MedCrave

Step into the Wonld of Research

i@

International Journal of Hydrology

Review Article

8 Open Access

Studying the vulnerability factors of coastal aquifers
due to sea saline water intrusion

Abstract

The coastal aquifers and controlling of vulnerability caused by saline water intrusion
into these aquifers are considered as important issues from an environmental point of
view in addition to their importance in water resource planning and management. This
research is performed by a descriptive-analytic method and focuses on the evaluation
of aquifer vulnerability through respective indicators to determine the groundwater
withdrawal policies in coastal areas. According to the results, the most important
factors affecting the intrusion of sea water are divided into three classes. Firstly, the
level of freshwater in the aquifer above the sea level and the horizontal distance of
the aquifer to the coastline have the most significance. Secondly, the hydraulic control
of the porous medium and the thickness of the aquifer are effective in the amount
of saline water intrusion. Third, the type of aquifer affects its vulnerability extent.
Therefore, coastal aquifers withdrawal requires the evaluation of aquifer vulnerability,
by which in different aquifer status, aquifer improvement approaches could be applied.
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Introduction

In most coastal areas, groundwater is considered as one of the most
important resource of usable water supply for agriculture, drinking
and industry. In these areas, the fresh water resources are exposed
to salt and saline water, which has caused some concerns in these
areas.! The interference and intrusion of saline water in coastal
aquifers occurs due to groundwater level drop and the lateral or
vertical transitions of salt and saline water which lead to degradation
of groundwater quality.> The management of fresh water resources
in the coastal aquifers requires identifying groundwater geochemical
evolution as well as the dynamics of the flow system.? The salinity of
groundwater resources in coastal areas can be controlled by complex
geochemical processes such as inter-aquifer interference, saline water
flow, water-soil interactions, and human made pollutants.* The amount
of saline water and fresh water interaction depends on a variety of
factors such as topography, substrate hydraulic characteristics, rainfall
time variations, local patterns of groundwater flow, waves variations
in coastal and estuarine, low intrusion and sharp drop in surface
groundwater levels.

The significant difference in the chemical composition between
saline groundwater caused by saline water intrusion and replacement
can be considered as an important factor in determining the source and
mechanism of salinization and damage to the groundwater in coastal
aquifers.* The concept of vulnerability has first been introduced in
1960 to raise awareness about the groundwater contamination.®
Various methods such as WESPA, EPIK, AVI, GODS, PI, SI,
SINTACS, DRASTIC, GALDIT, PESTICAIDE and IRISH MAIA
have been presented to investigate vulnerability, each of which can be
examined with its own parameters.” The first research on saline water
and fresh water on the coasts was separately initiated by Ghyben®
and Herzberg® in Europe which has resulted in the Ghyben-Herzberg
relation as the first equation for the interaction of saline water and
fresh water. This relation is taken as the basis for studies by other
researchers to study the front status of saline and fresh water as well as
damages to aquifers. The term vulnerability refers to the potential of
degradation degree with a given risk.'® For groundwater issues, Lobo-

Ferreira & Cabral'' have defined vulnerability as the susceptibility
of the groundwater quality to the aquifer contamination in terms
of the inherent characteristics of aquifers. As a result, the aquifer
vulnerability through the interference of saline water with the coastal
aquifer has become a subject matter for researchers in various fields.

The vulnerability evaluation of saline water interference in coastal
aquifers has been first performed by Chachadi & Lobo-Ferira'? on the
Montenegro Coast of Portugal, and it has been called the GALDIT
model. In this respect, Najib et al.,'” has studied the vulnerable areas in
the coastal regions of Morocco by using GALDIT model where their
results represent high risk of interference on the margins of coastal
areas and regions close to the boundaries of the Er-Rbia River which
also penetrate into three kilometers depth inside the coast. In addition,
this method has been applied successfully over the Montenegro Coast
of Portugal."® Bardis aquifer coasts.!* Gibbison & Randall® first have
studied the spatial and temporal variation of ions in the southeastern
Georgia by using co-level maps. Then, they have proved the saline
water intrusion into coastal aquifer by hybrid diagrams. Similarly,
Mona et al.'® has evaluated the vulnerability of coastal aquifer in
Tunisia by GALDIT index.

According to the research results in the field of chemical processes,
this factor can be considered as an important indicator in determining
the source and mechanism of groundwater salinization in the coastal
aquifers through the significant difference in the chemical composition
between the salinized groundwater caused by saline water intrusion
and saline water replacement.’ One of the suitable hydro-geochemical
indexes that can be used to investigate the saline water intrusion into
coastal aquifers is the chloride to bromide ions ratio. The weight ratio
of these two ions in sea water is about 300 and their molecular weight
is about 655."" In the study of groundwater around the sea coasts, if this
ratio is about the given amount, it indicates the saline water intrusion
into coastal aquifer. In this type of research, the reason why these
ratios be used is that halogens are relatively stable and unchanged and
the halogen ratios are within the common tracer group. In this regard,
we can mention the researches performed by Mandilaras et al,'® Katz
et al.'” and Warner et al.”*® Regarding the importance of the coastal
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Studying the vulnerability factors of coastal aquifers due to sea saline water intrusion

areas, the role of aquifer in supplying drinking water and developing
these areas, the evolution of aquifer salinization process and the
effective factors on the intrusion of saline water into coastal aquifer
and how to determine the extent of vulnerability for management
practices have been studied in this research with the aim of identifying
and measuring the vulnerability of coastal aquifers to protect them.

