1.7 −0.7

6.3. Flow in Unit A

The model results show that the estimated losses of 3 × 106 m3year−1 per 1 km coast from the
ponds are divided between infiltration into unit A, which then flows directly to the sea, and unit B
(about 1.8 and 1.2 × 106 m3year−1, respectively). The simulated water level in unit A varies between
5.5 m upstream and 1.5–2 m near the coast, which fits the measured levels (+5.5 m in well 2a and
+1.5 m in well 71-3, 300 and 70 m from the coast, respectively, Figures 1 and 4a). The estimated flux
from unit A between well 71-3 and the sea, using Darcy equation (J = 1.5 m/70 m, T = 195 m2/day,
Table 3) is 1.5 × 106 m3year−1 per 1 km coast.

6.4. Tidal Effects

The difference in sub-sea extension of the confined layer B between the southern and northern
site results in different tidal amplitudes and water level in the observation wells 70 m on shore.
The simulations suggest larger tidal amplitudes and lower level in unit B at the southern site, compared
with the northern one (Figure 12), in agreement with our observations (wells 71-2 and 73, Table 1,
Figure 12).

 
Figure 12. Measured and calculated water levels in observation wells in unit B, located 70 m from
shore in the northern site (well 73) and in the southern site (well 71-2).
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7. Discussion

7.1. Offshore Extension of the Confining Layer and Seawater Intrusion

The above simulations, as well as field results, highlight the importance of the boundary
hydrological conditions on seawater intrusion in a multi-layered coastal aquifer. The difference
in the seaside boundary conditions is expressed in the numerical simulations in different locations of
the interface zone. While the interface at the southern site reaches the shoreline within a few years
after pumping began, the interface at the northern site, where the clay layer extends farther seawards,
is still located under the sea. These results are consistent with those of the TDEM, which showed
relatively fresh groundwater in unit B of the northern site, while a clear interface at the southern
site. The simulations and the field results show that the confined clay layer continuity in the sea
has an important role in delaying seawater intrusion even when the aquifer is extensively exploited.
The difference in the sub-sea extension of the upper confining clay layer also results in a difference in
the groundwater tidal amplitudes, which are larger at the southern site (Table 1, Figure 4b), where the
clay is missing closer to shore, than at the northern site, where the clay is mostly continuous to at least
700 m from shore. This difference in tidal amplitudes is also reflected in the simulations (Figure 12),
although the measured amplitudes at borehole T-73 are somewhat smaller than the simulated ones.
This difference could be eliminated by assigning larger storativity to the aquifer. However, this
will cause a significant lag in the arrival of a tidal signal in the aquifer, in disagreement with our
observations (Figure 13). Alternatively, we suggest that the relatively small amplitudes are due to
the leaky nature of the thin confining layer, which would tend to damp the amplitude in the inland
aquifer [26]. The numerical model also highlighted the importance of the land side (eastern) boundary
condition, in the Late Cretaceous aquifer. Using high boundary heads (natural condition, before
pumping started), seawater intrusion does not occur even under high exploitation, while with lower
boundary heads, the aquifer is more liable to seawater intrusion.

 
Figure 13. Transient heads at observation point 2 in the northern site (indicated in Figure 10,
representing borehole 73) for various values of storativity/specific staorge of the confined unit B.
Using high storativity, the aquifer tidal signal lags significantly after the sea, which is in disagreement
with our observations.
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7.2. The Impact of Pumping on the Adjacent Aquifer

The numerical model was used to quantify the flow regime into the multi-layered aquifer system.
Previous works [12,38–40] showed hydrogeological and geochemical evidence for contribution from
the Late Cretaceous aquifer to the coastal aquifer, whose extent was not clear. Our modeling examined
more quantitively the suggestion that the Late Cretaceous aquifer is the main source of water (about
85%, [12]) to the coastal Quaternary aquifer (units B and C). The results of the simulations support this
suggestion and show that increasing exploitation from the coastal aquifer causes an increase in the
component of the water arriving from the adjacent Late Cretaceous aquifer. This increase in pumping
also affects the discharge of the nearby Taninim springs. The model shows that to maintain the average
water level of +1.3 m in the confined unit C at 70 m from shore under pumping conditions, a significant
amount of water must enter from the base of the coastal aquifer, namely from the Late Cretaceous
aquifer at the foot of Mt. Carmel, where the Quaternary rocks are in hydraulic contact with Late
Cretaceous dolomites. This is possible due to the high hydraulic conductivity in both Pleistocene and
the Late Cretaceous aquifer (100–200 m/day).

7.3. Discharge to the Sea

According to water budgets, water losses from the fishponds to the aquifer are about
9 × 106 m3year−1 [40]. The connection of the ponds with units B and C is limited due to the existence
of a clay layer under the ponds area [12], which limits infiltration to 2–3 × 106 m3year−1. This implies
that most pond losses flow through unit A to the sea. The simulation results show that although unit
A is of very small thickness (up to 6 m), it transfers 1.8 × 106 m3year−1 per 1 km coast, while keeping
the level at +5.5 m and +1.5 m at 300 m and 70 m from the sea, respectively. These are, indeed, also the
levels that were measured in the field. Considering fishpond length of 3 km, the flow from unit A to
the sea is 5.4 m3year−1. According to simulation results, the flow from units B and C to the sea after
the development of pumping from the coastal aquifer is relatively small and changes according to the
eastern boundary condition between almost zero to negative values.

Radon activity in the calcareous sandstone (Kurkar) units was around 450 dpm/L, similar to the
activities measured in groundwater from Dor bay, ca. 5 km to the north, where Reference [5] showed
that the SGD radon source is the fresh groundwater and used it to calculate the fresh water discharge
to the bay. Areas where the confided clay layer is eroded and the Kurkar is exposed on the seabed are
suitable for Submarine Groundwater Discharge. Indeed, a radon hot spot (10.9 dpm/L) was found
500 m offshore at the northern site, where SGD was inferred also by the CHIRP results. Based on the
radon–salinity mixing line between seawater and the Kurkar water source, the seawater at this point
contains at least 2.5% freshwater derived from the Kurkar unit.

Since groundwater in unit A is highly polluted in several places [12], the effect of this SGD on the
quality of the shallow sea could be significant.

8. Summary and Conclusions

This research combines field measurement and numerical simulation to examine the interrelations
between a multi-layered coastal aquifer, a surface reservoir (fish ponds) and the sea. The measurement
includes offshore geophysical surveys (CHIRP) and on land TDEM, together with hydrological tests
and water level measurements. The main conclusions of this research are:

(1) The location of the hydraulic connection between a confined sub-aquifer and the sea (the distance
from the shoreline) is shown to be a very important factor in the determination of the extent of
seawater intrusion.

(2) The location of the aquifer-sea connection also affects the tidal fluctuations in the
monitoring boreholes.

(3) Submarine CHIRP mapping indicates that the continuity of the confining clay varies on short
spatial scales (2 km).
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(4) In the Numerical model, this difference in clay continuity resulted in different extent of seawater
intrusion in the shallow confined layer.

(5) Numerical simulations indicate that water level, as well as seawater intrusion in coastal aquifers,
could be highly affected by its connection with an underlying aquifer.

We show that the exact location of the connection between the confined aquifer unit and the sea
plays a significant role on the sensitivity of an aquifer unit to seawater intrusion. These geophysical
methods need to be used to determine this location in the different part of the coastal aquifer when
deciding on the exact pumping regime of the aquifer. Another practical way to estimate this location
is by the tidal amplitude in an observation well near the seashore. We, therefore, suggest that these
methods be used as managerial tools in the vicinity of the sea to avoid large seawater intrusion.

Supplementary Materials: Supplementary Materials are available online at http://www.mdpi.com/2073-4441/
10/10/1426/s1.
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Abstract: Gaza Strip has suffered from seawater intrusion during the past three decades due to low
rainfall and high abstraction from the groundwater resource. On a yearly basis, more than 170 million
m3 of groundwater is abstracted, while the long-term average recharge from rainfall is 24.4 million
m3/year. Submarine groundwater discharge (SGD) has never been studied in the Gaza Strip, due to
lack of experience in this field, next to the ignorance of this subject due to the seawater intrusion
process taking place. Continuous radon measurements were carried out in six sites along the Gaza
Strip to quantify the SGD rate. The final result shows SGD to occur in all sampled sites. The range
of SGD rates varies from 0.9 to 5.9 cm·day−1. High values of SGD are found in the south (Rafah
and Khan Younis governorates). The high values are probably related to the shallow unconfined
aquifer, while the lowest values of SGD are found in the middle of Gaza Strip, and they are probably
related to the Sabkha formation. In the north of Gaza Strip, SGD values are in the range of 1.0 to
2.0 cm·day−1. Considering that SGD would occur with the measured rates in a strip of 100 m wide
along the whole coast line, the results in a quantity of 38 million m3 of groundwater being discharged
yearly to the Mediterranean Sea along Gaza coast. Nutrient samples were taken along Gaza Strip
coastline, and they were compared to the onshore wells, 600 m away from the Mediterranean Sea.
The results show that SGD has higher NO3

− + NO2
− than nutrient-poor seawater, and that it is

close to the onshore results from the wells. This confirms that the source of SGD is groundwater,
and not shallow seawater circulation. In a coastal strip of 100 m wide along the Gaza coast, a yearly
discharge of over 400 tons of nitrate and 250 tons of ammonium occurs from groundwater to the
Mediterranean Sea.

Keywords: SGD; SGD model; Radon; coastal aquifer; nutrient discharge; Gaza Strip

1. Introduction

Although Submarine groundwater discharge (SGD) may not play a significant role in the global
water balance, there are reasons to believe that the geochemical cycles of some major and minor
elements may be strongly influenced either by the direct discharge of fresh groundwater into the sea,
or by chemical reactions that occur during the recirculation of seawater through a coastal aquifer
system [1–3]. Groundwater contamination, being a wide-spread problem, SGD may bring pollution to
coastal seawater [3,4]. SGD affects the nutrient balance of the sea near the coast, causing harmful algal
blooms and changing the flora and fauna of coastal waters [5–10].

Several papers have emphasized the important role of recirculated seawater in the transport of
solutes from aquifers to coastal water. Moore [2] proposed the term “subterranean estuary (STE)” for
the aquifer zone, where recirculating seawater mixes with fresh groundwater, and where water–rock
interaction affects the mobility of constituents, including nutrients, towards the sea [11]. Lebbe [12],

Water 2018, 10, 1818; doi:10.3390/w10121818 www.mdpi.com/journal/water60
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as well as Werner and Lockington [13], have demonstrated that tidal fluctuations can induce saltwater
recirculation in the upper aquifer, producing a saline water table in the coastal fringe.

Measuring SGD by traditional hydrogeological or water balance estimates may be off by several
orders of magnitude, largely because of difficulties in constraining hydraulic conductivities. Yet,
quantifying SGD is important, as concentrations of dissolved constituents in SGD are often greater
than in surface waters, resulting in significant groundwater-derived solute contributions [10,14].
One potential means of evaluating groundwater pathways and fluxes into the coastal zone more
accurately is through the use of natural tracers, where 222Rn is an excellent tracer [3,15–18]. The very
large enrichment of 222Rn concentration in groundwaters over surface waters (usually 1000-fold or
greater), and its unreactive nature and short half-life (t1/2 = 3.83 days) make 222Rn an excellent tracer
to identify areas of significant groundwater discharge [3,19]. Continuous radon monitoring (RAD
7-device with RAD-AQUA) could provide reasonably high-resolution data on the radon concentration
of coastal seawater at one location over time [20].

In the past three decades, researchers were focusing on the seawater intrusion phenomenon in
Gaza Strip, while no one has tackled the reverse flow direction, to establish whether it may occur in the
hydrogeological setting. This study focuses on the submarine groundwater discharge from different
places along the Gaza coastline using continuous radon measurements with RAD7 and RAD-AQUA
devices, beside nutrient analysis along the shoreline and onshore in monitoring wells.

2. Hydrogeological Background

Gaza Strip is a coastal area along the eastern Mediterranean Sea and lies at latitude 31◦25′59′′ N
and longitude 34◦22′34′′ E. Gaza Strip forms a transition zone between the semi-humid coastal zone in
the north, the semi-arid zone in the east, and the Sinai desert in the south. Gaza Strip has a surface
area of 365 km2 where more than 1.8 million inhabitants are living. Groundwater is the only water
source for the population of Gaza [21].

The Kurkar Group stratigraphy of Gaza Strip near the coast subdivides the aquifer into four sub
aquifers (sub-aquifers A, B1, B2 and C), separated by marine clay layers, whereas in the east, there is
only one aquifer (Figure 1). Those sub-aquifers are semi-confined near the coast, except for the upper
layer. The bottom of the aquifer is an impermeable layer known as the Saqiya Group (Miocene-Pliocene
age), which is a very thick sequence of marls, marine shales, and clay stones [22]. The Saqiya Group
pinches out at around 10 km to 15 km from the coast in the South of Gaza Strip, and the coastal aquifer
rests directly on Eocene-age chalk. The saturated thickness of the Gaza coastal aquifer near the coast is
around 180 m in the North West, while it is around 40 m at the North Eastern border, and in the South
East, it is only few meters (5 m to 10 m; [23]). The Gaza Strip has more than 5000 wells distributed all
over the area; 200 wells are used for the water supply system, and the rest are either agricultural or
private wells [24].

As a result of aquifer exploitation and imbalance between recharge and abstraction in the past few
decades, the groundwater level has dropped to more than 10 m below mean sea level in the southern
part of Gaza Strip [21,24]. The yearly groundwater decline rate varies from north to south: in the north,
it ranges between 10 to 30 cm, and in the south, it reaches 70 cm [25].
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Figure 1. Typical cross-section of the Gaza Aquifer (after [26]).

3. Materials and Methods

3.1. Measurement of Nutrients in Groundwater

Coastal aquifers facilitate the interaction of nutrient-rich groundwater with nutrient-poor seawater.
This is especially important in oligotrophic settings, such as the eastern Mediterranean, where the
(NO3

− + NO2
−) content of seawater is typically <100 μM [11,27]. Nutrient sampling of shallow

groundwater was done to find indications of SGD, in order to select the best locations for radon
measurements. A total of 232 water samples have been collected, 228 of them are groundwater samples
taken along the Gaza coastline (51 samples in the north, 68 in the middle and 109 in the south), with a
distance ranging from 10 to 20 m from the high-tide line, after digging for 1 to 1.2 m in the beach sand.
Four samples were collected from shallow groundwater wells within 600 m from the coastline, which
penetrate a few meters in the groundwater (in the south of the Gaza Strip). All collected samples
were analyzed for nitrate (NO3

−), nitrite (NO2
−), ammonia (NH4

+), phosphate (PO4
3−), and salinity.

Figure 2A shows the coastal samples’ location (232 groundwater samples) and the grouping based on
the sample location. Each group of coastal samples were averaged based on location: north, middle,
and south of the Gaza Strip.

 

Figure 2. Nutrient sampling location and grouping, spatial distribution for NO3
− + NO2

−, NH4
+, and

salinity (map grid according to the Palestinian Grid System 1923). (A) Samples grouping vs wastewater
disposal location; (B) Spatial distribution of NO3

− + NO2
− along the coastline; (C) Spatial distribution

of NH4
+ along the coastline; (D) Spatial distribution of salinity along the coastline.
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Samples locations were verified, to make sure that sewage outflow to the sea was avoided.
Six locations were selected based on high nutrient concentrations to demonstrate SGD using RAD7
with RAD-AQUA for the continuous measurement of radon. Three maps of NO3

− + NO2
−, NH4

+,
and salinity were included to show the selection of the SGD locations (see Figure 2B–D).

3.2. Measurement of Radon Concentrations in Groundwater

Groundwater is enriched in radon compared to the surface water. While most of the radon (222Rn)
pore water is produced from particle-surface-bound radium (226Ra), and the accumulation of the
radium is likely regulated by the presence of manganese (hydr)oxides [28].

Radon has greater utility than radium as a SGD tracer when the discharge is fresh or a mixture of
fresh and recirculated seawater, since any groundwater in the aquifer (independent of its salinity) is
enriched in radon, due to its contact with the sediments and rocks. Radon-enriched fluid is transported
to coastal waters, and a radon mass balance can be used to calculate total submarine groundwater
discharge [28]. The main sources of uncertainty in the radon mass balance model are associated with:

(1) quantifying 222Rn loss by evasion to the atmosphere [29],
(2) quantifying 222Rn loss via mixing with offshore waters [30] and
(3) characterizing the groundwater end-member radon activity that supplied the measured excess

Rn in coastal waters [31–33].

Since radon is an inert gas, we may expect that the sediment and/or rock uranium/radium content
is the main source of radon; it is not produced by chemical reactions or pore water chemistry [28].
The sole source of radon (222Rn with a half time of 3.8 days) in groundwater is the radioactive decay of
radium (226Ra with a half time of 1600 years). Radium, the parent of radon, can be retained on grain
surface coatings, bound in the mineral lattice of the aquifer matrix, and dissolved in pore water [2].
The short half-life of 222Rn makes it an excellent tracer to identify areas of significant groundwater
discharge [34].

The automated radon system analyses 222Rn from a constant stream of water produced by a
submersible pump and passed through an air–water exchanger, which distributes radon from the
running flow of water to a closed air loop. The air stream is fed to the radon-in-air monitor. The radon
concentration in the water can easily be calculated from the known temperature dependence of the
radon distribution at equilibrium between the air and water phases [20].

Measurements of radon concentrations in the water column have been accomplished by standard
oceanographic sampling and analysis techniques (radon emanation) for measurement of 222Rn taking
the special care required for trace gas sampling [3,35,36]. Recently, “continuous” radon monitoring has
been described, which can provide high-resolution data on the radon concentration of coastal seawater
at one location over time [3,20].

The operation principle of the RAD AQUA device is the closed air loop in which the radon
concentration reaches equilibrium during water supply flow. The radon concentration in the water
compared to radon concentration in the air is governed by a temperature coefficient of 0.25 at room
temperature [3], meaning that four times more radon is present in the air, compared to water. This has
a favorable impact on measuring accuracy.

Six locations along the Gaza Strip coastline were measured for continuous radon, to assess the
SGD (Figure 3): two locations in the north, two in the middle, and two in the south of the Gaza Strip.
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Figure 3. Continuous radon measurement location.

3.3. Field Work

To measure the submarine groundwater discharge using radon as a groundwater tracer, RAD7
and RAD-AQUA were used together to measure continuous radon in water in six locations in the
Gaza Strip (Figure 3). A submersible pump was placed at the sea floor (at a depth ranging from 0.83
to 1.05 m), pumping water from the seafloor through a hose to the RAD-AQUA device for spraying,
while the RAD7 measures the produced radon from the sprayed water. We initially intended to
measure temporal changes of SGD, but due to the situation in the Gaza Strip, we were unable to do
this. The time duration for sampling was different in each sampling location according to the field
situation and obstacles found in the field. The duration ranged from 1.5 h to 2 days. In the middle part
of Gaza Strip (Deir El Balah governorate), two short measurements were carried out, ranging from
1.5 to 3 h; due to some practical constraints, we were not able to spend more time for measuring at
these sites. Table 1 shows the location and duration of each measurement.

Table 1. General information about the continuous radon measurement locations.

Area Site Name

Coordinates
(Palestinian Grid System 1923) Continuous Radon Measurement

Time Duration (Hours:Minutes)
Date of Measurement

X Y

South
Rafah 76,581.88 82,326.76 7:15 12 February 2014

Khan Younis 79,585.25 85,385.75 12:30 11–12 February 2014

Middle
Deir El Balah 86,148.19 92,004.30 3:00 19 February 2014

Zawaida 88,873.47 95,118.91 1:30 19 February 2014

North
Furosia 97,661.13 106,020.06 47:30 2–4 March 2014
Waha

(two tests) 99,830.23 108,689.72 9:30
11:30

1 March 2014
2 March 2014

3.4. SGD Model from Radon Tracing

Estimating groundwater discharge via radon is based on a mass balance approach. Inventories are
measured, either as a snapshot or continuously over time, and these inventories are converted to input
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fluxes after making allowances for losses, due to decay, atmospheric evasion, and net coastal “mixing”
terms. Although changing radon concentrations in coastal waters could be in response to a number
of processes, the advective transport of radon-rich groundwater (pore water) through sediment is
often the dominant process [37]. Thus, if one can measure or estimate the radon concentration in these
advecting fluids, the 222Rn fluxes may be easily converted to water fluxes. 222Rn is also produced by
226Rn in the sampled water, and this quantity has to be subtracted to obtain “Excess 222Rn”, which is
relevant for our purposes. The inventory refers to the total amount of excess 222Rn (222Rn in water
minus 226Rn in pore water) per unit area. Decay is not considered because the fluxes are evaluated on
a very short (1–2 h) time scales that are relative to the half-life of 222Rn [38].

The following data are required to perform the analysis: continuous measurement of total
222Rn activities (dpm·m−3) in the coastal water column, water depth measurement, water and air
temperatures, wind speed, atmospheric 222Rn concentrations, and 226Ra in the coastal water.

RAD7 device measures the total 222Rn (dpm·m−2) in the water column every 30 min. 226Ra could
not be measured during our research; hence, it has been taken from Weinstein et al. [39]. They measured
226Ra several times (Carmel coast in Israel, 60 km to the north of Gaza Strip) by gamma spectrometry,
to show 226Ra activity in the range of 200–240 dpm/kg in the sand. On the other hand, they found
222Rn in pore water to be in a range of 340 to 390 dpm·L−1 for the Kurkar groundwater [39].

Due to un-accessibility to measure the 222Rn activity offshore, we used the value of 1000 dpm·m−3

taken from Peterson et al. [40]. The wind speed at the time of measurement was taken from
http://www.wunderground.com.

We used the various assumptions that are inherent in the application of a 222Rn box model as
stated in Burnett and Dulaiova [3], Dulaiova et al. [30] and Burnett et al. [38], to derive a rate of
submarine groundwater discharge.

4. Results

4.1. Nutrients

High contents of (NO3
− + NO2

−) in the coastal samples may be representing SGD (Figure 4A).
The average groundwater concentration is 440 μM in wells, while in the coastal samples,
the concentration ranges from 204.6 to 320.1 μM. A trend of decreasing (NO3

− + NO2
−) (Table 2) is

shown from the north to the south of Gaza Strip. Literature states that fresh groundwater concentration
for (NO3

− + NO2
−) is around 330 μM [11]. The analyzed concentrations in the coastal samples of our

study, thus indeed indicating a substantial contribution of SGD.
The average concentration in the sampled groundwater wells was 4.9 μM of PO4

3−, while the
coastal samples were in the range of 5.6 to 11 μM (Table 2 and Figure 4B). Phosphate in the groundwater
wells is lower than the measured phosphate in the coastal samples.

Table 2. The number of coastal shallow groundwater nutrient samples and average concentrations in
different parts of the Gaza Strip.

Area (Group)
Number of

Samples
Statistical
Parameter

NO3
−

(μM)
NO2

−
(μM)

NO3
− +

NO2
− (μM)

NH4
+

(μM)
PO4

3−
(μM)

Salinity
(ppt)

North 51
Average 316.2 3.9 320.1 380.8 11.0 39.6

Standard deviation 167.4 4.3 167.1 152.4 7.0 0.5

Middle 68
Average 254.7 9.9 264.6 373.3 6.5 38.8

Standard deviation 117.3 17.7 130.4 223.3 5.2 0.7

South 109
Average 201.4 3.2 204.6 362.5 5.6 38.4

Standard deviation 80.9 6.8 83.5 198.5 5.1 1.7

Wells
(600 m from the

coastline)
4

Average 424.7 15.6 440.3 360 4.9 4.9

Standard deviation 262.0 30.0 276.0 201.8 6.6 4.9
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Figure 4. (A) Average (NO3
− + NO2

−), (B) Average PO4
3− and (C) Average NH4

+ vs salinity in Gaza
coastal shallow groundwater and in deeper wells.
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The average concentration of NH4
+ in the onshore wells is 360 μM, while the coastal samples are

ranging from 362.5 to 380.8 μM (Table 2 and Figure 4C). Hence, the fluxes to the sea have higher NH4
+

concentrations than seawater that is poor in NH4
+ (the ammonia concentrations in seawater vary from

<0.1 to 15.3 μM [41]).
The nutrient analytical results for the three groups (north, middle, south) were tested against the

significance of their difference, and it was found that, for nitrate, the three groups have significantly
different averages at the 5% significance level. This was not always the case for the other parameters.

4.2. Radon

Seven measurements for continuous radon monitoring using RAD7 and RAD-AQUA were carried
out in six locations (Figure 3 and Table 1).

The extracted data were processed following the Burnett and Dulaiova [3] model. The results
processed by the model are summarized in Table 3, while Figure 5 shows the model results for the
SGD flux per unit area based on each sample’s time series. Figure 6 illustrates the relationship between
the ebb/flood tide (water depth) and the SGD rate at the Furosia location, where positive advection
fluxes represent groundwater discharge into the Mediterranean Sea and tend to occur during ebb tide.

In the north, three measurements have been carried out, one in Furosia and two in Waha
sites. The Waha site should have one continuous measurement but due to pump failure after 9.5 h,
we stopped the measurement and continued with a second measurement after replacing the portable
submersible pump. The results show 0.92 ± 0.27 dpm·L−1 for radon in water at the Furosia site, which
results in 1.4 cm·day−1 as an average SGD flux per unit area for two days of measurements. At the
Waha site, radon was in the range of 0.37 ± 0.17 to 0.45 ± 0.18 dpm·L−1 and the produced SGD rate is
1.5 cm·day−1 as an average for both measurements. The average SGD rate in the north of Gaza Strip is
1.5 cm·day−1.

In the south of the Gaza Strip, higher radon concentrations were found: 3.51 ± 0.67 and
8.2 ± 1.2 dpm·L−1 in Rafah and Khan Younis, respectively, which produced SGD fluxes per unit area
of 5.1 cm·day−1 and 5.9 cm·day−1 in Rafah and Khan Younis, respectively (average of 5.5 cm·day−1).

The calculated SGD in the middle part of Gaza Strip showed identical values of 0.9 cm·day−1

at both measuring sites, which gave us some confidence that the produced fluxes, in spite of the
short time during which they were measured, were still fine. Further monitoring is recommended to
enhance the results.

A sensitivity analysis was carried out to check the effect of the value for 222Rn offshore taken from
Peterson et al. [40] (1000 dpm·m−3) to the overall SGD rate calculations, by dividing and multiplying
the value for 222Rn offshore by 2, and re-calculating the SGD rate for each measured location (Table 4).
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Table 4. Sensitivity analysis for the effect of 222Rn offshore to the calculated submarine groundwater
discharge (SGD) rate.

Location Name

Final SGD Rate (cm·day−1)
with 222Rn Offshore (dpm·m−3)

500 1000 2000

Waha-1 2.2 2.0 1.9
Waha-2 1.0 1.0 1.0
Furosia 1.4 1.4 1.3

Zawaida 0.8 0.9 1.0
Deir El Balah 0.8 0.9 1.1
Khan Younis 6.7 5.9 6.0

Rafah 5.1 5.1 5.1

  

  

  

Figure 5. Cont.
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Figure 5. Radon in water and SGD rate in (A) Rafah, (B) Khan Younis, (C) Deir El Balah, (D) Zawaida,
(E) Furosia, (F) Waha-1 and (G) Waha-2.

 

Figure 6. Relationship between ebb/flood tide and the SGD rates.

5. Discussion

This is the first study that has been carried out to quantify submarine groundwater discharge in
the Gaza Strip, whereas seawater intrusion has been studied in this area, due to extensive abstraction
and low groundwater recharge. Gaza Strip groundwater abstraction amounts to 170 million m3 [24,42],
while the long term rainfall recharge is 24.4 million m3/year [21], leading to lowering of the
groundwater level by more than 10 m in the south, and 5 m in the north.

