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Abstract

Saltwater intrusion (SWI) in coastal aquifers due to excessive groundwater withdrawals (for civil,
agricultural and industrial purposes) has become a major concern affecting a large number of
coastal aquifers worldwide. This trend is expected to grow in the very near future due to the
expected sea-level rise (SLR) associated with the human-induced climate change. In this context,
the following research proposes an assessment of the vulnerability of the Emilia-Romagna coast-
line (Italy) to SWI under present conditions. This assessment is conducted through the use of
the GALDIT-Index, an indicator-based model which is made of 6 parameters that are presumed
to control the phenomenon of SWI (Groundwater occurrence, Aquifer hydraulic conductivity,
Level of groundwater above the mean sea-level, Distance from the shore, Impact of existing
status of SWI, Thickness of the aquifer). The thematic maps of the 6 factors were prepared in a
GIS environment. They were given appropriate ratings and weightages and were overlaid in order
to produce two vulnerability maps, one for the surface phreatic aquifer and one for the underlying
confined one. The results are relatively similar between those two maps and show that the coast-
line is highly vulnerable over a width of a few kilometres. The coastal plain, on the other hand,
is characterized by a moderate vulnerability that tends to be reduced when moving landwards
toward higher topography. Those vulnerability maps can generally be used as a tool for manage-
ment of the coastal groundwater resources.

Key words: Seawater intrusion, Coastal aquifer, Vulnerability mapping, GALDIT index, GIS,
Emilia-Romagna coastline
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Chapter 1

Introduction

The study of coastal zones is of primary interest since they are extremely-densely populated areas.
Today it is estimated that over half of the world’s population live within 200km of the ocean
shoreline, an area only taking up 10% of the earth’s surface [1]. The uncontrolled use of coastal
aquifers as a major source for freshwater supply (i.e. for civil use as well as agricultural and
industrial purposes) has put the fragile coastal equilibrium under dramatic pressure. In particular,
the subsequent contamination of freshwater by saltwater, commonly referred to as seawater in-
trusion (SWI), has become a major and concerning threat, affecting both freshwater quality and

quantity.

A three-step approach is usually used to assist the development of groundwater protection strat-
egies at local scale. This method includes a monitoring phase, the modelling of the aquifer and
numerical simulations. It however presents two major drawbacks: (1) on the one hand it is very
unlikely to be extended at a larger scale due to its important cost in terms of time and resources
and due to its high dependency on local hydrogeological conditions; (2) on the other hand, it is
generally used as a post-intrusion tool. Given the significant cost of post-intrusion remediation
techniques, there is a real need for prediction techniques that would allow a rapid and cost-

effective assessment of SWI over large areas.

In this context techniques to assess the vulnerability and the risk of groundwater to SWI were
developed with the purposes to provide useful thematic maps that may help the people involved
with coastal zone management (i.e. policy makers, local governments...) to detect the current and
emerging risk areas, to prioritize areas requiring more detailed investigations and to decide where
corrective measures have to be taken or where money has to be invested. Even though no gener-
ally recognized and accepted approach has been developed yet, those techniques turn out to be

promising complementary tools to the current costly classical approach for the future.

In the present study, the aim is to apply one of these emerging techniques, namely the GALDIT-
Index, to the Emilia-Romagna coastline in Italy. Saltwater intrusion is expected to become a
crucial issue in Italy since this country constitutes a peninsula with a coastline of more or less
7600km long. The GALDIT-Index consists of an indicator-based model which is made of 6 pa-

rameters that are presumed to control the phenomenon of SWI:

- The Groundwater occurrence;

- The Aquifer hydraulic conductivity;

- The Level of groundwater above the mean sea-level;
- The Distance from the shore;

- The Impact of existing status of SWI;

- The Thickness of the aquifer;
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The methodology relies on the extensive use of Geographical Information System (GIS). The
maps of the 6 parameters were prepared within a GIS environment based on the data that were
collected from various sources. They were then rated and overlaid with suitable weights to pro-
duce the final vulnerability map of the study area. Those maps can generally be used as a tool

for management of the coastal groundwater resources.

The following research is outlined in six chapters in addition to this introductive chapter. Chap-
ters 2, 3 and 4 consist of the bibliographic part of the work while chapters 5, 6 and 7 deal with
the actual purpose of the thesis, namely the application of the GALDIT-Index to the Emilia-

Romagna coastline.

In particular, Chapter 2 consists of a general introduction of the problematic of SWI. It firstly
provides a physical description of a coastal aquifer as well as of the main saltwater-freshwater
dynamics characterizing this latter in unperturbed conditions. The main anthropic pressures are
secondly introduced to eventually lead to the definition of the concept of SWI.

Chapter 3 proposes a (non-exhaustive) review of the classical approach that is usually used to
deal with SWI at local scale. The three tiers of this approach are considered separately, namely
the monitoring phase, the modelling of the aquifer and the numeric (or analytic) simulations.

Chapter 4 gives a general (non-exhaustive) overview of the methods that allow for a rapid and
cost-effective assessment of the risk or vulnerability of a region to SWI. Those two categories,
risk /vulnerability assessment methods, are introduced separately in this chapter through the
review of real case studies.

Chapter 5 presents the study area, namely the coastline of the Emilia-Romagna Region (Italy).
It includes the description of the main features of this region in terms of topography, climate,
land use and hydrology. The various issues affecting this area are also discussed (subsidence,
water scarcity, salinization). Finally the study of the geological evolution of the Po River coastal
plain is reviewed in order to fix the final scope of this work relating to the depth of the aquifer
that has to be considered.

The first part of Chapter 6 consists of the description of the general approach that has been
adopted in this work to derive the results. The second part is dedicated to the presentation and
to discussion of the results for both the phreatic and the confined aquifer.

Chapter 7 finally presents the conclusions of the thesis and some possible perspectives.



Chapter 2

Coastal aquifers

2.1 Physical description

Coastal aquifers are made of three different features, as shown in Figure 2-1:

- The freshwater zone;
- The saltwater zone;

— The transition zone;

Due to their density contrast, a relative motion occurs between saltwater and freshwater within
a coastal aquifer, leading to the natural density-driven intrusion of seawater. Saltwater is gener-
ally assumed to be 1.025 times denser than freshwater and therefore tends to move beneath the
freshwater in the form of a saltwater wedge. On the other hand, the less-dense freshwater sits

above the saltwater wedge taking the shape of a lens. [1]

The transition zone is characterized by a mixing between freshwater and saltwater due to dis-
persion and molecular diffusion [2]. Density varies across this zone between the highest values of
seawater to lower values of freshwater [3]. The width of the transition zone can range from some
hundred meters up to several kilometres [2].

For simplification purposes, the freshwater-saltwater transition zone can be assumed as a sharp
boundary (i.e. the freshwater-saltwater interface). The depth of this interface may be approxi-
mated by the so-called Ghyben-Herzberg model, which results from the work conducted inde-
pendently by Ghyben (1888) and Herzberg (1901) [2].

This relation is a direct application to coastal groundwater systems of the famous Archimede’s
Principle which states that the buoyant or lifting force on an object is equal to the weight of the
fluid displaced by that object. Freshwater is less dense than saltwater. So if a static lens of fresh
groundwater was floating on saltwater in porous material beneath the surface of a coastal area,
the weight of the freshwater lens would equal the weight of the saltwater it displaces. This
concept is applied below to derive the Ghyben-Herzberg relation. [4]

pe(z+h)=pyz

A Z(ps - pf):psh

7= Pt h
p\'_pf
=

< 7z = ah ~ 40h (1)
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Where:

-z = thickness of the freshwater zone below mean sea — level (b.m.s.1.)[L];
- h = thickness of the freshwater zone above mean sea — level (a.m.s.1.) [L];
- p, = density of saltwater [M/L?];

- p; = density of freshwater [M/L?;

This equation (1) relates the elevation of a water table to the depth of the interface between the
freshwater and saltwater zones of the aquifer. Roughly speaking, each meter of fresh groundwater
elevation a.m.s.l. would correspond to a freshwater column of 40m b.m.s.l. [2], as shown in the
Figure 2-1. In other words, if the water table in an unconfined coastal aquifer is lowered by 1
meter, the interface will potentially rise by 40 meters [3].

However, it is important to keep in mind that the Ghyben-Herzberg relation remains a very
approximate model and has been derived assuming simple hydrostatic conditions in a homoge-
neous, unconfined aquifer and considering that the flow in the aquifer is essentially horizontal (a
statement that is equivalent to the Dupuit assumption) and perpendicular to the coast [3].

- Land surface

Water tabla

Sea level

Frashwater

m’iﬂﬁ#

Figure 2-1: Simplified freshwater-saltwater interface in a coastal water-table aquifer [5]

Based on the assumption of sharp interface, another rough formula was developed by Custodio
and Bruggeman (1987) to predict the inland penetration distance of the saltwater wedge (i.e. the
toe location) under equilibrium conditions [1], [6]:

For confined aquifer:

L= KB 0005 KB (2)
2qp 24
For unconfined aquifer:
_KB?’1+a WL (3)
DL T2 T2

Where:

- L = the distance of inland penetration of the saltwater wedge toe for a sharp —
interface for a homogeneous and isotropic aquifer [L];

- a=T p_fpf ~ 40: density ratio based on Ghyben — Herzberg relation [—J;
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- K = aquifer hydraulic conductivity' [LT!];

- B = aquifer thickness [L];

- qy = freshwater discharge per unit of coastal length [L2T~!];
- W = natural recharge [LT™!];

However, SWI is predominant during the non-rainy season when the rainfall recharge is almost
zero W a0 . Therefore, equation (3) can be rewritten as follows and gives almost the same

approximation for the toe location as equation (2):

KB?1+«
WL o
KB2?1+ « KB?2
L= ~ 0,0257 4
2q, o? 24 )

The seawater wedge toe may be rigorously defined as the intersection of the freshwater-saltwater
interface with the bottom of the aquifer [7]. From equations (2) and (4), it is evident that the
extent of seawater penetration into the aquifer is highly dependent on the aquifer’s hydraulic
properties: it is proportional to aquifer conductivity and the square of aquifer thickness, but

inversely proportional to freshwater discharge [1].

2.2 Dynamics of coastal aquifers

Under normal conditions, after infiltration, water slowly flows in the ground from locations of
higher head (that is, higher potential energy) to locations of lower head (that is, lower potential
energy) [5]. The well-known Darcy’s law is usually applied to describe the fluid flow in a porous
medium and is stated as follows, according to the level of idealisation of the medium [8]:

» 1D-flow in a homogeneous?, isotropic® medium:
q=—KVh (5)

» 3D-flow in a homogeneous, isotropic medium:

s oh/ 0x
q= [qy — _KVh = —K | dh/ ay] (6)
q, ah/ ‘()Z

» 3D-flow in a heterogeneous, isotropic medium:

Qx oh/ 0x
q= [qy] = —-K(x,y,2)Vh = -K x,y,z {ah/ ay}

4, oh/ 0z
» 3D-flow in a heterogeneous, anisotropic medium:
dx Koo Ky Ky 10h/0x
4= lqy =—K(x,y,2)Vh = — Koo Ky Ky, [ah/ GYI (8)
q, K. K, K,] L0oh/0z

! By definition, the aquifer hydraulic conductivity K is the ability of the aquifer to transmit water. This propriety of
the medium is the result of the interconnected pores (primary porosity) in the sediments and fractures in the consoli-
dated rocks (secondary porosity) [6].

2 Homogeneous/Heterogeneous medium: the physical properties are the same at all points/vary from point to point.

3 Isotropic/Anisotropic medium: the physical properties at a point are independent/dependent on the direction.
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Where:

- g=specific discharge (Darcy velocity) [LT™];
- K = aquifer hydraulic conductivity [LT}];

- Vh=driving force of groundwater flow per unit weight of groundwater [—];

Therefore, in coastal discharge areas, it exists a natural hydraulic gradient towards the sea [3],
as depicted by the arrows on the left in Figure 2-2. This natural movement of freshwater towards
the sea prevents saltwater from entering freshwater coastal aquifers [9].

On the other hand, because of the mixing of freshwater and saltwater within the transition zone,
a local circulation of saltwater is established in which some of the saltwater is entrained within
the overlaying freshwater and return to the sea, which in turns causes additional saltwater to
move landwards towards the transition zone, as depicted by the dashed arrows in Figure 2-2 [5].

Land surface

Mol to acala Modifiad from Coaper {1964

Figure 2-2: Groundwater flow patterns and the freshwater-saltwater transition zone in an idealized coastal aquifer [5]

Furthermore, this global system is not stationary but rather turns out to be in a state of dynamic
equilibrium [2]: the transition zone fluctuates landwards (“natural” seawater intrusion) and sea-
wards over time towards new dynamic equilibrium positions [1]. This is due to the fact that the
boundary conditions are influenced by external natural forces and therefore they continuously
change over time [7].

The main natural factors influencing the balance of the system are listed below:

» Climate variability: seasonal and annual variations in groundwater recharge;

Y

Long-term historic changes in SL due to eustatic and tectonic movements (transgression
& regression);

Climate hazards: flooding or tsunamis (saltwater intrusion);

Tidal oscillations;

Aquifer hydraulic properties;

Y V V V

Land subsidence due to compaction processes or anthropogenic activities;
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Some of these observed changes are taking place very slowly (long-term processes) and are only
significant at a geological time scale. Others may proceed more quickly (episodic processes) [10].
In any cases, the time needed for the transition from one dynamic equilibrium stage to another
is considerable, in the order of tens of years at least or even centuries [7]. Therefore, the saltwater
intrusion process is most frequently in a transient state [2].

2.3 Problematic: human pressure

Table 2-1 gives a global overview of the distribution of water involved in the hydrological cycle
around the globe. With 4 1.4 billion of cubic meters, water may be considered as the most
widespread substance to be found in the natural environment [11]. However, the vast majority
of water (97.5%) is in the form of saltwater in oceans, seas, bays and saline lakes and groundwater.
Freshwater accounts for only 2.5% of the total volume of water. Among these 2.5%, a further
breakdown shows that 70% is not accessible for human consumption because it is in the form of
ice (ice caps, glaciers, permanent snow, ground ice, permafrost), in the form of vapour in the
atmosphere or is part of the biosphere (biological water, soil moisture, swamp water) [7]. At the
end, only the remaining 30%, representing 0.75% of the total water resource, can directly satisfy
human needs. The vast majority of this accessible freshwater (99%) is stored in the ground in
comparison to the freshwater stored in lakes and rivers (1%). All these results are summarized

in Figure 2-3 and emphasize the importance of groundwater as a priceless resource for mankind.

Table 2-1: One estimate of global water distribution (percents are rounded, so will not add to 100) [12]

Fraction of | Fraction of total
Water volume
Water source (k] freshwater water
7] [7]
Oceans — Seas — Bays 1,338,000,000 - 96.5
Ice Caps — Glaciers — Permanent Snow 24,064,000 68.7 1.74
Groundwater 23,400,000 - 1.69
Fresh groundwater 10,530,000 30.1 0.76
Saline groundwater 12,870,000 - 0.93
Soil moisture 16,500 0.05 0.001
Ground Ice — Permafrost 300,000 0.86 0.022
Lakes 176,400 - 0.013
Fresh lakes 91,000 0.26 0.007
Saline lakes 85,400 - 0.006
Atmosphere 12,900 0.04 0.001
Swamp Water 11,470 0.03 0.0008
Rivers 2,120 0.006 0.0002
Biological Water 1,120 0.003 0.0001
Total 1,385,984,510 100.049 99.9681
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Figure 2-3: Distribution of Earth's freshwater

Historically, surface water has accounted for most of the human consumption, because it is easily
accessible (with the exception of arid regions, where groundwater may be the only reliable source
of water). However, modern development and population growth have greatly increased water
demands in the last half century, leading to the depletion and to the contamination of surface
water resources [7]. In this context, freshwater has become an alternative to surface water. As a
source of water supply, groundwater has a number of essential advantages when compared to
surface water: it is of higher quality, better protected from possible contamination, less subject
to seasonal fluctuations and much more uniformly spread over large regions than surface water.
These advantages have firstly resulted in a wide use of groundwater for public and domestic
water supply (drinking water and sanitation). The use of groundwater has later been extended
to other purposes (irrigation purposes, industrial supply, energy cooling and additional demands
for tourism water consumption) [13], [2]. Nowadays, groundwater is the world’s most extracted
raw material with withdrawal rates currently in the estimated range of 982 km?/year [14]. It is
estimated (2010) to provide drinking water to at least 50% of the global population, to account
for 43% of all the water used for irrigation and to ensure 20% to 40% of the industrial water
needs [11], [15].