Materials and methods

This research has studied the aims by using interdisciplinary
knowledge via a descriptive-analytical method so that the hydro-
chemical facies evolution process has been analyzed during saline
water intrusion and then the factors affecting the saline water
intrusion in to the coastal aquifer have been studied. And to evaluate
the vulnerability of the aquifer, the parameters of the GALIT index
presented by Chachadi & Lobo-Ferira'? have been investigated.

Groundwater hydro-chemical facies evolution during
saline water intrusion

Hydro-chemical facies evolution diagram (HFE) that has been
presented by Giménez-Forcada?' to classify water in the coastal

regions only considers the percentage of original cations (Ca2+ and
Na* ) and anions ( HCO3_ and SOj ~) which determine the dynamics
of saline and salty water intrusion (1941). Revelle has defined
Cl
(HC03+C03)

coastal aquifer where chloride is the most abundant iodine in the sea
while its amount in groundwater is very low. Facies are determined

+
and HCO

as a criterion to detect the saline water intrusion into

. 2 .
as a function of Ca ;- cations percentages and HCO},

s SOi* and Cl anions percentages over total cations and anions.
Once the cation or anion ratio is less than 0.5 and on the other hand
it is higher than any other cation or anion, facies are called Mix.
The triangular diagrams are the commonly used graphical method
to represent the hydro-chemical facies where ions concentration
is in terms of meq/l and is given as the total percent of cation and
anion contents. To represent hydro-chemical facies in the central
section, it is necessary that the right handed vertices of the triangular

 an =) and the left handed ones (Ca”" an are
(CI” and SO’-) and the left handed (Ca”" and Mg™")

integrated. Therefore, the central range represents (Cl % + SO? %
) against HCO4% and ( ca™ %+ Mg2+ % ) against ( Na %+ K" %

) (Ghiglieri et al, 2012). As Figure 1 shown, the HFE diagram has
solved some complexities and problems by using the major processes
occurring during the intrusion of saline and fresh waters into coastal
areas.” In this diagram, the longitudinal axis is the difference in the
percentages of Na’* and Ca’" in terms of meq/l which shows
the base-exchange 2rfactions (values are calculated in terms of total
cations such as Mg~ ). The vertical axis represents anions where «sco
percent shows the saline water, while the fresh water is introduced
by bicarbonate percentage (or sulfate) (according to the dominant ion
in the fresh water). In the saline water intrusion step, the aquifer is
affected by two simultaneous processes which is called increasing
salinity (path I) and leads to beginning of reverse exchange reactions
(path II). The result of this process is generation of Ca-Cl facies. Then,
the groundwater tracks path (III) towards the saline water (Na-Cl).
During the desalination process, freshwater supply results in direct
exchange reactions (paths I’ and II’) and production of Na — HCO
facies. Finally, water moves along path (III’) towards freshwater
synthesis and aquifer restoration.?!
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Figure | HFE diagram.

Studying the factors affecting the intrusion of saline
water into the aquifer

Groundwater surface height above sea level

The groundwater surface level over the mean sea height is
considered as one of the most important parameters in assessing the
susceptibility to sea saline water intrusion. According to equations (1)
and (2) and Figure 2, driven by Ghyben- Herzberg relation, the saline
water surface arises about 40m per one meter withdrawal from the
freshwater stored above the mean sea height. In this equation, sp is
the special mass of saline water, fp is the special mass of fresh water,
z is the height of the saline water column or the depth from the sea
level on an intersection point and hf +z is the height of the fresh water
column or the depth of groundwater level on an intersection point.
The left side of this equation is the hydrostatic pressure of saline water
at a point to the depth z under sea level and its right side shows the
hydrostatic pressure of fresh water at the same point to the depth z +
hf under groundwater fresh water level.

psea &= pfresh g (hﬁ'”h +Z) (1)

z=Pre L aon )
Psea _pfrexh

Horizontal distance of the aquifer from the seacoast

The greater the horizontal distance of aquifer to the coast, the
lower the tension from seawater, and the aquifer vulnerability
decreases. Also, that part of the aquifer areas closer to the coast is
more vulnerable (Figure 3). According to this index, the aquifer
vulnerability increases based on the horizontal distance to the coast
from very small ranges for long distances and also for distances near
to the vulnerability.

Hydraulic control

This parameter is estimated based on the flow velocity in the
aquifer layers and represents the capability to transfer water within
the aquifer which is the result of effective porosity in sediments and
aquifer constituents. It is estimated through dividing the transfer
coefficient (T) by aquifer thickness (T).”? Eq. (3) is true for the
pressurized aquifer and eq. (4), (5) are true for free aquifer where K is
the hydraulic control; B is the thickness of saturation area; q is the flow
rate; p is the water density and W is the natural supply. In fact, there is

Citation: Tabatabaei SM, Khozeymehnezhad H. Studying the vulnerability factors of coastal aquifers due to sea saline water intrusion. Int | Hydro.