Nutrient analysis is a good way to identify potential locations of SGD occurrence, taking into
consideration any other nutrient source (i.e., sewage outflow to the sea and/or agricultural activities
close to the sea). Seawater is mainly poor in nutrients; hence, any high level of nutrients along the
shoreline would be from groundwater. In this study, we used the nutrient analysis to indicate the
potential sites for SGD, and to identify potential radon measuring sites. We found that the average
(NO3

− + NO2
−) in all groups had increased values. Also, considering the high NH4

+ concentration in
coastal samples compared to the seawater to be within the range of the onshore groundwater wells,
this allowed us to conclude that SGD was indeed taking place.

Phosphate is as low as 5 μM in the groundwater wells, probably due to phosphate removal by
water–rock interaction, while the coastal samples showed higher phosphate concentration in all groups,
except the samples in Rafah governorate.
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Only one method of SGD quantification has been applied in the study area, while other tools
could not be carried out to enhance the accuracy of the outcomes. Seepage meters collecting in situ
pore water in a closed system, are expected to provide more reliable results on the local scale.

The results show a variation in SGD quantity from the north to the south of Gaza Strip, where the
southern part has higher fluxes than the north, while the middle area of Gaza Strip has a low quantity
of SGD.

In the northern part of the Gaza Strip, where three continuous radon measurements were
performed, the SGD rates were in the range of 1.0 to 2.0 cm·day−1 (average of 1.5 cm·day−1). On the
other hand, the SGD rates were higher in the south (range of 5.1 to 5.9 cm·day−1), while they were
minimal in the middle part (0.9 cm·day−1). It was calculated (Table 5) that, considering solely a strip of
1 m wide along the coastline, in the north, a groundwater quantity of 97 × 103 m3/year is discharged
into the Mediterranean Sea, while this is only 31 × 103 m3/year in the middle part, and a large flux of
247 × 103 m3/year in the south. The results thus show a variation in SGD quantity from the north to
the south of the Gaza Strip, where the southern part shows higher fluxes than the north, while the
middle area shows low quantities of SGD.

Table 5. SGD and associated nutrient discharge occurring in a 1 m wide strip along the Gaza coast.

Area
(Group)

Coastline
Length (km)

SGD

NO3
− NO2

− NH4
+ PO4

3−
Rate

cm/day
Quantity
m3/year

North 18.1 1.5 97,116
316.2 μM 3.9 μM 380.8 μM 11 μM

1412.6 kg/year 23.5 kg/year 665.7 kg/year 101.5 kg/year

Middle 9.5 0.9 31,208
254.7 μM 9.9 μM 373.3 μM 6.5 μM

365.6 kg/year 19.2 kg/year 209.7 kg/year 19.3 kg/year

South 12.3 5.5 246,923
201.4 μM 3.2 μM 362.5 μM 5.6 μM

2287.6 kg/year 49.0 kg/year 1611.2 kg/year 131.4 kg/year

Total for all Gaza Strip coastline
(1 m wide strip) 375,246 4066 kg/year 92 kg/year 2487 kg/year 252 kg/year

Calculating SGD quantity in a 1 m wide strip along the whole Gaza coastline results in total SGD
of 0.38 million m3/year, where the SGD quantity in the south is more than two times higher compared
to the north. SGD may be expected to occur over a much wider area, although the rates can be expected
to decrease with increasing distance from the coast. For this reason, we refrain from taking the whole
outcrop area of Kurkar Group at the sea bottom into account, as the measured SGD may be expected
to represent the maximum rates, which are not representative for the whole submarine outcrop area.
Considering that SGD would occur with this rate in a strip of 100 m wide (which still appears to be a
conservative estimate), results in a quantity of 38 million m3 of groundwater being discharged yearly
to the Mediterranean Sea along Gaza coast.

The reason behind having higher SGD in the south compared to the north, while the recharge rate
from rainfall is higher in the north than in the south [21], probably refers to the amount of abstraction
quantities (in the north, 61.6% of total groundwater abstraction (for domestic water supply) is located,
while it is only 16.4% in the middle area and 22% in the southern part of Gaza Strip; [24]). More
abstraction in the north leads to less groundwater discharge to the sea. On the other hand, the low
SGD rate in the middle part of Gaza Strip (0.9 cm·day−1 on average) is probably related to the presence
of Sabkhas, which act as discharge areas for groundwater and intercept the groundwater before it can
reach the sea.

In a coastal strip of only 1 m wide, a yearly discharge of over 4 tons of nitrate and 2.5 tons of
ammonium to the Mediterranean Sea occurs (Table 5). Assuming that SGD with the measured rates
would occur in a strip of 100 m wide, would result in nutrient discharges that are one hundred times
larger than calculated in Table 5, that is, over 400 tons of nitrate and 250 tons of ammonium that are
yearly discharged by Gaza Strip groundwater into the sea.
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The obtained results from using different 222Rn offshore values (Table 4) showed no significant
difference to the overall calculated SGD rate, which gave us confidence to use 222Rn offshore, as stated
in Peterson et al. [40].

6. Conclusions

Using nutrient analytical results along the shoreline helps us to identify potential sites of
submarine groundwater discharge, after eliminating sites where nutrients may be due to other potential
sources (such as sewage outflow to the shoreline and/or agricultural practices that are close to the
shoreline). In our study, the raised nutrient concentrations in shallow groundwater collected near the
shoreline, helped us to confirm that SGD is taking place, and that it can be further investigated by the
means of 222Rn measurements.

Gaza Strip has suffered from seawater intrusion in the past few decades, even though groundwater
discharge to the Mediterranean Sea is still occurring, with a range of up to 5.9 cm·day−1 (in the selected
sites the minimum SGD rate was 0.9 cm·day−1). SGD rate was found to be maximal in the south of Gaza
Strip (average of 5.5 cm·day−1), while being much lower in the north (average of 1.5 cm·day−1) in spite
of the substantially higher groundwater recharge in the north. This must be related to groundwater
exploitation, which is much higher in the north. In central Gaza, measured SGD rate is minimal
(average of 0.9 cm·day−1), which must be due to the presence of Sabkhas, acting as groundwater
discharge areas, and intercepting the groundwater before it reaches the sea. The sensitivity analysis
carried out for 222Rn offshore showed no major effect on the calculated SGD rate in our study.

The analysis showed a groundwater discharge to the sea of about 0.38 million m3/year in a 1 m
wide strip along the full length of Gaza coast. Assuming that the same SGD rate occurs in a 100 m wide
strip, this results in a yearly SGD quantity of 38 million m3/year along the Gaza coastline. This SGD
transports over 400 tons of nitrate and 250 tons of ammonium to the Mediterranean Sea.

Regular measurements of SGD will enhance our understanding of water balance in the Gaza
Strip, and describe the temporal and spatial variability of SGD along the Gaza coastal aquifer.
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Abstract: Time series models based on an artificial neural network (ANN) and support vector machine
(SVM) were designed to predict the temporal variation of the upper and lower freshwater-saltwater
interface level (FSL) at a groundwater observatory on Jeju Island, South Korea. Input variables
included past measurement data of tide level (T), rainfall (R), groundwater level (G) and interface
level (F). The T-R-G-F type ANN and SVM models were selected as the best performance model
for the direct prediction of the upper and lower FSL, respectively. The recursive prediction ability
of the T-R-G type SVM model was best for both upper and lower FSL. The average values of the
performance criteria and the analysis of error ratio of recursive prediction to direct prediction (RP-DP
ratio) show that the SVM-based time series model of the FSL prediction is more accurate and stable
than the ANN at the study site.

Keywords: artificial neural network; support vector machine; time series model; freshwater-saltwater
interface; direct prediction; recursive prediction

1. Introduction

Monitoring and forecasting of temporal changes of the freshwater-saltwater interface level (FSL)
in coastal areas is necessary for the early detection of saltwater intrusion and the management of
coastal aquifers. To measure the location and variation of FSL, the geophysical well logging technique
to capture the vertical profile of electrical conductivity or salinity has been traditionally employed [1,2].
Recently, research has been conducted on the development of an interface egg device to monitor the
temporal variation of FSL [3].

For the simulation or prediction of saltwater intrusion into aquifers, physics-based numerical
models have been developed and applied to various field sites; Gingerich and Voss [4] applied
3D-SUTRA model to a coastal aquifer in Hawaii for the simulation of the saltwater intrusion; Werner
and Gallagher [5] characterized seawater intrusion in coastal aquifers of the Pioneer Valley, Australia
using MODHMS model; Guo and Langevin [6] developed SEAWAT, a variable-density finite-difference
groundwater flow mode and Rozell and Wong [7] applied it to Shelter Island, USA for assessing effects
of climate change on the groundwater resources; Yechieli et al. [8] examined the response of the
Mediterranean and Dead Sea coastal aquifers using FEFLOW model. Physics-based numerical models
are powerful tools for the simulation or prediction of temporal and spatial variation of FSL in a given
domain. However, they require a large quantity of precise data related to the physical properties of
the domain, a lack of which can cause severe deterioration in the accuracy and reliability of their
results [9,10]. Time series modeling can be an effective alternative approach for predicting saltwater
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intrusion where geological and geophysical surveys are limited and monitoring data of temporal
variation related to saltwater intrusion are available.

Recently, in the field of hydrology and hydrogeology, research on the application of time series
models—based on machine learning techniques such as an artificial neural network (ANN) and
a support vector machine (SVM) to prediction of water resources variations—have been increased;
Zealand et al. [11] utilized the ANN for forecasting short term stream flow of the Winnipeg River system
in Canada; Akhtar et al. [12] applied ANN to river flow forecasting at Ganges river; Hu et al. [13]
explored new measures for improving the generalization ability of the ANN for the prediction of the
rainfall-runoff; Coulibaly et al. [14] and Mohanty et al. [15] examined the performance of ANN for
the prediction of groundwater level (GWL) fluctuations; Coppola et al. [16] used the ANN for the
prediction of GWL under variable pumping conditions; Liong and Sivapragasam [17], and Yu et al. [18]
employed the SVM for the prediction of the flood stage; Asefa et al. [19] used the SVM for designing
GWL monitoring networks; Gill et al. [20] assessed the effect of missing data on the performance of ANN
and SVM models for GWL prediction; Yoon et al. [21] used ANN and SVM for long-term GWL forecast.

For coastal aquifer management, time series models have been developed to predict groundwater
level (GWL) fluctuations using machine learning methods [22–24]. In the domain of saltwater intrusion,
recent studies have used a time series modeling approach [25,26]; however, their target was to predict
salinity at coastal rivers rather than FSL change in coastal aquifers.

In this study, we monitored temporal variations of the upper and lower FSL of a groundwater
observatory at Jeju Island in South Korea. Using the observed FSL data, we designed time series models
based on artificial neural networks and support vector machines for the prediction of FSL fluctuations.
The prediction accuracy of FSL was estimated with different structures of models. The paper is
organized as follows: Section 2 describes the study site and FSL monitoring data. Section 3 describes
the development of the time series models for FSL prediction based on artificial neural networks and
the support vector machines. The FSL prediction results are described and discussed in Section 4,
and conclusions are drawn in Section 5.

2. FSL Monitoring

2.1. Study Area

The study site is a groundwater observatory (HD2) located at the north-eastern part of Jeju Island
in South Korea (Figure 1). Jeju Island is the largest volcanic island in South Korea with an area of
1849 km2, where the mean annual air temperature is 16.2 ◦C and total annual precipitation is 1710 mm.

Figure 1. Location of the study site.
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Perennial rivers are scarce on Jeju Island, so groundwater is a main water source for domestic,
agricultural or industrial uses, as well as a main source of drinking water, therefore, the groundwater
has been systematically managed with a saltwater intrusion monitoring network by the local
government. The HD2 groundwater observatory (one of the saltwater intrusion monitoring networks),
is located 2.3 km from the coast-line and 42.73 m (above mean sea level: AMSL). Rainfall and tide
level monitoring stations are located near the north-eastern shoreline at a distance of 6.1 km and
12.3 km from HD2, respectively. A geophysical survey was conducted to measure the vertical profile
of electrical conductivity in HD2. The results show that the freshwater-saltwater interface appears
between −49.0 m and −62.0 m (AMSL) where the electrical conductivities are 16.2 mS/cm and
40.7 mS/cm, respectively (Figure 2).

 

Figure 2. Vertical profile of electrical conductivity at the HD2 observatory.

2.2. Monitoring Device and Data

We utilized the interface egg developed by Kim et al. [3] to monitor the temporal variation of FSL
at the HD2 observatory. The interface egg is a monitoring probe designed to have a specific density of
the value between freshwater and saltwater, which enables it to float on the FSL based on the concept
of neutral buoyancy. Using the measured pressure data of the interface egg, and a pressure sensor at
a fixed depth, the position of the FSL at time t is estimated as follows (Figure 3):

FSL(t) = EL − (b − a(t) + c(t)) (1)

where EL is an elevation of a top of well casing; a(t) is the pressure value measured at fixed depth b;
and c(t) is the pressure value measured at the interface egg.

77



Water 2017, 9, 323

Salt water

Freshwater

Figure 3. Schematic diagram of the freshwater-saltwater interface level (FSL) monitoring system using
the interface egg (modified from Kim et al. [3]).

Taking into account the vertical profile of electrical conductivity, we installed two interface eggs
at around −49.0 m and −62.0 m (AMSL) which corresponded to the upper and lower boundaries of
the freshwater-saltwater interface at the HD2 observatory. We additionally installed a pressure sensor
at a fixed depth to monitor the GWL fluctuations. Hourly measured data of GWL, upper and lower
FSLs, rainfall and tide level from 15 September–5 October 2014, are shown in Figure 4.
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Figure 4. Time series data of groundwater level (GWL), upper and lower FSL, rainfall and tide level at
the HD2 observatory.

The result of cross correlation analyses between the time series data at the HD2 observatory shows
that the correlation of upper FSL with tide and GWL is much higher than of the lower FSL (Table 1).
The maximum correlation coefficient between GWL and upper FSL is the highest: 0.97 at a lag time of
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0 h, which indicates that the movement of the upper FSL is strongly and immediately influenced by
GWL. Furthermore, the maximum correlation coefficient of tide–GWL and tide–upper FSL are as high
as 0.85 and 0.83 at a lag time of 2 h, respectively. The correlation of rainfall with GWL and FSL is not
significant for this study.

Table 1. Results of cross correlation analysis for measured time series data at the HD2 observatory.

Variables Max. Correlation Coefficient Lag Time (Hour)

T-G 0.85 2
R-G 0.14 43

T-F (upper) 0.83 2
R-F (upper) 0.11 47
G-F (upper) 0.97 0
T-F (Lower) 0.56 6
R-F (Lower) 0.27 19
G-F (Lower) 0.54 4

Notes: Where T: tide; R: rainfall; G: groundwater level; F: interface level.

3. FSL Prediction Model Development

We employed artificial neural network (ANN) and support vector machine (SVM) techniques to
construct time series models for the prediction of the upper and lower FSL fluctuations. Theoretical
backgrounds of the ANN, SVM, and time series modeling process are described below.

3.1. Aritificial Neural Network (ANN)

The ANN is a mathematical framework patterned after the parallel processing sequence of
the human brain. A feedforward network (FFN), one of the most common structures of the ANN,
is generally composed of three layers of input, hidden and output (Figure 5a). Each layer of the ANN
has a certain number of nodes and each node in a layer is connected to other nodes in the next layer
with a specific weight and bias. The mathematical expression of the calculation process in the FFN is
as follows:

xj = f

(
n

∑
i=1

wijxi + bj

)
(2)

where the subscript i and j denote the previous and present layer, respectively; x is the nodal value;
w and b are weight and bias values, respectively; n is the number of nodes in the previous layer; and f
denotes a transfer function of the present layer. Log-sigmoid and linear functions were allocated to
hidden and output layers, respectively, which are known to be an effective combination for enhancing
the extrapolation ability of the ANN [27,28].

The purpose of the ANN model building is to find the optimal values of weights and biases by
learning or training from the given input and output data. We employed a back-propagation algorithm
(BPA) with momentum suggested by Rumelhart and McClelland [29] for training the ANN. The weight
and bias update rule of the BPA can be expressed as follows:

En =
N

∑
k=1

(ŷn
k − yn

k )
2 (3)

Δwn = MM Δwn−1 + (1 − MM)LR
(
− ∂En

∂wn

)
(4)

Δbn = MM Δbn−1 + (1 − MM)LR
(
−∂En

∂bn

)
(5)
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where En is a sum of squared errors between observed (y) and estimated (ŷ) values at n-th weight and
bias update stage, MM and LR denote the momentum and learning rate values, respectively, and N is
the number of data allocated to the training stage. In this study, three model parameters; i.e., number
of hidden nodes (HN), MM and LR were determined by a grid search that is one of the trial and error
method. We took into account 6 values for every ANN model parameters: HN ∈ [2, 5, 10, 15, 20, 25],
MM ∈ [0.0, 0.1, 0.3, 0.5, 0.7, 0.9], and LR ∈ [0.001, 0.005, 0.01, 0.015, 0.02, 0.025], which composes 216
candidate groups of model parameters.

3.2. Suport Vector Machine (SVM)

The SVM, a relatively new machine learning method suggested by Vapnik [30], is based on the
structural risk minimization (SRM) rather than the empirical risk minimization (ERM) of the ANN.
From a data classification point of view, ERM based machine learning method is designed to minimize
the error of the estimated classifier for the data in the training stage. Therefore, the model update is
stopped when the error of the training stage data is zero or within a certain value of the tolerance.
The SRM based method, such as the SVM, is designed to maximize a margin between data groups to
be classified, which maximize the generalization ability of the model. The mathematical expression of
the output estimation of the SVM is as follows:

S(x) = w · φ(x) + b (6)

where S denotes an SVM estimator, w denotes a weight vector, φ is a nonlinear transfer function that
maps input vectors into a higher-dimensional feature space. Platt [31] introduced a convex optimization
problem with an ε-insensitivity loss function to find the solution of Equation (6) as follows:

minimize
w,b,ξ,ξ∗

1
2‖w‖2 + C

N
∑

k=1

(
ξk + ξ∗k

)

subject to

⎧⎪⎨
⎪⎩

yk − wTφ(xk)− b ≤ ε + ξk
wTφ(xk) + b − yk ≤ ε + ξ∗k

ξk, ξ∗k ≥ 0

⎫⎪⎬
⎪⎭ k = 1, 2, · · · , N

(7)

where ξ and ξ∗ are slack variables that penalize errors of estimated values over the error tolerance ε,
C is a trade-off parameter that controls the degree of the empirical error in the model building process,
and x is the input vector in the training stage. Equation (7) can be solved using Lagrangian multipliers
and the Karush-Kuhn-Tucker (KKT) optimality condition as follows:

maximize
α, α∗

⎧⎪⎪⎨
⎪⎪⎩

− 1
2

N
∑

k,l=1

(
αk − α∗k

)(
αl − α∗l

)
K(xk, xl)

−ε
N
∑

k=1

(
αk + α∗k

)
+

N
∑

k=1
yk
(
αk − α∗k

)

subject to

⎧⎨
⎩

N
∑

k=1

(
αk − α∗k

)
= 0

0 ≤ αk, α∗k ≤ C

to obtain F(x) =
n
∑

k=1

(
αk − α∗k

)
K(x, xk) + b

(8)

where α and α∗ are Lagrangian multipliers, K is a kernel function defined by an inner product of
the nonlinear transfer functions. A radial basis function with parameter σ is commonly used as the
kernel function:

K(x, xk) = exp

(
−‖x − xk‖2

2σ2

)
(9)
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We employed the sequential minimal optimization (SMO) algorithm [32] to solve Equation (8)
and construct the SVM model. The SMO minimizes a subset of target variables by two and finds an
analytical solution of the subset repeatedly, until all given input vectors satisfy the KKT conditions.
A detailed explanation of the SMO algorithm can be found in References [31,32]. The SVM model
parameters of C, ε, and σ were selected by the grid search method like the ANN. We took into account
six values for every SVM model parameters: C ∈ [0.5, 1.0, 3.0, 5.0, 7.0, 10.0], ε ∈ [0.01, 0.05, 0.1, 0.11,
0.12, 0.13], and σ ∈ [0.5, 1.0, 1.5, 2.0, 2.5, 3.0], which composes 216 candidate combinations of model
parameters. A schematic diagram of the SVM structure is shown in Figure 5b.
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Figure 5. Schematic diagrams of the (a) artificial neural network (ANN) and (b) support vector machine
(SVM) structure.

3.3. Time Series Modeling Strategy

In general, two types of strategies can be taken into account for time series modeling: direct
and recursive prediction [33,34]. The direct prediction strategy always uses actual measured data as
input components, thus, model accuracy is high, especially for short-term predictions. For long-term
predictions, it requires separate models for every prediction horizon, which increases the computational
burden and reduces the efficiency of the time series modeling. The direct prediction strategy can be
expressed as follows:

ŷDP
t = Mh

DP
(

Xi
τi

, YτY

)
,

⎧⎪⎨
⎪⎩

i = 1, ..., n
Xi

τi
= xi

t−1, ..., xi
t−ai

YτY = yt−1, ..., yt−aY

(10)

where ŷDP
t is estimated target value at time t based on the direct prediction strategy, Mh

DP is a time
series model of the direct prediction for the prediction horizon of h; Xi and xi are i-th exogenous input
variable and its components, respectively; Y is an autoregressive input variable that is identical to
a target variable; ai and aY are the number of past measurement data for Xi and Y. The autoregressive
input variable can be deleted if a model only uses exogenous inputs.

The recursive prediction strategy generally utilizes 1-lead time ahead of the direct prediction
model repeatedly for estimating the autoregressive input components, which enables the model to
perform a simulation and long-term prediction effectively. However, the error occurred from the direct
prediction model in the previous time step can be accumulated continuously with time steps, which
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can deteriorate the model performance significantly [21,34]. Therefore, it is important to build an
adequate direct prediction model for stable and accurate recursive prediction. The recursive prediction
strategy is expressed as:

ŷRP
t = M1

DP
(

Xi
τi

, ŶτY

)
,

⎧⎪⎨
⎪⎩

i = 1, ..., n
Xi

τi
= xi

t−1, ..., xi
t−ai

ŶτY = ŷt−1, ..., ŷt−aY

(11)

where ŷRP
t is estimated target value at time t based on the recursive prediction strategy, M1

DP is a 1-lead
time direct prediction model and Ŷ is the estimated autoregressive input variable. In this study, ANN-
and SVM-based time series models with four types of input structures as combinations of tide level,
rainfall, GWL, and FSL were designed for upper and lower FSL data, respectively. The number of past
measurement data used for the component of each variable is described in Table 2. As an example,
estimated upper FSL value at time t based on the 1-lead time ahead of direct and recursive prediction
strategies using T-R-G-F type model can be expressed as Equations (12) and (13), respectively.

ŷDP
t = MDP

1

(
x1

t−4, . . . , x1
t−1, x2

t−4, . . . , x2
t−1, x3

t−3, . . . , x3
t−1, yt−4, . . . , yt−1

)
(12)

ŷRP
t = MDP

1

(
x1

t−4, . . . , x1
t−1, x2

t−4, . . . , x2
t−1, x3

t−3, . . . , x3
t−1, ŷt−4, . . . , ŷt−1

)
(13)

where x1
t−k, x2

t−k, and x3
t−k are measured data of tide, rainfall, and GWL at time t-k, respectively; yt and

ŷt are measured and estimated FSL values at time t, respectively.
The data allocation for the model building and validation stages of the ANN and SVM models

are described in Table 3.

Table 2. Model input structures and the number of components for each variable.

Input Structures
(Model Type)

Number of Components for Variables

T R G F Total

Upper FSL

T-R 4 4 – – 8
T-R-F 4 4 – 4 12
T-R-G 4 4 3 – 15

T-R-G-F 4 4 3 4 19

Lower FSL

T-R 8 4 – – 12
T-R-F 8 4 – 4 16
T-R-G 8 4 5 – 17

T-R-G-F 8 4 5 4 21

Notes: Where T: tide; R: rainfall; G: groundwater level; F: interface level.

Table 3. Data allocation for time series model building and validation.

Data Type
Data Allocation

Model Building Model Validation

Upper FSL
Num. data 250 247

Time 7:00 15 September–12:00 21 September 13:00 21 September–23:00 5 October

Lower FSL
Num. data 300 197

Time 7:00 15 September–17:00 27 September 18:00 27 September–23:00 5 October
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4. Results and Discussion

4.1. Direct Prediction of FSL

Time series models of 1-h direct prediction for the upper and lower FSL were constructed.
The selected model parameters of the ANN and SVM for each type of input structure are described
in Table 4.

Table 4. The selected ANN and SVM model parameters for the FSL prediction.

Model Type
ANN SVM

HN LR MM C Eps Sig

Upper
FSL

T-R 2 0.001 0.0 7.0 0.13 3.0
T-R-F 15 0.020 0.0 5.0 0.05 2.5
T-R-G 2 0.005 0.3 7.0 0.10 3.0

T-R-G-F 5 0.005 0.0 10.0 0.05 3.0

Lower
FSL

T-R 15 0.001 0.9 3.0 0.11 2.0
T-R-F 15 0.001 0.3 5.0 0.13 3.0
T-R-G 20 0.001 0.9 0.5 0.13 2.5

T-R-G-F 10 0.001 0.0 5.0 0.13 3.0

Three performance criteria were used to evaluate the prediction ability of the ANN and
SVM model, including the root mean squared error (RMSE), mean absolute relative error (MARE),
and correlation coefficient (CORR), as follows:

RMSE =

√√√√ 1
N

N

∑
k=1

(ŷk − yk)
2 (14)

MARE =
1
N

N

∑
k=1

|ŷk − yk|∣∣ymax
k − ymin

k

∣∣ × 100 (15)

CORR =

N
∑

k=1
(yk − y)

(
ŷk − ŷ

)
√

N
∑

k=1
(yk − y)2

√
N
∑

k=1

(
ŷk − ŷ

)2
(16)

where ymax and ymin denote the maximum and minimum values of the observed data, respectively;
and y and ŷ denote the average observed and estimated values, respectively. The RMSE is a useful
index for model performance evaluation when large errors are particularly undesirable as the errors are
squared before they are averaged, which makes large errors have a relatively high weight. The MARE
is the mean absolute error value divided by the range of observed data, thus it can compare the
prediction results of the time series data showing different ranges of fluctuation. The CORR measures
the extent and direction of a linear relationship between the observed and estimated values.

The model performance criteria of ANN and SVM models for 1-h direct prediction of the upper
FSL show that overall prediction accuracy is high: RMSE was below 0.07 m, MARE below 10.82%,
and CORR over 0.89 (Table 5). The model performance of the T-R-F and T-R-G-F type models (which
uses past measurement data of FSL as input values) were better than that of the T-R and T-R-G type
models. The T-R-G-F type SVM model showed the best performance for 1-h direct prediction of the
upper FSL. The average value of each performance criteria shows that the overall direct prediction
ability of the SVM was better than ANN for the upper FSL data in this study. The observed data
and direct prediction results for the upper FSL are shown in Figure 6. Various types of ANN and
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SVM models were trained adequately during the model building stage and there was no significant
difference between the estimated values for the input structures.

Table 5. Model performance criteria values for the direct prediction of upper FSL.

Model Index T-R T-R-F T-R-G T-R-G-F Average

ANN

RMSE (m) 0.061 0.034 0.042 0.032 0.042
MARE (%) 10.329 5.901 7.083 5.613 7.232

CORR 0.888 0.965 0.935 0.964 0.938

SVM

RMSE (m) 0.072 0.029 0.038 0.023 0.040
MARE (%) 12.335 4.959 6.221 3.944 6.865

CORR 0.882 0.982 0.954 0.980 0.949

 

Figure 6. Direct prediction results for the upper FSL: (a) ANN and (b) SVM.