In particular, utilization of groundwater in the coastal zones is of even greater significance since
coastal belts are among the most densely populated human settlements [11]. Indeed, almost two
thirds of the world's population live within 400km of the ocean shoreline; just over half live
within 200km, an area only taking up 10% of the earth's surface [16]. This concentration of the
world’s population in coastal areas have put the coastal aquifers under pressure [2], due to the
subsequent, economic growth, intensified agricultural/industrial development and loss of surface
freshwater resources due to contamination [3]. As a consequence, the coastal aquifers are being
overexploited, leading to the seawater intrusion in the aquifer [11].

Apart from groundwater over-abstractions?, other anthropogenic stresses may affect the seawater-
freshwater balance in coastal aquifers, such as the construction of drainage canals, the lower rates
of recharge in urbanized areas or the climate change (i.e. induced by human activities) [5]. Among
these, the climate change is expected to play a major role on seawater intrusion in the coming
years, through two different mechanisms [3], [10]:

* Overconsumption of the fresh groundwater such that the rate of pumping exceeds the natural freshwater recharge,
leading to the reversal of the natural seaward hydraulic gradient.
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» the progressive reduction of the natural groundwater recharge: changes in climatic char-
acteristics (i.e. increasing/decreasing of precipitations, temperatures and evapotranspira-
tion patterns) will primarily affect the hydrological cycle and secondly groundwater by
modifying recharge patterns, contributing to seawater intrusion in coastal groundwater;

> the sea-level rise (SLR): this expected effect of the global warming process, due to changes
in atmospheric pressure, expansion of oceans and seas as they warm, and melting of ice
and glaciers, could affect seawater intrusion in coastal areas by altering the position and

morphology of the coastline;

However, the impact of assumed future climate conditions on groundwater is still a challenging
study field today. Although these problems could affect a great number of coastal areas, the
Fourth Report of the Intergovernmental Panel on Climate Change (IPCC) has reported that
there “has been very little research on the impact of climate change on groundwater” and that
“the few studies of climate impacts on groundwater for various aquifers show very site-specific
results” [3].

2.4 Seawater intrusion description

With all these background information, one can now define more precisely the concept of seawater
intrusion. Seawater intrusion (or saltwater intrusion, SWI) may be defined as the encroachment
of saltwater into freshwater coastal aquifers due to the landward migration of the freshwater-
saltwater interface [1]. Generally speaking, this process is in a state of dynamic equilibrium with
the opposite seaward migration of the interface under the natural factors listed in the section 2.2.
However, due to the anthropogenic externalities described in the section 2.3, this natural balance
between freshwater and saltwater in coastal aquifers has been disturbed, exacerbating the SWI
process. In this context, two situations must be distinguished: (1) as long as there is a net flow
towards the sea, a reduction in flow due to water abstractions will result in an inland relocation
of the seawater-freshwater interface towards a new dynamic equilibrium position; (2) in case of
abstractions exceeding freshwater recharge (over-abstractions), the natural seaward hydraulic
gradient is reversed and seawater is drawn actively into the aquifer replacing abstracted fresh-
water. This process will continue until either all freshwater is lost or a net seaward flow is restored
[2]. Saltwater can contaminate a freshwater aquifer through two major pathways: (1) by lateral
intrusion from the ocean due to SLR (see Figure 2-4 (b)) or due to freshwater abstractions (also
known as saltwater up-coning, see Figure 2-4 (a)); (2) by upward intrusion from deeper, more
saline zones of a groundwater system (i.e. relic saline and hypersaline groundwater) due to up-
wards hydraulic gradients imposed by anthropic activities (i.e. drainage systems, pumping wells)

[5].

The problem related to SWI is not new. Back in 1845, incidents of SWI were detected on Long
Island, New York [9]. Today, SWI has become a growing issue and affects a large number of
coastal aquifers worldwide [3]. This considerable threat of SWI to water security on the global
scale is well documented (large-scale reviews of SWI are available for North America [17], South
America [18], Europe [19], Africa [20] and Australia [1]) and is mainly due to the scarcity of
water salinity measurements for the management of SWI [21], [22].
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Figure 2-4: Conceptual model used for simulating the impact of groundwater extraction (a) and sea-level rise (b) [23]

The consequence of SWI and of its mixing with freshwater in coastal aquifers is the degradation
of water quality [1]. Indeed saltwater is characterised by a high concentration of total dissolved
solids (see section 3.2.1) and certain inorganic constituents which make it unfit for human con-
sumption and many other anthropogenic uses [5]. In extreme cases, increase of salinity beyond a
certain tolerance limit (drinking-water standards) leads to the abandonment of the bore-wells
[11]. Subsequently, it has an impact on freshwater availability, population growth and all the
related socio-economic activities (agriculture, industries...) [3].

For all these reasons, due to the significant cost of post-intrusion remediation and because of the
priceless value of groundwater for humanity, considerable research effort spanning more than 50
years has been devoted to understand better coastal aquifer flow and transport processes and to
improve the collection, storage and processing of relevant data [1], [7], [22].

This research has led to the development of a three-step approach which is commonly used
nowadays to detect, manage and prevent SWI [5], [4]. This approach includes the following phases

and is detailed more accurately in Chapter 3:

» Detection (monitoring phase): collection of data through the use of direct (drilling tech-
niques, environmental tracers) and indirect (geophysical campaigns) field investigation
methods in order to detect the occurrence of SWI [22];

» Modelling (conceptual description): simplification of the system based on the monitoring
well data and on a series of assumptions (simplified aquifer geometry and boundary con-
ditions...) in order to enable analytical or numerical solutions [2], [4];

» Prediction (solution phase): traditional analytical models have been slowly replaced by
numerical models which enable investigations of more realistic coastal aquifer domains,
taking into account the three-dimensional flow regime, heterogeneity, anisotropy... [7];



Coastal aquifers |11

Such procedure only focuses on coastal individual aquifers at local scale because SWI remains
challenging to measure and quantify at a larger scale, especially for three reasons [22]: (1) SWI
is an invisible process, occurring in the subsoil and therefore difficult to delineate accurately [7];
(2) SWI is strongly dependent on local hydrogeological conditions which gives an inherent unique-
ness to each real-world incidence of SWI [2], [22]; (3) SWI is a transient process which typically
occurs very slowly [22]. These conditions make this approach particularly heavy and expensive
(i.e. it is based on complex numerical models and requires intensive field data collection to reduce
uncertainty) and therefore unlikely to be extended to large-scale problems [2].

However, management decision-making highly requires the development of qualitative and cost-
effective methods for the rapid assessment of SWI over large areas. The role of these methods is
(1) to detect the current and emerging risk areas, along with the key drivers of SWI in these
areas [24]; (2) to prioritize areas requiring more detailed SWI investigations in the future [24];
(3) and to develop strategies ensuring a sustainable use of groundwater” for domestic consump-
tion as well as industries and agricultural purposes [11]. In response to this, a number of risk and
vulnerability assessment approaches have been developed during the last decade [22]. A short
presentation of the most commonly used methods in proposed in Chapter 4.

® Maximum rate at which water can economically and legally be withdrawn from a particular source for beneficial

purposes without bringing about some undesired results [5]
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Chapter 3
Typical assessment method

3.1 Introduction

Actual coastal groundwater systems involving freshwater and saltwater are complex, as described
in Chapter 2 [4]. Nowadays, a three-step approach is usually used to analyse such complex sys-
tems, involving: (1) the detection of SWI through a monitoring phase; (2) the conceptual de-
scription (modelling) of the study area; (3) and the analytical or numerical solution (simulation)
of SWI processes. This approach to managing SWI (detection, modelling and simulation) would
be beneficial anywhere to prevent further SWI and to ensure long-term sustainable rates of ex-

traction from water resources (2], [4].

The monitoring phase includes direct and indirect methods. These methods consist of early-
warning systems providing information about the location and the movement of saline water in
coastal aquifers [5]. The direct methods are based on the data provided by the network of wells
that are established in the study area [5]. Well monitoring in coastal aquifers started during the
50’s and the 60’s with the goal of providing a basis for understanding the complicated mechanisms
behind SWI and that affect the shape of the saltwater-freshwater interface [7]. Today there are
numerous of so-called direct investigation methods but this review only focuses on the main ones,
namely the chemical analysis of groundwater samples (chloride, major-ions and environmental
tracers) and head measurements. Those methods are introduced in the section 3.2.1. The indirect
methods which consist of geophysical prospection techniques were developed later, and were
found to provide more information faster than the drilling techniques [9]. Subsequently, they
became more important for SWI monitoring [9]. Some of the major indirect methods are intro-
duced in the section 3.2.2, namely the resistivity, electromagnetic and seismic methods.

Modelling approaches to calculate the position of the seawater-freshwater interface and to simu-
late SWI processes under various natural and man-made conditions include analytical and nu-
merical methods [2]. Analytical methods (e.g. Glover 1964, Fetter 1972, Strack 1976) provide
solutions for simplified conceptual models, based on simplified aquifer geometries and boundary
conditions, and requiring only few input data [2]. They usually do not directly solve “real-world”
problems but rather serve as tools for first-cut engineering analysis [2]. The section 3.4.2 provides
a more detailed description of one of the most commonly used analytical models, namely the
Strack method. On the other hand, numerical models enable investigations of more realistic
coastal aquifer domains, taking into account one-to three dimensional, density dependent and
transient flow regimes as well as heterogeneity or anisotropy [7]. They have the potential to
simulate intrusion processes and are therefore especially suited to isolate the effects of the various
factors influencing SWI, such as water well pumpage, rainfall or SLR [2], [4]. A non-exhaustive

list of the main numerical models is proposed in the section 3.4.3.
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3.2 Monitoring
3.2.1.  Direct methods

Direct methods aim at measuring the location and movement of saltwater into freshwater aquifers
[5]. They are based on the data provided by the network of wells that are established in the
study area [5]. The most commonly used approach consists in collecting water samples from the
wells to analyse their chloride content or in some cases, their total dissolved content or their
specific electrical conductivity as proxies for salinity [5], [7]. It should be emphasized that the
presence of elevated concentrations of chloride alone is not definitive proof of active SWI, because
chloride concentrations are naturally elevated near the boundary between freshwater and salt-
water [5]. SWI is indicated by an increase in the chloride concentration of water samples collected
periodically over time, rather than by a single concentration measured at one point in time [5].
Another commonly-used approach consists of the analysis of the major-ion chemistry of water
samples and of the comparison with the typical saltwater chemical composition through the use
of diagrams. These two first methods consider seawater as the most obvious candidate to explain
observed increases in groundwater salinity [22|. However, other sources and processes can con-
tribute as well [22]. Therefore, techniques using environmental tracers and isotope geochemistry
have been developed as diagnostic tools to establish the origin of saline water [5], [22]. Finally,
water levels are also frequently measured at the monitoring wells to give information about the
most likely direction of the seaward flow [5]. These four direct approaches, namely (1) chloride
analysis, (2) major-ion analysis, (3) geochemical analysis and (4) head measurement are described

below in more details.
Salinity analysis

The chemical composition of seawater (main cations and anions) is given in Table 3-1. In practice,
water is often classified into a number of discrete classes according to its salinity level. This
convenient macro-parameter gives a first characterization of water quality and is usually ex-
pressed through the use of proxies such as Total Dissolved Solids (TDS, in milligrams dissolved
solids per litre of water), Chloride Content (in mg/L) or the Electrical Conductivity
(EC,in pS/cm) [10]. Those three classifications are proposed below. Number and names of classes

as well as numerical values of class limits may vary among the literature [10].

Table 3-1: Typical chemical composition of seawater [25]

Components Concentration (mg/L)

" Sodium (Na™) 10,500

.é Magnesium (Mg?*) 1,350
S Calcium (Ca?") 410
Potassium (K*) 390

. Chloride (CI7) 19,000

_5 Sulphate (8042_) 2,700
<Cg Bicarbonate (HCO3 ™) 142
Bromide (Br™) 67

Total Dissolved Solids (TDS) 35,900
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» Chloride concentration

Because of the very high concentration of chloride in seawater (typically 19,000 mg/L), the chlo-
ride concentration of groundwater samples is commonly used as an indicator of seawater occur-
rence and intrusion in coastal aquifers [5]. The classification of saltwater proposed by P.J.
Stuyfzand (see [26]) is given in Table 3-2.

Table 3-2: Division in main types on the basis of chloride concentration (adapted from [26] & [27])

Main type of water [Cl7] [mg/L] [CI7] [meq/L]
Very oligohaline <5 <0.141
Oligohaline 5-30 0.141-0.846
Fresh 30-150 0.846-4.231
Fresh-brackish 150-300 4.231-8.462
Brackish 300-1,000 8.462-28.206
Brackish-salt 1,000-10,000 28.206-282.064
Salt 10,000-20,000 282.064-564.127
Hyper saline >20,000 >564.127

» Total Dissolved Solids (TDS)

Total Dissolved Solids (TDS) is a measure of all constituents dissolved in water. The inorganic
anions dissolved in water include carbonates, chlorides and sulphates while the inorganic cations
include sodium, potassium, calcium and magnesium, as described in Table 3-1. The following
classification, given in Table 3-3, is adopted by the USGS [25], [5]:

Table 3-3: Water salinity classification

Class name TDS [mg/L]
Fresh water 0-1,000

Brackish water 1,000-20,000

Saline water 20,000-35,000
Brine >35,000

> Electrical Conductivity (EC)

Electrical conductivity o in pS/cm is an intrinsic property of a material which characterizes
its ability to conduct an electric current. It is the reciprocal of the electric resistivity p in . m
which quantifies how strongly a material opposes the flow of electric current [28]. Mathematically,
the Pouillet’s law is used to define those quantities:

L
S

L 1
R_px—_gx (9)

S

Where:

- R = the electrical resistance of a uniform specimen of the material [L?MT ~31~2];
- L = the length of the piece of material [L];

- S = cross — sectional area of the specimen [L?];


https://en.wikipedia.org/wiki/Electrical_resistance
https://en.wikipedia.org/wiki/Length
https://en.wikipedia.org/wiki/Cross_section_%28geometry%29
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The electric conductivity of water (and thus electrical resistivity) is function of its chemical
composition (TDS content) and of its temperature [25]. Table 3-4 gives an overview of the elec-
trical conductivity of water according to its quality (that is, its TDS content) for a temperature
of 25°C.

Table 3-4: Electrical conductivity for diverse types of water at 25°C [25]

Type of water Electrical conductivity o [pS/cm)]
Pure water 0,055
Distilled water 0,5
Mountain water 1
Running water 500-800
Maximum for drinking water 1,055
Seawater 56,000
Brine 100,000

Water salinity may be derived from its temperature and its electrical conductivity, using the
empirical formula herebelow [25]. This formula is linear in terms of both the temperature and
the electrical resistivity and this linear trend is presented graphically in Figure 3-1.