2018;2(6):682-686. DOI: 10.15406/ijh.2018.02.00143


https://doi.org/10.15406/ijh.2018.02.00143

Studying the vulnerability factors of coastal aquifers due to sea saline water intrusion

a direct relation between hydraulic control and aquifer vulnerability,
so that the more the hydraulic conductivity is, the faster the saline
water intrusion occurs and the aquifer will be more vulnerable.
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Figure 2 Saline water intrusion into coastal aquifer.

Figure 3 Vulnerability in different areas of the aquifer.
Aquifer thickness

The thickness or saturation area of the aquifer refers to the contour
between the stationary surface and the impermeable layer which is
used to estimate the intrusion of sea water into coastal areas as one of
the model parameters. Based on this, the vulnerability index is divided
into four high, medium, low and very low classes. Due to this factor,
the greater the aquifer thickness, the less its vulnerability is.

Aquifer type
Table | Index calculation by each factor’s weight and GALDIT ranking
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Various types of aquifer include free, enclosed, leakage and
bounded where the vulnerability in the free aquifer is more important
and it has less importance for the bounded aquifer.

The influence of the penetrated saline water spread

If the studied area is fixed and non-stressed, a balanced hydraulic
gradient would be in the aquifer between the saline water and the
fresh water. However, due to the water withdrawal and intrusion of
saline water into coast area, this balance has been disturbed and the
concentration of the salt materials has been increased. Chachado &
Loboreriera'? have proposed Revelle? relation presented in the first
section to determine this parameter. According to this relation, the
aquifer vulnerability index is classified into high, medium, low and
very low classes.

Evaluating the coastal aquifer vulnerability by GALDIT index

GALDIT index values are calculated by dividing the total
scores by total weight of used parameters in the model, as Table 1
and the vulnerability evaluation is performed by eq. (6). Therefore,
the vulnerability of the coastal area to saline water intrusion and
interference with the fresh water of the coastal aquifer is estimated
based on the amount of GALDIT index. And according to Table 2,
the vulnerability is classified into three high, medium and low classes.

LR,
e — (6)

5 W,

i=1"7i

GALDIT =

Rating importance range  Scores range

Index Weight

Min Medium Max Min  Medium Max
Aquifer type (free, enclosed, leakage) | 2.5 5-7.5 10 2.5 5-75 10
Aquifer hydraulic control 3 25 5-7.5 10 7.5 15-22.5 30
The groundwater height higher than sea level 4 2.5 5-7.5 10 10 20-30 40
Horizontal distance of aquifer to coast 4 2.5 5-7.5 10 10 20-30 40
The qualitative effect of sea water intrusion on the coastal strip | 2.5 5-7.5 10 5 5-75 10
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Table Continued....
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Rating importance range  Scores range

Index Weight
Min Medium Max Min  Medium Max
Aquifer thickness 2 2.5 5-7.5 10 5 10-15 20
Total scores 40 75-112.5 150
GALDIT index 25 5-7.5 10
Table 2 Determining the classes of vulnerability by using weight and 2. Barlow PM, Reichard EG. Saltwater intrusion in coastal regions of North

GALDIT values

No. GALDIT range Vulnerability class

| >7.5 High

2 5-7.5 Medium

3 <5 Low
Conclusion

The specific importance of the coastal areas and the role of its
aquifers in supplying freshwater resources to the deployment and
development of these areas make groundwater resources protection
necessary. One of the most important threats to the coastal aquifers
is the intrusion of saline water into the aquifer. According to the
obtained results, the most important factor in moving the saline water
towards the coastal aquifer is by disturbing the balance between
the sea water and the aquifer through the withdrawal of the aquifer
and decreasing the groundwater level which makes the withdrawal
management necessary and the most important physical factor
affecting the acceleration of saline water intrusion into the aquifer
include the level of fresh water in the aquifer which is higher than sea
level and the horizontal distance between the aquifer to the coastline.
Increasing these two factors reduces the intrusion of the saline water
into the aquifer. Secondly, the hydraulic control of the porous medium
and its thickness are effective on the saline water intrusion so that
reducing the hydraulic control and increasing the aquifer thickness
reduces the sea water intrusion into the aquifer. Third, the type of
coastal aquifer is important in saline water intrusion. The intrusion
into height-constrained bounded aquifers is less than other aquifers.
The intrusion depth of saline water can be determined in order to
identify and specify the extent of damage to the aquifer by collecting
water specimens at different intervals from the coast and determine the
amount of chloride in the specimens. And the aquifer’s vulnerability
can be evaluated based on the amount of damage incurred by the
studied indexes in this research. In addition, regarding the amount of
vulnerability, the operational policies or necessary practices to supply
the aquifer and also management and engineering approaches such
as dike construction, coastal walls or tidal valves can be applied to
prevent saline water intrusion and restrain fresh water at the last river
outlet for the aims like coastal washing and restoration.
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