The quality performance of the direct prediction for the lower FSL was not as high as the upper
FSL: the MARE values lay between 8.438% and 18.494%, and CORR values between 0.549 and 0.908
(Table 6). The RMSE values, ranging from 0.020 m to 0.040 m, were lower than the upper FSL prediction;
however, this was not due to the prediction result for the lower FSL being better, but that the range of
fluctuation of the lower FSL was smaller than the upper. The correlation of tide level and GWL with
the lower FSL was weaker than the correlation with the upper FSL, which could cause deterioration
in the model performance. The performance of the T-R-F and T-R-G-F type models was better than
that of the T-R and T-R-G type models for lower FSL prediction, which was similar to the upper FSL
prediction. The T-R-G-F type ANN model showed the best performance for 1-h direct prediction
of the lower FSL; however, the average value of the performance criteria of the SVM models was
better than the ANN. The observed data and direct prediction results for the lower FSL are shown in
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Figure 7. The model building stage data included some abnormally high peaks (dashed circle) that
probably had occurred due to pumping for an agricultural activity around the study site, which were
not sufficiently trained by the ANN and SVM models, and can cause the underestimation at peak
values in the validation stage.

Table 6. Model performance criteria values for the direct prediction of lower FSL.

Model Index T-R T-R-F T-R-G T-R-G-F Average

ANN

RMSE (m) 0.034 0.020 0.040 0.020 0.028
MARE (%) 15.314 8.438 18.494 8.623 12.717

CORR 0.593 0.885 0.549 0.908 0.734

SVM

RMSE (m) 0.028 0.022 0.030 0.021 0.025
MARE (%) 12.630 9.229 12.654 9.104 10.904

CORR 0.777 0.859 0.733 0.867 0.809

 

Figure 7. Direct prediction results for the lower FSL: (a) ANN and (b) SVM.

The results of the direct prediction showed that the best performance models for the upper and
lower FSL were different and that the performance of the SVM model was less sensitive to the input
structure of the ANN for the FSL data.

4.2. Recursive Prediction of FSL

The recursive prediction models of the upper and lower FSL were designed using the 1-h direct
prediction models. The model performance criteria for the recursive prediction of the upper and lower
FSL are described in Tables 7 and 8, respectively.
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Table 7. Model performance criteria values for the recursive prediction of upper FSL.

Model Index T-R T-R-F T-R-G T-R-G-F Average

ANN

RMSE (m) 0.061 0.061 0.042 0.056 0.055
MARE (%) 10.329 10.582 7.083 9.852 9.462

CORR 0.888 0.965 0.935 0.892 0.902

SVM

RMSE (m) 0.072 0.069 0.038 0.040 0.055
MARE (%) 12.335 12.255 6.221 7.043 9.463

CORR 0.882 0.920 0.954 0.943 0.925

Table 8. Model performance criteria values for the recursive prediction of lower FSL.

Model Index T-R T-R-F T-R-G T-R-G-F Average

ANN

RMSE (m) 0.034 0.042 0.040 0.034 0.037
MARE (%) 15.314 16.837 18.494 14.937 16.395

CORR 0.593 0.420 0.549 0.806 0.592

SVM

RMSE (m) 0.028 0.034 0.030 0.035 0.032
MARE (%) 12.630 14.347 12.654 14.773 13.601

CORR 0.777 0.611 0.733 0.592 0.678

The overall model performance of the recursive prediction was lower than the direct prediction.
The T-R-G type SVM models showed the best performance and the average values of the performance
criteria of the SVM was superior to ANN for the recursive prediction of both the upper and lower
FSL. The success of the recursive prediction highly relied on the generalization ability of the model to
capture the relationship between the input and output variables of the given system as the observed
data of the output variables are not available as input components. Based on the SRM, the inherent
generalization ability of the SVM may capture the relationship between input and output data of this
study more effectively than the ANN. The recursive prediction results of the ANN and SVM models
for the upper and lower FSL are shown in Figures 8 and 9, respectively.

Figure 8. Recursive prediction results for the upper FSL: (a) ANN and (b) SVM.
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Figure 9. Recursive prediction results for the lower FSL: (a) ANN and (b) SVM.

The direct prediction strategy is efficient for the short-term prediction where a real-time
measurement data of the target variable is available, and the recursive prediction strategy is necessary
for the long-term prediction or the simulation of the target variable variation. However, as mentioned
above and in Section 3.3, the error of the estimated target value can be accumulated with time steps in
the recursive prediction strategy. Thus, it is important to build an adequate direct prediction model
that learnt a response function of the given system. To evaluate the stability of the recursive model
building, the RP-DP ratio [24] was calculated for T-R-F and T-R-G-F type models with 216 candidate
model parameter groups:

RP − DP ratio =
RMSE of the recursive prediction

RMSE of the direct prediction
(17)

The RP-DP ratio value stands for the extent of the consistency between the direct and recursive
prediction models. Thus, a narrower distribution with lower values of the RP-DP ratio indicates
a higher possibility that a recursive prediction model of high consistency with a direct prediction
model is selected. The calculated RP-DP ratio values of the ANN models were more distributed
than the SVM for both the T-R-F and T-R-G-F type models and the upper and lower FSL (Figure 10).
These results indicate that the SVM method is more efficient and stable than the ANN for the recursive
prediction of the FSL data in this study.
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Figure 10. Comparison of RP-DP ratio values for ANN and SVM models: (a) T-R-F type model for
upper FSL; (b) T-R-G-F type model for upper FSL; (c) T-R-F model for lower FSL; (d) T-R-G-F type
model for lower FSL.

5. Summary and Conclusions

In this study, the temporal variation of the upper and lower FSL was monitored using interface
eggs at the HD2 observatory on Jeju Island, South Korea. The ANN- and SVM-based time series
models of FSL prediction were developed and their performance compared. The result of the direct
prediction shows that the T-R-G-F type ANN model was best for upper FSL prediction and the T-R-G-F
type SVM model for the lower FSL. The T-R-G type SVM model was best for the recursive prediction
of both upper and lower FSL. The average values of the model performance criteria indicated that the
overall prediction ability of the SVM model was superior to the ANN. The analysis of the RP-DP ratio
distribution showed that the SVM-based recursive prediction model was more stable and efficient than
the ANN for FSL prediction of the study site.

The monitoring and prediction of FSL is necessary for the sustainable use of groundwater
resources in coastal aquifers. The groundwater is the sole and main water source of Jeju Island
and the local government has installed and operated a saltwater intrusion monitoring network. It is
expected that the developed model for FSL prediction can be a useful tool in the future management
of groundwater resources in coastal areas.
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Abstract: Sustainable management of small island freshwater resources requires an understanding of
the extent of freshwater lens and local effects of pumping. In this study, a methodology based on
a sharp interface approach is developed for regional and well scale modeling of island freshwater
lens. A quasi-three-dimensional finite element model is calibrated with freshwater thickness where
the interface is matched to the lower limit of the freshwater lens. Tongatapu Island serves as a
case study where saltwater intrusion and well salinization for the current state and six long-term
stress scenarios of reduced recharge and increased groundwater pumping are predicted. Though
no wells are salinized currently, more than 50% of public wells are salinized for 40% decreased
recharge or increased groundwater pumping at 8% of average annual recharge. Risk of salinization
for each well depends on the distance from the center of the well field and distance from the lagoon.
Saltwater intrusions could occur at less than 50% of the previous estimates of sustainable groundwater
pumping where local pumping was not considered. This study demonstrates the application of
a sharp interface groundwater model for real-world small islands when dispersion models are
challenging to be implemented due to insufficient data or computational resources.

Keywords: sharp interface numerical modeling; freshwater lens; saltwater intrusion; well salinization;
small islands; Tongatapu

1. Introduction

Groundwater occurring in the form of a thin lens floating on denser seawater is the primary source of
freshwater in most small islands [1]. This limited groundwater resource is highly vulnerable to saltwater
intrusion due to natural causes such as droughts, storm surges, sea level rise, and anthropogenic activities
such as increased groundwater withdrawals [2,3]. Many small islands in the Pacific face groundwater
shortages during droughts associated with El Niño—Southern Oscillation (ENSO) events [2] which
are predicted to be frequent in the future due to global warming [4]. Public water supply in small
raised coral islands of the Pacific including Tongatapu and Niue [5] relies on multiple vertical wells.
Large-scale localized and unplanned abstraction can expedite the salinization of the freshwater lens [2].
Over-pumping can severely contaminate the aquifer, and hence, it is essential to modify and manage
the pumping rates, especially during droughts. Management of groundwater withdrawal requires
knowledge about the extent of freshwater lens and identification of wells that are under high risk of
saltwater intrusion [6]. Hence, regional and wellscale modeling of freshwater lens are essential for
planning water management strategies in small islands.

Various numerical models are available to assess the freshwater resources in small islands [7].
However, quantitative assessment of freshwater resources and seawater intrusion impacts have been
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performed in only a small number of real-world islands [8,9]. Numerical models, which consider
the dispersion zone between the freshwater lens and underlying seawater, can closely represent
typical island groundwater processes [10–12]. With fine discretization of space and time and sufficient
monitoring data, dispersion models can provide a quantitative assessment of freshwater lens including
the local effects of pumping [7,11,13]. Proper monitoring of well salinities is often scarce, if not absent,
in many real islands [2] and it is difficult to obtain a sufficient quantity and quality of monitoring
data for calibration [14,15]. Hence, due to the high computational demands and lack of sufficient
monitoring data for calibration of heads and salinity, field-scale modeling of regional and well scale
freshwater lens have been rarely attempted using dispersion models [7,11], and use of empirical
models are suggested for well scale modeling [16]. As a result, use of a single numerical model to
evaluate both the island-wide extent of freshwater lens and the local effects of pumping remains a
challenge when the size of an island is not so small.

Numerical models that assume freshwater and saltwater to be immiscible and separated by a sharp
interface have been used for the evaluation of risks of saltwater intrusion to freshwater resources when
dispersion models are difficult to be implemented in regional scales [17]. Sharp interface numerical
models have lesser data and computational requirements and have been used to predict salinity at
pumping wells [18,19]. Hence, a sharp interface approach is used in this study for regional and well
scale modeling of the freshwater lens on an island. It ensures a single numerical model is capable of
providing a first-hand prediction of the extent of freshwater lens and the local effects of pumping.

Sharp interface two-phase numerical modeling was applied for Nantucket Island [20] to assess
the impact of projected pumping on the freshwater lens. The model predicted the general possibility
of saltwater upconing into the well field when the interface was within the intake of deepest well,
though no attempt was made to quantify individual well salinization. Freshwater heads were used for
calibration of the model, and no island-wide comparison of the model predicted freshwater thickness
with the field observations were done. The midpoint of freshwater-saltwater mixing zone was matched
to the sharp interface and hence the encroachment of water with salinity higher than the freshwater
limit (chloride content of 250 mg/L) into well screen could not be identified.

When a numerical model for groundwater flow is developed, the model is generally calibrated
with observed groundwater heads [21]. Some issues associated with the monitoring data of
groundwater heads in small islands make it practically difficult to be used for calibration. The highest
freshwater heads in small islands are typically of the order of 0.2 to 0.5 m above the mean sea level [2,22]
due to the high hydraulic conductivity of the aquifer. Since the depth of the interface estimated by
Ghyben-Herzberg’s approximation [23,24] is 40 times freshwater heads, highly accurate groundwater
heads in the order of centimeter accuracy may be required to predict freshwater thickness. Additionally,
due to the insufficiency of salinity monitoring data [2,7], the vertical profile of groundwater density is
ambiguous, and so conversion of observed heads to equivalent freshwater heads is also challenging.
In some islands like Tongatapu, which is the case study selected here, accurate land surface elevations
are not available at monitoring locations.

Freshwater thickness is the most critical parameter to be assessed for groundwater management
in small islands [7]. In this study, the freshwater thickness is selected for calibration of the groundwater
model to overcome the challenges associated with the use of freshwater heads in calibration.
The two-fluid sharp interface approach used in this study [25] represents groundwater flow in terms of
freshwater and saltwater heads. Though it is unable to predict the nature of the transition zone, it can
predict the response of the interface [26] and pumping wells [18,27] to applied stresses. By adopting
the upper limit of freshwater electrical conductivity as the interface, it is possible to predict the extent
of freshwater thickness in the island.

The objective of this work is to develop a methodology based on a sharp interface numerical
model to conduct regional and well scale modeling of island freshwater lens under long-term stresses.
The methodology is applied to Tongatapu, a small Pacific Island. A numerical model is developed
and calibrated for the average recharge and the current pumping condition and is then used to
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assess the effect of long-term stresses of recharge and pumping variations on saltwater intrusion
and well salinization. This work expands the capacity of the sharp interface numerical model to
regional and well scale modeling of freshwater lens in real-world small islands. The methodology
developed can be applied to other similar island systems for the prediction of freshwater lens and
to quantify the local effects of pumping. The impact of long-term stresses on saltwater intrusion
along with well salinization is evaluated using the groundwater system of Tongatapu and generalized
outcomes are relevant to other similar island systems with concentrated pumping. Tongatapu is
the largest and the most populated island of the Kingdom of Tonga, a Pacific island nation. There
has been an increasing trend of migration to Tongatapu, more specifically, to its capital Nuku’alofa
from outer islands [28]. Groundwater extracted from vertical wells meets the public water supply
demands for Nuku’alofa due to the lack of surface water sources [29]. With the increase in groundwater
demands and expected climate changes in the future, there has been an increase in public concern over
groundwater availability. Previous numerical modeling studies on Tongatapu [30,31] used a large grid
size (about 1 km) for simulations and ignored the effects of groundwater pumping and future change in
recharge patterns. For small islands like Tongatapu where groundwater pumping is concentrated over
a small area, the risk of well salinization is high due to saltwater upconing [2]. The results of this study
can help to identify the wells with a high risk of salinization, which was rarely attempted in earlier
modeling studies and can contribute to planning and management of groundwater development.

2. Materials and Methods

2.1. Study Area

Tongatapu (21◦03′–21◦16′ S and 175◦02′–175◦21′ W) is the main island of Kingdom of Tonga
(Figure 1). It has a total area of 259 km2 and is the location of the national capital Nuku’alofa.
The population of Tongatapu was 75,416 (73% of total population of the Kingdom of Tonga),
with a density of 290 persons per square kilometers in 2011 [32]. The island is 31.5 km along its
Northwest-Southeast directions and 18.5 km along the Northeast-Southwest direction.

Figure 1. Island of Tongatapu.

Tongatapu is a tilted raised limestone island with a maximum elevation of 65 m [22] above
mean sea level. The aquifer consists of karst-type limestone that is generally very porous and has
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hydraulic conductivity ranging from 500 to 3600 m/day [22,33]. The drill logs indicated a single layer
of limestone aquifer [34]. The freshwater stored in the limestone aquifer is generally in the form of a
lens floating on denser salt water. The water table of the island of Tongatapu is almost flat with an
average hydraulic head of 0.4 m [22], and the groundwater lens with an electrical conductivity less
than 2500 μS/cm was measured to have a maximum thickness of about 14 m [22,33,35]. The freshwater
thickness at a few locations like Liahona and Fua’amotu (Figure 1) was estimated from monitoring
wells. However, it is less understood across the remainder of Tongatapu as only limited observation
data is available [34]. Fanga’uta lagoon (Figure 1) opens to the sea and salinity is reported to be
approximately 25,700 to 32,900 ppm dissolved solids [36].

The semi-tropical climate of Tonga is highly vulnerable to the effects of El Nino, which frequently
coincides with drought incidence [37]. Tongatapu has a mean temperature of about 24 ◦C [38].
Mean annual rainfall for Nuku’alofa, Tongatapu from the year 1993 to 2016 was 1781 mm. The rainfall
pattern is characterized by the contrast between a wet season (November–April) which accounts for
over 60% of total annual rainfall and a dry season (May–October).Values ranging from 20–35% of the
mean annual rainfall have been reported as annual recharge rates in Tongatapu [22,33,36].

Groundwater extraction in Tongatapu is divided into public/urban and village/rural water
supply. The public well field at Mataki’eua-Tongamai (Figure 1) is the main source of water supply to
the capital city Nuku’alofa. The well field consists of 39 vertical wells concentrated over an area of
0.57 km2 [29]. As per the Ministry of Lands and Natural Resources (MLNR) Tonga, the groundwater
extraction from the public well field in 2016 was 10410 m3/day. Rural water supply varies between
villages and most of the wells are located at the edges of villages. It is estimated that there are about
200 village wells in Tongatapu [36]. It is observed that the current pumping from village wells is
difficult to be estimated, as there are no flow meters installed [39].

There are sixteen salinity monitoring boreholes (SMB) throughout the island, ten around the
Mataki’eua-Tongamai well field, and three each around Hihifo and Fua’amotu (Figure 1). Each salinity
monitoring borehole (SMB) in Tongatapu consists of a nested group of four to six measuring tubes with
1 m long screen near the bottom of each tube (Figure 2). A screen of each tube either contains fresh or
non-fresh water. The freshwater limit adopted in Tongatapu is based on the European Commission
(1998) maximum electrical conductivity (EC) of 2500 μS/cm [22]. Figure 2 illustrates a situation
where the screens of tubes 3 and 4 contain freshwater, while those of 1 and 2 contain non-freshwater.
In this case, the lower boundary of the freshwater lens lies between screens 2 and 3. The freshwater
thickness at the monitoring location is estimated as depth to EC value of 2500 μS/cm from the water
table. The Tonga government (MLNR, Tonga 2017) adopted linear interpolation between EC values
measured below and above 2500 μS/cm and their corresponding depths to obtain the freshwater
thickness. This linear interpolation method results in a slightly conservative estimate of freshwater
thickness compared to that based on relative salinity used for the estimation of freshwater thickness
based on monitoring data in Majuro Atoll [40].
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Figure 2. Construction of a Salinity Monitoring Borehole (SMB) (not to scale) and determination of
freshwater thickness (FWT).

2.2. Sharp Interface Freshwater-Seawater Groundwater Flow Numerical Model

2.2.1. Governing Equations

In this study, a sharp-interface numerical model described by Huyakorn et al. [25] is chosen to
simulate fresh and saline groundwater in the island. The sharp interface model is less rigorous than
a dispersion model in treating physics relevant to the problem at hand. However, the former model
requires fewer data and low-resolution grids so that it can be applied with relative ease to a large
area. This model considers the flow dynamics of both freshwater and saltwater. The sharp interface
freshwater-seawater model for groundwater flow with free surface consists of two vertically integrated
governing equations, one for freshwater flow and the other for saltwater flow:
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where the superscripts f and s refer to freshwater and saltwater, respectively, and h is the hydraulic
head, which is vertically averaged for the freshwater zone and saltwater zone. bf and bs are the
thickness of freshwater and saltwater zones in the aquifer. Kf

x, Kf
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x, Ks
y are the hydraulic

conductivities in x and y directions for freshwater and saltwater, respectively. θ is effective porosity,
ξ is the height of saltwater- freshwater interface above the datum. Sf

y and Ss
y are specific yield of the

aquifer in freshwater and saltwater zone. The coupled freshwater and saltwater flow equations are
solved simultaneously to obtain freshwater heads and saltwater heads. The interface elevation is
calculated by equating pressures at the interface [41];

ξ =
ρf

(ρs − ρf)

[
(ρs/ρf)hs − hf

]
(3)

where ρf and ρs are the freshwater and saltwater densities.
When the freshwater-saltwater interface is within the well screen, it is assumed that both

freshwater and saltwater are extracted simultaneously. The total pumping rate QT at the well is
considered to be the sum of Qf and Qs, the volumetric fluxes per unit volume of aquifer due to
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pumping of freshwater and saltwater, respectively. Qf and Qs are related to the total pumping rate QT

as follows.

Qf =

(
KfLf

KfLf + KsLs

)
QT (4)

Qs =

(
KsLs

KfLf + KsLs

)
QT (5)

where L is the total length of the screen, Lf and Ls are the length of the screen exposed to freshwater and
saltwater, respectively. KfLf and KsLs represent transmissivities of freshwater and saltwater regions,
respectively. The saltwater ratio (SWR) at a pumping well is obtained as the ratio of saltwater pumped
to the total pumping at the well.

SWR =

(
Qs

Qf + Qs

)
(6)

Despite the simplicity of the above approach, it was demonstrated that saltwater ratios at pumping
wells could be modeled with reasonable accuracy [18,27].

A modified Galerkin finite element method was used to approximate governing equations [25].
The numerical model [25] has been improved in various aspects and applied to diverse groundwater
problems such as assessment of saltwater intrusion due to groundwater developments [42], evaluations
of potential groundwater development [43], coastal groundwater discharge for complex coastlines [44],
estimation of saltwater contents in pumping wells [18,27], assessment of impacts of combined fresh
and saltwater developments [45], and evaluation of the effectiveness of freshwater injection and/or
saltwater pumping to prevent saltwater intrusions [46,47].

2.2.2. Conceptual Model for Groundwater Flow in Tongatapu Island

The numerical model was applied to the entire Tongatapu Island. Rectangular finite elements of
100 m × 100 m are used for areas with less groundwater development, and elements of 25 m × 25 m
are applied for the central part of the island where public wells are concentrated. The grid was selected
based on a grid convergence test. Consequently, the numerical model consists of 89,200 elements and
89,824 nodes. A single homogeneous isotropic unconfined aquifer with the base elevation at −40 m
with reference to mean sea level (MSL) is considered. The effective porosity of the aquifer is assumed
to be uniform as 0.3 [22]. Densities of freshwater and seawater are 1000 and 1024 kg/m3, respectively.
A no-flow boundary is assumed at the bottom surface of the aquifer. At those nodes along the coastline
and lagoon first type and efflux-only third type boundary conditions are specified for the saltwater
equation and the freshwater equation, respectively. Recharge is applied with flux boundary conditions
at all internal nodes.

Recharge was estimated from a water balance model provided by APEC Climate Center (APCC)
based on the soil water balance model for a small island with no runoff [22]. The surface runoff
was neglected as in other small islands due to flat terrain, high infiltration, and lack of surface flow
observations. The water balance model parameters used in the present study (Table S1) are based on
the sensitivity analysis by White et al. [22] for Tongatapu. As the daily rainfall data was unavailable,
monthly rainfall data was used as input. The available monthly rainfall from 1993–2016 at Nuku’alofa
was used to estimate the average annual recharge as 570 mm/year. This is 32% of the average annual
rainfall during the period and falls within the range of recharge estimates by previous studies [22,33,36].

The locations of 39 public wells and 56 village wells are known [22], and hence a total of
95 pumping wells have been considered (Figure 1). Actual depths, lengths of well screens and
individual pumping rates are not known. Screens are assumed to extend from −2 m to −5 m (MSL)
for public wells and 0 m to −1 m (MSL) for village wells [34]. Groundwater extraction estimates for
the public well field in 2016 was 10,410 m3/day (MLNR Tonga, 2017). The above pumping rate is
assumed to be equally distributed in the 39 public wells as 267 m3/day/well. Tonga Water Board
estimates rural per capita demand to be 80 L per person per day with rainwater availability [48].
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Using the rural population of Tongatapu as per 2011 census and assuming 50% losses [22] the rural
groundwater extraction is estimated to be 6300 m3/day in this study. This is equally distributed to the
56 village wells included in the model as 112.5 m3/day/well. Thus, the total groundwater extraction
for Tongatapu is approximated to be 16,710 m3/day. This value is close to estimates of groundwater
demands for Tongatapu by Waterloo and Ijzermans [39].

2.3. Calibration of the Model

Depths to the groundwater table and electrical conductivity (EC) values are measured at salinity
monitoring boreholes (SMB) in Tongatapu. However, measured depths cannot be converted to
groundwater heads as land surface elevations of the reference point at SMBs from where depth to water
table is measured and is not known precisely. In this study, freshwater thickness values are used as
the calibration targets. The aquifer parameter of horizontal hydraulic conductivity based on available
data was selected and later adjusted to obtain simulated freshwater thickness, which satisfactorily
matches observed freshwater thickness in 16 salinity monitoring boreholes (SMB) distributed across
the island (Figure 1). The Tonga government (MLNR Tonga) provided an average freshwater thickness
in each SMB based on quarterly salinity monitoring data from July 1997 to April 2017. Seven out of
the sixteen salinity monitoring boreholes were constructed in 1997, and the rest were added in 2012.
On average, 56 observations are available for the older SMBs and 20 for the new SMBs. The average
coefficient of variations (standard deviation divided by mean) are 0.18 and 0.13 for old and new SMBs,
respectively, indicating a relatively stable freshwater thickness at each SMB. The manual trial and
error model calibration, though unable to lead to a unique solution, is constrained based on the data
available [26]. The simulated groundwater flow field was based on the steady state assumption despite
temporal variation in recharge. Groundwater pumping was known to begin in 1960’s and has been
increasing since then. Nevertheless, it is assumed that the present groundwater flow field has reached
the equilibrium state to the current pumping rate.

2.4. Long-Term Stresses

2.4.1. Impact of the Current Pumping

Simulations start with an initial condition of the aquifer fully saturated with saltwater below
the MSL. Transient simulations are continued till the total saltwater and freshwater volume in the
domain reached the steady state. Pumping wells are removed from the calibrated model to estimate the
groundwater flow for the predevelopment condition prior to the groundwater development. All other
conditions except for the pumping wells were assumed applicable to the predevelopment simulation.
The predevelopment model was also run under the steady state assumption.

2.4.2. Impact of Long-Term Stresses

In this study, two major long-term stresses, droughts, and overpumping, which can cause
saltwater intrusion and well salinization in Tongatapu are considered. Hydrological drought analysis
of past rainfall records of Tongatapu observed that the average duration of droughts was 37 months
and they occurred on nearly every 11.5 years with a wide range in frequency and duration [22].
The longest period of zero recharge was 18 consecutive months for past rainfall records. It was also
observed that the salinity of water pumped from Mataki’eua/Tongamai well field is most strongly
correlated with the amount of rainfall received in the preceding 12 to 18 months [22,49]. Groundwater
development from Mataki’eua/Tongamai well field began in 1966 (MLNR, Tonga 2017). The current
groundwater withdrawal in the same well field is over eight times the extraction at the beginning of
pumping (MLNR, Tonga 2017). Many wells in the well field use diesel pumps that pump at about
270 m3/day. Possible use of electric pumps and the growing water demands can increase the pumping
rates (MLNR, Tonga 2017) in the future.
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Steady-state simulation results can indicate the potential impact and the worst case of the
climate change scenario and have been used in many previous studies [13,50]. Current recharge
value was progressively decreased to estimate the recharge rate at which well salinization started.
While pumping rate was maintained at current value, well salinization occurred at about 69% of
recharge. Similarly, pumping rate was increased from the current value to obtain pumping rate at
which saltwater intrusion occurred in public wells. For current recharge values, 160% of present
pumping initiated well salinization. Thus, in this study, six different scenarios (Table 1) are considered
to simulate the possible impacts of changes in recharge and pumping on the freshwater lens and
well salinization. Scenarios are selected to cover the increasing impact of drought and groundwater
development conditions on well field salinization. The base scenario represents the calibrated model at
base recharge and pumping conditions. The first three scenarios represent potential droughts, and the
next three represent scenarios of increased groundwater development. Either recharge or pumping is
varied from the base case in each scenario so that the relative impact of recharge and pumping can
be compared.

Table 1. Long-term stresses scenarios.

Sl.No Scenario Recharge (m/year)
Pumping from Public

Wells (m3/day)

1 Base (current) 0.570 (R) 10,410 (P)
2 0.69 R 0.393 10,410
3 0.65 R 0.371 10,410
4 0.60 R 0.342 10,410
5 1.6 P 0.570 16,656
6 1.8 P 0.570 18,738
7 2.0 P 0.570 20,820

3. Results

3.1. Results of Calibration

The hydraulic conductivity value of 3600 m/d was obtained as a result of manual calibration.
The value is near the upper end of the values reported in the literature and close to that from pumping
tests [22]. Statistical results of freshwater thickness calibration are given in Table 2. The simulated and
observed freshwater thickness at salinity monitoring boreholes indicate a correlation coefficient of
0.87 with a normalized root mean square error of 13.8%.