S= 0,720 —3,06 x (1+0,02T—25) (10)
Where:

- S = salinity [ppm];
- o0 = electrical conductivity [mS/cm];

- T = temperature [°C];

Salinity with respect to electrical conductivity and temperature

Salinity (ppm)
450
—30°C
400 —25°C
—20%TC
350 =157
300 —10C
—5C
250
200
150
100
50
25 30 35 40 45 50 55 B0

Electrical conductivity (mS/cm)

Figure 3-1: Evolution of the salinity as a function of the temperature and the electrical conductivity [25]
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Major-ion analysis

Different visual approaches based on diagrams may be used to analyse the major-ion chemistry
of water samples and to compare this content with the typical chemical composition of seawater,
which was introduced in Table 3-1. Four different types of diagrams are introduced below:

» Piper diagram

The Piper diagram is a graphical representation of the chemistry of a water sample or samples
[29]. It is composed of three parts, as shown in Figure 3-2: a ternary diagram in the lower left
representing the relative abundance of cations (Ca?*,Mg?*,Na*,K*), a ternary diagram in the
lower right representing the anions (SO%~,C17,HCO3), and a diamond plot in the middle repre-

senting a projection of the two [30].

In the example given in Figure 3-2, the black dots indicate the chemical composition of the
different water samples, the red curved arrow represents the typical path of SWI and the red dot
indicates the chemical composition of seawater [25|. Therefore, this diagram provides a useful
tool to analyse the phenomenon of SWI from a chemical point of view.

Data showing unintruded water

and incipient seawater intrusion Data showing advanced

seawater intrusion

Arrows show path of

| Typical
expected mixing line

Seawater

Chloride (CI)
ANIONS

Figure 3-2: Example of a Piper diagram for a case study in La Pajaro Valley [25]

> Stiff diagram

A Stiff diagram is a graphical representation of chemical analyses, used to display the major ion
composition of a water sample [31]. A polygonal shape is created from four parallel horizontal
axes extending on either side of a vertical zero axis, as depicted in Figure 3-3 [31]. Cations
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(Ca?*,Mg?*,Na™) are plotted in milliequivalents® per litre mEq/L on the left side of the zero
axis, one to each horizontal axis, and anions (SO3~,C1~,HCOj3) are plotted on the right side [31].
Seawater intrusion is detected in this kind of diagram by an increasing chloride concentration

coupled with a decreasing sodium concentration [25].

Na

Ca

Mg

Cations Anions
(meg/L) (meqg/L)
1l0 LB I5 | 99! P 191 ) |0 | Lk P ) I5 LI I I e

10

Cl

HCO3

S04

Figure 3-3: Example of a Stiff diagram [31]

» Durov diagram

The traditional Durov diagram is a composite plot similar to the Piper diagram [32]. It consists
of 2 ternary diagrams where the cations of interest are plotted against the anions of interest [32].
Sides form a binary plot of total cation vs. total anion concentrations [32]. The expanded version
includes TDS mg/L and pH data added to the sides of the binary plot to allow further com-
parisons [32]. Figure 3-4 shows an example of a Durov diagram.
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Figure 3-4: Example of a traditional Durov diagram [32]

% An equivalent (symbol: Eq) is a unit of equivalent weight representing the amount of anion or cation species

needed to add or remove one mole of electrons from a system [32]. In practice, the amount of a substance in equivalents

often has a very small magnitude, so it is frequently described in terms of milliequivalents (mEq), the prefix milli

denoting that the measure has been divided by 0,001 [77]. Very often, the measure is used in terms of milliequivalents

of solute per litre of solvent [77]. The following formula may be used to transform mg/L into mEq/L [32]:

Concentration in mEq/L =

Concentration in mg/L X valence

molar mass M of the ion in g/mol
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> Schoeller diagram

A Schoeller diagram is a semi-logarithmic diagram of the concentration of the main ionic con-
stituents in water SO%~,Cl~,HCO3,Ca?", Mg?",Na* /K" in milliequivalents per kg of solu-
tion mEq/kg [32]. Concentrations of each ion in each sample are represented by points on six
equally spaced vertical lines and points are connected together by a line [32]. The diagram gives
absolute concentration, but the line also gives the ratio between two ions in the same sample
[32]. This technique also provides a visual comparison between different water samples, as shown
in Figure 3-5 [25].

Ca Mg Natk Cl S04 HCO3+CO3NO3 §
megl. mgl  mgl  mgl mgl mgl mgl mgl  megl Sch eller
M 760 com = 10000 30 Berkaloff

=01 M anm

Figure 3-5: Example of a Schoeller diagram [25]
Environmental tracers

In addition to chloride analysis and major-ion chemistry, environmental tracers can be applied
to identify the origin of salinity, especially detection of SWI as opposed to other salinity sources
in coastal aquifers [7]. Generally speaking, environmental tracers may be defined as “natural or
anthropogenic compounds or isotopes that are widely distributed in the near-surface environment
of the Earth, such that variations in their abundances provide qualitative or quantitative infor-
mation about the hydrological system, such as the source, the pathway or the timescale of envi-
ronmental processes (Cook & Bohlke, 2000)” [33]. A non-exhaustive list of environmental tracers

based on geochemical data (isotopes’, trace elements®, major ions’) is proposed here below.

» Cl/Br ratios

The Cl1/Br ratio can be used as a reliable tracer to distinguish seawater (Cl/Br weight ratio=297)
from relics of evaporated seawater (Cl/Br < 297 for hypersaline brines), from anthropogenic
sources such as sewage effluents (Cl/Br ratios up to 800) and from agricultural-return flow (low
Cl/Br ratios) [7].

" Isotopes are atoms of the same element that have different masses because of a difference in the number of
neutrons in the atoms’nuclei [5]

8 Chemical components which are present in very low quantities in seawater and are used to trace the origin or the
pathway of the water [82]

9 In geochemistry, major ions include the following anions (SO%~,C17,HCO3) and cations (Ca2*,Mg?*, Na*, K*) [83]
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» Na/Cl ratios

Na/Cl ratios of SWI are usually lower than the marine values (i.e., <0.86, molar ratio) because
Na often replaces Ca in the aquifer matrix during the early stages of salinization [7], [25]. Thus
low Na/Cl ratios can be an indicator of the arrival of SWI, and are also distinguishable from the

high (>1) Na/Cl ratios typical of anthropogenic sources like domestic waste waters [7].
» Ca/Mg, Ca/(HCO, + SO,) ratios

One of the most conspicuous features of SWI is commonly the enrichment of Ca over its concen-
tration in seawater. High Ca/Mg and Ca/(HCO; + SO,) ratios (>1) are further indicators of
the arrival of SWI. [7]

» O and H isotopes

The stable isotopes of O and H can also be used to describe mixing process between saline and
freshwater. Fresh groundwater is generally depleted in both 8180 and §2H (deuterium) relative
to seawater. Linear correlations are expected from mixing of fresh and seawater while other water
sources with high salinity (e.g. agriculture return-flows, sewage effluents) would result in different
slopes due to variations in the isotopic composition. [7]

» Boron isotopes

The boron isotopic composition of groundwater can be a powerful tool to trace the origin of the
salinity, in particular distinguishing seawater (3'!B > 30%¢) from anthropogenic fluid such as
domestic waste water 3B > 30%¢ [7].

Head measurements

In coastal aquifers, hydraulic head observations may be used to roughly approximate the depth
of the freshwater-saltwater interface, based on the Ghyben-Herzberg relationship which was in-
troduced in the first chapter (see equation (1)).

More generally, hydraulic observations may be used in any geographical context to infer ground-
water flow directions and groundwater flow rates [8]. The main flow direction is obtained from
the contour plot of the hydraulic heads in a map because it is normal to these contour lines [22],
[9]. On the other hand, the flow rate is an application of Darcy’s law (see equation (5)) which
only requires estimates of hydraulic conductivity K and of the hydraulic gradient Vh [8].

These approaches are rather straightforward but rely on strong assumptions, namely isotropy
and homogeneity. Therefore the level of uncertainty, which arises from insufficient knowledge of
hydraulic conductivity and heterogeneity and from complications due to anisotropy or large well
spacing, is relatively high [8].
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3.2.2. Indirect methods

Unlike direct methods, indirect methods do not directly determine characteristics such as salinity
or lithology [7]. Instead, they rather measure the spatial distribution of physical properties of the
earth such as bulk conductivity or seismic velocity [7]. These physical properties can then be
related to hydrologic or geologic features, such as the distribution of water quality or the geom-
etry, position and properties of geologic units [7]. The main advantages of indirect methods over
the direct ones are their speed, their non-destructive nature and their cost which is usually lower
[25]. On the other hand, they provide a result which is averaged over space and therefore more
subjected to uncertainty and more difficult to interpret [25].

For coastal aquifers, the physical properties of principal interest are bulk conductivity and seismic
velocity. Bulk conductivity is a macroscopic property of the fluid/matrix system [7]. For water-
bearing geological formations, bulk conductivity, and its inverse, bulk resistivity, are solely con-
trolled by the amount of connected pores in the aquifer (that is, the aquifer porosity) and by
pore water conductivity (which was introduced in the section 3.2.1 as a function of the temper-
ature and the TDS content) [5]. Increases in either porosity or fluid conductivity result in in-
creases in the bulk conductivity [5].

Seismic velocity maybe defined as the rate at which a seismic wave travels through a medium,
that is, distance divided by travel time [34]. Seismic velocity is dependent principally on the
mechanical properties of a material, specifically the values of the elastic constants such as Pois-
son’s ratio, Young’s modulus, bulk modulus, and the shear modulus [7]. As a porous material
becomes more compact, cemented, or lithified, grain-to-grain contacts increase, and mechanical

strength and rigidity also increase, leading to an increase in seismic velocity [7].

The geophysical methods may be divided into three main categories, namely (1) the direct current
(DC) resistivity method, (2) the electromagnetic (EM) method and (3) the seismic method. Those
three methods are presented below. This chapter aims at presenting the most commonly used
geophysical techniques without any ambition of writing the full inventory of all the existing
techniques. A larger range of methods may be found on companies’ websites, such as the following
link: http://zonge.com/geophysical-methods/ [35].

Direct current (DC) resistivity method

The resistivity method is an electrical method which is usually used to locate brackish or saline
waters, although it can yield some geologic information as well. This method is based on meas-
uring the potentials between one electrode pair while transmitting DC between another electrode
pair, as shown in the sketch of Figure 3-6 [36]. The most common measurement techniques are
presented in Table 3-5. For all of them, the depth of penetration is proportional to the separation
between the electrodes, in homogeneous ground, and therefore varying the electrode separation
provides information about the stratification of the ground [36].


http://zonge.com/geophysical-methods/
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> 1D techniques

The work of introducing current into the ground for prospecting purposes started around a cen-
tury ago in the 1920s with Conrad Schlumberger in Sweden and Wenner in the USA [36]. Data
acquisition in these early studies was constrained to one dimensional (1D) surveys, either verti-
cally with depth or laterally along a profile [22]. Profiling means moving a constant spacing
electrode array along a line and plotting the variation against the profiled distance. Vertical
electrical sounding (VES) involves increasing the electrode separations around a mid-point in
order to find the layering of strata. Data acquisition was almost uniquely carried out manually
till the 1980s, by moving two or four of the electrodes used, between each measurement, which

was rather time consuming. [36]
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Figure 3-6: Sketch showing principle of DC resistivity measurement [36]

Table 3-5: Most common measurement techniques and expected investigation depth [adapted from [37]]
Investigation depth
Measurement L (=Span between the inject- Roy and Apparao Bark
rker
technique ing electrodes) (1971) (1a989€)
Roy (1972)
Wenner ! M» q 0.11L 0.17L
¥ ¥
| - 4 | j
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. . e
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> 2D techniques

Since the 1980s the use of automated multi-electrode systems for the data acquisition has allowed
the development of electrical resistivity tomography' (ERT) which is the visualization of the
subsurface resistivity distribution in 2D or 3D [22]. In 2D, 2 different acquisition methods are
generally used, namely the multiple-electrode data acquisition and the towed array data acquisi-
tion. In both cases a cable with a number of electrodes is used, where one electrode pair is used
for transmitting current while over several electrode pairs are used for measuring the potentials
[36]. The difference is so that for the former method, sketched in Figure 3-7, the extension of the
line is achieved through a roll-along technique, in which part of the layout is shifted for example,
by a quarter of the total layout length before new measurements are performed [36]. By contrast
the latter method, sketched in Figure 3-8, has been developed for marine as well as land-based
application and provides a high speed of surveying through the use of an automated multi-
electrode data acquisition system that is being towed behind a vehicle [36].
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Figure 3-7: Sketch of a computer-controlled data collection system and of the principle of roll-along technique to
move the cables [36]
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Figure 3-8: Sketch of pulled array system [36]

10 Geophysical tomography refers to imaging by sections or sectioning. It is a technique that investigates a volume
of the Earth through the use of numerous sources/receivers and any kind of penetrating wave. The three-dimensional
distribution of velocity, reflectivity or resistivity is then reconstructed and displayed. There are several types of to-
mography in geophysics, including transmission tomography, reflection or seismic tomography, diffraction tomography

or electrical resistivity tomography. [79], [80], [81]
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» 3D techniques

In order to attain 3D information on the subsurface a grid of electrodes can be laid, and meas-
urements taken with the electrodes aligned in different directions, as depicted in Figure 3-9. Thus
the principles are the same as those for the 2D case, except that the demand on computational
power is much higher due to the rapidly increasing number of independent electrode combinations

that can be measured. [36]
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Figure 3-9: Sketch of 3D multi-electrode survey layout. By using more electrode cables than shown in figure, and
connecting these sequentially to switching unit, measurements can be taken in both x and y direction for number of
different electrode separations [36]

Electromagnetic (EM) methods

Like resistivity methods, electromagnetic (EM) methods have been used with considerable success
to map groundwater salinity variations in coastal areas [22]. This paragraph introduces the most
widely used methods namely (1) the time-domain electromagnetic (TDEM) method, (2) the fre-
quency-domain electromagnetic (FDEM) method and (3) the ground penetration radar (GPR)
survey method. Usually, EM methods are used in conjunction with resistivity methods as a cheap
and rapid screening tool that helps to identify locations for more detailed ERT measurements
[22].

» Time-Domain Electromagnetic (TDEM) method

The time-domain electromagnetic (TDEM), alternately called transient electromagnetic (TEM)
method, is a commonly-used, non-intrusive, geophysical method for obtaining subsurface resis-
tivity-conductivity data [35]. Because rock bulk conductivity is strongly correlated to rock prop-
erties, TDEM technique is an efficient way to map geological structure and therefore it may be
used to delineate SWI [35].

This method requires very simple equipment, namely a transmitter loop, a receiver loop and a
measurement device, as depicted in Figure 3-10, on the left. A time-varying direct current is
firstly driven into the transmitter loop which is simply laid on the surface [35]. As a consequence,
an EM field called primary field is generated and propagates into the subsurface [35]. At some
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time (to) the current is cut off as quickly as possible [38]. Faraday’s law of induction tells us that
nearly identical currents, termed eddy currents, are then induced in the subsurface by an elec-
tromotive force to preserve the EM field produced by the original current [38], [7]. However, due
to ohmic losses coming from the resistivity of the subsurface geological formations, these induced
currents decay with time, with the ring of maximum current density moving downward and
outward with increasing time (see Figure 3-10, on the left) [7]. As the transient decay occurs, the
secondary attenuated EM fields are picked up at the surface by the receiver loop and the change
in magnetic field with time is recorded [38], [35]. Therefore, the depth of investigation is princi-
pally a function of time with the first measurements being dominated by shallow units and the
late measurements being dominated by deeper units [7]. The geological structure of the study
area is finally build up based on the principle that the more conductive the earth, the stronger
are the induced currents in the ground, and also the resulting output from the receiver loop [7].

This method doesn’t require any contact between the measurement device and the ground surface,
which has enabled the development of an airborne measurement system [22]. The equipment
remains the same, namely a time-domain EM transmitter to drive an alternating current through
an insulated electrical loop and a receiver which is installed in a towed “bird” [39]. The only
difference is that the whole system is now attached to a helicopter, as shown in Figure 3-10, on
the right. The main advantage of this technique is to allow for cost-effective mapping of the
subsurface resistivity over large areas, and in areas that are inaccessible by ground-based vehicles
[22].