Table 2. Statistical results of simulated freshwater thickness.

Parameters Values

Number of observation points 16
Correlation coefficient 0.87
Range in observations 8.23 m
Maximum residual 2.65 m
Minimum residual −2.84 m
Residual mean 0.27 m
Absolute residual mean 1.15 m
Root mean squared error 1.44 m
Normalized RMS error 13.8%
Scaled RMS error 17.5%

Figure 3a shows the comparison of simulated freshwater thickness and observed freshwater
thickness at the 16 SMBs. The contours based on average observed freshwater thickness at SMBs along
with simulated freshwater thickness across the island are shown in Figure 3b. Spatial distribution
of residuals at SMBs are also indicated in Figure 3b. The model captures the spatial distribution of
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freshwater thickness though there are differences at salinity monitoring boreholes. It is reported that
the agricultural fields around SMB08 rely heavily on groundwater from village wells [22]. As all the
village wells in this region have not been included in the model due to the lack of well data (MLNR
Tonga, 2017), freshwater thickness may have been overestimated at SMB08, indicating a minimum
residual of 2.84 m Fua’amotu region where SMB09 and SMB10 are located and receive higher rainfall
than the rest of Tongatapu [22]. The non-uniform spatial distribution of recharge could have resulted in
an underestimation of freshwater thickness by the model in the above region. The maximum residual
of 2.65 m is at SMB10. The assumption of uniform recharge and pumping could have led to differences
in freshwater thickness at other locations.

 

Figure 3. Steady-state calibration results; (a) simulated-versus-observed freshwater thickness at SMBs
and (b) contours of simulated (blue) and observed (red) freshwater thickness; observed freshwater
thickness contours are based on freshwater thickness shown in Figure 3a.

3.2. Current State of Freshwater Lens and Impact of Current Pumping

The current state of freshwater lens thickness is indicated in Figure 3b. The total volume of
recharge is 147.6 MCM/year, and the total pumping rate is 6.1 MCM/year, which amounts to roughly
4.1% of the recharge. The maximum thickness is 14.1 m occurring around the Fua’amotu region,
and the average thickness of freshwater is 8.4 m for the island. The regions with a freshwater lens
thicker than 10 m are Fua’amotu, Liahona, and Kolonga region. Freshwater volume is calculated as
the product of porosity and sum of the area of each element multiplied by freshwater thickness in
the element. The estimated volume of freshwater contained in regions where the lens thickness is
greater than 10 m is 294 MCM considering a porosity value of 0.3. The maximum freshwater head
under sustained steady-state pumping is obtained as 0.329 m. At the current rate of pumping used
in the study, it is observed that there is no seawater intrusion into both the public and village wells.
Detailed statistics of the lens are specified in Table 3.

The impact of the current groundwater development on the predevelopment freshwater lens is
investigated. Statistics of the freshwater lens for predevelopment and post-development conditions
are presented in Table 3. Average freshwater head, maximum freshwater thickness, and minimum
interface elevations decrease by about 5%. However, area and volume of the freshwater lens with
thickness greater than 10 m decrease by 9% and 12%, respectively, for the post-development simulation.
The impact of concentrated pumping from the public well field at Mataki’eua/Tongamai is evident in
Figure 4 where the contours indicate a decrease in predevelopment freshwater thickness due to current
pumping. Though the well field covers less than one km2, the freshwater lens thickness reduced
by over 0.5 m, 1 m, and 2 m in an area of 43 km2, 19.3 km2, and 12.3 km2, respectively. Contours
are asymmetric in shape and are concentrated along the coast as drawdown is restricted at the coast
where specified head boundary conditions are defined. As the village wells are distributed across
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the island and have lower pumping rates effect of the village well pumping on the freshwater lens is
not significant.

Table 3. Impacts of the current pumping condition.

Parameters Current Pumping Predevelopment Percentage Decrease

Maximum freshwater head (m) 0.329 0.347 5.19

Minimum interface elevation(m) −13.72 −14.46 5.12

Freshwater thickness (m)
Maximum 14.05 14.81 5.13
Average 8.40 9.02 6.87

Area (km2) where lens thickness is
>5 m 206.5 208.2 0.79
>7 m 167.3 170.8 2.08
>10 m 83.1 91.7 9.39

Volume (MCM) of freshwater
where lens thickness is

>0 m 636.7 658.4 3.30
>5 m 581.4 604.7 3.86
>7 m 510.1 536.9 5.00
>10 m 294.8 334.6 11.90

Figure 4. Impact of current groundwater development on the predevelopment freshwater lens.
Contours indicate the difference between post development and predevelopment freshwater thickness.

3.3. Predicted Effects of Long-Term Stresses

3.3.1. Impact on Freshwater Lens

The effect of long-term stresses is indicated as a change in the present state of the freshwater
volume. The percentage of change in total freshwater volume (>0 m thick), the volume of freshwater
where the thickness is more than 5 m, 7 m, and 10 m in comparison to the base case are indicated in
Figure 5. Detailed freshwater statistics under scenarios of reduced recharge are presented in Table S2.
The total volume of freshwater lens is decreased by 18% for scenario 0.69 R and by 24% for scenario
0.6 R. The deeper freshwater lens indicated by freshwater volume with lens thicker than 10 m decreased
by 65% and 86% for scenarios 0.69 R and 0.6 R, respectively, indicating a higher sensitivity of the thicker
part of the freshwater lens to applied stresses. The effect of increased pumping on freshwater lens
volume change is much less compared to that of reduced recharge as pumping is concentrated over
a smaller area. Detailed freshwater statistics under scenarios of increased pumping are presented in
Table S3. The total freshwater volume decreased by 2% and 3% for scenario 1.6 P and 2 P, respectively.
The part of freshwater lens thicker than 10 m resulted in reductions of 9% and 13% for scenarios 1.6 P
and 2 P, respectively.
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Figure 5. Reduction in volume of the freshwater lens compared to base case under various rates
of recharge and pumping compared to base recharge of 570 mm/year (R) and current pumping of
16,710 m3/day (P).

3.3.2. Well Salinization

Saltwater intrusion into wells is quantified in terms of the number of wells salinized and saltwater
ratios in each well. With the best estimates of pumping rates and screen lengths, no well salinization
was observed at the village well locations in the model, under the scenarios considered in this study..
Spatial distribution of saltwater intrusion into public wells under various scenarios of reduced recharge
rates is shown in Figure 6. A saltwater ratio of 0.001 is considered to be the onset of well salinization.
For scenario 0.69 R, two wells located at the center of the well field get salinized. With further reduction
in recharge wells around the center and those near the lagoon are intruded by saltwater. Though
freshwater thickness is reduced across the well field due to a decrease in recharge, concentrated
pumping expedites saltwater intrusion into well field from the lagoon side, indicating lateral saltwater
intrusions. Spatial distribution of saltwater intrusion into public wells under increased pumping is
shown in Figure 7. As expected, wells located at the center of the well field get salinized first. Increased
pumping rates cause saltwater upconing and more wells around the center are salinized.

Figure 6. Saltwater intrusion into public wells under decrease in base recharge rates (R = 570 mm/year)
(a) 69% of base recharge, (b) 65% of base recharge, and (c) 60% of base recharge.
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Figure 7. Saltwater intrusion into public wells under increase in current pumping (P = 16,710 m3/day)
(a) 160% current pumping; (b) 180% current pumping; and (c) 200% current pumping.

The percentage of total wells intruded by saltwater, and maximum saltwater ratios for different
scenarios are given in Table 4. For scenarios with reduced recharge 0.69 R, 0.65 R, and 0.6 R, saltwater
intrusion occurs in two, 15, and 20 of the public wells, respectively. The maximum saltwater ratio was
0.21 for 0.6 R. While increased pumping causes saltwater intrusion in five, 15, and 21 public wells for
1.6 P, 1.8 P, and 2 P, respectively. Maximum saltwater ratios for the worst case pumping scenario (2 P)
is 0.35, whereas it is 0.22 for the worst case recharge (0.6 R). Both the above scenarios cause around
50% of wells to be intruded by saltwater.

Table 4. Well salinization under different scenarios.

Sl.No Scenario Percentage of Wells Intruded by Saltwater Maximum Saltwater Ratio

1 Base (current) 0.0 0.00
2 0.69 R 5.1 0.004
3 0.65 R 38.5 0.13
4 0.60 R 51.3 0.22
5 1.6 P 12.8 0.05
6 1.8 P 38.5 0.24
7 2.0 P 53.8 0.35

4. Discussion

The numerical model developed in this study revealed the quantitative behavior of freshwater
lens and replicated observed freshwater thickness with a root mean square error of 1.44 m. Island
aquifers are characterized by high heterogeneity and lack of data [7]. Previous modeling studies on
real islands using dispersion models reported scaled-RMSE of 10% for Bonriki Island model with
an area of 9.5 km2 [12] and 21% for Kish Island model with an area of 112 km2 [10] for modeled
versus measured salinity. Scaled RMSE for modeled versus measured freshwater thickness is 17.5%
in this study (Table 2). Given the large size of the island (259 km2) and simplifying assumptions,
the model-measured difference that is not unacceptable.

The total volume of freshwater lens is estimated to be 637 MCM for an annual recharge of
147.6 MCM. Current groundwater development is estimated at 6.1 MCM/year. The volume of the
freshwater lens with the thickness greater than 10 m is less than 300 MCM, and exist in less than
one-third of the total area of the island (Table 3). It is seen that the current pumping rate of about 4.1% of
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annual recharge can be sustained by a freshwater lens with no saltwater intrusion under the assumption
of uniform recharge throughout the year. However, its impact on predevelopment groundwater lens
appears to be significant. The area and volume of the freshwater lens with thickness greater than
10 m are reduced by 9.4% and 11.9%, respectively, as compared with those for the predevelopment
lens. Current pumping reduced freshwater thickness in an area of 12.3 km2 around well field by over
twometers, as compared to the predevelopment state of freshwater lens. Jakovovic et al. [51] adopted
an interface rise of two meters to delineate a region around a pumping well as saltwater upconing
zone of influence (SUZI). A limit of two meters is about 25% of the average freshwater thickness of
Tongatapu. Considering the above criteria of the saltwater upconing zone of influence, an area over
20 times well field size indicates a very significant reduction in freshwater thickness in Tongatapu.

Scenarios considered in the study investigated the effect of drought and increased pumping. For a
scenario with a 40% decrease in average annual recharge, 86% of freshwater lens volume with thickness
more than 10 m is lost. For pumping at 8.2% of the average annual recharge, loss of freshwater lens
volume with thickness more than 10 m is 13%. Groundwater development in Tongatapu is concentrated
over a smaller area which leads to gradient reversals (ocean to land) resulting in saltwater intrusions
(Figure 7). Salinization risk of each well is influenced by location from the center of the pumping
well field and also the distance from the lagoon (Figures 6 and 7). For scenarios with a reduction
in recharge (0.69 R, 0.65 R, and 0.6 R), lateral saltwater intrusions are prominent, whereas saltwater
intrusion due to upconing under wells is significant for scenarios with increased pumping rates (1.6 P,
1.8 P, and 2 P). However, wells with the highest risk of salinization are almost common for scenarios of
reduced recharge and increased pumping. Identification of high-risk wells helps in the planning and
management of groundwater pumping.

Among the scenarios considered in this study, the worst cases of 0.6 R and 2 P cause over 50%
of public wells to be intruded by saltwater (Table 4), even though total freshwater volume change is
24% for 0.6 R and 3% for 2 P, as compared to the base case (Figure 5). Hence, evaluation of freshwater
volume change alone may not indicate the potential threats due to pumping. In scenario 2 P, though
the pumping rate is about 8.2% of the average annual recharge, 50% of wells are intruded by saltwater.
Well salinization of over 50% of number of public wells indicates a reduction in freshwater production
by 50%. This further emphasizes the need for groundwater management and planning.

To evaluate the relative impact of pumping and recharge, the total volume of water extracted
is quantified as the reduction in recharge [22]. This approach can also evaluate the relative impact
of pumping distributed across total area and localized pumping. As base pumping rates are about
4% of recharge, scenario 1.8 P represents a 7% decrease in recharge. Well salinization, in terms of the
number of wells intruded, under this scenario, is comparable to that of 0.65 R where effective recharge
reduction is 39%, including pumping. Similarly, scenario 2 P and 0.6 R are quite comparable in terms of
the number of wells salinized. It is seen that pumping impacts on well salinization are about five times
that of recharge for Tongatapu Island. The high relative contribution of pumping to well salinization
can be attributed to the high concentration of wells in the small area in Tongatapu.

Since seawater intrusion into pumping wells is a local phenomenon, sustainable groundwater
development from a limited number of pumping wells is much smaller than the estimated volume of
freshwater. White et al. [22] estimated island-wide sustainable groundwater development to be 20% of
groundwater recharge and total sustainable groundwater yield considering areal pumping rates as
54,000 to 72,000 m3/d. The numerical model, considering the current distribution of pumping wells,
indicates that extractions at about 6.5% of the annual average recharge, and 50% of the lower range of
areal pumping rates, as mentioned above, can cause saltwater intrusions.

Even though the precipitation exhibits seasonal and yearly patterns, the steady-state assumption
was not too unrealistic as the groundwater system responded quickly due to large hydraulic
conductivity. The salinity monitoring wells in Tongatapu use multi-nested tubes resulting in different
values of heads in each tube due to the density differences in the tubes. The mean water table elevation
for Tongatapu from observations in village wells for 1971–2007 was 0.41 m above mean sea level [22].
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Error in deducing head from multi-nested monitoring wells might be large, as compared to the head
above the MSL at the location. Hence, careful attention is required to make full use of the water level
observations from multi-nested tubes.

Spatial heterogeneity of the aquifer and recharge distribution have not been considered. The tidal
effects were not included in the study. The model developed considers the sharp interface at the
freshwater limit. Hence, the fluid above the interface is freshwater, but in reality, the fluid below is
not completely saltwater. Error of neglecting mixed saltwater below the interface on general flow
pattern needs to be investigated further. While all the public wells for urban water supply have
been included in the model, only 56 village wells were represented out of the over 200 village wells
known to exist [36] as there was no information about the location of other wells. Estimated total
groundwater development rate of the island was applied uniformly to all wells in the well field as
individual pumping rates were not known. A more accurate representation of wells, in terms of
locations, pumping rates, and screen length could result in better estimates of well salinization.

5. Conclusions

Prediction of the extent of freshwater lens and quantification of the local effects of pumping is
essential for the design and development of effective water management strategies in small islands.
In this study, a steady-state sharp-interface numerical model of fresh and saline groundwater flow is
developed to evaluate saltwater intrusion and well salinization in Tongatapu Island. The model has
a comparatively fine grid size of 25 m × 25 m in public well field and 100 m × 100 m in other areas,
which is able to better represent the freshwater distribution and saltwater intrusion characteristics
at pumping wells. Freshwater thickness is used as the calibration target in this study with the sharp
interface corresponding to the upper limit of freshwater electrical conductivity adopted in the Kingdom
of Tonga. Such an approach has not been reported in previous applications of sharp interface numerical
models for islands. Thus, the current study is the first, to the best of our knowledge, to conduct a
comprehensive analysis of freshwater lens and well salinization using sharp interface approach in
real islands.

Model results indicate that at present conditions, 46% of the total freshwater volume of Tongatapu,
estimated around 630 MCM, is from freshwater lens thicker than 10 m and concentrated in two regions
towards the center of the island. This may indicate sufficient availability of resources for groundwater
development. However, the concentration of pumping wells in a single well field increases the risk of
saltwater intrusion. Various scenarios of decreased recharge and increased pumping were considered
to evaluate saltwater intrusion and well salinization. More than 50% of public wells are intruded
by saltwater for 40% decreased recharge (0.6 R) or groundwater pumping at 8% of average annual
recharge (2 P). It is seen that pumping impacts on well salinization are about five times that of recharge
for Tongatapu Island. The higher relative contribution of pumping to well salinization can be attributed
to the high concentration of wells in the small area. The results suggest that the risk of salinization for
individual well depends on the distance from the center of well field and the distance from lagoon or
coast. However, the closeness of the well to the center of well field results in higher saltwater ratios
and the extent of upconing. Major factor leading to well salinization was saltwater upconing rather
than lateral saltwater intrusions. Hence, it is imperative to include pumping wells in a groundwater
model, especially when pumping is localized.

While the model is currently limited to steady state analyses, it can help water managers of the
island to assess potential impacts on groundwater resources caused by changes in some important
hydrogeologic parameters, such as pumping rates and recharge rates. It also helps to identify wells
with a high risk of salinization. Currently, an unsteady model is being developed to simulate
drought conditions. An enhanced model will be linked with an optimization method to identify
the best groundwater management schemes under drought conditions. The study highlights the
applicability of a sharp interface numerical model calibrated for freshwater thickness to assess the
extent of freshwater lens, saltwater intrusion, and well salinization in real islands. It can be used
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as the first stage analysis or when sufficient data and computational resources are not available for
implementation of dispersion models.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/11/1636/
s1, Table S1: WATBAL parameters, Table S2: Freshwater resources for decreased recharge rates and percentage
decrease compared to base scenario, Table S3: Freshwater resources for increased pumping and percentage
decrease compared to the base scenario.
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Abstract: As Egypt’s population increases, the demand for fresh groundwater extraction will intensify.
Consequently, the groundwater quality will deteriorate, including an increase in salinization. On the
other hand, salinization caused by saltwater intrusion in the coastal Nile Delta Aquifer (NDA) is
also threatening the groundwater resources. The aim of this article is to assess the situation in 2010
(since this is when most data is sufficiently available) regarding the available fresh groundwater
resources and to evaluate future salinization in the NDA using a 3D variable-density groundwater
flow model coupled with salt transport that was developed with SEAWAT. This is achieved by
examining six future scenarios that combine two driving forces: increased extraction and sea level rise
(SLR). Given the prognosis of the intergovernmental panel on climate change (IPCC), the scenarios
are used to assess the impact of groundwater extraction versus SLR on the seawater intrusion in the
Delta and evaluate their contributions to increased groundwater salinization. The results show that
groundwater extraction has a greater impact on salinization of the NDA than SLR, while the two
factors combined cause the largest reduction of available fresh groundwater resources. The significant
findings of this research are the determination of the groundwater volumes of fresh water, brackish,
light brackish and saline water in the NDA as a whole and in each governorate and the identification
of the governorates that are most vulnerable to salinization. It is highly recommended that the results
of this analysis are considered in future mitigation and/or adaptation plans.

Keywords: saltwater intrusion; sea level rise; Nile Delta aquifer; fresh groundwater volume;
extraction; Nile Delta governorates

1. Introduction

The Nile Delta in Egypt, along with its fringes, covers an area of approximately 30,000 km2 [1].
It is occupied by the most populated governorates in Egypt. About 60% of Egypt’s population lives in
the Nile Delta region. Agriculture activities are predominant in the region due to the nature of the soil
and the presence of an irrigation system [2]. The Nile Delta aquifer (NDA) is a vast aquifer located
between Cairo and the Mediterranean Sea [3]. The NDA was formed by Quaternary deposits with a
wide variety of hydrogeological characteristics and spatially varying salinity levels [4]. These deposits
represent different aggradation and degradation phases that were usually accompanied by sea level
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changes [5]. Recent years have brought scientific evidence of increased groundwater salinization in
NDA, predominantly driven by increased groundwater extraction [4].

Salinity in groundwater is a major quality hazard that limits its usage and affects the productivity
of agricultural areas that depend on irrigation from groundwater wells [6]. The nature and properties of
salinity were reviewed with a view to its management in Reference [7]. In coastal aquifers, such as the
NDA, the salinity in groundwater is influenced by human interventions through excessive groundwater
extraction, while saltwater intrusion (SWI) induced by sea-level rise (SLR) is also anticipated [8].

In north Kuwait, a freshwater aquifer polluted by saline seawater was modelled using a 3D
numerical model [9]. The researchers declared that solute transport modelling has become a significant
tool for analysing the groundwater quality, as it can provide insight into past and present behaviour
and predict water quality management scenarios. It was also highlighted that climate change is likely
to lead to multiple stresses in the groundwater sector [10]. This research emphasized the need for
the development of management models that simulate SWI in aquifers and the assessment of future
compound groundwater challenges. Open challenges and uncertainties regarding the influences of
climate change in coastal aquifers were identified in Reference [11]. In Kish Island, Iran, the combined
impacts of SLR with the associated land inundation and climate-induced variation of natural recharge
to the aquifer system were analysed [12]. The results showed that the combined impact of SLR-induced
land inundation and recharge rate variation is more significant compared to SLR impacts alone.
A review of SLR impacts on SWI in coastal aquifers together with other factors, such as recharge rate
variation, land inundation due to SLR, aquifer bed slope variation and changing landward boundary
conditions [13], concluded that the impacts of these combined factors on SWI need to be further
investigated. The NDA, like other coastal aquifers, is subjected to salinization threats.

Regarding NDA, [14] focused on a stretch between Ras El Bar and Gamasa along Egypt’s Northern
coast. They found that the effect of SLR will be salinization of the NDA and they proposed artificial
recharge through injection wells as a mitigation strategy. Further analysis of the impacts of SLR on
SWI in the NDA was done by [15]. They concluded that large coastal areas will be totally submerged
by SLR and that the shoreline will be shifted several kilometres inland. The research utilized a
two-dimensional FEFLOW model [16]. This modelling study used many assumptions due to a lack of
available data. A 3D modelling approach was used by [17] to identify the effect of the increasing SLR,
decreasing surface water level and increasing groundwater extraction on SWI in NDA. They found
that under a combined scenario of increased groundwater extraction rates by 100%, an increased SLR
by 100 cm and a decreased surface water level by 100 cm would cause the SWI to extend 79.5 km in
the west and 92.75 km in the east from the shoreline by 2100.

While these studies have addressed some aspects of the SWI problem in the NDA, research
covering the whole Nile Delta using 3D modelling to predict future scenarios of SWI has been quite
limited. This approach is used in the current article to analyse the combined impact of SLR and
excessive groundwater extraction in the NDA. Unlike previous studies that mainly presented the
landside shift of the shore boundary and the dispersion zone due to SLR, the advantage of using a 3D
model for this analysis is that it allows the determination of the full spatial distribution of SWI and
the analysis of volumes of available fresh groundwater under different future scenarios. This enables
a comparative analysis of the available volumes of different groundwater types (fresh water, light
brackish, brackish and saline water) under different scenarios for the whole NDA. Moreover, for
the first time, the volumes of each groundwater types are analysed per Nile Delta governorate
(administrative regions in Egypt), according to their location in the Nile Delta. This may lead to more
location-driven recommendations for mitigation and adaptation measures that could be implemented
at the governorate level.

To carry out this analysis, a 3D variable-density groundwater flow model coupled with salt
transport developed using the SEAWAT modelling system [18]. Because this is a regional model that is
focused on freshwater resources in the NDA, it does not consider the dynamic coastline or the local
coastal flooding processes. Thus, it is assumed that the horizontal position of the hydraulic head
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boundary at the coast is fixed. The model was calibrated by the groundwater salinity conditions in
2010, the year that serves as a baseline model and reference condition for future scenarios because
most of the data required for a reliable analysis is sufficiently available for that year. This analysis
proposes six scenarios to assess the impact of SLR versus groundwater extraction in the Nile Delta and
determines which factor is causing increased groundwater salinization. The values assumed for the
SLR and groundwater extraction rates are based on IPCC reports [19] and the Egyptian National Plan,
as will be discussed later, in detail. In the first scenario (Sc.1), the model run until the year 2500 with
no increase in SLR or groundwater extraction (same values as in 2010) to test the influence of time
only on the complex groundwater system in NDA (as SLR will not stop after 2100) and to investigate
the natural autonomous salinization process [20]. The comparative analysis for the remaining five
scenarios is carried out by running the model until the year 2100 with varying SLR and groundwater
extraction rates. This analysis leads to a proposal of future groundwater extraction levels for different
Nile Delta governorates, which can be considered in future plans for the overall development of
groundwater resources in the area.

2. Study Area

The study area is the Nile Delta in the Northern part of Egypt (Figure 1). It is the most fertile
region in Egypt and is surrounded by highly arid desert. The Nile Delta begins approximately 20 km
north of the Cairo governorate in the south and extends to the Mediterranean Sea in the north, covering
an area of about 30 × 103 km2. In the west, it is bounded by the Alexandria governorate and in the east,
by Port Said. The Nile Delta contains 11 governorates that have economic, cultural and agricultural
importance to Egypt. The locations and the names of the Nile Delta governorates are presented in
Figure 1.

Figure 1. The study area of the Nile Delta.

The NDA is a large, semi-confined aquifer. It has Quaternary deposits that are classified into
Holocene and Pleistocene strata [21]. The average thickness of the Holocene is 25 m. It reaches around
50 m close to the sea and vanishes towards delta fringes in the South. The Pleistocene is the main
aquifer of the Nile Delta [22]. Its thickness varies from 200 in the south to 1000 m in the north. It is
composed of sand and gravel with occasional clay lenses and it is underlain by a Pliocene layer
composed of marine limestone and shale [2,3,21].
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3. Method

3.1. Numerical Model

A 3D variable-density groundwater flow and coupled salt transport model for the NDA was
developed using SEAWAT [18]. The model captures the situation in the year 2010, since for this year,
most data is available. It includes a large amount of different types of hydrogeological data collected
from several sectors and research institutions within the Egyptian Ministry of Water Resources and
Irrigation (MWRI).

The model domain is discretized using 100 rows and 150 columns horizontally (grid cell sizes
2 × 2 km2) and 21 modelling layers in the vertical direction, which enables sufficiently detailed
simulations of salinity variations to be carried out under different conditions. The Mediterranean
Sea is represented as a constant head and constant salinity boundary. The Suez Canal in the east is
considered to be a no-flow boundary. The last (deepest) modelling layer of the 21 layers represents
the impermeable Pliocene, which underlays the Pleistocene aquifer. This last modelling layer of the
21 layers also contains salinity sources arising from the dissolution of marine deposits present in the
Pliocene [23]. The first (shallowest) modelling layer of the 21 layers represents the Holocene layer
which is specified as having a constant horizontal hydraulic conductivity of 0.25 m/day. For the
next 19 modelling layers, the horizontal hydraulic conductivity values vary from 15 to 150 m/day.
The anisotropy of hydraulic conductivity is considered to be 10% [24]. The effective porosity for the
Holocene is specified as having a constant value of 40% and it varies from 12% to 28% in the Pleistocene.
The main source of recharge in the NDA is the excess irrigation water at the agricultural zones.
This spatially varying recharge, together with spatially varying water levels and salinity concentrations
in the main irrigation canals, was specified to the model to ensure proper characterization of the
groundwater entering the modelling domain. The majority of canals have water with a maximum
salinity of 0.3 kg/m3 but in some locations, the salinity concentration reaches 0.65 kg/m3 and this is
even greater towards the Mediterranean. The overall groundwater extraction in 2010 was estimated to
be about 4.9 × 109 m3/year [4]. The wells are distributed according to their depth in the corresponding
modelling layer.

The model was calibrated with observed salinity data coming from 155 observation wells.
The calibration results provided a Root Mean Square Error (RMSE) of 0.2 kg/m3. The absolute
difference and the standard deviation between the simulated and the observed concentrations of the
salinity in the Nile Delta were calculated to be 0.14 kg/m3 and 0.11 kg/m3, respectively. These values
are quite small, so the developed model is considered to be sufficiently reliable for future analyses.
Further details about the model development and calibration results are available in Reference [18].

3.2. Future Scenarios

One of the most important factors that control the development scenarios is the population
growth rate, as it represents the main condition that directly affects future economic and social
progress. According to the Egyptian Central Authority for Public Mobilization and Statistics [25],
the population in Egypt has risen by approximately from 52 million capita in 1990 to 84 million
capita in 2010. The growth rate decreased from 2.75% per year in the period 1976–1986 to 2.02%
per year during the period 1996–2006. The total population is predicted to reach 200 million capita
in 2100 [26]. These population growth rates have led to corresponding increases in water needs
for different water-consuming sectors. Moreover, in the future, the ascending gap between water
demands and supply will result in more tension in negotiations over transboundary water projects
on the Nile [27]. Groundwater extraction rates are likely to increase over time too, assuming the
continuation of the almost linear trend of increase in groundwater extraction that follows population
growth, as presented in Figure 2. This trend of increased groundwater extraction was constructed
based on data collected from the past, starting in 1980 and then projecting until 2100 [4].
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Figure 2. Population and groundwater extraction in the NDA as a function of time: current trend to
2010 (solid lines) and projections to 2100 (dashed lines) ([26]).

It is expected that climate change will substantially raise the sea level. The Intergovernmental
Panel on Climate Change [19] emphasized the potential significance of SLR and predicted the
global mean SLR by the year 2100 to be in the range 0.26–0.82 m compared to the earlier foreseen
0.18–0.59 m [28]. It was reported in Reference [29] that melting processes in Antarctica could contribute
to a SLR of 1.05 ± 0.3 m by 2100 under RCP 8.5. A probability density function of global SLR in 2100
was constructed in Reference [30]. It was found that the probability of having a SLR of more than 1.8 m
is less than five percent, with a median probability of 0.8 m. Their findings were based on process
models combined with experts’ opinions. They also stated that other lines of evidence are needed to
justify any higher estimates of SLR for 2100. Recently, the probability density functions for extreme
scenarios of global SLR in 2100 based on extreme mass loss from ice sheets using numerical simulations
with a process-based model have been provided [31]. The median of their probability distribution was
0.73 m. All these high SLRs will lead to severe impacts on SWI in coastal aquifers.

Future salinization of the groundwater resources in the NDA is a complex process and its
prediction has a high degree of uncertainty. Consequently, different scenarios are proposed in this
article to identify a wide spectrum of possible future adaptation strategies. These scenarios cover
extreme projections to estimate future changes in the NDA in terms of the salinity distribution
over the next hundred years as a function of SLR and groundwater extraction rates. Our estimated
12 × 109 m3/year of groundwater extraction in 2100 (Table 1) is consistent with the projections in
the future scenarios of the MWRI national plan. Regarding the SLR, the selected ranges in the future
scenarios (see again Table 1) were chosen by considering the SLR reported in Reference [19] and the
median of the probability density functions for extreme scenarios of global SLR in 2100 reported in the
literature review stated above.

Sc.1 (long run) is different from all of the other proposed scenarios. There is neither a SLR,
nor an increase in groundwater extraction (the same values as in 2010 are used). This scenario
analyses the impact of time only (until 2500), focusing on the autonomous salinization process,
as it is known that the salinity distribution in coastal groundwater systems lags behind the current
boundary conditions [20,32,33]. Thus, this scenario is not used for comparisons with the other scenarios.
The remaining five future scenarios are combinations of different SLR and groundwater extraction rates.
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Table 1. Future scenarios for sea-level rise (SLR) and groundwater extraction.

Scenario (Sc.) SLR (m) Extraction (109 m3/Year) Time (Year)

Reference 0 4.9 2010
Sc.1 Long run 0 4.9 2500
Sc.2 Extreme 1.5 12 2100

Sc.3 Moderate 1 8 2100
Sc.4 Restrictive 0 4.9 2100
Sc.5 High ext. 0 12 2100
Sc.6 High SLR 1.5 4.9 2100

Sc.2 (extreme) was selected to show the impact of the combined effect of a large SLR and extreme
groundwater extraction on the NDA. The proposed population will reach 200 million per capita [26].
As the population growth continues with no birth control, a significant increase in groundwater
extraction rate is expected 12 × 109 m3/year to fulfil the high water demands (Figure 2). No control
over groundwater extraction is assumed. In this scenario, the SLR is assumed to be 1.5 m, which is
also considered extreme based on the analyses in the literature review presented earlier.

Sc.3 (moderate) takes birth control and a reduced population growth rate into account. It is
associated with moderate control of groundwater extraction. The population is estimated to be about
146 million capita [26]. According to the national future plan of MWRI in 2100, the government
will have moderate investments in reclamation projects. The groundwater extraction will be
8 × 109 m3/year. The government will control the unplanned groundwater extraction and benefit
from the solar desalination plants that are planned to be constructed. A moderate SLR of 1 m is
also assumed.

Sc.4 (restrictive) is a very optimistic scenario as it assumes that no increase in groundwater
extraction will occur, due to control by high financial penalties for any non-authorized groundwater
extraction. In this scenario, the government depends on water resources other than groundwater.
This scenario was selected to show the results of completely prohibiting groundwater extraction.
Also, it is assumed that there will be no SLR. In fact, this scenario has same conditions as Sc.1 (long
run) but it is analysed until 2100.

In Sc.5 (high ext.), the government encourages investments and land reclamation which leads to a
dramatic increase in groundwater extraction and hence, increases groundwater salinization. In this
scenario, the groundwater extraction rates are proposed to reach again 12 × 109 m3/year by 2100.
This scenario was selected to examine the impact of groundwater extraction alone, so the assumed
SLR is 0 m.

On the contrary, the objective of Sc.6 (high SLR) is to measure the impact of SLR only.
The groundwater extraction rate is same as now (2010) and a SLR of only 1.5 m is assumed.
Scenarios 5 and 6 help to identify which is the main driving factor in the SWI process: SLR or
groundwater extraction.

All six scenarios consider that the Egyptian policy towards cooperation with the Nile basin
countries will continue to be the same and consequently, water levels in canals and water use for
agriculture will remain constant. The increase of groundwater extraction in different scenarios is
without any spatial variation compared to 2010. This study analysed how NDA will develop in the
future with current spatial distribution of wells. Each existing well field will gradually increase the
groundwater extraction until 2100. Further studies may investigate different spatial distributions of
groundwater extraction. The initial conditions of the model were taken from the calibrated model’s
results for 2010. The model was run for 90 years for scenarios 2, 3, 4, 5 and 6 to predict the future SWI
in 2100. For Sc.1, the model was run for 490 years to predict the SWI in the year 2500.
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4. Results and Discussion

4.1. The Whole Nile Delta

The total volume of groundwater in NDA up to the hydrogeological base was estimated to be
approximately 4050 × 109 m3 covering an area of approximately 30 × 103 km2. This agrees with
Reference [15] who estimated the groundwater volume of NDA to be around 3600 × 109 m3 but
with a smaller modelled area (24 × 103 km2). According to [34], groundwater can be classified
into different types with respect to the salinity level. Fresh water has a salinity of 0–1 kg/m3,
light brackish has 1–5 kg/m3, brackish has 5–30 kg/m3 and saline water has salinity greater than
30 kg/m3. Figure 3 shows the different proportions of the groundwater types in 2010, together with
their spatial distribution within the Delta. Fresh water accounts for 37%, light brackish 10%, brackish
21% and saline water 32%. The volume of total available fresh water is approximately 1290 × 109 m3

and the volume of light brackish water is about 421 × 109 m3. Table 2 provides estimates of the
groundwater volume in ×109 m3 occupied by the four groundwater types for the current conditions
in 2010 and for the six analysed scenarios.

Figure 3. Spatial distribution of different groundwater types in the Nile Delta in 2010 (Concentration
in kg/m3).

It is clear from Table 2 that when only the influence of time is considered, the groundwater system
becomes saltier. In Sc.1, the fresh groundwater volume decreases significantly by 31%, while the
light brackish, brackish and saline groundwater volumes have corresponding increases. In this case,
because of the long simulation period, the changes in salinization volumes are large in comparison
with the other scenarios. The significance of the results from this scenario is that they demonstrate that
even without any SLR or increased groundwater extraction, the salinization of the NDA will continue.
It was shown by [18] that the NDA has not reached equilibrium yet and that this complex groundwater
system is characterized by slow hydrogeological variations that bring significant impacts only after a
long period of time [24]. For this reason, this scenario, in fact, raises a warning alarm. It shows the
need for the planning of continuous adaptation strategies that prevent the accumulation of inland
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groundwater salinization. There are a number of adaptation strategies that could be applied in the Nile
Delta [10], for example, artificial recharge, the extraction of saline and brackish groundwater and the
modification of pumping practices through the reduction of withdrawal rates or adequate relocation
of groundwater extraction wells.

Table 2. Groundwater volume in ×109 m3 in the Nile Delta aquifer (NDA) for the four
groundwater types.

Groundwater
Types
kg/m3

Current
2010

Reference

Sc.1
2500

Long Run

Sc.2
2100

Extreme

Sc.3
2100

Moderate

Sc.4
2100

Restrictive

Sc.5
2100

High Ext.

Sc.6
2100

High SLR

Fresh water
0–1

1290 893
−31%

1049
−18.7%

1119
−13.3%

1190
−7.7%

1090
−15.5%

1147
−11.1%

Light brackish
1–5

421 436
+3.6%

434
+3%

432
+2.7%

431
+2.4%

433
+2.9%

432
+2.8%

Brackish
5–30

829 1051
+26.8%

900
+8.5%

888
+7.1%

886
+6.9%

894
+7.9%

890
+7.4%

Saline water
>30

1513 1734
+14.6%

1691
+11.7%

1600
+5.7%

1548
+2.2%

1631
+7.7%

1611
+6.4%

For Scenarios 2 to 6, the models were run up until 2100 with different SLR rates and/or
groundwater extraction rates. For Sc.2 (extreme), the fresh water decreased significantly by 18.7%
in 90 years, while the saline volume increased by approximately 12%. These values are the highest
among Scenarios 2 to 6, because Sc.2 shows the combined effect of an extreme SLR and groundwater
extraction rate. Sc. 3 (moderate) shows modest values for fresh water volume loss (−13.3%) and saline
groundwater gain (+5.7%).

Under very optimistic conditions, Sc.4 (Restrictive) has a small saline groundwater volume
increase (+2.2%). The fresh groundwater loss (–7.7%) is the lowest among all other scenarios. To achieve
this, however, very rigid control of groundwater extraction is necessary. Alternative, unconventional
sources of water are required, possibly in combination with water saving and planting of crops that
are more resistant to salt. Figure 4 shows the percent of change in different scenarios for the analysed
groundwater types with respect to the 2010 baseline values.

In Sc.5 (high ext.), the fresh water volume decreases by about 15.5%. That decrease is second in
severity after Sc.2 (extreme) with approximately 18.7%. This is also demonstrated in Figures 5 and 6
below, indicating that the largest part of the decrease in volume comes from groundwater extraction,
not SLR.

Table 2 shows a decline in fresh water in Sc.6 (high SLR) to about 11%. This value is less than that
in Sc.5 discussed above, meaning that SLR has a smaller effect on the groundwater volumes in the
whole NDA compared to groundwater extraction.

Figure 5 shows different cross-sections of the NDA for Scenarios 2, 5 and 6. It is clear that
the salinity front advances the most in Sc.2 (extreme) followed by Sc.5 (high ext.) and Sc.6 (SLR).
The scenarios have the same ordering with respect to the size of the dispersion zone.
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Figure 4. The percent of change of groundwater types in different scenarios, with respect to the 2010
baseline values.

Figure 5. Cross-sections in the middle of the Nile Delta with different salinity distributions in different
scenarios in the year 2100.
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Figure 6. Block diagrams representing the fresh groundwater volume for different scenarios in
selected governorates.

4.2. The Nile Delta Governorates

As stated in the study area section, the Nile Delta management system is organized into a
number of governorates. The Egyptian governorates are administrative divisions. They are the
second tier of the country’s jurisdiction hierarchy, below the national government. Each governorate is
administered by a governor, who is appointed by the President of Egypt [35]. The groundwater sector
in Egypt is managed jointly by the MWRI and the governor in each governorate. Consequently, it is
necessary to study salinization patterns with respect to each governorate, because each governorate has
different hydrogeological parameters and more importantly, different agricultural and water resource
management activities (groundwater extraction and irrigation) and thus, different groundwater type
and salinization patterns.

Some of these governorates are coastal (e.g., Alexandria, Damietta), while others are far away
from the zone where brackish and saline groundwater are present.

It is clear from Table 3 that El Buhaira, Gharbeya and Sharkeya have the highest freshwater
volumes in all six scenarios (see Figure 1 for the locations of the governorates). On the other hand,
coastal governorates have no fresh groundwater. Kafr El Sheikh and Ismailiya governorates have
the lowest fresh groundwater volumes. The volume of fresh groundwater in each governorate is
dependent on its location and distance from the coast, as well as the thickness of the aquifer, the
governorate’s area, the reclamation projects and the number of groundwater extraction wells. Here,
again, it is clear that Sc.2 (extreme) has the highest impact of the governorates on salinization in 2100,
followed by Sc.5 (high ext.) and Sc.6 (high SLR).

Figure 6 shows that for all scenarios, the fresh groundwater decreases at a lower rate in the
Southern governorates, like Qalyobeya and Monofeya, compared to the Northern governorates,
like Kafr El Sheikh. This is mainly because these governorates are far from the coastal zone. Meanwhile,
the volume of fresh groundwater decreases at a high rate in the governorates Sharkeya and El Buhaira
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which suffer from the combined effect of excessive groundwater extraction and SLR. The analysis of
the spatial distribution of salinity indicates that in these governorates, the Northern parts are already in
a critical condition, while some continued groundwater extraction can still be allowed in the Southern
regions. As we can see from Figure 6, Ismailiya governorate shows a significant drop of the (relatively
small) fresh groundwater volume in all different scenarios. This governorate is already stressed by
severe groundwater extractions, so future scenarios further intensify its criticality regarding available
fresh water resources. In Dagahleya, the drop is also significant, although the absolute volume of
fresh groundwater is larger. Coastal governorates (Kafr El Sheikh, Damietta and Alexandria) are very
vulnerable to SLR. Damietta already has no fresh groundwater, while Kafr El Sheikh shows a severe
reduction of fresh groundwater in the future in all scenarios.

Table 3. The fresh groundwater volume in 109 m3 with respect to different scenarios in all governorates
of the Nile Delta.

Governorate
Area

103 km2

Extraction
2010

106 m3/year

Current
2010

Sc.1
Long
Run

Sc.2
Extreme

Sc.3
Moderate

Sc.4
Restrictive

Sc.5
High
ext.

Sc.6
High
SLR

El-Buhaira 10.130 1931 258 180 228 253 250 234 243
Daghleya 3.5 114 160 62 100 135 143 118 127
Damietta 1.029 362.5 0 0 0 0 0 0 0
Gharbeya 1.942 291.7 306 200 274 289 294 279 286
Ismailiya 2.10 163.8 31 8 16 26 28 20 24

Kafr El
Sheikh

3.437 0.9 24 0 11 19 20 16 18

Monofeya 2.543 791.5 120 105 113 117 118 114 116
Qalyobeya 1.124 408.2 66 51 54 61 63 56 60
Sharkeya 4.18 681.5 318 210 276 295 302 281 290

Alexandria 2.679 2.4 22 5 7 14 15 9 13
Portsaid 1.351 154.2 57 96 45 50 51 46 49

Figure 7 shows the distribution of different groundwater types for selected governorates in the
current situation (2010) and in 2100 under Sc.2 (Extreme). The Monofeya governorate has no saline
or brackish groundwater, while the coastal governorates, for example, Kafr El Sheikh and Damietta,
contain mainly brackish and saline groundwater.

Figure 7. Proportional distribution of the different groundwater types for selected governorates in the
current situation and under Sc.2
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5. Conclusions and Recommendations

This article presented an assessment of the impacts of sea-level rise (SLR) and groundwater
extraction on saltwater intrusion (SWI) in the Nile Delta aquifer (NDA). Six scenarios of different
combinations of SLR and groundwater extraction from the NDA were proposed. The analysis
was carried out using a 3D variable-density groundwater flow model coupled with salt transport.
The groundwater salinity conditions were analysed by using the change in volume for the four
groundwater types in the whole Nile Delta and for each Nile Delta governorate separately. The results
clearly demonstrate that the effect of groundwater extraction is more severe than the SLR. However,
SLR is linked to climate change, which is beyond the direct control of the Egyptian government and
imposes an extra burden on the groundwater system of the NDA, especially when it is combined with
excessive groundwater extraction. Salinization will intensify in the future if adaptation and mitigation
measures are not implemented.

It is recommended that groundwater extraction is banned in Northern coastal governorates that
are very sensitive to SLR and groundwater extraction. No groundwater extraction or investment
in agriculture should be made in the coastal governorates Ismailiya and Dagahleya due to their
shortage in fresh groundwater. In the Southern governorates, like Qalyobeya and Monofeya, the
groundwater extraction of fresh water can continue, as the results indicate that these governorates have
only fresh and light brackish water and do not have any brackish or saline water in all future scenarios.
Groundwater extraction can be allowed only in the Southern parts of the Sharkeya and El Buhaira
governorates, because their Northern parts are already in a critical condition. Table 4 summarizes the
recommended locations for future groundwater extraction in different governorates of the Nile Delta.

Table 4. A summary of the recommended groundwater extraction locations in the Nile Delta governorates.

Governorate Recommendation Reason

-Coastal governorates
Kafr El Sheikh
Alexandria
Damietta
Port Said

Ban groundwater extraction
Search for alternatives

-Limited or no fresh groundwater
-Sensitive to SWI (saltwater intrusion)

-Middle governorates
El Buhaira
Gharbeya
Sharkeya

Extraction
in the Southern region

-Fresh water is decreasing rapidly
-Suffer from combined effects of excessive
groundwater extraction and SLR
-Have the highest fresh water volumes

Ismailiya
Dagahleya

No groundwater extraction
No investment in agriculture that
relies on groundwater

-A huge drop of fresh water volume
between different scenarios
-SWI and ext. that intensify the criticality of
its small fresh water volume

-Southern governorates
Qalyobeya
Monofeya

Groundwater extraction
is recommended

-Fresh water is decreasing slowly
-Far from SWI

For strategic planning of groundwater management in Egypt until 2100, it is recommended that
future groundwater extraction distribution is adjusted. The vulnerability of governorates in terms
of the available fresh groundwater volume (under stress) should be taken into consideration when
designing future water management adaptation plans. Taking serious measures, such as closing
illegal wells, implementing full control of new authorization permits for groundwater extraction
in the NDA and giving strict fines for any violation of groundwater extraction regulations, will be
required to reduce the salinization problem. Additionally, future innovations and technologies, such
as waste water reuse, crop management and desalinization, should be actively pursued. Moreover,
immediate initialization of development projects that could protect groundwater salinization is needed,
for instance, desalination and rain harvesting projects in the Northern coastal region.

Finally, it should be recognized that salt water intrusion is a long-term process which may led to
the future deterioration of fresh groundwater resources in the NDA, even beyond 2100. Sc.1 which runs
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until 2500 indicates that time alone can bring further saltwater intrusion into the NDA. If uncontrolled
development of groundwater resources continues while control and adaptation measures are not taken
into account, this valuable fresh groundwater resource will be impaired to an extent that negatively
affects the overall socioeconomic development of the country.
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Abstract: Water resources sustainable management is a vital issue for small islands where
groundwater is often the only available water resource. Nauru is an isolated and uplifted limestone
atoll island located in the Pacific Ocean. Politecnico di Milano performed a feasibility study for the
development of sustainable use of groundwater on the island. This paper focuses on the first phase of
the study that concerns the conceptual site model development, the hydrogeological characterization
and the 2D model implementation. During the project, different activities were performed such as
GNSS topographic survey of monitoring wells and groundwater level surveys taking into account
tidal fluctuation. This data collection and the analysis of previous studies made it possible to
identify the most suitable areas for groundwater sustainable extraction. The characterization findings
suggested, unlike previous studies and surveys, the presence of only few drought resilient thin
freshwater lenses, taking place in low conductivity sandy deposits, unexpectedly next to the seashore.
Thanks to the 2D modeling results, it has been possible to clarify the mechanism that allows the
storage of freshwater so close to the sea.

Keywords: atoll island; groundwater storage; freshwater resilience; MODFLOW/SEAWAT; saltwater
intrusion; water resources management

1. Introduction

The integrated and sustainable management of water resources in small island countries is a
fundamental issue for health and social well-being, protection of the environment and development
of the economy. Here, it becomes a very high-level priority because of the strong limited nature of
resources, worsened by climate change. Recently, White and Falkland [1] provided an insight into the
key climatic, hydrogeological, physiographic, and management factors that influence the quantity
of fresh water and saline intrusion into small islands aquifers. The Small Island Developing States
(SIDS) organization has evaluated the sustainability problems faced by its member countries in the
Pacific Regional Action Plan [2]. Falkland [3] and White et al. [4] described the main concerns that
currently constrain the achievement of the goal of sustainable integrated water resources management
in these countries: in many islands, there are insufficient hydrological data available for the analysis
and planning of water governance reforms. Werner et al. [5] have shown in their review of the state
of knowledge of atoll island groundwater that over fifty years of investigation have led to important
advancements in the understanding of atoll hydrogeology, but a paucity of hydrogeological data
persists on all but a small number of atoll islands. The lack of data is usually due to the difficulties
related to the accessibility and the lack of instruments for parameter survey. Other issues include
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conflicts related to the use of water resources and location of water supply systems on customary
land, problems with design and implementation of projects, and insufficient community education,
awareness and participation.

Water resources on small islands can be classified as either conventional or non-conventional [6].
Conventional water resources include naturally occurring water such as surface water, groundwater,
and rainwater. Non-conventional water resources involve a high level of technology and often
high-energy consumption, such as desalination of seawater or brackish ground water, importation,
or treated wastewater. Often, in small islands, lack of surface water and large periods of absence of
precipitation make groundwater the only conventional and cheaper water resource available. Climatic
projections suggest a dramatic amplification of droughts [7], with significant effects on groundwater
availability, as observed in many fractured-karsts aquifers all over the world [8–10].

Groundwater occurs on small islands as either perched or basal aquifers [11]. The first ones occur over
horizontal confining layers (aquicludes), while the second ones, which are the most common form on small
coral and limestone islands, consist of unconfined, partially confined or confined freshwater bodies, which
form at or below sea level. On many small coral and limestone islands, the basal aquifer takes the form of
a “fresh water lens” which can underlie the whole island (Figure 1). These lenses of fresh groundwater
accumulate from rainfall percolating through the soil zone and reside in fragile hydrodynamic equilibrium
with the underlying saltwater, separated only by slight differences in density (transition zone). Basal
aquifers are, indeed, vulnerable to saline intrusion owing to the freshwater-seawater interaction, and
must be carefully managed to avoid over-exploitation and resultant increase of salt concentration in
groundwater [6]. However, as shown in this study, freshwater in small islands can also store next to the
seashore, in the sandy parts of the coast. The hydrogeology of atoll aquifers (“dual aquifer” systems in the
hydrologic literature) is unique, consisting of a surficial, relatively low-permeability Holocene carbonate
sand aquifer lying on a higher permeability Pleistocene limestone or karst aquifer [12]. The hydraulic
conductivity of the Holocene aquifer, where the freshwater lens resides, is generally one to two orders of
magnitude less than that of the underlying Pleistocene aquifer [13]. As reported by Nakada et al. [14], low
permeability materials can suppress salinization and keep the groundwater relatively fresh and recharged
by rainfall, even in low-elevation areas surrounded by saline water. Asymmetry is common in the lenses
of atoll islands: the freshwater lens is commonly thicker on the lagoon side than on the reef side of the
island and a cross-island variation in hydraulic conductivity is the usual explanation [15].

Figure 1. Small islands’ typical freshwater lens-shape over the brackish/salt water. The effect of a
pumping well (upconing) is indicated.

Through field investigations, long term surveys and groundwater modeling on Nauru island, this
paper means to understand the hydrogeological structures and the groundwater process that allow
fresh water to store in that position. This aspect needs to be clarified in order to quantify the fresh
groundwater resource and to understand if these freshwater lenses are resilient to saltwater intrusion
even in drought periods. Generally, resilience describes the capability of a system to maintain its basic
functions and structures in a time of shocks and perturbations and can continue to deliver resources
and ecosystem services that are essential for human livelihoods [16]. From the hydrogeological point
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of view, groundwater resilience defines the capability of the freshwater body to maintain its function of
water supply even in periods of crisis as drought or not sufficient water supply from other resources.
The time frame then should be the maximum crisis period length the hydrogeological system has so
far experienced. The study of Nauru’s hydrogeology is a step toward the knowledge of groundwater
circulation into highly permeable aquifers, underlain and surrounded by seawater, and could contribute
to improving the global knowledge on water management in these particular and fragile environments.

Nauru is an isolated raised coral-limestone atoll island [17] standing 4300 m above the ocean floor
and located 41 km south of the Equator in the Pacific Ocean (Figure 2).

 

Figure 2. Nauru position at 0◦32′ S and 166◦56′ E (a); and aerial photo of the island in 2009 with its
districts (b).

In 2001, the World Health Organization (WHO) [18], collaborating with Nauru public authorities,
formulated a Long-Term Water Plan which has to be considered the starting point of any future water
resources-related action. The main potential supply options identified by WHO for Nauru, also resumed in
the National Sustainable Development Strategy 2005–2025 of Nauru [19], are: (a) extraction of freshwater
from the shallow part of the aquifer; (b) collection and storage of rainwater; and (c) additional desalination
plants. Point (c) looks to be the hardest one to face, since it is strictly linked to the problem of additional
power energy supply based on renewable energy instead of fuel. Until 2015, an effective national
integrated water resource management plan for Nauru was missing [20]. Then Nauru government
published the Nauru Water and Sanitation Master Plan [21]. The plan is proposing as main supply
options: (a) the collection and storage of rainwater; (b) a limited use of groundwater; and (c) building a
reticulation network linking each house to desalinated water. The suggested limited use on groundwater
was mainly due to the lack of knowledge of groundwater resources availability on the island.

Politecnico di Milano has been involved in a project focused on a feasibility study for the
development of infrastructures for sustainable use of groundwater resources in Nauru [22]. The project,
funded by Milano Municipality and related to EXPO 2015, aimed to seize the opportunity to enable
the island to take an additional step toward a sustainable water supply, starting from the WHO
results/directives [18–20] and providing Nauru with a new and improved system for groundwater
exploitation. The characterization and modeling approach described in next pages could be followed by
Pacific, Caribbean and Mediterranean islands that suffer the same problem. The entire project consisted
of three steps: (1) development of the conceptual site model through the geological and hydrogeological
characterization of the island; (2) implementation of 2D and 3D density-dependent flow and transport
groundwater numerical models on the part of the island, which turned out to be more suitable for
the groundwater development; and (3) study and preliminary design of infrastructural actions for
groundwater sustainable exploitation. This paper focuses on the first step of the project and on 2D
model results analysis that have made possible to clarify the mechanism for storing freshwater next to
the seashore.
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1.1. Nauru: Overview of the Island

Nauru has an oval shape, with an extension of about 22 km2, and its 30 km of coastline are
surrounded by a fringing coral reef 120–300 m wide (Figure 2). It is an independent state with a 2016
population of 9591 inhabitants. In the early 1980s, the island experienced a long economic wellbeing
period thanks to the mining of the tricalcic phosphate deposits that originate from the droppings of
sea birds. However, intensive phosphate mining has made 80 percent of Nauru’s land very unusable
(Figures S1–S3 in Supplementary Materials).

The climate of Nauru is hot and humid with mean daily temperatures of 29–31 ◦C and a mean
minimum daily temperatures of 24–26 ◦C [23]. Annual rainfall data from 1946 show a mean annual
rainfall of about 2100 mm, with a high variability (Figure S4 in Supplementary Materials). The wet
season usually stretches from December to April, although El Niño Southern Oscillation (ENSO) events
have a very strong impact on precipitation: a negative Southern Oscillation Index (SOI) is in high
correlation with periods of high rainfall (El Niño period); conversely a positive SOI indicates periods
of drought (La Niña period) as reported by Falkland [24]. El Niño phenomenon usually lasts for about
18 months and occurs on average every four years, although it is not completely predictable.