Receiver loop
Transmitter loop

induced eddy currents at
progressively later times ’
after turnoff L

Figure 3-10: Principle of the time-domain electromagnetic method: land-based and airborne (GPRTEM) applications
[35], [39]

» Frequency-Domain Electromagnetic (FDEM) method

The previous technique may also be conducted in the frequency domain and is then referred to
as the frequency-domain electromagnetic (FDEM) method. The goal remains to measure the
strength of secondary magnetic fields created by eddy currents in the ground induced by a time-
varying primary magnetic field [7]. The only difference lies on this primary magnetic field which
is this time produced by a frequency controlled AC current in the transmitter loop [7]. Therefore,
the depth of investigation becomes a function of the frequency of the primary field rather than
time, with lower frequencies having greater penetration [7].
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Here again, this land-based method may be extended to an airborne system. To do so, the trans-
mitter coils that induced electrical currents in the ground at different frequencies and the asso-
ciated receiver coils that measure the EM produced by the induced currents are placed in a
fiberglass casing called “bird” [5]. This bird is eventually attached to a helicopter, as shown in
Figure 3-11.

Figure 3-11: Helicopter and equipment “bird” collecting electromagnetic geophysical data in Everglades National
Park, Florida [5]

> Radar

Ground Penetration Radar (GPR) is the general term applied to survey methods employing high-
frequency electromagnetic waves and exploiting contrasts in electromagnetic properties in order
to map the geological structure of a study area [35], [40].

GPR equipment consists of a transmitter and receiver antenna set, as depicted in Figure 3-12 [7].
The transmitter antenna is used as a source (Tx) to focus high-frequency electromagnetic pulses
(radiowaves) into the ground [35], [40]. The signal propagates and is then reflected by disconti-
nuities or interfaces in soil materials [35]. It returns to the Earth’s surface where its amplitude
and travel time are measured by the receiver antenna (Rx) [40]. The device is then moved to

another position and the procedure is repeated.

In practice, this process is continuous which allows for a very fast collection of data. These data
from each pair (Tx-Rx) may finally be processed and displayed on a graphic recorder.
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Figure 3-12: Principle of the Ground Penetration Radar method [40]
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Seismic method

The seismic method is a classic geophysical method which utilizes differences in mechanical prop-
erties of geologic units, such as variations in seismic velocity, to delineate the location and ge-
ometry of the boundaries between geologic units, and to make some inferences about their lithol-
ogy [7]. Therefore this method cannot be used to directly detect saltwater but it rather determines
parameters which may affect the position and the movement of the saltwater interface [7]. The
equipment is composed of three elements, namely a controlled shot of seismic energy (source),
sensors to receive the energy (geophones), and a central data recorder (seismograph) connected

via radio links or cabling [35].

The source, being a hammer blow or an explosive charge, generates a shock wave (elastic energy)
which travels through the ground [35]. The sensors (geophones) are installed on the surface where
they record the faint seismic energy that is returned from the subsurface discontinuities between
materials with different seismic velocities (i.e. different densities) [40], [41]. At such boundaries
there are two fundamental physical effects, namely reflection and refraction, and these two effects
give rise to the two main techniques of applied seismology: reflection surveying and refraction
surveying [40].

» Seismic refraction

A portion of the total seismic energy striking a density contrast is refracted into the underlying
layer, as depicted in Figure 3-13 on the left [41]. Another portion is bent such that it travels
along the interface between two subsurface materials, with some energy eventually returning to
the surface [40]. This part of energy always represents the first arrival of seismic energy for the
geophones located at a distance from the shot point [41].

» Seismic reflection

The remainder of the seismic energy impinging on an interface is bounced back, or reflected,
towards the surface at the angle of incidence, as depicted in Figure 3-13 on the right [40]. Re-
flected seismic energy is never a first arrival for the geophones, and therefore must be identified
in a generally complex set of overlapping seismic arrivals which requires a much higher processing
time than for seismic refraction [41].
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Figure 3-13: Seismic refraction (on the left) and reflection (on the right) principles [41]
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3.3 Conceptual description

After the detection of SWI in an aquifer, the second step consists of a conceptual description of
the study area. In other words, this step aims at collecting and presenting all the relevant infor-
mation which may help to properly define, delineate and understand the system. These infor-
mation will serve as the basis for the development of a numerical model which will be used to
simulate SWI processes and make projections (see section 3.4.3). These information include,

among others:

» The system boundaries

The delineation of the study area is based on the observations provided by the network of mon-
itoring wells about the extension of the SWI process.

» The characterization of the subsoil [7]

The characterization of the study area consists of the description of the geologic structure of the
subsoil and of the estimation of the main hydrogeological constants. Information on the geologic
structure comes from borehole and geophysical prospecting and is collected during the monitoring
phase (see section 3.2). The main hydrogeological constants include (1) the vertical hydraulic
conductivity Ky, (2) the horizontal hydraulic conductivity Ky, (3) the specific yield Sy, (4) the
longitudinal dispersivity oy, (5) the transverse dispersivity atp and (6) the porosity n. They are
determined by pumping tests in the same boreholes or by lab experiments.

» Boundary conditions [7], [25]

This step requires the quantification of all the different input and output to the system and may
be achieved by means of a groundwater balance, as depicted in Figure 3-14. This balance con-
siders the main water bodies, namely the sea, one or several aquifers and the surface water bodies
(rivers, lakes...) and aims at defining the links between these water bodies:
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Figure 3-14: Conceptual diagram of water balance method [adapted from [42], [25]]
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- Exchanges between the aquifer and the sea, considering SWI and the groundwater dis-
charge towards the sea;

- Exchanges between the aquifer and the surface water bodies, through the mechanisms of
drainage and recharge;

- Exchanges between different aquifers;

- Exchanges between the aquifer and the ground surface taking into account natural re-

charge, anthropogenic groundwater abstractions and soil artificialization/waterproofing;

These exchanges require the collection of the following information/data:

- The natural input into the groundwater system coming from natural recharge which is a
function of time. This recharge is determined by the climate variables precipitation and
evapotranspiration, by the soil moisture, by the vegetation and by the depth of the
groundwater table;

- The piezometric levels as a function of location and of time. These levels may be used to
infer groundwater flow directions and groundwater flow rates (inflow and outflow) and
to roughly approximate the depth of the freshwater-saltwater interface;

- The rates and locations of the groundwater abstractions;

» Expected future stresses [7]

Estimations of the expected future threats are necessary to build future possible scenarios as the
basis for the development of management strategies. As mentioned earlier in the section 2.4,
these future stresses include (1) an increase in the water abstractions to match future water
requirements and (2) the expected climate change affecting the natural recharge and potentially
leading to SLR in coastal aquifers. These stresses are integrated in the model as boundary con-
ditions or as internal source and sink terms [43];

» Initial conditions [43]

Since SWI is a transient process, initial conditions are complicated to estimate because they are
rarely known with certainty and they can have a large effect on model predictions. Therefore a
common procedure is to perform a steady-state simulation and then use the resulting salinity
field as initial state for a subsequent transient simulation;

» Simplifying assumptions

All the above mentioned information are affected by a certain level of uncertainty. The major
difficulty in the use of SWI models is to properly deal with the uncertainty associated to those
input data. Indeed it has been shown that a sophisticated model without the support of reliable
input data does not provide more accurate results [2|. Therefore a trade-off must be found be-
tween model complexity, data demand, uncertainty resulting from availability of input data and
simplifications according to the scale and spatial resolution of the analysis [2]. The level of ide-
alization (i.e. accuracy VS complexity VS time-demanding) has to be clearly established at this
stage because it directly influences the type of numerical code that will be used later.
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3.4 Solution
3.4.1. Types of models

Coastal aquifers are particularly difficult to simulate because the density of water varies substan-
tially throughout the modelled area due to variation in salinity [22], [5]. There are two types of
models which are generally used to simulate SWI: interface models and variable density models
[22]. In interface models, the freshwater and saltwater zones are assumed to be immiscible (that
is, they do not mix) and separated by a sharp interface [5]. In variable density models, the
transition zone between freshwater and saltwater has a finite thickness along which the density
of the water varies continuously [22]. SWI analytical solutions are predominantly based on the
interface assumption, whereas variable density models are mainly solved using numerical methods
[22].

3.4.2.  Analytical solutions

Analytic interface modelling is a reasonable choice when reliable input data for sophisticated
model are not available [24]. Indeed a sophisticated model without the support of reliable input
data does not provide more accurate result [7]. Analytical solutions can also be used as a tool for
first-cut engineering analysis to perform some rudimentary calculations before a large scale site
investigation, or a comprehensive numerical modelling [7].

The usefulness of analytic models as instructional tools for providing insights into mechanical
trend of the flow and steady-state interface location has been advocated by many researchers
(e.g. Glover 1964, Fetter 1972, Strack 1976) [24]. The analytical solution described by Strack
offers comprehensive coverage on interface approaches to SWI assessment [1]. It simplifies the
SWI problem by: (1) assuming a sharp interface between the freshwater and saltwater (i.e. ne-
glecting mixing processes); (2) assuming a stationary interface, with freshwater being mobile
while seawater remains immobile; (3) adopting the Dupuit approximation (i.e. neglecting the
vertical component of the groundwater flow); (4) adopting steady-state conditions. The steady-
state interface position can then be estimated using the Ghyben-Herzberg relation (see equation
(1), in Chapter 2). [24]

The Strack-Solution is defined for confined and unconfined aquifers. These aquifers are separated
into two zones, a freshwater zone (zone 1) and a zone where freshwater exists on top of saltwater
wedge (zone 2). The model representations of a confined and an unconfined aquifer are given in
Figure 3-15 and the model variables are explained in Table 3-6. [2]

« Pl ———] —
zone 2 zone 1 zone 2 zone 1

Figure 3-15: Model representation of an unconfined (on the left) and a confined (on the right) aquifer system [7]
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Table 3-6: Variables of the analytical solution [2]

Variable Description Unit
b Thickness of freshwater layer [L]
d Depth of lower confining layer b.m.s.l. (aquifer bottom) (L]
v Depth of saltwater interface b.m.s.l. [L]
B Aquifer thickness (confined aquifers) [L]
L Length of vertical cross section (perpendicular to coastline) (L]
X Position along cross section [L]
h Freshwater head [L]
¢ Potential [L]
b, Potential at toe location [L]
XToe Toe location (location of interface between zone 1 and zone 2) [L]
w Recharge [L3L2T71)
q Inflow [LAT]
K Hydraulic conductivity of aquifer LT 1
Ps Density of saltwater (1.025) ML=
Pg Density of freshwater (1.000) [ML—3]

The position of the saltwater-freshwater interface and the thickness of the freshwater lens are

calculat

>

ed as follows [2]:

The thickness of the freshwater lens b at each location x can be inferred from the follow-
ing set of equations and from the Ghyben-Herzberg relation, written in the current nota-
tions (adaptation of equation (1)):

For unconfined aquifers:

{Zone 1: b=h¢ 1
Zone?2: b=hf—d+z (11)
For confined aquifers:
{Zone 1: b=B
Zone2: b=z—d+B (12)
Ghyben-Herzberg relation:
hf —d = Asz (13)
Where As is the density ratio of fresh- and salt-water, given by:
Ps—P. 1
As=——»T=" (14)
Pt a

Potential functions are defined for confined and unconfined aquifers, depending on density
difference, depth and thickness of the aquifer and the freshwater head.

For unconfined aquifers:
1., 5
Zonel: & = E[hf —(1+ As)d ]
(1+ As)

- )2
Zone2: & SAS (hg—d)

(15)
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With the following condition of continuity at the interface: ®pge = w&
For confined aquifers:
Zone 1: & = Bhf+ i —(1+ As)Bd
) (16)
Zone2: ® = SAs [h¢ + AsB — (1 + As)d]?
With the following condition of continuity at the interface: @y = % B2

» Those potential functions (equations (15) & (16)) can be rearranged to solve the fresh-
water head h; at any location x, assuming an analytical equation for the potential func-
tion ®(x).

For unconfined aquifers:
(Zone 1: by = +/20(x) + (1 + As)d?

! ’ 2As (17)
lZOI’lGZ: hf=d+ @(X)m

For confined aquifers:
®d(x) AsB

B —T+(1+As)d

Zone 2: hf = (1+ As)d — AsB £+ /2Asd(x)

Zone 1: h¢=

3.4.3. Numerical solutions

Governing equations

Numerical models are mathematical representations of groundwater systems in which the im-
portant physical processes that occur in the systems are represented by mathematical equations
[5]. These processes include the groundwater flow and the movement of the salt [44].

» Groundwater flow equation

The description of the groundwater flow in an aquifer is obtained by applying the equation of

motion and the equation of continuity to a control volume [44].

The equation of motion for three-dimensional (laminar) groundwater flow in an anisotropic non-
homogeneous porous medium in the principal directions is described by the following equation
which is a generalization to variable-density fluids of the Darcy’s law which was introduced
earlier through the set of equations (5) to (8) [45], [8]:

_ kyop _ kyop _ _k,/0p
dx = — W ox Qy =~ oy qz——g<m+pg) (19)

With (state equation):



Typical assessment method |32

Where:

- qy,dy,d, = Darcian specific discharges in the principal directions LT Y;
-k, k,,k, = principal intrinsic permeabilities [L?];

- p = dynamic viscosity of water at point x,y,z [ML™T—!];

- p = pressure [ML™'T~2];

- g = gravitational acceleration [LT2];

- pg =~ = specific weight [ML2T~2];

- p; = density of freshwater [ML™];

- C = mass fraction of total dissolved solids [—];

Op _

5% = a constant value of density change with concentration [ML™];

The equation of continuity describes the non-steady three-dimensional mass flow in a small ele-
ment of a saturated anisotropic, porous medium [45]:

0 p;dy a(piqy) 0 piq, _8<nnpi> ,
“1Tox T oy T on | T o T W ewnt) (21)

Where:

-t =time [T];
- 1, = effective porosity of the medium [—];
- W/'(x,y,7,t) = source or sink term, which describes the mass flux of the fluid into (neg-

ative sign) or out of (positive sign) the system (e.g. recharge, pumping, evapotranspira-
tion) [ML™T~1];

» Advection-dispersion equation

The advection-dispersion equation which describes the transport of a conservative solute can
be written as:

oC _ 0 (D ac> —i(CViH—(C_C YW (22)

ot K ij ()_x] 0x; n.b
Where:

- Dy; = coefficient of hydrodynamic dispersion [L>T!];
-V, = q;/n, = effective velocity of the groundwater in the direction of x; [LT™1];
- C = concentration of the dissolved solids [ML™?];
- (= concentration of the dissolved solids in a source or sink [ML™3;
- b = saturated thickness of the aquifer [L];
n, = effective porosity of the medium [—|;

- W(x,y,z,t) = general term for sources and sinks [LT};

' A solute is conservative when no chemical reactions such as adsorption and radioactive decay are taking place.
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The first term on the right hand side of this equation (22) represents the change in chemical
concentration due to kinematic dispersion and diffusion since the two cannot be split up. The
second term represents the effect of advective transport which means the movement of the fluid
due to the movement of the water. The third term represents the contribution and removal of
pollutant due to fluid sources and sinks. [44]

Solution of the equations

When studying any problem involving mass transport it is necessary to solve all the equations
together. Several methods can be used to solve this so-called coupled system of equations. The
two most common are finite differences and finite elements. In addition the advection-dispersion
problem is sometimes solved using the method of characteristics. [44]

Those mathematical techniques are then implemented in computer codes which are relatively
complicated and computationally demanding since the coupled system of equations is implicit
[5], [22], [44]. Many codes exist for the simulation of SWI but none of them can outperform all
the others in accuracy, efficiency, and ease of use, in a wide range of parameter values and
problem settings [7]. Trade-offs always exist between model accuracy and run-times and at the
end it is up to the users to select the most suitable code for their applications [22], [7]. A list of
the most widely used codes is given in Table 3-7.

Table 3-7: Popular SWI codes [Adapted from [22]]

Basic model features'?
SWi cades FD FE S sU | Gul
2D/3D FEMFAT * *
FEFLOW * * *
MOCDENS3D *
SEAWAT * *
SUTRA * * * *

12 FD=finite difference; FE=finite elements; S=saturated flow only; SU=saturated-unsaturated flow; GUI=dedicated

graphical user interface available
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Chapter 4
Vulnerability and risk assessment

4.1 Introduction

SWI is a complex process that involves variable-density flow, solute transport and hydrochemical
processes which makes its characterisation relatively difficult and expensive, as described in
Chapter 3. Therefore, there is a need for methods allowing a rapid assessment of SWI over large
scales (regional, continental or global), such as the groundwater vulnerability and risk techniques
[22]. These techniques aim at (1) detecting the current and emerging risk areas, along with the
key drivers of SWI in these areas [24]; (2) prioritizing areas requiring more detailed SWI inves-
tigations in the future [24]; (3) assisting the development of groundwater protection strategies
ensuring a sustainable use of groundwater for domestic consumption as well as industries and
agricultural purpose [11], [46]. The vulnerability and risk assessment to SWI are mainly carried
out using qualitative techniques which only consider a subset of the factors thought to impact
SWI [24]. This Chapter 4 consists of a detailed literature review of these techniques.

Vulnerability assessment involves the mapping of coastline areas that are particularly vulnerable
and is useful for those involved with coastal zone management (i.e. policy makers, local govern-
ments, environmental managers..) because it offers them a quick and cost-effective means to
develop future groundwater protection or mitigation and remediation measures [46], [47]. The
section 4.2 provides a general overview of the techniques that are commonly used to assess the
vulnerability of coastal aquifers to both SWI and SLR.

Furthermore, vulnerability maps may be integrated into more complete assessments of ground-
water risk [47]. While vulnerability assessments identify sensitive zones of a system based on
hydrogeological criteria, risk assessments additionally consider the presence and the impact of
external human activities, such as water over-abstractions or SLR due to human-induced climate
change [3]. Up to now, only a few methods have been developed and applied for SWI risk assess-
ment. These methods are presented in the section 4.3, through a review of the main study-cases
proposed in the literature.

These two approaches are integrated with GIS environment in order to evaluate spatial changes
more easily and quickly [46]. A Geographic Information System (GIS) may be defined as a com-
puter-based tool that analyses, stores, manipulates and displays geographic data on a map [48].
By connecting data with geography, this gives people a geospatial perspective and helps them to
more easily understand patterns and relationships [49], [48].

In this study, GIS technology is used to map out zones that are prone to further SWI by means
of vulnerability and risk maps [3]. The idea of describing the degree of vulnerability /risk of
groundwater to SWI by means of maps was conceived to show that the protection provided by
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the natural environment varies at different locations and that it would be helpful to identify on
maps areas where protection measures are most needed [13].

Finally, it is important to keep in mind that these specific thematic maps are not to be used as
an alternate for detailed site-specific analysis, but rather as preliminary screening tools to identify
sensitive areas where protection measures are most needed and to prioritize areas for further
costly detailed site-specific analysis [47]. The further steps involve field-based investigations and
the development of complex numerical models to predict future trends and to simulate different
water management scenarios at local scale, as described in Chapter 3 [46], [24].

4.2 Vulnerability
4.2.1. Definition

The fundamental concept of groundwater vulnerability (which may be adapted to the ground-
water vulnerability to SWI) is that some land areas easily contribute to groundwater contami-
nation, and thus are more vulnerable, and others do not [13]. The term vulnerability in the field
of hydrogeology was introduced by Albinet and Margat (1970) in France as “a degree of protec-
tion in the hydrological settings to tolerate against the ingress of pollutants to the aquifer” [46],
[1]. Since then, “several definitions of vulnerability have been presented in the technical literature
[50], but hydrogeologists have failed to reach a consensus” (Gogu and Dassargues, 1998) [1]
meaning that a generally recognized and accepted definition of this term has not been developed
yet [13]:

- Lobo-ferreira and Cabral (1991) defined the groundwater vulnerability to SWI as “the
sensitivity of groundwater quality to an imposed groundwater pumping or SLR. or both
in the coastal belt, which is determined by the intrinsic characteristics of the aquifer”
[46];

- Vrba and Zaporozec (1994) defined vulnerability in relation to groundwater systems as
“the intrinsic properties of a groundwater system and its susceptibility to natural and/or
human impacts” [1];

- According to Voice et al. (2006): “vulnerability is a function of exposure, sensitivity and
adaptive capacity” [1];

- The IPCC (2007) defined vulnerability in the specific context of climate change as “the
degree to which a system is susceptible to, or unable to cope with the adverse effects of
SLR and groundwater extraction” [1];

- A definition of vulnerability used by the UNISDR (2010) is “the characteristics and cir-
cumstances of a community, system or asset that make it susceptible to the damaging
effects of hazard” [1];

- According to Shirazi et al. (2013), the notion of vulnerability is based on “the assumption
that certain areas are less protected by the geological system than others; as such, the
less protected areas are more likely to be affected by contaminants” [47];



Vulnerability and risk assessment |36

However, the most rigorous definition of vulnerability is given by Fissel (2007) who, after re-
viewing a broad range of vulnerability definitions and concepts developed a generally applicable
framework of vulnerability that includes six dimensions. The first four dimensions are fundamen-
tal to describing any vulnerable situation while the two last dimensions are used to conceptualize
vulnerability [1]:

- System: the system of analysis;

- Attribute of concern: the valued attributes of the vulnerable system that is threatened
by its exposure to a hazard;

- Hazard: a potentially damaging influence on the system of analysis;

- Temporal reference: the point in time or period of interest (current, future, number of
years into future...);

- Sphere: whether the vulnerability factors are internal to the system itself, and are there-
fore intrinsic properties of that system, or whether the factors are external to the system,;

- Knowledge domain: the origin of the knowledge socioeconomic and/or biophysical factors;

The absence of a generally recognized and accepted definition of vulnerability may explain that
no standardized approach to vulnerability mapping has been developed yet [13]. This may also
be due to the fact that vulnerability of coastal aquifers to SWI is a relatively new issue and to
the fact that hydrogeological environments are much too diverse for a standardized assessment
[13]. In any cases, the main assessment approaches found in the literature are introduced in the
following sub-sections.

The first method is the simplest and most popular one [47]. It consists of an overlay index, known
as the GALDIT index (Chachadi and Lobo-Ferreira, 2001; Lobo-Ferreira et al., 2007) and is
directly inspired by the traditional overlay indices used to assess groundwater vulnerability to
pollution (DRASTIC, GOD...). This method is described in details in the sub-section 4.2.2. The
GQIswi, developed by Tomaszkiewicz et al. (2014), consists of a second type of representative
indices for SWI. It uses common water quality parameters indicative of SWI and it is presented
in the sub-section 4.2.3 [46]. Other assessment techniques for coastal aquifer vulnerability are
based on analysis of different coastal impacts, tending to focus on specific stresses, such as the
CVI (Coastal Vulnerability Index) approach of Thieler and Hammar-Klose (1999) and the
CVI(SLR) (Coastal Vulnerability Index—Sea-Level Rise) indexing method of Ozyurt (2007) [3].
Since this index solely focusses on the particular effect of SLR, it is not further developed in this
report. A fourth approach was developed in Australia by Ivkovic et al. (2012) and consists of a
qualitative evaluation of the factors which are thought to increase vulnerability to SWI [21].
Unfortunately this approach is not either developed in this report due to the difficulty to access
the original paper.
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4.2.2.  GALDIT index

A range of vulnerability mapping approaches based on indices (DRASTIC, EPIK, SINTACS,
GOD...) has traditionally been used to map the vulnerability of groundwater to contamination,
by considering key factors that can influence the solute transport process [1], [3]. However, these
classical groundwater vulnerability approaches are challenging to apply in the case of a SWI
vulnerability investigation because the processes that lead to the migration of the freshwater-
saltwater interface are different to those that lead to the migration of a contaminant from the
land surface into an aquifer [1]. Therefore, the only example of a large-scale indicator-based
approach for assessing coastal aquifer vulnerability to SWI is the GALDIT method which adopts
simple indicators of the propensity for SWI to occur [3].

The GALDIT acronym is formed from these key factors that are presumed to control SWI [1],
[3], [6]. These factors are listed below and represent measurable parameters for which data are
generally available from a variety of sources without detailed examination.

» Groundwater occurrence (aquifer type: unconfined, confined and leaky confined):

This basic nature of groundwater occurrence has an influence on the extent of SWI. In natural
conditions, the unconfined aquifer is characterized with low pressure which makes it more vul-
nerable to seawater intrusions as compared to confined aquifer. However under pumping condi-
tions, the confined aquifer becomes more vulnerable due to a larger cone of depression [51]. The
data related to groundwater occurrence/type of aquifers can be obtained from analysis of pump-
ing test data and/or lithological logs. [6], [46]

» Aquifer hydraulic conductivity:

The parameter aquifer hydraulic conductivity (introduced earlier in the section 2.2) is used to
measure the rate of flow of water in the aquifer and hence to the sea. A coastal aquifer with a
high hydraulic conductivity is associated with increased SWI risk, as it was described earlier by
the two equations (2) & (4) in the section 2.1. The aquifer hydraulic conductivity can be esti-
mated from pumping test data as well as from lithological logs. [6], [46]

» Depth to groundwater Level above the sea:

Height of groundwater level a.m.s.l. constitutes an important factor in the evaluation of SWI
because it determines the hydraulic pressure eventually able to push back the seawater front.
The groundwater level data with respect to mean sea elevation can be obtained by establishing
the observation wells in the area. [6], [46]

» Distance from the shore (distance inland perpendicular from shoreline):

The impact of seawater intrusion generally decreases as one moves inland at right angle to the
shore and the creek. The maximum impact is witnessed close to the coast and creek. Data for
this parameter can be computed using the topographical map of the area. [6]
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» Impact of existing status of seawater intrusion in the area:

Groundwater is invariably under stress, and this stress has modified the natural hydraulic balance

between seawater and fresh groundwater. The hydrochemical ratio is used to show

cr-
HCO,+C0%
the impact of existing status of SWI in the area. Chloride is the dominant ion in the seawater
and it is only available in small quantities in groundwater while bicarbonate, which is available
in large quantities in groundwater, occurs only in very small quantities in seawater. The infor-
mation required for the above rating can be gathered from historical reports, inquiry from the

local people, and chemical analysis data. [6], [46]
» Thickness of the aquifer which is being mapped:

Aquifer thickness or saturated thickness of an unconfined aquifer plays an important role in
determining the extent and magnitude of SWI in the coastal areas. It is well established as per
equations (2) & (4) (see section 2.1) that the larger the aquifer thickness, the larger the extent
of SWI and vice versa. The aquifer thickness in a given area can be obtained from lithological
logs and can be deduced from carefully conducted vertical electrical sounding data. [6]

The identification of this set of indicators was achieved through extensive discussions and con-
sultations with experts, academics, etc. and it is therefore recommended to keep those factors
unchanged under normal circumstances. However, since the GALDIT-Index is an open-ended
model, it allows for addition and deletion of one or more indicators under particular conditions,
thus requiring the re-derivation of the weights and of the classification table that is presented
hereafter (see Table 4-1). [52]

The system in itself contains three significant parts: weights, ranges, and ratings [6]. Each GAL-
DIT factor is first assigned a weight ranging from 1 to 4, based on the relative importance of the
factor to SWI with respect to the other factors [3], [6]. Then, each factor is assigned a numeric
rating by using a scale of 2.5 to 10, based on the range of values for the area of investigation.
Generally speaking, the lower the value of the weighting and rating, the lower is the influence of
the factor [1]. The details of the weights and rating values for all the factors used in the compu-
tation of the GALDIT-Index are summarized in Table 4-1 [46]. The GALDIT-Index is finally
obtained by multiplying each parameter weight by its rating, by summing all the six products
and by dividing them by the total weight, as described by equation (23) below:

6 6

GALDIT — Index = ) (W; xR;)/) W, (23)

i=1 i=1

Where:

- W, = weight of the i**factor;
- R, = importance rating of the i**factor;

The “maximum GALDIT-Index” is obtained by substituting the maximum importance ratings
of the indicators as shown below [6]:

_ [10.W, 4 10.W, 4 10. Wy £ 10.W, +10. W, +10.W,] _ o 10 (24)

Eé Wz
Max 5 f} i
Zi:l Wl EE_} %
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Similarly, the “minimum GALDIT-Index” is obtained by substituting the minimum importance

ratings of the indicators as shown below [6]:

i — 125 W+ 2.5.W, £ 2.5, Wy +2.5. W, + 25. W, +2.5. Wl _ 25{:—,51144 s
S W S (25)
Table 4-1: Summary of GALDIT parameter weights, rates, and ranges [46]
Rating
Factor Weight Very low Low Medium High
2.5 5 7.5 10
G (aquifer type) 1 Bounded | Leaky-confined | Unconfined | Confined
A (m/day) 3 <5 5-10 10-40 >40
L (m) 4 >2 1.5-2 1-1.5 <1
D (m) 4 >1,000 1,000-750 750-500 <500
I(-) 1 <1 1-1.5 1.5-2 >2
T (m) 2 <5 5-7.5 7.5-10 >10

The range of minimum and maximum GALDIT-Index scores (i.e. 2.5 to 10) is divided into three
classes: 2.5-5, 5-7.5 and 7.5-10 denoted, respectively, as low, moderate and high vulnerability
[6], [46]. In a general way, the higher the index, the greater the vulnerability to SWI. By the way,
the numerical values for the weights, ratings and class limits as well as the names and the number
of classes are usually fixed but they may also vary slightly among the literature according to the

properties of the investigation area.

By having a closer look to the scientific literature, it turns out that the GALDIT-Index is applied
by most of the authors with the purpose of assessing the vulnerability of a given aquifer to SWI
induced by water over-abstractions (art. [3], [1], [46], [53], [51], [54]). However it is also used by
a minority of authors to study the impact of SLR on the coastal areas in terms of SWI (art. [6],
[52], [55]). The final goal being in general to help local authorities with the management of the
coasts by prioritizing the areas requiring more detailed investigations, by deciding where
measures have to be taken or where money has to be invested. Finally it can be noted that the
majority of the papers are dealing with unconfined aquifers with a variable spatial extent ranging

from a few squared meters (art. [52]) up to several thousand squared meters (art. [51]).

This method has three major drawbacks: (1) it is subjective in terms of the applied ratings and
weightings and therefore the index provides a relative tool rather than absolute answers [1]; (2)
unawareness of the pumping effect on the SWI process: the rate of groundwater withdrawal
relative to the amount of total freshwater recharge is not part the GALDIT assessment even if
it is clearly a key driver of SWI [1], [46]; (3) Geochemistry prospecting techniques are required
to determine the status of SWI into groundwater system [46].

Despite these limits, the GALDIT method is the most popular one due to its low cost and to its
simplicity which makes it attractive for SWI vulnerability mapping [1], [46]. The main advantage
of this method is the few and easy-to-collect, data required which makes it suitable for regional-
scale assessments [46], [56]. Furthermore it gives relatively accurate results for extensive regions
with complex geological structure, despite the absence of measurements of specific parameters
that the most specialized methods would require [46].
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GQIswi & Geo-statistics®

The groundwater quality index for seawater intrusion (GQlswi) was developed in 2014 by To-

maszkiewicz et al. [57] and is based on common water quality parameters indicative of SWI

(hydro-chemical data) and on geostatistical techniques [58], [46]. It combines information from

the Piper diagram and from the fraction of seawater (f..) and translates these information into

a format that can be spatially analysed under a GIS framework [46]. Therefore this index allows

for a rapid delineation of SWI into a particular aquifer and constitutes a helpful and robust visual

tool for researchers and policy makers towards defining corrective or adaptive methods [46], [57].