The total water for Nauru demand was estimated to be 1500 m3/day of potable water and
1000 m3/day of non-potable water. Today, potable water is supplied through the operation of the
Nauru Phosphate Company (NPC) desalination plant in conjunction with the power station. This
plant supplies 950 t/day of high quality potable water (1998/2001 data). Additional potable water is
captured by houses through rainwater harvesting. The present supply of potable water can meet the
population demand in rainy years, but not in dry years or when the plant runs low due to technical
issues or the high oil prices.

The main concentration of groundwater wells is located along the coastline and around Buada
Lagoon, where pumping or bailing are the methods used for water extraction. Groundwater is used
in the island, even though in most wells it does not meet WHO drinking water standards set at
1000 mg/L of Total Dissolved Solids (TDS) [25]: consumption is mostly related to flushing toilets,
showers and house work. However, during drought periods, it is used for wide purposes even in
those areas where the TDS content is very high (e.g., for cooking/boiling and animals breeding).
Acceptability of groundwater quality may vary not only according to the season but also depending on
local circumstances: water tanks and rainwater harvesting systems maintenance, delays in delivery of
desalinated water and people awareness about water quality/risks. For this reason, Jacobson et al. [26]
suggested to set an upper limit for drinking water at 1500 mg/L of TDS.

1.2. Previous Hydrogeological Studies

Several hydrogeological studies on Nauru Island have been conducted in the past but few of them
are reported in scientific publications. Jacobson et al. [26] have previously carried out hydrogeological
studies of Nauru Island during the 1980s. The studies included core drilling, water electrical
conductivity (EC) measurements inside drilled boreholes, and electrical sounding for determination of
resistivity profiling on the island. The studies resulted in the construction of a conceptual model of
the underlying geological units of the island and the distribution of groundwater with the location of
freshwater/saltwater interface. From the analysis of core drilling samples [27], the underlying rock
resulted to be made up by limestone intensely karstified up to at least 55 m below sea level. The water
table had an average level of 0.3 m above the sea level, with water flowing radially towards the sea.

The freshwater was evaluated to lay above a 60 m thick transition zone. The hypothesis made
during these studies is that the thickness of mixed water may be due to high hydraulic conductivity of
the limestone present in Nauru subsoil. As known, an important contribution to this high conductivity
is the presence of karstic systems, which allow free and quick movement of seawater inland, behaving
as a source of saltwater [28]. Another factor responsible for the wide transition zone was detected in
the tidal fluctuations, which ranged from 0.33 m below mean sea level to 0.51 m above sea level [27].
A reversal of hydraulic gradient at the shoreline was identified, with drainage outwards at low tide,
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and seawater flow inwards at high tide. The tidal effects looked to have a significant influence on
groundwater levels too, being about half of the amplitude of the ocean tidal stage throughout the
island. Unlike the rest of the island, the Buada Lagoon levels had shown a lack of tidal response
suggesting the idea that the lagoon is an independent system in which the lowering water levels
could be potentially induced by evapotranspiration in drought periods [26]. Jacobson and Hill [27]
in 1987 did a groundwater EC survey for determining the position of freshwater lenses in the island
subsoil. Two large freshwater lenses (with thickness greater than 7 m) were firstly identified [27], one
located close to the Buada Lagoon depression, covering approximately 2.4 km2, and the other on the
north-central part of the island, extending for about 1.3 km2. A threshold concentration of 1500 mg/L
TDS was used for the localization and estimation of the freshwater lenses thickness [29]. However,
the freshwater lenses located in the Topside area seemed not to be resilient: by contrast to the first
investigations, in 2008, Falkland [24] performed a groundwater EC survey, after an extended dry
period, showing very limited fresh groundwater resources, except for some boreholes by the northern
coastal fringe in Ewa and Anetan districts, suggesting the possible presence in that area of a small
freshwater lens resilient to sweater intrusion even in periods of droughts.

One of the most recent documents regarding groundwater assessment in the island is by Bouchet
and Sinclair [30]: an EC survey was taken in 283 domestic wells on the coastal fringe of the island in
the period March–April 2010. Considering the water of those wells fresh with a value of electrical
conductivity smaller than 2500 μs/cm, the study reported an average freshwater thickness in the
coastal fringe of about 0.8 m. These measures were taken at the end of a period of 8 months with
rainfall above the average value. This suggested a quite significant impact of rainfall on groundwater
salinity and a quick response of the system to rainfall changes. The 2008 and 2010 surveys [30] show
that groundwater in Nauru is highly sensitive to climate variability, and therefore highly vulnerable,
as already underlined by White and Falkland [7,31]. Nevertheless, the reason of the presence of these
lenses was not clarified and the freshwater amount stored underground was not quantified.

2. Materials and Methods

This paper takes the main information from the activities completed by the authors during the
project developed by Politecnico di Milano. This project (2010–2015) aimed to start the exploitation of
groundwater resources addressing the extraction from the fresh surface layer of groundwater. For this
reason, the study has been carried out to investigate the current situation of seawater intrusion in the
Nauru aquifer. Starting from the data available in previous studies, in this work, the hypothesis arose
that freshwater accumulates in the sandy part of the island, close to the coastline. The intent of the
project was then to further the conceptual model of the island and verify the hypothesis of freshwater
storage, in order to evaluate where more resilient fresh groundwater lenses are present and accordingly
address groundwater extraction in the more feasible zones. Politecnico di Milano has carried out
the field activities in collaboration with the Nauru Rehabilitation Company (NRC) and Ministry of
Commerce, Industry and Environment (CIE) technicians. The results reached in the different steps of
this study are deeply described in the documents [32–35] available on the Nauru project website [22].

2.1. Island Characterization

2.1.1. Geomorphology and Geology

The land area of Nauru consists in a narrow coastal plain, which encircles a limestone escarpment.
From a morphological point of view, the island is divided in three parts: Topside, Bottomside and
Fringing Reef (Figure 3). The lowest zone (Bottomside) is the coastal plain that presents a maximum
width of 400 m and with an elevation ranging from 0 to 10 m a.s.l. The Bottomside consists of a sandy
or rocky beach on the seaward edge and a beach ridge or foredune, behind which are either relatively
flat ground or, in some places, low-lying small lagoons, filled by brackish water (Ijuw and Anibare
districts, Figure 2). Scattered limestone outcrops or pinnacles are found on both the coastal plain
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and on the intertidal flats of the fringing reef, with particularly good examples in the Anibare Bay
area. The Fringing Reef encircles the whole island and extends from the coastline for about 150 m;
the maximum width, about 250 m, is reached in the northern part, close to the Ewa and Anetan districts.

Figure 3. Reef, Bottomside and Topside of Nauru and location of wells and monitoring wells present
in the island.

The transition between the Bottomside and the Topside is a scarp about 30 m high. Relative
elevations on the plateau generally vary between 20 and 45 m a.s.l.; the highest point on the island,
Command Ridge, is located in the west and presents an elevation of 70 m a.s.l. The outstanding
topography after completion of primary phosphate mining is a pinnacle and pit relief.

On the southwest-central part of the island, there is a wide and fertile depression (about 120,000 m2),
where a brackish water lake known as Buada Lagoon is located. This is the only surface water body
(38,000 m2) existing on the entire island. Another depression, Ewa depression, is located in the northern
sector (Figure 4) and extends for about 200,000 m2. Unlike the Buada Lagoon, the Ewa depression is
dry, although we might formulate the hypothesis that also there a lagoon was present in the past.

The first phase of the characterization was the Digital Terrain Model (DTM) implementation from
the photogrammetric survey carried out by NRC in 2009 and elaborated by Politecnico di Milano
during the first months of 2010. Using the developed DTM, it was possible to distinguish the low-lying
zones from the most elevated ones (Figure 4 and Figure S5 in Supplementary Materials) with the aim
of evaluating preferred runoff zones or areas where rainwater can accumulate. In a preliminary phase,
this also allowed knowing the elevation of the stratigraphic logs and wells available in the area before
the topographic survey was carried out.
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Figure 4. DTM elaborated by Politecnico di Milano with the data of the photogrammetric aerial survey
carried out in 2010. Bottomside, cyan; and Topside, brown.

The information related to the subsoil has been drawn from the 127 geo-referenced wells present in
the island (Figure 3). Some of these points are now used uniquely for groundwater level and electrical
conductivity monitoring (35), while others (22) have been realized for the previous studies [26] but
are nowadays impossible to be tacked down or used. The rest are private wells used for domestic
purposes and rarely monitored by public authorities.

From the subsoil data, it has been possible to define the geological setting of the island. The whole
Bottomside consists of coastal homogeneous sandy sediments that are present until about 5 m from the
ground. Below these sediments, there are the carbonate rocks, as documented by Jacobson et al. [26],
that distinguished the pliocenic dolomitic limestone located on the Topside from the pleisto-holocenic
limestone that constitute the reef. From a geological point of view, the Topside consists of a matrix of
coral-limestone pinnacles and limestone/dolomitesoutcrops, between which lie extensive deposits
of soil and high-grade tricalcic phosphate rock. The phosphate has been mined for the past century.
Due to the mining activity, the topsoil layer of around 75% of the island has been exploited cutting
the natural vegetation quite completely [36–38]. The karst phenomenon in Nauru is very diffuse
and the limestone assumes Karren shapes. Ewa depression can be interpreted as a sinkhole that
formed because of subsidence phenomena. The stratigraphic logs highlight the great number of
voids and caves present in the subsoil and caused by the karstic phenomenon; this phenomenon had
modified and altered the groundwater flow, creating caves that in some cases may be observed at
the ground level (Moqua and Anetan caves). The stratigraphic log analysis and the conceptual site
model developed in this study lead to the conclusion that, from a hydrogeological point of view, it is
possible to identify two aquifers in the island: one is represented by the Bottomside (made of sandy
sediments), the other is located in the limestone and dolomite that make up the rest of the island. These
two aquifer systems are connected vertically and laterally, as there are no separating low permeability
levels. Probably, water rapidly crosses through the Topside and then slows down in the sandy aquifer
of the Bottomside before discharging into the sea.
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2.1.2. Piezometric Survey—Nauru Datum and Tidal Correction

To obtain a confirmation of the definitive conceptual site model and get data useful for the
successive calibration of the numerical model, different piezometric surveys have been carried out
by Politecnico di Milano. The identification of the flow field in presence of low hydraulic gradient
needs an accurate knowledge of the monitoring point’s elevation. For this reason, in October 2011
Politecnico di Milano researchers performed a GNSS (Global Navigation Satellite System) survey and
35 monitoring wells plus seven private wells have been geo-referenced, using two double frequency
GNSS receivers (Table S1 in Supplementary Materials). One of the two receivers has been used as
“master station” and has been located in a fixed point close to the NRC office. The second receiver has
been used as rover, estimating the position of the remaining points. The double-difference method
(with the point surveyed with the master station) has been used to post-process the data. This method
consists in the evaluation of the differences in measurements obtained by the two different GNSS
receivers observing more than two different GNSS satellites at the same time. This technique allows
the removal of systematic errors due to receivers and satellites; for short base length (as in Nauru
case), it also allows to considerably reduce the atmospheric signal propagation errors [34]. After the
post-processing of the GNSS observations, the ellipsoidal heights of all the points have been obtained
with a formal variance smaller than 1 cm.

Jacobson and Hill [27], for the first time, conducted a hydrogeological survey in Nauru and
adopted a Reduced Level (RL) as reference point for all their measurements. Even today, all the
hydrogeological data collected in Nauru are referred to RL (Figure S6 in Supplementary Materials). Thus,
the measurements performed during the present GNSS survey needed to be linked to RL. However, the
tide data provided by the Australian Bureau of Meteorology are referred to the Nauru Island Datum
(NID), which corresponds to the zero tide gauge, located 0.166 m above the RL [39]. For the present
study, the tide data have been corrected to refer them to the RL (Figure S7 in Supplementary Materials).

The Australian Bureau of Meteorology records the hourly tidal variations in the Aiwo district.
Nauru Island has a micro-tidal regime and the average amplitude of the tidal signal is currently of
about 130 cm compared to the mean sea level. It is a bit higher than the value reported in their study
by Jacobson e Hill [27]. In the 2001–2011 decade, a maximum value of 3.15 m has been recorded in
2001 and a minimum of 0.36 m in 2011, compared to the RL [39]. In this study, 14 monitoring wells
have been used to observe the groundwater variations related to the tidal fluctuations (Figure 5).

 

Figure 5. Sea and groundwater levels over a two-day observation period (compared to RL) in
monitoring well S1 where the phreatic level varies within a range of 1.80–2.30 m every 6 h.

Falkland [24] had previously evaluated for the SIDS some parameters that characterize the
groundwater variability in response to the tidal signal. Table 1 shows the average Tidal Lag and
Efficiency of the tide calculated by Falkland in each monitoring well: the Tidal Lag (TL) expresses the
delay between the occurrences of a tide maximum/minimum and the related maximum/minimum
observed in the monitoring well. The Efficiency of the tide (E) is calculated as the ratio between
the difference of maximum/minimum levels observed in the monitoring well and the related tidal
difference (ΔG and ΔT in Figure 6).
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Table 1. Tidal Lag, Efficiency and Distance from the coastline of the monitored monitoring wells.

Monitoring Well Location
Average Tidal Lag

(hours:min)
Average Tidal
Efficiency (E)

Minimum Sea
Distance (m)

E2 Topside 01:37 0.50 1950
E3 Topside 01:27 0.54 1500
E8 Topside 01:49 0.49 950
S3 Topside 01:55 0.47 820
S9 Topside 01:32 0.46 520
S10 Topside 01:51 0.44 1400
S11 Topside 01:23 0.50 340
S15 Topside 01:31 0.54 1040
S21 Topside 01:20 0.41 397
S22 Topside 01:20 0.49 290
T1 Topside 01:27 0.56 1500

Average Topside 01:33 0.49
S1 Bottomside 01:17 0.50 140
S16 Bottomside 02:10 0.27 280
T2 Bottomside 01:27 0.56 342

Average Bottomside 01:38 0.44

Implementation of a piezometric survey on the whole island needs about 5 h and this makes
the measures influenced by the tidal event related to the monitoring time. In previous piezometric
surveys, this issue has never been considered. Thus, here is proposed a method for data correction,
developed during the project to adjust the measured levels by considering the tidal effect. Knowing
the Tidal Lag (TL) and the tide Efficiency (E) for each measured monitoring well, it was possible to
correct the measured groundwater levels referring them to the same time, as the measurements in all
the monitoring wells have been done concurrently.

The correction process consists of four phases:

1. Reference time definition: A reference time (t0) is fixed with the aim of referring all the field
measurements to a standard time. Furthermore, tobs is defined as the real time corresponding to
the instant when the hydraulic head is observed in the monitoring well.

2. Tide maximum variation definition: Analyzing the tide fluctuation curve it is possible to calculate
the difference between minimum and maximum tide levels (ΔT) that occur just before and after
the groundwater head measurement. Δt is the time lag between minimum and maximum tide
level occurrences. Furthermore, the Tidal Lag (TL) can be used to evaluate the occurrence of the
maximum or minimum level in the observed monitoring well. For the Nauru case, all tide data
need to be corrected compared to the RL.

3. Correction factor estimation: The correction factor (Δhi), which should be applied to the
groundwater level measured at tobs, can be calculated through the following equation:

Δhi = Ei
ΔT
Δt

|(t0 − tobs)| (1)

where ΔT/Δt represents the tide level variation velocity and Ei is the efficiency for the monitoring
well i. Consequently, (EiΔT/Δt) is the groundwater level variation velocity due to the tide
influence in the monitoring well considered.

4. Groundwater level correction: Four cases are possible, as summarized in Figure 6:

i. The observation time (tobs) and the reference time (t0) are both between the same maximum
and minimum groundwater levels and the head in the monitoring well (hobs1) has been
observed before the reference time t0 (Figure 6a)—in this case, Δhi must to be subtracted
from hobs1.
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ii. The observation time (tobs) and the reference time (t0) are both between the same maximum
and minimum groundwater level and the head in the monitoring well (hobs2) has been
observed after the reference time t0 (Figure 6a)—in this case, Δhi must to be added to hobs2.

iii. The observation time (tobs) falls before the maximum groundwater level but the reference
time (t0) is after the same maximum (see hobs3 in Figure 6b)—in this case, the correction
must account for the fact that from tobs to t0 the groundwater level increases and then
decreases. This means that Δhi must be added to hobs3, but now it should be considered
that Δhi = (Δhi,R − Δhi,L) where Δhi,R is the correction during the groundwater rising
phase and Δhi,L is the correction during the groundwater lowering phase.

iv. The observation time (tobs) falls after the minimum groundwater level but the reference
time (t0) is before the same minimum (see hobs4 in Figure 6b)—in this case, the correction
must account for the fact that from t0 to tobs the groundwater level decreases and then
increases. This means that the Δhi must be added to hobs4, but now it should be considered
that Δhi = (Δhi,L − Δhi,R) where Δhi,L is the correction during the groundwater lowering
phase and Δhi,R is the correction during the groundwater rising phase.

 
Figure 6. Groundwater level correction: Cases (i.) and (ii.) (a); and Cases (iii.) and (iv.) (b).

On the island, 23 piezometric surveys have been performed from June 2008 to April 2013 and
interpolation after measures correction are showed in Results section.

2.1.3. Electric Conductivity Survey

Since 2008, during the piezometric surveys, the EC was measured at the surface and at the bottom
of each monitoring well. In this way, the concentration distribution in plant and along the depth has
been assessed. The monitoring wells in the southern part of the island show EC values always higher
than 10,000 μS/cm. More in detail, the EC in the monitoring wells located in the northern sector along
the coastline is around 520 μS/cm, while the internal monitoring wells (S11, S21, S23, S24 and T3)
show an average value of 1300 μS/cm. The points located in the Topside, far from the northern sector,
have higher values, often above the potable threshold value. In particular, close to the Buada Lagoon
(E3, E7 and E8), the EC average values are around 11,300 μS/cm and the monitoring wells located
in the airport area (Boe-Yaren districts) have elevated values of the parameter (around 5400 μS/cm).
The monitoring well S3 always show very high values of EC (22,600 μS/cm), independently from the
rainfall distribution. These high values can be justified by the fact that this zone had been used to
deposit the sea sediments resulting from the building of the harbor facility at Anibar bay [40].

The data from the literature and the ones collected during this project have allowed drawing the
following maps, where it is possible to see the salt concentration evolution into the Nauru aquifer from
2009 to 2013 (Figure 7 and Figure S8 and Table S2 in Supplementary Materials).
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Figure 7. The 2009 and 2013 Electric Conductivity values at the water table into the Nauru aquifer.

2.2. Bi-Dimensional Numerical Model

To understand the cause of fresh water storage in the Bottomside area, a 2D steady state modeling
phase was started, using the MODFLOW/SEAWAT finite difference codes [41,42]. The 2D model
represents a preliminary study phase, preparatory to the hydrogeological parameter calibration for
a following full 3D model implementation. For the bi-dimensional modeling, one section has been
selected, the trace of which is shown in Figure 8. Section AA’ has been chosen passing through the
northern sector of the island, characterized by the thickest freshwater. The section has also been
identified on the base of the position and number of monitoring wells and the head and concentration
data available for the calibration process.

 

Figure 8. Section AA’ trace and monitoring points present in the island.
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Given that this is a problem of saltwater intrusion, the vertical discretization has been made very
fine in the coastal zone where 1 m cells have been chosen (Figure 9). The cell size becomes bigger as
we move inland, until a maximum size of 10 m.

 
Figure 9. AA’ section, black zones represent the most refined part of the model domain (1 m cells).

For the vertical discretization, 18 layers have been set. The layer thickness increases from the
surface to the bottom of the model (at −60 m respect to the RL) from a minimum value of 0.5 m
for first four layers to a maximum of 7.5 for the last three. Constant head (1352 m above RL) and
concentration (35.7 kg/m3 from Ghassemi et al. [29]) boundary conditions have been assigned at
the borders of the two sections from the eighth layer to the last one. The layers above have been
assigned boundary conditions to represent the sea bottom slope from the coastal line to the reef. Even
though the hydrogeological investigation carried out in Nauru did not measure hydraulic conductivity,
Jacobson and Hill [27] reported values for other limestone atoll islands where this parameter ranges
between 1000 and 3500 m/day. For the assignment of parameters, the chosen initial values, uniform in
the all model domain, have been the ones used by Ghassemi et al. [29] as shown in Table 2.

Table 2. Hydrogeological parameters initially assigned to the 2D models (from Ghassemi et al., [29]).

Hydrogeological Parameter Ghassemi Adopted Values

Hydraulic conductivity (Kx, Kz) 900 m/d 18 m/d
Porosity 0.3
Specific Storage and Specific Yield (Ss, Sy) 0.0003 m−1 0.3 m−1

Longitudinal dispersivity 65 m
Transverse dispersivity 0.15 m
Recharge 540 mm/year
Molecular diffusion 8.64 × 10−6 m2/d

The initial simulation has been run for a 200-year period, using an average recharge (540 mm/year)
in order to simulate the natural extension of the saltwater wedge. The model was then calibrated
in accordance to the head and concentration data relating to the 2010 survey carried out in
wells and monitoring wells located along the section. The performed sensitivity analysis has
shown that the model is highly influenced by horizontal hydraulic conductivity and dispersivity.
As Ghassemi et al. [29] did not consider the presence of sand sediments along the coastline, the
calibration process in this study has mainly considered monitoring wells S1 and S18 (Figure 8) located
in that zone (Ewa and Anetan districts ), where the limestone is replaced by sand sediments in the
shallow part of the aquifer. On these two points, the concentration values at different depths were
available and have been used to compare the model results with real data. The calibration process
followed a trial and error approach using 16 concentration data collected at different depths in eight
multi-pipes monitoring wells. In Table 3 statistical results of the calibrated model are presented and the
graphs in Figure 10 depict a detailed observed/simulated comparison along the depth in S1 and S18.
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Figure 10. Observed vs simulated concentration values in monitoring wells S1 and S18.

Table 3. Statistical results of the salt concentrations (kg/m3) calibrated with the 2D density-
dependent model.

Statistics

Absolute Residual Mean 1.70
Residual Std. Deviation 2.10

RMS Error 2.73
Scaled RMS 0.17

Min. Residual −0.28
Max. Residual 7.23

Number of Observations 16

Range in Observations 15.81

The calibrated hydraulic conductivity distribution adopted is the one shown in Figure 11 where
the limestone zone (white part) is assigned Kx = Ky = 800 m/d, whereas the sand zone (red) is assigned
Kx = Ky = 40 m/d (the ratio 0.1 is used for Kz).

 

Figure 11. Calibrated hydraulic conductivity settings: sandy sediments (red) and limestone (white).
In blue the constant head and constant concentration boundary conditions are indicated (zoom on the
northern part of section AA’).

Even the dispersivity value has been the object of the calibration phase. In fact, tidal effects can
produce considerable impacts on seawater intrusion processes in mixing zones. La Licata et al. [43]
simulated seawater intrusion with and without tidal effects on a mixing zone; their results indicated
that tidal mixing results in more mixed pollutant and salinity concentrations than the distributions
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from an equivalent steady-state model without tidal effects. For this reason, the dispersivity value has
been slightly modified compared to Ghassemi et al. [29] on the limestone zone (50 m, 5 m and 0.2 m for
longitudinal, transverse and vertical dispersivity, respectively), whereas it has been assigned a different
value on the sandy coastal zones (2 m, 0.2 m and 0.008 m). The increase in the dispersivity values in
the limestone zone was also necessary to represent the role of the karstic canals that characterize the
internal part of the island. Campana and Fidelibus [44] used in their model values that ranged 2–100 m
to represent a gypsum formation characterized by variously oriented fractures and karst features.

3. Results

3.1. Heads Distribution

The collected data related to the groundwater fluctuations in response to tidal variations have
made possible the representation of the piezometric surface for Nauru Island as measures were carried
out at the same time. The surveys have been carried out on an average of about 30 monitoring wells.
The data have been corrected through the already described methodology and the piezometric maps
have been created in order to understand the hydraulic gradient values and the main flow directions.
The Jacobson et al. [26] piezometric map shows a radial groundwater flow from the center of the
island toward the coastline. The eight surveys performed for this study in 2010–2013, conveniently
corrected, have enabled us to reach some conclusions regarding the groundwater surface morphology
(Figure 12). A high level persists during the time in the area where monitoring wells E3 and S19
(2.24 m, November 2010) are located, close to the Buada Lagoon (2.01 m, November 2010). Generally,
in the Topside the hydraulic gradient is very low (<0.05%) and increases moving from the cliff toward
the Bottomside (about 0.1%). Locally, the coastal area presents piezometric values similar to or a bit
higher than the monitoring wells located in the internal part of the Topside. This phenomenon is more
significant in the northern part of the island, especially in the Ewa and Anetan districts, where relevant
freshwater presence has been detected. All the surveys carried out during this project confirm the
radial flow toward the ocean. The Buada Lagoon does not seem to modify or influence the piezometric
surface, but contrary to previous studies it does not represent a drainage area and shows levels that
respond to tidal variations and are comparable to the surrounding groundwater ones.

Figure 12. Piezometric maps of the groundwater heads measured in November 2010 and October 2011
(sea level 1.35 and 1.54 m, respectively).
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3.2. Electric Conductivity Distribution and Exploitable Areas

Given that many monitoring wells are multi-pipe, it has been possible to evaluate the EC vertical
profile and then the geometry of the saltwater wedge and the thickness of freshwater lenses. In the northern
sector of the island, monitoring wells S1 and S18 show quite a high thickness of freshwater (about 7 m) that
is also constant in time. The lens thickness decreases in the southern part where monitoring wells S21, S24
and S23 show a freshwater thickness of about 3.5 m, which remain stable only in S24, while in the other
points are more influenced by the rain periods. The central sector of the Topside (S6, S10) does not show any
freshwater availability given that the EC values are between 10,000 and 20,000 μS/cm at the surface and
reach about 35,000 μS/cm at 20 m depth from the water table. In the area close to the airport, freshwater
does not accumulate in large quantity and only S16 has a freshwater thickness of 3 m. This lens was present
only in April 2010, which was very rainy (390 mm of rain), whereas, during the dry months, the freshwater
previously stored in this zone flowed toward the sea. As described in the Introduction Section, previous
studies [27] had determined two areas with a freshwater thickness higher than 5 m: one located close to
the Buada Lagoon and the other near the S15, S4 and S2 monitoring wells. The hydrogeological surveys
carried for this study combined with the Falkland ones, had shown that in these zones there is no resilient
freshwater lens; this means that the areas determined by Jacobson and Hill are strictly linked to a very
rainy period (1986–1987) and not to particular hydrogeological structures able to store freshwater. Figure 13
sums up these results. The characterization activities carried out during this study have made possible
to determine the areas most suitable for the design and development of groundwater infrastructures for
water withdrawal (e.g., wells and infiltration galleries). The most suitable area is surely the northern zone
where S1 and S18 are located, given that there have been found freshwater lens with a thickness resilient in
time and independent from the rainfall distribution. A quite thick freshwater lens (3 m) is also located in
the southern part of the island, in Yaren and Boe districts.

 

Figure 13. Results of the EC survey in monitoring wells and private wells (October 2011). Pink line
indicates the most suitable areas for groundwater exploitation and the pink dashed one the potential
suitable areas.
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3.3. Model Results

As the surveys clearly show that the largest volume of freshwater is present in the northern part
of the island, modeling activities focused on coastal monitoring wells (S1–S18) to understand the
mechanism that allows this storage. Considering the calibration statistics and the S1 and S18 results
(Figure 10), the model can be considered able to properly represent the salinity vertical distribution.
In S1, located about 150 m from the sea, a freshwater thickness of 7 m is simulated with a following
sharp increase in concentration values. In S18, located about 50 from the sea, the model results are
a little bit worse because simulated concentrations are lower than the measured ones. The model
properly represents the concentration at three of the four available depths, but it underestimates the
salinity at the depth of −7.5 m above RL, consequently overestimating the freshwater thickness of
about 25%. This difference is because S18 is very near the coast line and is strongly influenced by tide
level variation. For the future 3D modeling phase, this aspect should be considered and, probably,
daily average salinity values, rather than instant measurements, would be more suitable for a steady
state simulation. In Figure 14, concentration values are visible along the northern portion of the cross
section examined. The saltwater wedge from the cost toward the inland is clearly depicted.