The general steps behind the establishment of this index are detailed below:

» The first step consists in pixilizing the area of interest. In general, a grid of 20m x 20m

pixels is created [57];

The parameters considered for the calculation of the GQlswr include levels of TDS, EC
and major ions (Calcium (Ca?T), Magnesium (Mg?*), Sodium (Na't), Potassium (KT),
Bicarbonate (HCO3 ), Chloride (C17) and Sulfate (SO37)) [58], [46], [57]. The second step
consists in collecting those data through the use of a spatial and temporal groundwater
sampling program from the wells available in the study area (field investigations and

laboratory analyses) [58]. A database is established to store and manipulate all the data.

In practice, it is costly and hardy possible to obtain sufficient water quality samples that
are densely distributed across the study area. Therefore, geo-statistical methods (kriging)
are used to interpolate data at unmeasured points in the study area based on the meas-
ured concentration values in the neighbourhood of those unmeasured points [58], [57].
Every collected value (measured or predicted) is then assigned to a particular pixel of the

study area and a database is established to store and manipulate all the data.

The fourth step consists in evaluating the fraction of seawater (f..) for each pixel. This
fraction represents the percentage of seawater in a freshwater sample and may be esti-
mated based on the concentrations of C1~ (m¢;) in meq/L, as expressed in equation (26)

[57], [58]. From this equation (26) an index may be easily derived, reflecting the level of

13 According to [84], geo-statistics is the generic name for a family of techniques which are used for mapping of surfaces

from limited sample data and the estimation of values at unsampled locations.

Geo-statistical estimation is a two stage process:

i

ii.

Studying the gathered data to establish the predictability of values from place to place in the study area;
this study results in a graph known as a semi-variogram which expresses the spatial dependence between

neighbouring observations;

Estimating values at those locations which have not been sampled. This process is known as “kriging”. The
basic technique “ordinary kriging” uses a weighted average of neighbouring samples to estimate the 'unknown'
value at a given location. Weights are optimized using the semi-variogram model, the location of the samples

and all the relevant inter-relationships between known and unknown values.
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SWI in the aquifer. This index, given by equation (27), has a range of values between 0

and 100 [57].

_ mgy(sample) — m(freshwater)

9% T me (seawater) — mg (freshwater) (26)

GQIfSw = (1 - fsea) x 100 (27)

» The fifth step consists in plotting the different collected data on the Piper diagram. The
Piper diagram was introduced in the section 3.2.1 as a graphical representation of the
chemistry of a water sample or samples [29]. It is composed of three parts, as it was
shown in Figure 3-2: a ternary diagram in the lower left representing the cations
(Ca?*,Mg?*,Nat,K*), a ternary diagram in the lower right representing the anions (SO2~,
Cl~, HCO;), and a diamond plot in the middle representing a projection of the two [30].
Water samples shown on the Piper diagram can be grouped in hydrochemical facies [29].
In particular, the diamond field may be divided into six different domains as shown in
Figure 4-1 [57]. Two indices are introduced to define those six domains: (1) the
GQlpiper mix (equation (28)) which describes the mixing between freshwater (domain I)
and saline water (domain IT) and (2) the GQIp;,e; g (equation (29)) which makes the
distinction between the four other domains (III, IV, V and VI). The ranges (from 0 to
100) of the GQIpy,y yix and of the GQIp;, . g0, and the six corresponding hydrogeo-

chemical domains are presented in Table 4-2 [57].

| — 3 50 (i |
GQpiper mix [Total cations = Total anions] x50 (in meq/1)
Nat + K HCO3
Ipier = 3 . 1
GQlpiper dom [Total cations  Total anions} x50 (in meq/1) (29)

Table 4-2: Hydrogeochemical domains related to the GQIp;,., i, and the GQIp,. qon [46]

Domain Hydrogeochemestry GQIpiper mix GQIpiper dom
I Ca — HCO, 50-100 25-75
II Na — Cl 0-50 25-75
111 mixed Ca — Na — HCO, 25-75 50-75
v mixed Ca — Mg — Cl 25-75 25-50
\Y Ca—Cl 25-75 0-25
VI Na — HCO,4 25-75 75-100
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Figure 4-1: Development of the GQIpye; iy and GQIp;pe; qor Tesultant domains [46]

» A seawater intrusion groundwater quality index (GQlgwy) is finally obtained for each
pixel by combining values of GQI; —and GQIp,.mix), as described by equation (30)
[57], and imported into the GIS environment to produce the vulnerability map of the

study area.

C'(Q:[fsca + GQIPipcr mix

5 (30)

GQlgwr =

To conclude, it is important to address two of the main limitations related to this approach. On
the one hand, its application requires a minimum of geochemical and groundwater head data and
in many cases the rarity or absence of data constitutes a real difficulty for the use of this approach
[46]. On the other hand, seawater intrusion entails complex hydrogeochemical processes that
cannot be fully captured through the use of the GQIgy; [57]. It is therefore recommended to use
this approach for preliminary assessments, as a complementary tool to verify, discuss and compel
the shortcoming of the GALDIT model [46].
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4.3 Risk
4.3.1. Definition

According to Dentoni (2012) [3], the risk may be widely defined as “the probability of harmful
consequences or expected losses (e.g. disruption of economic activity or environmental damage),
in a certain area and in a certain period of time, resulting from interactions between natural or
human-induced hazards and vulnerable conditions” [3].

Based on this general definition, the risk of SWI in the particular field of coastal hydrogeology
may be specified more precisely as a function of:

- The natural vulnerability of the aquifer system to SWI (which is function of its intrinsic
properties);
- The hazards due to human activities (groundwater over-abstraction or human-induced

climate change leading to SWI);

The term vulnerability was introduced in the section 4.2 hereabove. The word hazard has been
defined in general terms by the UNISDR as “a dangerous phenomenon, substance, human activity
or condition that may cause loss of life, injury or other health impacts, property damage, loss of
livelihoods and services, social and economic disruption, or environmental damage” [1]. In par-
ticular, an environmental hazard may be defined as “an event, or continuing process, which if
realized, will lead to circumstances having the potential to degrade, directly or indirectly, the
quality of the environment” (Royal Society (London) Study Group, 1992) [3]. In the context of
groundwater contamination, a hazard is defined more precisely as “a potential source of contam-
ination resulting from human activities taking place mainly at the land surface” (Zwahlen, 2004)
[3]. In the field of saltwater contamination, the potential source of contamination is saltwater
which intrudes from the sea; this phenomenon can be exacerbated, from one side, by natural and
climate change possible impacts, and on the other hand from human activities such as over-

pumping [3].

These concepts being clearly established, it makes it easier to understand the difference between
pollution risk and vulnerability. Pollution risk due to seawater mixing depends not only on vul-
nerability but also on the existence of hazards in the proximity of the coast (i.e. significant
groundwater pumpage or SLR or both). It is possible to have high aquifer vulnerability but no
risk of SWI, if there is no significant groundwater pumpage or SLR in the proximity of the coast;
and to have high pollution risk in spite of low vulnerability, if the groundwater pumpage or SLR
is exceptional. It is important to make clear the distinction between vulnerability and risk. This
is because risk of SWI is determined not only by the intrinsic characteristics of the aquifer, which
are relatively static and hardly changeable, but also on the existence of intensive activities of
groundwater pumpage or SLR along the coast, which are dynamic factors. [59]

In the same way as for vulnerability assessment, risk mapping may be used as a tool for decision
makers and groundwater managers. However no standard method has been developped yet. A
literature review of the main assessment approaches is proposed in the next sub-sections, based
on real case-studies.



Vulnerability and risk assessment |44

4.3.2.  Aquifer vulnerability and seawater intrusion risk using GALDIT, GQIsw:
and GIS: case of a coastal aquifer in Tunisia [46]

In this paper [46], Trabelsi et al. propose an integrated approach to investigate SWI in semiarid
regions due to water over-abstraction. The study area is the Sfax basin which is located in the

eastern part of Tunisia. This coastal aquifer is under tremendous stresses due to the increase in
population and due to agricultural activities and therefore SWI has become a serious concern in
this region. The method built in this paper aims at assessing SWI risk through the integration
of the GALDIT model, the GQIswrapproach and GIS. This assessment produces three types of
maps (vulnerability, hazard and risk) which may help to spotlight the areas threatened by SWI.
This way it provides a useful decision-making tool for groundwater management. [46]

For vulnerability assessment, two types of maps are built, the first one using the classical GAL-
DIT approach (which was described in the sub-section 4.2.2) and the second one using the
groundwater quality index for SWI (GQlswi, which was introduced in the sub-section 4.2.3). The
authors suggest the use of the GQlswias a complementary methodology to the GALDIT one to
verify, discuss and compel the shortcomings of the GALDIT model. [46]

For hazard assessment, an index is firstly derived based on the spatial distribution of the pumping
wells active in the time of investigation. The general idea behind the construction of this index
is that the higher the number of pumping wells over an area, the larger the volume of extracted
water and therefore the larger the hazard. This index shows three ranges of hazard: low (2
wells/km?), moderate (2-4 wells/km?) and high (7-12 wells/km?). The hazard map is then con-
structed by plotting the index distribution over the investigation area. [46]

Finally, the SWI risk map of the Sfax aquifer is simply obtained through the combinaison of the
vulnerability and hazard maps. Indeed, referring the definition provided in the sub-section 4.3.1,
the risk was found to be dependent on two elements: (1) the hazard due to human activities,
represented in this study by heavy consumption and pumping rates; (2) and the intrinsic vulner-
ability of the system to SWI which is computed here using the GALDIT index. [46]

4.3.3. Risk Analysis and Mitigation of Seawater Intrusion for the Gaza Strip
Coastal Aquifer under Climate Induced Changes [3]

In this Ph.D. dissertation [3], the main objective is to elaborate a framework for a risk assessment
methodology by considering both impacts of potential climate changes in hydrological processes

(changes in groundwater recharge, SLR) and human induced impacts (over-pumping) that could

affect SWI. This methodology is applied to the Gaza Strip hydrogeological basin, located in the
Palestinian Territories, in which the problem of SWI is so exacerbated that corrective measures
are needed to properly manage the groundwater and to restore it. [3]

The approach of the proposed SWI Risk Analysis methodology is based on the origin-pathway-
target model, in which the three elements are: (1) the origin of SWI, which is the seaside bound-
ary of the aquifer; (2) the pathway, which is the horizontal and vertical groundwater flow in the
aquifer; (3) the target, which is the water pumped from the wells. Figure 4-2 provides a schematic
overview of this model. The risk of groundwater contamination due to SWI thus depends on the
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hazard (origin), the vulnerability of the system (pathway) and the potential consequences of a
saltwater contamination event, i.e. its impact on the groundwater extracted from wells (target).

[3]

SOURCE

origin of a potential contamination:
seawater

e \ 1st pathway: aquifere—__ = | : s st fargét:
: ' : ' spring/well

RESOURCE"

Figure 4-2: Origin-pathway-target model for saltwater intrusion risk methodology [3]

In this study, the Hazard (H) to SWI is obtained by identifying areas where salt concentration
is higher than a fixed level in a certain time period; thus, hazard is calculated by the means of a
3D hydrogeological model, allowing to simulate coupled problems of variably saturated flow and
contaminant transport in groundwater, in the presence of a fluid phase of variable density, and
to assess possible future scenarios of how groundwater system can evolve under climate induced
changes conditions and SLR. The Vulnerability (V) to SWI is calculated using the classical
GALDIT approach, which was introduced in the sub-section 4.2.2. The possible consequences of
a contamination are evaluated on the wells (elements, E) by considering their use (agriculture,
industrial, drinking purposes) and their operational pumping values. The Elements rating is
based on the radius of the relative ‘influence’ circular area centred in each pumping well, which
is a function of pumping rates. In this study, a simplified configuration of Elements rating is
adopted and illustrated in Table 4-3. [3]

Table 4-3: Elements rating [3]

Pumping Wells Radius Pumping rate Elements
Purpose Level (m) (m?*/y) map colour
700 >1,000,000
o Very 600 500,000 - 1,000,000
Drinking , Red
High 500 100,000 - 500,000
300 <100,000
Agriculture/Drinking High 300 <100,000 Orange
Agriculture Moderate 100 <100,000 Green
Different uses (only sporadic) Low 100 <50,000 Blue

As the scope of the methodology is to map out zones that are prone to further SWI, the spatial
overlay principle is applied to the three thematic maps coming from the three elements described
above, namely the hazard map (H), the vulnerability map (V) and elements map (E). The pro-
cedure is finalized by the means of simple risk matrix techniques. In a first step, the aggregation
of the hazard and vulnerability indices provides a “Risk intensity map”, based on the matrix
given in Table 4-4. In the second step, this “Risk intensity map” is aggregated within Elements
map in a “Total Risk map”, according to the matrix set out in Table 4-5. [3]



Table 4-4: Risk intensity map matrix [3]
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Hazard
Very High High Medium Low
. High Very High Very High High Medium
;5 Moderate Very High High Medium Low
Low High Medium Low Low
Table 4-5: Total risk map matrix [3]
Elements
Very High High Medium Low
& Very High Very High Very High High Medium
<5}
s High Very High Very High High Medium
= @ Medium High High Medium Low
F~ Low High Medium Low Low
4.3.4. Saline intrusion: a screening tool for the assessment of risk to coastal aq-

uifers in Scotland [60]

This report, commissioned by the Scottish Environment Protection Agency (SEPA), proposes a
simple methodology to assess the risk of SWI caused by the construction of new abstraction
boreholes close to the coast in Scotland. This methodology, translated into a GIS-based format,
relies on very basic level information and is to be used as an initial screening tool for decision-
making by SEPA non-technical staff. The role of the maps is to indicate, in broad terms, which
boreholes can clearly be excluded from any further investigation and which ones are perceived to
be at risk to warrant more-detailed, individual assessment by SEPA hydrogeologists. Therefore,
those maps should help to minimise the amount of time specialists have to spend on routine

abstraction applications. [60]

The paucity of reliable data on aquifer properties (porosity, permeability, fracture patterns...),
on hydraulic gradients or on the rates of recharge for the Scottish coastal aquifers means that a
sophisticated method could not be used to construct meaningful maps assessing the risk of SWI
for the whole coastline. Therefore risk assessment is based on the four basic and widely available
parameters described below [60]:

» Bedrock/superficial aquifers

This distinction is made in order to distinguish between dominantly fracture flow and inter-
granular flow aquifers. The former is characterized by a higher risk of SWI due to the potential
presence of fractures linking the borehole directly to the margins of the freshwater aquifer. By
contrast, the latter is less exposed to SWI due to a higher freshwater content provided by the
interconnected porosity, which prevents the rapid penetration of saline water towards the bore-
hole. [60]
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» Groundwater elevation

This factor is used as a proxy to identify the coastal sites where there is likely to be a flatter
gradient present. Generally speaking, flatter hydraulic gradients towards the coast are associated
with a higher risk of SWI and tend to be found under low-lying areas, such as raised beaches.
Therefore, DEM are used to subdivide the Scottish coastal regions between low (0-30m) and high
ground (>30m). [60]

> Abstraction rate

The general trend is that a higher rate of groundwater abstraction leads to a greater risk of SWI.
Two situations must be distinguished, as it was discussed earlier in the section 2.4: (1) as long
as there is a net flow towards the sea, a reduction in flow due to water abstractions will result
in an inland relocation of the seawater-freshwater interface towards a new dynamic equilibrium
position; (2) in case of abstractions exceeding freshwater recharge (over-abstractions), the natural
seaward hydraulic gradient is reversed and seawater is drawn actively into the aquifer replacing
abstracted freshwater. In this study, four ranges of abstraction rates ({<50, 50-100, 100-500,
>500} m?*/day) have been chosen accordance with the SEPA abstraction licensing regulations.

» Distance from the coast

In general terms, the greater the distance from the coast, the lesser the risk of SWI for boreholes.
It is assumed that no SWI will occur if the source (the well) is located at more than 4 km from
the coast. In this study, this reference distance is divided into five bands ({<100, 100-200, 200~
500, 500-1000, 1000-4000}m). [60]

The last step consists of the building of the risk assessment maps based on the matrixes given in
Table 4-6 and Table 4-7. Two matrixes are considered due to the fact that a distinction must be
made between bedrock aquifers and superficial aquifers.

Table 4-6: Risk map matrix for new boreholes in all types of aquifers except superficial aquifers

Abstraction

Distance from coast (m)

Table 4-7: Risk map matrix for new boreholes in superficial aquifers

rate <100 100-200 200-500 500-1,000 1,000-4,000
(m*/day) Low High Low High Low High Low High Low High
Ground | Ground | Ground | Ground | Ground | Ground | Ground | Ground | Ground | Ground
No Risk | No Risk | No Risk | No Risk | No Risk | No Risk | No Risk
No Risk | No Risk | No Risk | No Risk | No Risk
100-500 No Risk | No Risk

Distance from coast (m)
Abstraction
rate <100 100-200 200-500 500-1,000 1,000-4,000

(m*/day) Low High Low High Low High Low High Low High
Ground | Ground | Ground | Ground | Ground | Ground | Ground | Ground | Ground | Ground
No Risk | No Risk | No Risk | No Risk | No Risk | No Risk | No Risk | No Risk | No Risk
No Risk | No Risk | No Risk | No Risk | No Risk | No Risk | No Risk
100-500 No Risk | No Risk | No Risk | No Risk
No Risk | No Risk
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4.3.5. Large scale screening of SWI risk in Europe: methodological development
and pilot application along the Spanish Mediterranean coast [2]

In this paper, Wriedt and Bouraoui propose a simple screening methodology for large-scale as-
sessment of SWI risk in coastal areas, focussing on potential impacts of water abstractions and

using generally available data and simple modelling approaches. This method is based on a two-
tiered procedure: (1) Tier 1 consists of an easy-to-use general assessment of SWI risk based on
the balance of groundwater recharge and water abstractions; (2) Tier 2 provides a quantitative
characterization of SWI for standardized aquifers based on an analytical modelling approach (the
Strack solution, introduced in the sub-section 3.4.2). The integration of these two tiers in a GIS
environment provides useful maps whose primary goal is to support policy making and water
management at larger level. A pilot application was carried out along the Spanish Mediterranean
coast to demonstrate the potential capabilities of the methodology and to explore the limitations
related to data availability and challenges in data processing.

A schematic outline of the 2-tiered assessment approach is presented in Figure 4-3. The simple
Strack analytical solution used in Tier 2 was previously introduced in the sub-section 3.4.2.
Therefore, in this sub-section 4.3.5, we focus our attention only on the left part of Figure 4-3,
namely the general risk assessment method developed in Tier 1. This assessment first requires
the definition of a certain number of assessment points distributed regularly along the coastline.
A calculation of abstractions and recharge is then carried out at each assessment point for a set
of virtual aquifer domains of different spatial extent ({2.5-5-10-20-40}km). The core issue of the
proposed methodology is the use of the local recharge-abstraction balance as a risk indicator.
Two general risk classes are defined for this purpose: (1) the transient intrusion class if the net
recharge is positive and (2) the over-abstraction class if the net recharge is negative. The risk
indicator is finally provided at each assessment point by the number of aquifer domains falling
into a specific risk class and it is subdivided into three categories: high risk (>0.66), medium risk
(0.33-0.66) and low risk (<0.33). The computations of the assessment points, the recharge and
abstractions are further detailed below:

Input data
CRecharge )
A tions
Standard
aquifer
settings
Tier 2 Analysis
Annlytical
mode|
¥
Unstreszed Sirasced
Aquifer Aquifer
-Freshwater loss
Over- Transient =Toz progression
abstraction intrusion -Groundwater decline
[

Mapping
of data
agsessment

Figure 4-3: General outline of the two-tiered assessment approach [2]
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> Assessment points and aquifer domains

The delineation of assessment points and aquifer domains along the coastline is carried out
through the following procedure: (1) a centreline is created keeping a constant distance of 2500m
from the coastline; (2) all points of a 2500m raster falling within a certain distance of the centre-
line (tolerance of 880m) are selected as assessment points; (3) a set of circular-shaped virtual
aquifer domains is created around each assessment point (radius: {2.5-5-10-20-40}km); (4) the
basic input data, namely groundwater recharge and water abstractions, are defined for each
aquifer domain as the average values over the domain. This procedure is illustrated in Figure 4-4.

Assessment
points Centreline

Coastline

Figure 4-4: Delineation of assessment points and aquifer domains [2]
» Groundwater recharge

Groundwater recharge is estimated through a tentative, very simple three-step approach using
the climatic data provided by the MARS-Database in a 50X50km raster. The first step consists
in computing monthly water balances, based on equation (31):

WBalM = 2 (Pd - ETPd)

d (31)

Where:

-  WBaly, = water balance of month m [mm)];
- P = precipitation [mm];

- ETP = potential evapotranspiration [mm];
- M = month index;

- d = day index;

From there, the annual water surplus is computed as the sum of positive water balances:

WSurplus, = 2 WBaly, , M|WBaly; >0
M (32)

Where:

-  WSurplus, = annual water surplus [mm];

- A = year index;
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The final step of the modelling is to provide an estimation of groundwater recharge by separating
water surplus into groundwater recharge and surface runoff. This estimation is given by equation
(33) which constitutes a decrease of groundwater recharge with increasing slope and limits
groundwater recharge in flat areas:

GWR, = WSurplus,. |1 — (33)

WSurplus A] 0-5 [1 B Slope} 2
MaxW§S ’ 100
Where:

-  GWR = groundwater recharge [mm];
- Slope = slope [%];
-  MaxWS8S = maximum water surplus (= 2,000mm in Europe);

» Water abstractions

Generally speaking, ground- and surface water sources may be used to meet water demands and
water may be transported over large distances. Therefore it is almost impossible to trace back
the exact origin of the water. The pilot study along the Spanish coast proposes a general attempt
to assess groundwater abstractions in this area. In this study, groundwater abstractions are de-
fined as the sum of agricultural abstractions, industrial abstractions and public and domestic
abstractions while abstractions for electricity cooling in thermal and nuclear power plants are
assumed to be taken from surface waters only. The idea is to use the European database EURO-
STAT to collect information about abstractions on national level. Then this information is dis-
aggregated to a local level (raster data set of 100m resolution) based on the spatial distribution
of suitable proxy measures, as depicted in Figure 4-5. It is important to point out that the final
raster data sets reflect the locations of water uses rather than of water abstractions.

1. National Level || 2. Regional Level 3. Dissolution 4. Modelling Units
(100x100m)
Agricultural i Fz:yA
Abstractions "'%:‘um}ma
Public and Proxy:
Household Paopulation
bstraction :> Communes
Industry Proxy:
Abstractions GDP (Nuts3)
Proxy:
Abstractions
<oy

Figure 4-5: Scheme for disaggregation of water abstraction data [2]

In conclusion, it should be reminded that this risk analysis does not predict real occurrences of
SWI nor can be used for quantitative assessment of real-world intrusion problems, as the ap-
proach is not applied and validated to real aquifers. Moreover, it combines optimistic recharge
estimation with worst case estimation of abstractions and therefore future improvement is nec-
essary concerning the assessment of the input data. Anyway, this methodology is relatively simple,
robust and promising, allowing assessment of future intrusion risks (scenario analysis) based on
climate change, land use changes and changes in water demand.
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Chapter 5

The Emilia-Romagna coastal area

5.1 Geographical location

The study area is located in the north-eastern part of Italy (see Figure 5-1) and consists of a
small portion of the huge Po River plain that stretches between the Southern Alps and the
Northern Apennines.

More precisely, the study area covers the four coastal provinces (Ferrara, Ravenna, Forli-Cesena
and Rimini) of the Emilia-Romagna region - that is, an area of approximately 7730km? (see Table

5-1). It is delimited by the following physical boundaries:

- In the north: the Po di Goro, i.e. one of the Po River branches;

- In the east: the Adriatic Sea with a coastline of about 135km [61];

— In the south: the promontory of Gabicce where the Apennines mountains meet the Adri-
atic Sea;

- In the south-west: the Northern Apennines;

- In the west: the administrative boundaries of the Ferrara and Ravenna provinces;

Adriatic Sea / \
0 100 200 km
e —

Figure 5-1: Location of the study area
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Table 5-1: Emilia-Romagna - Administrative divisions [62]

Province Code Population Area (km?)
Piacenza PC 284,885 2,589
Parma PR 431,419 3,449
Reggio-Emilia RE 517,374 2,293
Modena MO 686,104 2,689
Bologna BO 973,255 3,702
Ferrara FE 357,471 2,632
Ravenna RA 383,945 1,858
Forli-Cesena FC 387,200 2,377
Rimini RN 325,219 863
Total EMR 4,346,872 22,446

5.2 Climate

The climate of the study area is Mediterranean and characterized by warm summers and mild
winters: the average annual temperature is 13-14°C as depicted in Figure 5-2 (on the top), but
varies from -5°C to 10°C in the winter period and from 20°C to 35°C in the summer months [63].

The average annual rainfall is comprised between 600 and 800mm/year (see Figure 5-2 in the
bottom) but is evenly distributed throughout the year: it is usually concentrated in the spring
and autumn months whereas the summer season is very dry [63], [64].

Finally aquifer recharge from precipitation surplus is minimal due to a reference evapotranspira-
tion rate of about 650mm/year. This recharge mainly occurs during the winter months. [64]

600 70O 800 S00 1000 1200 1400 1600 1800 2000 2200 ‘

Figure 5-2: Annual average temperature (on the top) and rainfall (on the bottom) for the Emilia-Romagna region
and based on a long-term database (1961-2015) [65]
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5.3 Geological evolution

The large sedimentary basin (about 46,000km?) of the actual Po River originates from the pit
grown up between Oligocene (34 — 23.5mya) and Miocene (23.5 — 5.3mya), due to the emergence
of the Apennines and the presence of the Alps already almost fully emerged [66]. Since then, the
region has experienced several marine transgressions' and regressions' due to eustatic and cli-

matic fluctuations. This has led to a stratigraphic architecture that is depicted in Figure 5-3.

This Figure 5-3 shows a cross-section of the upper 700-800m of the sedimentary sequence from
the Apennine foothills to the Emilia-Romagna coastline. It can be seen the alternation of conti-
nental and marine sedimentation leading to the development of a multiaquifer freshwater system.
This system is divided into two major confined hydrostratigraphic units known as A and B, each
of them being characterized by a number of high-permeable interconnected layers (named respec-
tively Al to A4 and Bl to B4). For the sake of completeness, it should be pointed out that this
multiaquifer system is covered by a thin surface layer called A0 (not represented in Figure 5-3)
that stands for the phreatic aquifer. [67]
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Figure 5-3: Schematic lithological section showing the main formations of the multiaquifer system underlying the
Emilia-Romagna coastland [67]

Among all these layers, solely the aquifers A1 to A4 are of practical interest and may be exploited
for the extraction of freshwater, the others being too deeply confined. The scope of this work is
therefore limited to the study of the aquifer body A (including the phreatic part A0). In order to
better understand the structure of this aquifer, a more detailed description of its geological evo-
lution is provided herebelow. For the sake of clarity, the description is limited to the sallow part
of the aquifer, namely the phreatic aquifer body A0 and the first confined aquifer body A1, but
similar processes may be assumed to be behind the formation of the deeper layers (i.e. A2 to A4).

This shallow part of the aquifer was controlled by two main transgression-regression depositional
cycles that occurred during the late Quaternary and formed a sequence of sand and silty clay
units, as shown in Figure 5-4 [68]:

" A marine transgression is a geologic event during which sea level rises relative to the land and the shoreline
moves towards higher ground, resulting in flooding [85]
5> Marine regression is a geological process occurring when areas of submerged seafloor are exposed above the sea-

level [86]
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During the Pleistocene (1.8mya — 12kya) — formation of the confined aquifer body Al

» The Eemian interglacial period (130 — 115kya)
» The Wiirm glaciation (115 — 12kya)

This period occurring during the last years of the Pleistocene was the most recent glacial period
and is commonly known as the Ice Age. It was firstly composed of a regression system tract
(FRST) in the period 115 - 30kya, characterized by a high lowering of SL, i.e. about 120m below
the present level and by a shift of the paleoshoreline 250km South-East of its current position
[66], [64]. During the following stage, i.e. a lowstand tract (LST) over the period 30 - 12kya, the
north Adriatic area became a sedimentation floodplain with wide and little carved valleys [66].
In the stratigraphic sequence, the roof of the Wiirmian continental silty-clay formation is at a
depth varying from 20m in the western part to 30m at the present shoreline [69].
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Figure 5-4: Stratigraphic cross-section of the phreatic aquifer body A0 and the first confined aquifer body Al (modi-
fied from [27])

During the Holocene (12kya to present) — formation of the phreatic aquifer body AO:

» The Holocene interglacial period

This period was firstly composed of a transgressive system tract (TST), known as the Flandrian
transgressive phase, which occurred over the period 15 - 5.5kya, brought back the seawater into
the North Adriatic Sea and drowned the continental deposits [70]. During the optimum climatic
period, approximately 5.5kya, the paleoshoreline was located 20-30km westwards compared to
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its current position [64]. The sedimentation of this period consists of beach sands with inter-
spersed fine-grained deltaic deposits and is organised as followed from top to bottom [69]:

- at the surface, a thick medium-grained sand unit ranging from 0 to -10m b.m.s.L.;
- at the bottom, a second thinner fine-grained sand unit laying above the Pleistocene allu-
vional-plain deposits with a thickness of 0 to 5m;

- in between, a clayey-silty and sandy-silty unit ranging from -10 to -21m b.m.s.l;

The last phase, i.e. highstand system tract (HST), transformed the sedimentation from marine
to continental in the study area [63]. It started 2000 years ago and corresponds to a strong
progradation of the Po delta, due to a greater contribution of river sediments and increase erosion
combined with subsidence [66]. This predominant progradational trend led to the formation of a
series of coastal sandy bodies composed of marsh-lagoonal (delta plain) clays, beach-ridge (delta
front) sands and shallow-marine (prodelta) clay-sand alternations [69], [70].

This general sedimentation sequence of the modern Po delta is depicted in Figure 5-5, where 8
minor cycles coming from small positive/negative SL fluctuations have been identified [66], [70].
It can be seen that the coastal aquifer is generally unconfined except in its western part where
some thin layers of continental alluvial deposits (mostly silt and clay deposited in marshes and
lagoons) overlay the aquifer sands and tend to make the aquifer semi-confined [64], [70].
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Figure 5-5: Section of the phreatic aquifer A0 of the Southeast Po valley, with the transgressive-regressive sequence
subdivided in 8 minor cycles [66]
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5.4 Land use

From Figure 5-6, it can be seen that the land use in the coastal area is mostly composed of three
different types of environments:

- Urban areas (cities, industries, urbanized coastline for touristic activities...);

- Natural areas (pinewoods, surface water bodies such as wetlands or lagoons...) [27], [66];

- Agricultural areas which represents the largest portion of the study area. A large part of
this cultivated surface is equipped with irrigation systems and consists of horticultural

crops (vineyards, orchards...) or extensive crops (barley, wheat, maize...) [63];
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Figure 5-6: Land cover and land use of the Emilia-Romagna region [71]
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5.5 Topography and subsidence
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Figure 5-7: General topography of the study area

From Figure 5-7, it can be seen firstly that the study area presents a relatively flat topography
in the north, with a large part of the coastline located below SL or only a few meters above SL.
The topography is then slowly increasing in the NE-SO direction towards the Apennines.

This general pattern in the topography may be explained by the fact that the study area has
been experiencing a natural subsidence over the entire Quaternary due to the compaction of
alluvial deposits [69], [66]. The average speed of subsidence is approximately 1-3mm/year [66].