 
Figure 14. Concentration distribution of the calibrated model (kg/m3) simulated for November 2010
(zoom on the northern part of section AA); green dots indicate cells hosting the boundary condition.

Thanks to the low hydraulic conductivity, freshwater is stored in sand sediments creating a sort
of “pillow” that has a sharp limit toward the seaside and a smoothed one toward the inland side.
The low hydraulic conductivity of the sands, slowing the groundwater flow, also results in a decrease
of groundwater concentrations in the limestones area immediately upgradient of the S18–S1 area.
Nevertheless, these freshwater lenses are thin and with concentration values above 4 kg/m3 that limit
the exploitation possibilities.

The 2D model results highlight the fact that the transition from limestone to sand occurring in
the Bottomside is responsible for the freshwater storage mainly observed in the northern zone of the
island. In particular, the study conducted and the calibration process of the mathematical models have
highlighted the fact that the coastal zone, filled by sands, is the one where the biggest thickness of
freshwater occurs. This is because the hydraulic conductivity of this area, smaller than the limestone
internal zone, allows the flow to slow down and the groundwater to store. The 2D model demonstrated
that even the dispersivity values and the recharge play a role in concentration distribution.
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4. Discussion

The hydrogeological characterization and the modeling activity carried out, albeit preliminary,
have enabled to achieve important new results in comprehending the freshwater lens formation
phenomenon in small islands.

In the case of Nauru Island, the investigations performed have unexpectedly allowed identifying
the presence of freshwater lenses hosted into the sandy sediments of the coastal zone, close to the
seashore. The monitoring activity, carried out for a six-year period, has moreover highlighted that
these lenses are resilient even in drought conditions. This result is in contrast with the previous
studies that, on the other hand, had identified freshwater lenses into the limestone forming the internal
part of the island. The difference in the results is due to: (1) previous authors had carried out just a
single survey corresponding to a particularly rainy period; and (2) their conceptual site model did
not consider the presence of sandy sediments along the coastline. Thus, thanks to the data collected
during this study, a new conceptual site model has been developed for Nauru, one presuming that the
low hydraulic conductivity of sand makes the groundwater slow down toward the coast consequently
allowing freshwater storage where saltwater is instead expected to penetrate more easily into the
aquifer. This preliminary conceptual site model has been verified through a steady state 2D numerical
model along a N-S oriented section. During periods with great rainfall, water easily infiltrates the
subsoil because of the paucity of vegetation and the karst phenomenon that characterize the limestone
making up the internal part of the island. Freshwater then flows in the high conductivity limestones
(800 m/d) radially moving toward the coast and slowing down when it reaches the low permeability
sands (40 m/d). Here, freshwater stores in lenses that remain protected from saltwater intrusion
by the low hydraulic conductivity of the sediments. Unlike the case of the Topside, characterized
by high hydraulic conductivity and dispersivity, the infiltrated rain quickly mixes with the deeper
saltwater, thereby determining a fast disappearance of freshwater lenses in the periods with scarce
rainfall distribution.

Three hydrogeological/geomorphological factors can be considered responsible for the large
storage of fresh water in Nauru’s northern sector

• The wind: During the humid season (November/April), the winds blow from the West, while,
in the dry season, they come from East. This means that the northern and southern coastal zone
are not particularly exposed to the wave action, and consequently there is a smaller erosion of the
sands [40].

• The morphology and petrography of the coastal zone: The coastal zone has a variable width, from
400 m close to the airport to a few meters close to Anabar Bay. Near the S1 and S18 monitoring
wells, the Bottomside width is 180 m and the sediments mainly consist of by carbonate sands.
The main difference is linked to the thickness of sediments: in S1 and S18 the sediments are
15 m thick. Other boreholes in the Bottomside had shown that the basement is around 6 m from
the ground level in the eastern sector, 10 m close to the airport and only 3 m in the Anibar bay.
The elevated thickness of the sandy sediments in the northern zone is probably the cause of the
groundwater slowing down and of storage. Here, the flow circulation is therefore different from
the other zones where instead, due to the presence of karst tunnels, the groundwater flows rapidly
toward the sea.

• The bathymetry: Looking at the bathymetric maps of Nauru [45], it is possible to notice that in
the northern sector the sea bottom declines smoothly compared, for example, to the Anabar Bay
zone where submarine cliff is present. That probably allows the decrease of wave intensity in the
northern sector, thereby determining the sand sedimentation and the freshwater storage in the S1
and S18 area.

Comprehension of the way freshwater lenses form in the subsoil of small islands and how they
behave is a fundamental aspect to be understood in order to achieve a sustainable development of
groundwater. The Nauru experience show how, on small islands, with the aim to archive a proper
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groundwater management, a detailed aquifer characterization and an exhaustive implementation of
the hydrogeological conceptual site model are necessary. Nevertheless, even for Nauru, the studies
presented in this paper can not be considered sufficient to prepare a reliable groundwater management
plan. The complete understanding of freshwater storage and its quantification would need a more
accurate 3D modeling phase supported by data collection. In particular it would be useful a
series of hydraulic conductivity tests to confirm the parameters used in the 2D modeling and some
geo-electrical tomography campaigns to better assess the freshwater thickness along the coast. This new
investigations have been designed for Nauru and will indeed allow: (i) a more precise simulation of the
system behavior; (ii) a better comprehension of the role played by the sand sediment thickness in the
different zones of the island; and (iii) an improved assessment of the volume of stored freshwater and
its resilience capacity during drought periods. Furthermore, an unsteady state 3D model will constitute
a useful tool for management of water resources, their protection from pollution and definition of a
sustainable use of freshwater lenses avoiding saltwater intrusion increasing. Through this kind of
model, it will possible to design new and tailored groundwater withdrawal systems, forecasting their
effects on groundwater availability and on saltwater intrusion in different meteorological scenarios.
This will allow optimizing their number, position, depth and pumping helping public authorities in
preparing a groundwater management plan in the aim to achieve a sustainable development.

5. Conclusions

On Pacific, Caribbean and Mediterranean small islands, groundwater is an important, or the main,
source of freshwater whose availability is often limited and whose quality is frequently compromised.
The present study of Nauru’s hydrogeology is a step toward the knowledge of groundwater behavior
into highly permeable aquifers, underlain and surrounded by seawater, and can contribute to improve
the global knowledge on water management in these fragile systems. The study findings are mainly
related to the following aspects:

• Unlike generally assumed, small island aquifers can not only host continuous freshwater lens
in the central part of the island, but, unexpectedly, freshwater storage can also occur next to the
coastline. In Nauru case, long-term investigations carried out by authors, have shown that those
lenses are resilient to saltwater intrusion even in drought periods.

• A method to correct head measurements vs. tide has been proposed and applied to better
characterize the groundwater flow patterns in small islands.

• Thanks to the investigations and the numerical modeling, it has been possible to clarify the
mechanism for freshwater storage next to the seashore and the role played by the hydrogeological
structure and aquifers hydraulic conductivity.

• In previous studies, the durability of freshwater lenses had not been proven yet;
the characterization activities here presented cover a long period and show that freshwater
lenses located along the coastline turn out to be resilient to drought and saltwater intrusion.

Despite the previous groundwater investigations, considering climate change, rising sea levels
and increasing frequency of extreme events, there was a need for a more comprehensive assessment of
groundwater potential on Nauru. The characterization presented in this study makes available new
and more useful data related to the hydrogeological setting of the island. The results achieved have
highlighted the existence of a fresh groundwater resource that can be exploited, in a sustainability
perspective. The volume stored in the subsoil will have to be better quantified in the future both in the
northern sector of the island and throughout the coast. Probably groundwater alone would not be
sufficient to meet the needs of the Nauru population and therefore, as the island’s Water Plan suggests,
the use of the groundwater must undoubtedly be combined with others water resources. However,
the use of this resource alongside rainwater harvesting is an important resource to ensure the island’s
future water security, even during periods of drought or desalination plant breakdown. Due to the
vulnerability of fresh groundwater lenses, their use should be carefully managed in order to avoid any
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uncontrolled phenomena of saltwater intrusion and the overexploitation of the resource. Furthermore,
at least where fresh groundwater is available, strict rules are necessary to avoid any pollution by
anthropogenic activities (mainly cesspits/septic tanks and animals breeding). Groundwater is a natural
resource that should be considered as public and shared resource for present and future generations,
even more on small islands where are present some of the most vulnerable aquifer systems in the
world. Fresh groundwater should not be freely exploited by any private entity without control, and it
would be desirable that in the future the State would directly assume the responsibility for extracting
and distributing water. Consequently, Nauru’s next Water Plan would have to addresses these issues,
ruling groundwater exploitation and pollutant activities, as well as adopting a program of groundwater
survey and monitoring wells maintenance.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/10/788/s1,
Figure S1: Nauru Topside—landscape, 2010; Figure S2: Nauru Topside—Scattered limestone outcrops
(or pinnacles), 2010; Figure S3: Nauru Bottomside, 2010; Figure S4: Annual rainfall in Nauru from 1946 to
2015 (data from Nauru Government and Australian Bureau of Meteorology [46]); Figure S5: 3D visualization of
the DTM elaborated by Politecnico di Milano with the data of the photogrammetric aerial survey carried out in
2010; Figure S6: Mean sea level and relationship between Reduced Level (or Nauru Datum) and tidal height (by
Jacobson et al. [26]); Figure S7: Pattern of the leveling operations in order to obtain the orthometric elevation of
RL from H1. The Australian Bureau of Meteorology uses the Nauru Island Datum (NID) as reference level for
the tide measurement; Figure S8: Salt concentration evolution into the Nauru aquifer from 2008 to 2013 at the
water table, Table S1: Coordinates of the points directly observed trough GNSS receiver. RL stays for the elevation
measured above the Reduced Level. Annex 1: Monographs of the surveyed monitoring wells. Table S2: Electrical
Conductivity [μS/cm] at water table (data referred to Figure 7 in the paper and S8).
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Abstract: The exploitation of groundwater resources is of high importance and has become very
crucial in the last decades, especially in coastal areas of arid and semi-arid regions. The coastal
aquifers in these regions are particularly at risk due to intrusion of salty marine water. One example
is the case of Tripoli city at the Mediterranean coast of Jifarah Plain, North West Libya. Libya has
experienced progressive seawater intrusion in the coastal aquifers since the 1930s because of its ever
increasing water demand from underground water resources. Tripoli city is a typical area where
the contamination of the aquifer in the form of saltwater intrusion is very developed. Sixty-four
groundwater samples were collected from the study area and analyzed for certain parameters
that indicate salinization and pollution of the aquifer. The results demonstrate high values of the
parameters Electrical Conductivity, Na+, K+, Mg2+, Cl− and SO4

2−, which can be attributed to
seawater intrusion, where Cl− is the major pollutant of the aquifer. The water types according to
the Stuyfzand groundwater classification are mostly CaCl, NaCl and Ca/MgMix. These water types
indicate that groundwater chemistry is changed by cation exchange reactions during the mixing
process between freshwater and seawater. The intensive extraction of groundwater from the aquifer
reduces freshwater outflow to the sea, creates drawdown cones and lowering of the water table to
as much as 25 m below mean sea level. Irrigation with nitrogen fertilizers and domestic sewage
and movement of contaminants in areas of high hydraulic gradients within the drawdown cones
probably are responsible for the high NO3

− concentration in the region.

Keywords: seawater intrusion; coastal aquifer; arid and semi-arid regions; cation exchange; Tripoli; Libya

1. Overview Saltwater Intrusion into Coastal Aquifers

Coastal aquifers serve as major sources for freshwater supply in many countries around the
world, especially in the Mediterranean [1]. The fact that coastal zones contain some of the most
densely populated areas in the world makes the need for freshwater even more acute [1]. The intensive
extraction of groundwater from coastal aquifers reduces freshwater outflow to the sea and creates local
water table depression, causing seawater to migrate inland and rising toward the wells [2–4], resulting
in deterioration in groundwater quality. This phenomenon, called seawater intrusion, has become one
of the major constraints imposed on groundwater utilization in coastal areas.

Saltwater intrusion is one of the most widespread and important processes that degrade water
quality to levels exceeding acceptable drinking and irrigation water standards, and endanger future
water exploitation in coastal aquifers. Coupled with a continuing sea level rise due to global warming,
coastal aquifers are even more under threat. This problem is intensified due to population growth, and
the fact that about 70% of the world’s population occupies the coastal plain zones [5,6]. The intensity of
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the problem depends on the amount of the abstraction, in relation to the natural groundwater recharge,
as well as on the well field location and design, the geometry, and the hydrogeological parameters of
the pumped aquifer.

In recent years, there is an increasing interest in evaluating the extent of seawater intrusion in
response to overexploitation and sea level rise [7]. Seawater intrusion phenomena have been reported
with different degree, in almost all coastal aquifers around the globe. In the United Sates, saltwater
intrusion into coastal aquifers has been identified in the eastern Atlantic [8–14], and the southern [15]
and western Pacific [16–19] coasts.

Reference [20] provides an overview of saltwater intrusion in the 17 coastal states of Mexico, which
is one of the most important cases around the globe. Seawater intrusion induced by groundwater
development is also known in South America [21] and Australia [22]. In Africa, several cases of
seawater intrusion into coastal aquifers have been reported [23] with case studies in Morocco [24–26],
Tunisia [27], Algeria [28] and Dar es Salaam [29,30]. In Europe, seawater intrusion has been
documented within many of the coastal aquifers, particularly along the North Sea [31,32] and the
Mediterranean Sea and its eastern part in the archipelagos in the Aegean Sea [33–35].

The arid and semi-arid areas are mostly chronically water-stressed. The problem of seawater
intrusion is more severe in arid and semi-arid regions where the groundwater constitutes the
main freshwater resource, which is mostly non-renewable. At present, developing countries of
the Mediterranean Basin in North Africa and Middle East face environmental pressures induced
by high population growth, rapid urbanization, and deficient water sector services reflecting on
improper management of water resources [36,37]. The shortage of water in the Mediterranean region
has been affected by the impact of climate change (increase of temperatures, variation of precipitations
and high potential of evapotranspiration). Once again, the impacts have different effects in the
Mediterranean region: the semi-arid and arid regions of the basin are exposed to desertification,
increasing salinity of freshwater and exhaustion of water sources. Climatic change will also alter the
marine environment, with an expected rise in sea level modifying several shores of the Mediterranean
countries. To overcome the consequences of water scarcity and climate change, the aquifers and
groundwater seem to be the solution. Many of the most important water projects in these regions focus
on fossil water creating a sort of “pumping race” between the countries that share common aquifers,
where overexploitation of groundwater in these regions is the major cause of seawater intrusion
problems [34,35,38–46]. Therefore, the main challenges in coastal areas in the semi-arid region are
water conservation, management and planning of the water resources. This is further complicated with
several complexities of the geological formations. With the semi-arid conditions, complex geological
settings and over-shooting stresses, the aquifer system becomes extremely fragile and sensitive [1].
Despite a good amount of research in this field, it is still needed to understand the behavior of such
complex system precisely and apply the result in reasonably larger scales.

In the western Mediterranean, the situation of the groundwater in the Maghreb countries (Egypt,
Libya, Tunisia, Algeria and Morocco) in North Africa has been marked by continuous decreases of
water levels in coastal aquifers reaching alarming values. This decrease, caused by the synergistic
effects of drought, flooding, changing land use, pollution from agriculture and industrialization, has
intensified the problem of seawater intrusion [1]. The Korba coastal aquifer situated in Cap-Bon,
Tunisia, has been experiencing seawater intrusion since 1970 and currently the salt load in this
unconfined aquifer has peak concentrations of 5–10 g/L [27,47]. The Algerian coastal aquifers have
also not escaped overexploitation with the Mitidja aquifer suffering from seawater intrusion [28],
especially during the dry season. This aquifer system has a steady decline in water level in the order of
20–50 m per decade, which increases the rate of seawater intrusion on an annual basis [48]. The origin
of water salinity on the Annaba coast (North East Algeria) is attributed to several factors such as the
geological features of the region, the climate and the salt deposits. The salinity increases steadily when
approaching the sea, and indicates the influence of marine water [49]. In Morocco, areas have been
identified in which saltwater intrusion occurs (Temara-Rabat; Nador: [24]; Saidia: [25], however the
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aquifer system also contains marine deposits which contribute to the degradation of the groundwater
quality. The rates of water abstraction in these areas have increased in the last 50 years, resulting in the
lowering of the water table and eventually allowing seawater to intrude from coastal areas [50].

In the Nile delta, seawater intrusion has been observed 60 km inland as a result of excessive
pumping [51]. An extensive saltwater body has developed from upper Egypt to eastern Libya in the
past 50 years. The freshwater/saline water interface passes through the Qattara depression crossing
the Libyan-Egyptian border and finally turning to the Southwest reaching the Tazerbo area, southeast
Libya [1]. The development of the Siwa oasis from the deep Nubian Sandstone Aquifer is close to
the freshwater/saline water interface, and could cause the saline water to intrude into the freshwater
aquifer (Internationally Shared Transboundary Aquifer Resources Management [52]. The problem
is further compounded since on the Libyan side large amounts of water are abstracted for urban
development, causing saltwater intrusion along the Libyan coast. This overabstraction in combination
with the sluggish flow of the Nubian Sandstone Aquifer causes the saline water body to encroach even
further inland with considerable increases in salinity due to seawater intrusion and upconing of deep
saline water [46,53].

Progressive seawater intrusion in the coastal aquifers of Libya has been experienced since 1930s
because of its ever-increasing water demand from underground water resources. Since the 1960s,
the risk of seawater intrusion is continuously threatening large coastal parts of the Jifarah Plain that
forms one of the economically most significant areas in Libya, where TDS peaks up to 10 g/L are
recorded [54]. Numerous irrigated regions are located near the coast, principally in the northern part
of Jifarah Plain including Tripoli region, where extensive irrigated areas have been established in the
late 1970s and have evolved into advanced agricultural production zones; these activities are primarily
dependent on groundwater extraction.

In Tripoli, the seawater intrusion has steadily increased from 1960 to 2007, a period during which
potable water was available from the aquifer. Since 1999, a loss of 60% in well production in the upper
aquifer has been observed [55].

Because of the accelerated development of the coastal zone of Tripoli in the last decades, it is
necessary to evaluate the saline water intrusion phenomena of the coastal aquifer to open different
choices for the rational exploitation of the groundwater resources in this semi-arid zone avoiding the
degradation of groundwater quality.

2. Introduction to the Study Area

Libya’s coastal area is one of the important cases in the arid and semi-arid regions, it is a south
Mediterranean country and has a shoreline extent of about 1750 km. Groundwater is the main source
for potable, industrial and irrigation water because of its semi-desert climate. Inevitably, groundwater
extraction has been in excess of replenishment because of the rapid increase in agricultural and
economic activities in the last 50 years. This has resulted in water level decline and deterioration in
quality, including invasion of seawater along the coastal regions.

This situation has led to two significant problems linked to human activity: (1) salinization due
to the formation of large piezometric drawdown cones, which have induced seawater intrusion by
reversing the hydraulic gradients into aquifers; and (2) direct input of nitrate mainly from fertilizers
and sewage. Agriculture is based on intensive irrigation and fertilization to improve the soils.

The Jifarah Plain in the northwest of the country, located between the Mediterranean coast and
the Jabel Naffusah Mountain in the south, contains more than 60% of the country’s population and
produces 50% of the total agricultural outputs. Tripoli area is a typical example showing the problems
of coastal zones under high anthropogenic pressure in dryland regions. Tripoli city forms an almost
rectangular area (763 km2) between the Mediterranean Sea and the cities of Swani and Bin Gashir in the
south (Figure 1). This area extends for about 20 km along Tripoli coastal area and about 22 km inland.
Topography is rising towards the south and east, a general trend in overall Jifarah Plain, which is
bounded to the south and east by Jebal Nafusseh Mountains. The shortage of good quality water from
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surface sources has made groundwater to be very important in the study area. The scarcity of water in
Tripoli is becoming more pronounced due to the increase of the population coupled with improvement
of the standard of living over the last few decades, where the area of the study accommodates dense
population with more than 1.5 million of inhabitants mostly concentrated in the coast.

The principal aquifer used by the population in Tripoli is the Upper Miocene-Pliocene-Quaternary
aquifer system, called “first aquifer” or “upper aquifer”; intercalated thin clayey sand and marl series
are dividing the aquifer into a number of horizons, all are considered as one unconfined unit [56].
The Tripoli upper aquifer is affected by different sources of salinization, most serious is seawater
intrusion [54]. The aim of this study was to discover what processes have been responsible for
variations in the chemical composition of groundwater in the upper aquifer of Tripoli and to recognize
the different sources of pollution, and their relation to the intense water withdrawal.

The climate in the study area is arid to semi-arid and typically Mediterranean, with irregular
annual rainfall. The average annual rainfall and evapotranspiration rates are 350 mm/year and
1520 mm/year, respectively [54]. The estimation of groundwater exploitation (in the whole Jifarah
Plain) from the main upper aquifer shows that the total amount of groundwater pumped in the Jifarah
Plain for domestic, industrial and agricultural uses amounts to 1201.30 Mm3/year [54]. For drinking
water supply and domestic wells, the overall amount pumped is 6% of the total amount of groundwater
extraction. The yield of irrigation wells was estimated to be 1123 Mm3/year, which is equal to 93%
of the total amount of groundwater extraction. The industrial sector pumps only 1% of the total
groundwater exploitation in the plain. Since 1996, the Great Man-Made River Project is supplying the
plain with an amount of 149 million m3/year of water. This amount has been considered in the total
abstraction estimation [54].

Figure 1. Location and topography of the study area in Jifarah Plain North West, Libya.

Geological and Hydrogeological Setting

The Jifarah Plain, including the study area, has been the subject of numerous geological studies [57–60].
Jifarah Plain is situated on the continental margin of Africa. Although the plain is thought to be

underlain by Paleozoic rocks, the oldest encountered in boreholes are Triassic in age. These are continental,
passing upwards into evaporites, a sequence thought to represent the progressive subsidence of the
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margin during major Mesozoic extension of the Tethyan Ocean. Continued subsidence through the
Jurassic and Early Cretaceous led to the deposition of marine sequences.

Figure 2 shows the geological cross-section in Jifarah Plain crossing Tripoli region. The location
of the cross-section is indicated in Figure 1. The sediments of the Jifarah plain have been deposited
since early Mesozoic times in a near shore lagoonal environment. The lithology of the upper aquifer
varies widely and includes detrital limestone, dolomite, gravel, marl, clay, silt, sand, sandstone,
gypsum/anhydrite and calcarenite. Middle Miocene clay separates the upper aquifer system in the
area from the middle aquifer. The depth to the bottom of the upper aquifer varies between 30 and
200 m and depths of the wells that are utilizing this aquifer are between 10 and 180 m. Most of the
wells tapping this aquifer give productivity of about 20–80 m3/h [56].

The geological deposits, that are playing a role in the hydrogeology of the area comprising the
Upper-Miocene-Pliocene-Quaternary formations, are given in Table 1.

The Pleistocene formations include terraces, which consist of cemented gravel and conglomerate.
Al Kums Formation consists of limestone and dolomite. Qasr Al Haj Formation is mainly alluvial
fans and cones consisting of clastic materials derived from the scarp. Jeffara Formation consists
mainly of silt and sand, occasionally with gravel caliche bands; it covers extensive parts of the Jifarah
Plain. Gergaresh Formation, which is known as Gergaresh Sandstone of Tyrrhennian age, occasionally
contains silt lenses, conglomerate and sandy limestone.

The Holocene deposits include recent wadi deposits; these deposits consist of loose gravels and
loam. Beach sands are represented by a narrow strip at the coast and are made up of shell fragments
with a small ratio of silica sands. Eolian deposits are represented by sand dunes and sheets covering
large parts of the coastal strip (coastal dunes). These coastal dunes consist of shell fragments with
small amounts of silica sands. It is worth mentioning that the eolian material composing coastal
dunes contains a large amount of grains of gypsum. In some places, it is composed of nearly pure
gypsum (98%) especially in the immediate vicinity of the sebkhas, with a silty gypsum filling [58].
Sebkha sediments are mainly gypsum deposits and are observed along the coastal area of the plain.
They occupy the relatively low topographic areas and are separated from the sea by sea cliffs. Some of
the sebkhas have occasional incursions of the sea and others may have subsurface connection with
the seawater.

 

Figure 2. Geological cross-section in the coastal area of Jifarah Plain, including Tripoli region.
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Table 1. Description of the Upper-Miocene-Pliocene-Quaternary deposits in the coastal area of Jifarah
Plain around Tripoli.

Period Epoch
Deposits and
Formations

Typical Lithology Thickness (m)

Quaternary

Holocene

Upper
Miocene-Pliocene-

Quaternary aquifer

Wadi deposits Loose gravel, loam

5–150

Sand beach Shell and silica sand

Sand dunes and
sand sheets

Shell fragments, silica
sands and gypsum

Sebkha deposits Gypsum

Fluvial-Eolian deposits Silt, clay, marl and
fine sand

Gergaresh Formation Conglomerate, sandstone,
silt, sandy limestone

Pleistocene

Jeffara Formation Silt, sand and gravel
caliche bands

Qsar al Haj Formation Alluvial fans and cones

Al Kums Formation Limestone, dolomite

Miocene
Volcanic rocks Basalt and phonolite

25–250
Middle Middle Miocene clay

3. Methodology

3.1. Sampling and Analytical Methods

A regional hydrogeochemical survey and water level measurements were performed during the
dry period from September to November of 2008. A total of 64 shallow and deep wells (mostly 10–180 m
deep), located at different distances from the Mediterranean Sea, were selected for groundwater
sampling and water level measurement (see Figure 1). The samples were collected during pumping
and the water level measurements were performed beforehand in static condition.

The sampling points were chosen along vertical lines perpendicular to the coast (Figure 1), with
lengths comprised between 1 and 20 km, in order to explore the aquifer from inland to the coast
line. Water depth was measured from the ground surface using water level meter, and was converted
into water level by subtracting from ground elevation. The collected water samples were preserved
in polyethylene bottles after filtering with 0.45 μm cellulose membrane filters. Two samples were
taken from each well, one for determining anions, the other for determining cations. Samples for
cation analysis were acidified to lower the pH to around pH = 2 by adding a few drops of nitric acid.
Parameters measured are physical properties such as: pH, temperature, water level and electrical
conductivity. Cations (Na+, K+, Mn2+, FeTotal, Ca2+, Mg2+, Zn2+, and Si4+) were analyzed using Flame
Atomic Absorption Spectrometry (Varian). Anions (Cl−, NO3

−, NO2
−, SO4

2−, and PO4
3−) and NH4

+

were analyzed using the Molecular Absorption Spectrophotometer (Shimadzu). F− was measured
with ion selective electrode. Determination of carbonate (CO3

2−) and bicarbonate (HCO3
−) used the

titration method with dilute HCl acid to pH 8.2 and 4.3, respectively. The above-mentioned analytical
methods were used at the Laboratory of Applied Geology and Hydrogeology, Ghent University, and
were provided in the Laboratory Manual and in Standard Methods for Examination of Water and
Wastewater (American Public Health Association [61]. Careful quality controls were undertaken for all
samples to obtain a reliable analytical dataset with an ionic balance error less than 5%.

3.2. Hydrochemical Evaluation Methods

The interpretation process is mainly based on the calculation of the ion deviations (Δmi) from
conservative freshwater/seawater mixing, the calculation of the saturation indices (SI), Stuyfzand
classification system, graphical illustration methods including Piper diagram, calculation of ionic
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ratios, and elaboration of hydrochemical profile and maps showing the spatial and vertical distribution
of water quality parameters in the study area.

3.2.1. Saturation Indices

The PHREEQC 2.16 program [62] was used to calculate saturation indices for calcite, dolomite,
halite and gypsum based on the chemical analytical results and measured field temperatures for
all samples.

3.2.2. Ion Deviation from Conservative Freshwater/Seawater Mixing

Calculation of the ionic deltas Δmi consists of a comparison of the actual concentration of each
constituent with its theoretical concentration for a freshwater/seawater mix calculated from the Cl−

concentration of the sample [63], because Cl− is the dominant ion in seawater and can be assumed to
be conservative in many natural waters [64]. The ionic deltas quantify the extent of chemical reactions,
affecting groundwater composition, next to mixing. The chemical reactions during fresh/seawater
displacement can be deduced by calculating a composition based on the conservative mixing of
seawater and freshwater, and comparing the conservative concentrations with those in the samples.
The mass fraction of seawater (fsea) in the groundwater can be obtained from chloride concentrations
of seawater and freshwater as follows [64]:

f sea =
mCl− ,sample − mCl− , f resh

mCl− ,sea − mCl− , f resh
(1)

where
mCl

−
,sample = the concentration of Cl− in the sample expressed in mmol/L;

mCl
−

,fresh = the concentration of Cl− in the freshwater expressed in mmol/L; and
mCl

−
,sea = Cl− concentration in the seawater end member in mmol/L (for Mediterranean Seawater

(possible end member), mCl
−

,sea = 645 mmol/L; Da’as and Walraevens, 2010).
Based on the conservative mixing of seawater and freshwater, the concentration of an ion i (mi) in

the mixed waters was calculated using the mass fraction of seawater fsea as follows [64]:

mi, mix = f sea · mi, sea + (1 − f sea)mi, f reshs (2)

where mi is concentration of an ion i in mmol/L and subscripts mix, sea, and fresh indicate the
conservative mixture, and end members seawater and freshwater, respectively. Any change in
concentration mi,reaction (Δmi) as a result of reactions (not mixing) then becomes:

Δmi = mi, reaction = mi, sample − mi, mix (3)

where mi,sample is the actually observed concentration in the sample in mmol/L.
The deviation from the conservative fresh/seawater mixing is due to chemical reactions.

A positive delta means that the ion has been added to the water e.g., due to desorption from the
exchange complex. Adsorption will lead to negative delta.

Ions in infiltrating rainfall near the coast are often derived from sea spray, and only Ca2+ and
HCO3

− are added due to calcite dissolution [64]. All other ions are thus ascribed to seawater admixture.
In this case, mi,fresh = 0 for all components except Ca2+ and HCO3

−.
The main end members used in the calculations for this study are the Mediterranean seawater and

freshwater from the upper aquifer. For Mediterranean Seawater where Cl− = 645 mmol/L, the seawater
fraction has been calculated as:

f sea =
mCl− ,sample

645
(4)

Table 2 shows the ion concentrations in rainwater, Mediterranean seawater end member and the
freshwater end member in Tripoli (based on representative sample in Janzur TJ17).
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Recharge water in the plain is the water flowing to the aquifer from the high topographic recharge
area in the south (Jebal Naffusah). As no data were collected from the south border of the plain, the
groundwater in the recharge area is expected to have the same composition as the freshwater samples
collected from a nearby high topographic region, where the freshest water sample (i.e., sample TJ17) is
considered as a reference sample to the composition of freshwater coming from the south. The recharge
water in this sample has a high concentration of Ca2+ and HCO3

− as a result of calcite dissolution.
The analyzed recharge water in the plain is also showing considerable concentrations of Na+, Mg2+

and SO4
2− as a result of carbonate and evaporite dissolution in the unsaturated zone, and a great

impact of concentration by evaporation, that is characteristic for the study area.

Table 2. Chemical composition of possible end members.

Parameter (Unit mg/L)
Analyzed Rainwater in

Jifarah Plain
Analyzed Recharge

Water in Tripoli (TJ17)
Mediterranean
Seawater [54]

pH 7.64 7.97 -
Na+ 31.50 43.75 12,700
K+ 3.00 4.50 470

Ca2+ 13.40 49.51 470
Mg2+ 3.15 8.70 1490
Cl− 26.10 55.15 22,900

SO4
2− 10.33 36.62 3190

HCO3
− 102.48 174.46 173

NO3
− 1.12 29.10 0

NO2
− 0.16 0.001 -

PO4
3− 0.13 0.07 -

Fe (Total) 0.0 0.008 -
Mn2+ 0.01 0.01 -
NH4

+ 0.22 0.001 -
TDS 199.24 401.88 41,393

3.2.3. Stuyfzand Classification

The Stuyfzand classification [65–67] subdivides the most important chemical water characteristics
at four levels: the main type, type, subtype, and class of a water sample (Tables 3–5). Each of the four
levels of subdivision contributes to the total code (and name) of the water type.

The major type is determined based on the chloride content, according to Table 3. The type
is determined based on an index for hardness (see Table 4), which can be expressed in French
hardness degrees:

TH = 5 × (Ca2+ + Mg2+) in meq/L (5)

The classification into subtypes is determined based on the dominant cations and anions (Figure 3).
First, the dominating hydrochemical family (and groups within families between brackets) is
determined both for cations (Ca + Mg, (Na + K) + NH4 or (Al + H) + (Fe + Mn)) and anions
(Cl, HCO3 + CO3 or SO4 + (NO3 + NO2)). The most important cation and anion (group: within a
group: the dominant ion in that group) determine the name of the subtype. Finally, the class is
determined based on the sum of Na+, K+ and Mg2+ in meq/L, corrected for a sea salt contribution
(Equation (6)). This indicates if cation exchange has taken place and also the nature of the exchange,
by assuming that all Cl− originates from seawater, that fractionation of major constituents of the
seawater upon spraying can be neglected and that Cl− behaves conservatively.

{Na+ + K+ + Mg2+} corrected = [Na+ + K+ + Mg2+] measured − 1.061Cl− (6)

where
– = often pointing at a saltwater intrusion;
+ = often pointing at a freshwater encroachment; and
0 = often pointing at an equilibrium.
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Each of the subdivisions contributes to the total code (and name) of the water type (see
Table 5); for example, B4–NaCl– reads as: “brackish extremely hard sodium chloride water, with
a {Na+ + K+ + Mg2+} deficit”. This deficit is often due to cation exchange during saltwater intrusion
(salinization). It is well known that the hydrogeochemical composition of coastal groundwater affected
by seawater intrusion is mainly controlled by cation exchange reactions next to the simple mixing
process [64]. These reactions can explain deviations of the concentrations of cations from conservative
mixing of both waters.

Table 3. Water type classification [65].

Main Type Code Cl (mg/L)

Fresh F ≤150
Fresh-brackish Fb 150–300

Brackish B 300–1000
Brackish-salt Bs 1000–10,000

Salt S 10,000–20,000
Hyperhaline H >20,000

Note: Division in main types based on chloride concentration.

Table 4. Subdivision of the main types based on hardness [65].

Number Name Code Total Hardness (mmol/L) Natural Occurrence in Main Types

−1 Very soft * 0–0.5 F
0 Soft 0 0.5–1 F Fb B
1 Moderately hard 1 1–2 F Fb B Bs
2 Hard 2 2–4 F Fb B Bs
3 Very hard 3 4–8 F Fb B Bs
4 Extremely hard 4 8–16 Fb B Bs S
5 Extremely hard 5 16–32 Bs S H
6 Extremely hard 6 32–64 Bs S H
7 Extremely hard 7 64–128 S H
8 Extremely hard 8 128–256 H
9 Extremely hard 9 ≥256 H

Note: * No code number.

 

Figure 3. A ternary diagram showing the subdivision of types into subtypes [65].

151



Water 2018, 10, 143

Table 5. Subdivision of subtypes into classes according to {Na+ + K+ + Mg2+} corrected for sea salt [65].

Class Code Condition (meq/L)

{Na + K + Mg} deficit - {Na + K + Mg} corrected < −√
0.5 Cl

{Na + K + Mg} equilibrium 0 −√
0.5 Cl ≤ {Na + K + Mg} corrected ≤ +

√
0.5 Cl

{Na + K + Mg} surplus + {Na + K + Mg} corrected >
√

0.5 Cl

4. Results and Discussion

4.1. Water Level and Hydrodynamics

Figure 4 shows a piezometric map of Tripoli based on field measurements. In the coastal area,
64 shallow and deep wells located at different distances from the Mediterranean Sea were selected for
water level measurement (see Figure 1). Water depth was measured from the ground surface using
water level meter and was converted into water level by subtracting from ground elevation.

The overall direction of groundwater flow in Jifarah Plain in general, is from the south from Jebal
Naffusah Mountains to the coast. The important storage withdrawal by overexploitation from the
upper aquifer in Tripoli is causing continuous drawdown of the water level, reducing the outflow rate
to the sea, and the progressive degradation of the chemical quality of water. Groundwater level is
mostly low, especially near the coast, where zero and negative heads are recorded for the majority of
wells. The piezometric level in depression cones at the location of the public water supply well field
of As Swani (123 wells) has dropped from 25 to 33 m below sea level (Figure 4), which testifies the
inversion of the hydraulic gradient and the intrusion of seawater.

From Figure 4, it can be concluded that the general groundwater flow, from south to north
following the topography, has altered, where, generally along the coast, flow is toward the reduced
heads in the stressed areas around the depression cones.

 

Figure 4. Tripoli piezometric map with flow vectors.

To deal with the shortage of water in most coastal cities including Tripoli region, the Libyan
government established the Great Man-Made River Project (GMMR) to transport millions of cubic
meters of water a day from desert well fields to the coastal cities, where over 80% of the population
lives. Since 1996, The GMMR is supplying Tripoli city with an amount of 149 million m3/year. The total
planned supply by the project is 900 million m3/year for the whole Jifarrah Plain. The implementation
of the project was interrupted since 2011, due to political situation and Tripoli is the only supplied part
of Jifarrah coast.
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Since the start of the supply in 1996, the wellfield of As Swani (123 public water supply wells)
was stopped. The pumping from As Swani wellfield is the main cause of the depression cone in Tripoli;
the depression cone location at the center of As Swani wellfield is the most affected part of the region.
Now the GMMR is the main supplier for domestic use in the city and being used also in many farms.
The drawdown value around the depression cone is being reduced from 80 m below sea level in 1996
to 33 m in 2008.

4.2. Major Hydrochemical Parameters

Major anions and cations were analyzed and pH, Eh, electrical conductivity (EC) as well as
temperature were assessed on all samples. The results show that: temperature ranges 18–25 ◦C,
pH range is 7.17–9.94, Eh range is 139–240 mV, EC range is 369–10,600 μS/cm (25 ◦C), TDS range is
340–6529 mg/L and chloride concentration ranges 39–3155 mg/L. Table 6 shows analytical results for
physico-chemical parameters of groundwater for selected representative samples in Tripoli. The high
concentration of major ions such as Cl, Na, Ca, K, Mg, and a high EC indicate the presence of seawater
in an aquifer [68,69].

Out of 64 samples analyzed, 38% have NO3
− higher than the highest desirable level of

45 mg/L [70]. For sulfate 40% have SO4
2− higher than the highest desirable level of 200 mg/L

according to WHO (2008), with a maximum of 835 mg/L recorded southwards. Out of 64 analyzed
samples, 58% exceed the recommended Cl− value for standard drinking water (250 mg/L) and 26%
have Cl− greater than the highest admissible level of 600 mg/L [70].

Levels of Cl− and EC are the simplest indicators of seawater intrusion or salinization [71,72]. EC is
positively correlated with the concentration of ions, mainly Cl− concentration. Figure 5 shows three
zones on a plot of Cl− vs. EC: freshwater zone, mixing zone and strong mixing (intrusion). It shows
that groundwater samples with Cl− exceeding 200 mg/L and EC exceeding ~1000 μS/cm are most
likely influenced by seawater intrusion. Groundwater samples that are characterized by EC between
1000 and 5000 μS/cm represent a mixing between freshwater and saltwater. Samples with EC of more
than 10,000 μS/cm represent strong seawater influence.

 

Figure 5. A plot of chloride vs. electrical conductivity showing fresh groundwater conditions, saltwater
intrusion, and mixing between the two end members.
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The spatial distribution of EC and Cl− from analyzed groundwater samples across Tripoli city is
presented in Figure 6a,b. In general, the EC, which is tightly linked to TDS, is a measure of salinity,
and therefore is generally closely related to the Cl− content. Both EC and Cl− show the same general
decrease from the Mediterranean shoreline towards the south. Frequent local increases in both variables
are observed at the depression cones as a result of the high pumping rate.

 

Figure 6. (a) Electrical conductivity map of Tripoli; (b) map with the spatial distribution of
concentrations of Cl−; and (c) spatial distribution of SO4

2− in the upper aquifer of Tripoli.
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The high Cl− concentration is due to mixing with seawater. These high concentrations of chloride
occur in most wells within a few kilometers of the coast, and are related to active seawater intrusion.
However, high Cl− is also found far inland at and nearby the depression cones, whereby deeper saline
groundwater is affected by upconing due to groundwater exploitation. The concentration of Cl−

decreases gradually towards the south. However, in many farther inland wells, it is still the dominant
anion. The higher concentration of Cl− than the 250 mg/L value for standard drinking water at the
south of the region can be linked to the synsedimentary marine influence of the groundwater.

Sulfate concentration in Tripoli ranges from 29 to 835 mg/L. Figure 6c shows the spatial
distribution of SO4

2− concentration in the study area. The main source for increasing SO4
2− is

mixing with seawater, which can add significant amounts of sulfate to freshwaters. High SO4
2− is

mostly linked to the high Cl− concentration in the upper aquifer, both in the seawater intrusion zones
and in the depression cones, where deep saline water upconing occurs.

Besides, more than 500 mg/L SO4
2− is observed towards the west of region, with much higher

SO4
2−/Cl− compared to seawater. The main source of SO4

2− in this area is the dissolution of
gypsum/anhydrite from the superficial sebkha deposits in those areas, as these wells are located
near the vicinity of sebkhas. In this zone, lower Cl− is recorded, excluding seawater intrusion as
the source.

4.3. Water Types and Piper Diagram

Classification of hydrochemical facies for groundwaters according to the Piper diagram is
represented in Figure 7.

In the Piper diagram, almost all water samples are plotted above the general seawater–freshwater
mixing line [64], comprising freshwater sample TJ17 and Mediterranean Seawater. Although various
hydrochemical facies were observed (NaCl, CaCl, MgCl, CaMgHCO3, NaHCO3, NaSO4 MgSO4 and
CaSO4), CaCl and NaCl types are dominant. Large proportion of the groundwater shows NaCl type,
which generally indicates a strong seawater influence [50] or upconing of deep saltwater, while CaCl
water type indicates salinization and cation exchange reaction [73]. The region of the CaCl type water
may be a leading edge of the seawater plume [64,74,75]. Furthermore, sources of CaSO4 water type are
the dissolution of the scattered sebkha deposits.

 

Figure 7. Water types according to Piper diagram.
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4.4. Hydrochemical Profile and Water Classification According to Stuyfzand

Salinization is induced as the new saline end member is introduced into the freshwater aquifer.
The main chemical reaction is cation exchange, resulting in deficit of Na+ and surplus of Ca2+:

Na+ + 0.5Ca-X2 → Na-X + 0.5Ca2+

where X represents the natural exchanger in the reaction. During cation exchange, the dominant Na+

ions are adsorbed and Ca2+ ions released, so that the resulting water moves from NaCl to CaCl water
type, which is typical for salinization [5]. The salinization process can be schematized as follows [75]
(water types according to classification of Stuyfzand, [65]):

CaHCO30 ⇒ CaCl− ⇒ NaCl− ⇒ NaCl0

F (fresh) ⇒ Fb (fresh-brackish) ⇒ B (brackish) ⇒ Bs (brackish-saline) ⇒ S (saline)

The chloride ion concentration is taken as a reference parameter [64]. Therefore, as saltwater
intrudes into coastal freshwater aquifers, the Na/Cl ratio decreases and the Ca/Cl ratio increases.

Upon the inflow of freshwater, a reverse process takes place:

0.5Ca2+ + Na-X → 0.5Ca-X2 + Na+

Flushing of the saline aquifer by freshwater will thus result in uptake of Ca2+ by the exchanger
with concomitant release of Na+. This is reflected in the increase of the Na/Cl ratio, and formation of
the NaHCO3 water type, which is typical for freshening. The anion HCO3

− is not affected because
natural sediments behave as cation exchanger at the usual near-natural pH of groundwater [64].
The freshening process can be schematized as follows [73]:

NaCl0 ⇒ NaCl+ ⇒ NaHCO3+ ⇒ MgHCO3+ ⇒ CaHCO3+ ⇒ CaHCO30

S ⇒ Bs ⇒ B ⇒ Fb ⇒ F

The major hydrogeochemical processes occurring in the upper aquifer are: mixing with seawater
end member, cation exchange during salinization, dissolution of gypsum from superficial sebkha
sediments, carbonate dissolution and agricultural pollution.

The hydrogeochemical profile in Tripoli (Janzur) (Figure 8) is selected as an example showing the
distribution of water types along the flow path. Janzur profile is about 14 km long perpendicular to
the sea (see Figure 2). Seventeen wells were visited in this profile region. Their total depth is shallow
(between 10 and 50 m) close to the coast, and reaches 120 m southward. They are pumping for irrigation
in the private farms and for domestic use. The groundwater table in the profile is between 0 and 4 m
a.s.l in the north, while it is down to −24 m a.s.l in the south at the depression cone. Groundwater is
flowing from the south and north to the locally reduced heads, located at about 10 km from the coast.

The spatial distribution of water sub-types according to Stuyfzand in Tripoli is presented in
Figure 9 together with the pie plot of TDS distribution for selected representative samples in Tripoli
region. The water classification scheme of Stuyfzand [65] has the advantage that in brackish or saline
groundwater, one can still identify many different water types even though the major anions and
cations are the same and this may help to recognize processes such as upconing of more saline water
in the aquifer [67]. Figures 8 and 9 show water type is CaSO4 in the west, CaHCO3, NaHCO3, CaMix
and MgMix towards the south and NaCl, MgCl and CaCl in the north and at the depression cones.
Close to the shoreline and mainly in the east in Tajura the water is NaCl type, due to the strong effect
of seawater intrusion. CaCl results from cation exchange, due to mixing with seawater. Towards the
south, CaMgMix(ClHCO3) evolving further inland to CaMgMix(HCO3Cl), indicates the location of
the transition zone, where the groundwater changes from CaMgMix enriched with Cl− ion to CaMix

157



Water 2018, 10, 143

with HCO3
− as the dominant anion. The CaSO4 water type observed in western Tripoli, up to about

14 km inland, shows the dissolution of the evaporitic rocks from the sebkha deposits.
The Mg2+ content found in several wells, is mainly resulting from the freshwater end member

coming from the recharge area, where Mg2+-containing carbonate is dissolved [54]. Thus, in this case,
thee positive cation exchange code in the classification does not indicate freshening, as Mg2+ is not
supplied by the marine end member [69]. At the depression cones and downstream, cation exchange
equilibrium (cation exchange code “0”) exists for several wells, which in this case indicates the onset
of the salinization process (the positive value of (Na+ + K+ + Mg2+)corrected is decreasing as the marine
cations are adsorbed during salinization).

The increase of salinity in Tripoli is accompanied by an increase in NO3
− concentrations. Figure 8

also shows the spatial distribution of NO3
− along Janzur profile. The average nitrate concentration of

groundwater in the aquifer is about 38 mg/L, but contents as high as about 118 mg/L occur upstream
in the south of the region. Irrigation with nitrogen fertilizers and domestic sewage and movement of
contaminants in areas of high hydraulic gradients within the drawdown cones probably are responsible
for localized peaks of the nitrate concentration for many wells in the region.

 

Figure 8. Hydrochemical profile in Tripoli (location of cross-section is indicated in Figure 2).
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Figure 9. Distribution of water types according to Stuyfzand with a plot of TDS concentration for
selected representative samples in Tripoli.

4.5. Ionic Ratio

Conservative seawater–freshwater mixing is expected to show a linear increase in Na+ and
Cl− [76], which is reflected by the high correlation coefficient (r = 0.94) between both variables
(Figure 10a). Effects of seawater encroachment have been evaluated by studying the Na/Cl ionic ratio.
Lower ratios of Na/Cl than seawater values (0.88) indicate seawater encroachment. Figure 10b shows
molar ratios of Cl− versus Na/Cl concentrations. The Na/Cl ratios for the analyzed samples range from
0.23 to 1.68. Most of groundwater samples were less than or slightly higher than the Mediterranean
seawater ratio (0.88). The lowered values with respect to the Mediterranean seawater ratio are resulting
from cation exchange occurring when seawater intrudes freshwater aquifers, resulting in the deficit of
Na+ and surplus of Ca2+. High ratio for several samples towards the recharge area (e.g., TJ17) indicates
flushing the aquifer by freshwater from the south.

Figure 10. (a) Plot of Cl− vs. Na+; and (b) molar ratio of Cl− vs. Na/Cl concentrations.
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The ratio of SO4/Cl (meq/L/meq/L) for the Mediterranean seawater and the fresh recharge
water from the study area are 0.54 and 0.25, respectively. The ratio of SO4/Cl for the analyzed samples
ranges from 0.04 to 0.77, which indicates mixing between seawater and freshwater. Significantly higher
values than Mediterranean seawater ratio (0.54) indicate dissolution of gypsum from Sebkha deposits.

The Na/K ratio is ranging in the area between 9.64 and 102.66, the largest values are observed in
the area affected by the intrusion of seawater.

4.6. Saturation Indices

The saturation indices (SI) for calcite, dolomite, halite, aragonite, gypsum and anhydrite were
calculated to verify precipitation and dissolution of these minerals. The selected minerals were based
on the major ions in groundwater from the study area. Figure 11 is a synthetic diagram showing SI
values for calcite, dolomite, gypsum, anhydrite, halite and aragonite. The sample numbers are sorted
according to their location from west to east and from north to south with each profile, but they are
not plotted at spatial distances.

Out of 64 groundwater samples, 80% of groundwaters seem to be supersaturated (SI > 0) with
respect to calcite (CaCO3), whereas 10% are undersaturated with respect to calcite (SI < 0) and 10%
are at equilibrium (SI = 0). Dolomite (MgCa(CO3)2) seems to be oversaturated in 85% of groundwater
samples analyzed, 5% are undersaturated and 10% are at equilibrium. Ninety-eight percent of
groundwater samples in the study area are undersaturated with respect to gypsum (CaSO4·2H2O) and
anhydrite (CaSO4).

In general, most of the analyzed samples have saturation indices close to saturation with respect
to calcite (SI mostly 0–1) and dolomite (SI mostly 0–3). This slight supersaturation with respect to
calcite and dolomite supersaturation rather points to groundwater in equilibrium with those minerals.
During sampling, most often dissolved CO2 gas escapes, slightly raising pH and thus shifting carbonate
equilibrium (more CO3

2−), such that SI > 0 is obtained, whereas in water in the aquifer SI with respect
to calcite is close to zero. Thus, the water in the aquifer is not really oversaturated.

The majority of samples in the study area are undersaturated with respect to gypsum and
anhydrite. Gypsum comes close to saturation (SI > −0.50) in several wells. The dissolution of gypsum
from the superficial sebkha deposits for many wells in the coastal area raises the SI.

Figure 11. Calculated saturation indices of groundwater samples with respect to selected minerals.
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4.7. Deviation from Conservative Mixture of End Member Fraction

Figure 12 shows the ionic deltas calculated for Na+, Ca2+, Mg2+, K+, HCO3
− and SO4

2− for all
analyzed samples. The first thing to note is that the process of cation exchange due to salinization is
very evident. For example, in Figure 12, mNa+,reaction (ΔNa+) is plotted in the secondary axis; the ΔNa+

is usually positive for freshwater, but a large number of samples have negative values particularly in
the highly saline water, down to −23 mmol/L. The most logical explanation for this deficit of Na+ is
that a reverse cation exchange reaction is taking place during the salinization process, which releases
Ca2+ to the solution and captures Na+. The reverse relationship between the two ions (Na+ and Ca2+)
is noticed particularly in the highly saline groundwater, where samples with large negative values of
ΔNa+ generally show strong positive ΔCa2+. Furthermore, also potassium shows negative (or very
low positive) deltas characteristic for marine cations as a result of the salinization process.

ΔMg2+ is mostly positive, due to more Mg2+ added by dissolution of Mg2+-rich carbonate than
adsorbed at the clay exchange complex during salinization. Only very few samples show a deficit of
Mg2+. Figure 12 also shows that the ionic delta of ΔHCO3

− is positive for most water samples. This is
due to the dissolution of carbonate minerals in the aquifer deposits. In general, most samples show
positive ΔSO4

2−. The gypsum dissolution from sebkha deposits increases ΔSO4
2− to high positive

values for several wells.
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Figure 12. Diagram of ionic delta for all analyzed samples.

5. Conclusions

Hydrochemistry of the coastal aquifers of arid and semi-arid regions is very complex. Extensive
groundwater extraction in Tripoli region, mainly for agricultural development, has caused substantial
seawater encroachment and upconing of the deep saline water into Tripoli shallow aquifer, with
Cl−, SO4

2− and NO3
− as the major pollutants. In this study, this potential problem is investigated.

The dominant water types in the study area are NaCl, CaCl and CaMgMix(ClHCO3) except for several
wells towards the recharge area, where CaHCO3-type prevails, and wells located near the superficial
sebkha deposits, where the CaSO4 water type evolves.
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Seawater intrusion is accompanied by chemical reactions, which modify the hydrochemistry of
the coastal aquifer. The most remarkable reaction is that of the inverse cation exchange, characteristic
of the changes of the theoretical mixture of seawater–freshwater, which is carried out between clays
and the aquifer water. This exchange consists in the release of Ca2+ and the adsorption of Na+.

Great part of the observed high concentration of sulfate in Tripoli is coming from the effect of
seawater intrusion. Furthermore, the scattered sebkha deposits in the north, containing large amounts
of gypsum, produce high SO4

2− waters.
Another serious problem in the study area is the increased level of nitrate concentrations. It has

been found that in large number of samples, nitrate contents range between 45 and 160 mg/L.
The increased content originates from leaching of nitrates from the applied nitrogen fertilizers and from
sewage. It is recommended that risk assessment of nitrate pollution is useful for a better management
of groundwater resources, aiming at preventing soil salinization and minimizing nitrate pollution
in groundwater.

The hydrochemical interpretation also indicates that the dissolution of calcite, dolomite and/or
Mg2+ bearing calcite is an important process in most of the groundwaters. The saturation index shows
mostly a slight tendency to precipitation of calcite and dolomite in the aquifer system, but this can
be ascribed to lowering of CO2 pressure at sampling, while in the aquifer, there is equilibrium with
respect to these minerals.

Although the Great Man Made River Project is supplying Tripoli with an amount of 149 million
m3/year of water since 1996, used mainly for domestic purposes, results show high degradation level of
groundwater quality and most of water samples do not compare favorably with WHO standards [70];
many samples exceed the maximum admissible concentrations, highlighting the degradation of
groundwater quality. The recovery of groundwater quality is usually a very slow process as seawater
intrusion is the result of a long-term negative mass balance in the aquifer. A balance between pumping
demand and quality requirements is necessary. This balance is hard to maintain when the final goal is to
reverse the qualitative status of the already contaminated aquifer. To protect the groundwater resource
in the long-term, on which the future Tripoli residents depend, appropriate management against
overexploitation from agricultural activity to control salinity is compelling, and especially urgent in the
coastal fringe, where seawater intrusion is threatening. Artificial recharge of coastal aquifers, which
are especially overexploited, may offer an efficient means of combating seawater intrusion and thus of
preventing an inevitable degradation of the water quality which might prove irreversible.
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