However, during the last century and more particularly during the rapid industrialization of the
area after World War II these rates of natural subsidence were dramatically emphasized by
anthropogenic factors to values up to ten times larger [66], [67]. The main anthropogenic factors

responsible for this alarming subsidence are known to be [72]:

- Groundwater and hydrocarbons extraction (main cause);
- Land reclamation for agriculture leading to embankment interventions and to the control
of watercourses, consequently reducing sedimentary supply in the coastal area [66];

- Urban loading;

Consequently those phenomena have dropped a large proportion of the coastline b.m.s.l. [69].
Today the subsidence still continues over a few-kilometre-wide coastal strip at a rate that is
larger than the natural one but has been significantly reduced thanks to the construction of new
public aqueducts (i.e. CER=Canale Emiliano-Romagnolo, see the next section 5.6) in the 1970s
and 1980s using surface water rather than groundwater [69].
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5.6 Hydrology
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Figure 5-8: General hydrology of the study area

The hydrological system of the study area is extremely complex because it is constituted by
numerous natural and non-natural water bodies, as depicted in Figure 5-8 [66], [64]:

» Extensive drainage network (in red in Figure 5-8)

The construction of the extensive land reclamation drainage system started more or less 150-200
years ago and was conducted in order to lower the phreatic level and to keep the land dry to
allow for urban and industrial settlements as well as for agricultural activities [68], [63]. This
drainage system consists of a dense network of canals organized around pumping stations that
are typically located inland, several kilometres from the shoreline [68], [63].

These channels are used in different ways according to the climate: in winter, they are used to
drain the area and to collect rainfall water that is then lift into a main canal by the pumps and
conveyed to the sea [66], [68]. By contrast in the summer season, the same channels are kept

filled with water to ensure irrigation of the surrounding agricultural areas [66].

» Natural rivers (in blue in Figure 5-8)

The natural hydrological network of the study area is composed of the Po River, its tributaries
and some other natural rivers flowing from their sources in the Apennines towards the Adriatic
Sea. Some of these rivers, pointed out in dark blue in Figure 5-8, underwent multiple actions of
rectifications and embankment during the land-reclamation works in the last century [63].

Furthermore most of the rivers in the study area are characterized by water flows that are mostly
derived from surface runoff rather than from sources [66]. As a consequence their regimes are
directly influenced by the variable rainfall pattern described in the section 5.2, with highly re-
duced discharges during the dry summer season, that maintain average annual values relatively
low [66].
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Until some decades ago the main source of irrigation water was groundwater from the phreatic
and confined aquifers, but the increase of subsidence rates forced to change the water supply
from groundwater to surface water [63]. Therefore those rivers are also tapped for irrigation

during the summer period [63].

» The Emiliano-Romagnolo Channel

The Emiliano-Romagnolo Channel (i.e. Canale Emiliano-Romagnolo CER) represents one of the
most important hydraulic works of all Italy and is active since 1960 in Emilia-Romagna to deal
with the problem of water scarcity during the summer period [66]. Indeed during this period,
there is not enough water in the minor rivers crossing the study area (see previous paragraph)
and therefore some additional water is taken from the Po River by means of the Canal Emiliano-
Romagnolo and is brought into the irrigation systems via the same channels that are used for
drainage in the winter [63]. This artificial channel has a length of 135km between the Po River
and the Uso River and diverts an average of 7 million m* per year [73].

5.7 Problematic: salinization

Anthropogenic aquifer salinization in the study area is due to the combination of two main
drivers — land subsidence and extensive mechanical drainage — and may be divided into two main
classes (the same as the ones that were introduced in the section 2.4) [27], [63]:

» Seawater intrusion from the coast

A significant part of the study area has dropped b.m.s.l. over the last decades due to large rates
of subsidence caused by anthropogenic activities, as described in the section 5.5. As a result,
those areas don’t have a hydraulic head able to stop the hydraulic gradients of seawater imposed
by the Adriatic Sea, therefore leading to the intrusion of large volumes of seawater [63], [70].

» Upwelling of relic saline and hypersaline groundwater

The phreatic aquifer in the study area is affected by relic saline and hypersaline groundwater
[64]. This water originates from the Holocene period when it was contained in vast coastal lagoons
connected to the sea [64]. Those lagoons were buried during the Holocene interglacial period
keeping a high degree of salinity in pore-water [64]. Since then this SW has not been flushed
completely by freshwater due to the very low natural rate of recharge of the aquifer (see section
5.2) [68]. As a consequence, the aquifer is now threaten by the up-coning of such highly saline
groundwater due to the hydraulic gradients induced by the drainage system and by the pumping
wells [64], [27].

In this context the next step naturally consists in applying the GALDIT-Index to the Emilia-
Romagna coastal area in order to give a qualitative overview of the vulnerability of this area to
SWI. This analysis (the general procedure was introduced in the sub-section 4.2.2) will be limited
to the phreatic aquifer body A0 and the confined hydrostratigraphic unit A as described here-
above in the section 5.3. Finally it is important to note that the GALDIT-Index doesn’t take

into account the SWI due to the upwelling of relic saline water.
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Chapter 6
Results and discussion

6.1 General approach

In order to quantify this general problematic of salinization that is affecting the Emilia-Romagna
coastal area, the next step would naturally consist in applying one of these methods that were
introduced in Chapter 4. In this thesis, it is the GALDIT approach that has been chosen due to
its capacity to provide relatively quickly a general overview of the vulnerability of a region to
SWI. It has also been decided to limit the analysis to the two shallowest aquifer bodies that were
described in the section 5.3 of Chapter 5, namely the phreatic aquifer body A0 and the confined
hydrostratigraphic unit A. For these two bodies, the same general approach has been followed
and is conceptually described in Figure 6-1. Finally it is important to keep in mind that the
GALDIT-Index only takes into account the SWI from the coast, but not the one due to the

upwelling of relic saline water.

Data collection | Importing data in | Data I Spatial I Cattogimphy

& sorting a GIS environment Processing analysis

Figure 6-1: Conceptual model for the vulnerability analysis

The methodology for this work includes the collection, processing and spatial analysis of data

and is based on the procedure that was described in the sub-section 4.2.2:
» Data collection and sorting

Data are collected for every monitoring network, using various sources [54]: (1) direct field data
(geographical coordinates of the monitoring wells, distance from the shore, depth, groundwater
level etc.); (2) results of laboratory analysis of water samples (chemical parameters); (3) second-
ary data (geological sections, map of hydraulic conductivity, DEM). All those data are then
sorted and solely the relevant parameters that are necessary to derive the GALDIT-Index are
kept and assembled in an EXCEL spreadsheet.

» Importing of the data in a GIS environment

The data are integrated within a GIS environment, thanks to the geographical coordinates of
each well. A Geographic Information System (GIS) was defined in Chapter 4 as a computer-
based tool that analyses, stores, manipulates and displays geographic data on a map [48]. By
connecting data with geography, this gives people a geospatial perspective and helps them more
easily understand patterns and relationships [48], [49]. In this project, the free, open source soft-
ware QGIS© has been used while the coordinate reference system (CRS) has been fixed to
[ETRS89 / UTM zone 32N - EPSG: 25832].
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» Data processing [74], [75]

Because of high cost or limited resources, data collection is usually conducted only in a limited
number of selected point locations (i.e. at the location of the wells). The purpose of data pro-
cessing is then to rasterize the compiled database (i.e. to create a raster surface covering an en-
tire area) by using interpolation techniques that estimate values for all raster cells based on a
limited number of sample data points (i.e. vector points with known values). QGISO offers sev-
eral interpolation techniques, among which the most widely used are kriging, the Inverse Dis-
tance Weighted (IDW) method and the Triangulated Irregular Network (TIN) method. Briefly,
kriging is an advanced tool based on geo-statistics and that was presented in the section 4.2.3;
IDW interpolation gives weights to sample points, such that the influence of one point on an-
other declines with distance from the new point being estimated; TIN interpolation uses sample
points to create a surface formed by triangles based on nearest neighbour point information. In
this project it is the IDW method that has been selected to produce the maps that give the
spatial distribution (i.e. the range) of the 6 parameters.

» Spatial analysis [75]

Spatial analysis is used to manipulate the 6 newly created maps in order to extract new infor-
mation. Ratings (Ri) are assigned to each parameter layer (i.e. to each pixel) based on the range
of values of the parameter and then equation (23) is implemented in the ‘Raster Calculator’ tool
of QGISO (i.e. data layers are overlaid and weighted) in order to produce the final GALDIT map.

» Cartography

This final step consists in improving the layout of the maps by adjusting properties and adding
features such as a title, a legend, a colour scale, a scale bar or labels in order to provide clear,
high-quality maps. All these steps can be achieved by using the ‘Print Composer’ tool of QGIS©
which finally allows to export the final maps to image formats. All the relevant maps related to
the phreatic and confined aquifer bodies are presented and discussed in the next sections 6.2, 6.3
& 6.4. It has been decided to adopt the same unique resolution for all the maps, namely 100m x
100m. This resolution has been chosen as a trade-off between accuracy and computational burden.



Results and discussion |62

6.2 Ravenna phreatic aquifer
6.2.1.  Monitoring network

As described in Section 5.3, the phreatic aquifer body A0 is generally unconfined on its coastal
side and becomes semi-confined when moving westwards where it is overlaid by thin layers of
continental alluvial deposits (mostly silt and clay deposits). This situation is depicted in Figure
6-2 (on the left) which gives an overview of the general extent of the phreatic aquifer body,
considering the outcropping part and the semi-confined part.
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Figure 6-2: Description of the extent and the Emilia-Romagna coastal phreatic aquifer A0 (on the left, modified from

[66]) and monitoring network of piezometers from the University of Bologna (on the right)

To study the impact of SWI on the coastal phreatic aquifer in the province of Ravenna, a network
of 78 piezometers has been implanted (See Figure 6-2, on the right). This network is the result
of an agreement between the University of Bologna (UniBo), ENI and the Municipality of Ra-
venna and it is part of the “Coastal Salt Water Intrusion Project”. [66]

In this context, a lot of different parameters were measured, recorded, collected or processed
during the monitoring programme in June 2010, regarding the wells’ characteristics (depth, geo-
graphical location, distance from the coastline), the aquifer structure and properties (thickness,
hydraulic conductivity) and the groundwater properties (groundwater table, chemical and iso-
topic analysis on samples, temperature profiles, salinity, electrical conductivity). A table sum-
marizing only the relevant information for this particular case study is provided in Appendix A.
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Because of this abundance of data, the application of the GALDIT index to the Ravenna phreatic
aquifer is rather straightforward and the results relatively easy to derive. This first base case is
therefore used as a reference for the validation of the GALDIT procedure as well as the results
that are presented in the next section 6.3 for the whole Emilia-Romagna phreatic aquifer.

From Figure 6-2 (on the right), it can be seen that most of the monitoring piezometers are located
in the outcropping sands (i.e. the part of the phreatic aquifer that is not semi-confined) beside
eleven of them. For this reason, the extent of the study area will be limited to this zone of

outcropping sands around the city of Ravenna.
6.2.2.  Mapping of the parameters
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Figure 6-3: Groundwater occurrence (G) - rating

As mentioned hereabove, the analysis focuses on the part of the aquifer that is mainly unconfined
(i.e. the outcropping sands) and therefore the rating for the groundwater occurrence corresponds

to 7.5 (see Figure 6-3).
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» Aquifer hydraulic conductivity
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Figure 6-4: Aquifer hydraulic conductivity (A) - range (on the left) and rating (on the right)

The hydraulic conductivity data (A) were extracted from pumping tests conducted on the net-
work of 79 piezometers that covers the whole study area (see the table in Appendix A). The IDW
method was then used to produce the map depicted in Figure 6-4 (on the left) by interpolating
those known values over the whole study area.

It can be seen that the hydraulic conductivity varies from a minimum value of 2.9m/day to a
maximum value of 80m/day. This range of values was finally classified into four main classes,
according to Table 4-1 and rated from 2.5 to 10 to generate Figure 6-4 (on the right). From this
Figure 6-4 (on the right), it can be seen that the hydraulic conductivity is “high” or “very high”
over the major part of the study area which means that the hydraulic conductivity acts as an

important contributor to SWI.

Finally it is important to underline that the information related to the depth at which the hy-

draulic conductivities were measured are missing.
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» Height of groundwater Level a.m.s.l.
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Figure 6-5: Height of groundwater level a.m.s.l. (L) - range (on the left) and rating (on the right)

The height of groundwater level a.m.s.l. (L) was calculated from the measurements that were
conducted in June 2010 over the whole network of 79 piezometers that covers the study area (see
the table in Appendix A). The IDW method was secondly used to produce the map depicted in
Figure 6-5 (on the left) by interpolating those known values over the whole study area.

It can be seen that the groundwater level varies from a minimum value of -1.7m b.m.s.l. to a
maximum value of 3.75m a.m.s.l. Those values were finally classified into four main classes,
according to Table 4-1 and rated from 2.5 to 10 to generate Figure 6-5 (on the right).

It can be seen from the orange and red areas in Figure 6-5 (on the right) that the groundwater
level is mostly lower than 1.5m a.m.s.l. over the study area, indicating a “high” to “very high”
vulnerability to SWI due to the very low hydraulic pressure that those areas oppose to the inland
motion of the seawater front. Those results are in line with the general topography of the area
depicted earlier in Figure 5-7 and that shows that most of the region around Ravenna is located

b.m.s.l. or only a few meters a.m.s.l.

Finally it is important to keep in mind that the groundwater level is a dynamic parameter that
is characterized by a seasonal and annual variability. It is generally recommended to consider
the minimum groundwater levels a.m.s.l. since this would provide the highest possible vulnera-
bility risk. For this case study, solely the data recorded during the summer 2010 are available
and were therefore used for the analysis.
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» Distance from the shore
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Figure 6-6: Distance from the shore (D) - range (on the left) and rating (on the right)

The distance from the shore (D) was estimated for every point of the study area by using the
“Distance Matrix” tool of the software QGIS© (see the table in Appendix A). The Figure 6-6
(on the left) was then obtained by plotting the results while considering three different reference
distances perpendicular to the coastline (i.e. 500, 750 and 1000m).

All the values were secondly classified into four main classes, according to Table 4-1 and rated
from 2.5 for a distance higher than 1000m to 10 for a distance lower than 500m (see Figure 6-6,
on the right). Indeed the impact of SWI decreases when moving perpendicularly from the shore
towards the land. The further away the groundwater is from the shore, the lesser the pressure
from seawater to infiltrate. [46]

At this point an important remark concerns the presence of brackish surface water bodies (such
as the Pialasse basin that is shown in Figure 5-8) in the study area. In theory those water bodies
have the same effect in terms of SWI in the area as those of the coastal zone and should therefore
be treated as such. In this study, it has however been decided to only consider the SWI coming

from the sea.



» Impact of existing status of SWI in the area
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Figure 6-7: Impact of existing status of SWI in the area (I) - range (on the left) and rating (on the right)

To evaluate the impact of existing status of SWI in the study area (I), it is recommended to
cr- cr-

HEO, rather than the ratio HCO. +COT

consider the ratio when the contribution of CO%™ is un-

known. This is the approach that has been adopted here.

The ratio H%l(;g was obtained from the chemical analyses that were performed in June 2010 on

the water samples that were extracted from the 79 piezometers that cover the study area (see
the table in Appendix A). The IDW method was secondly used to produce the map depicted in
Figure 6-7 (on the left) by interpolating those known values over the whole study area.

It can be seen that the ratio varies from a minimum value of 0.125 to a maximum value of 25.57.
Those values were finally classified into four main classes, according to Table 4-1, and rated from
2.5 to 10 to generate Figure 6-7 (on the right). From this Figure 6-7 (on the right), it can be
seen that most of the study area shows a ratio greater than 2 indicating that this area is already
“highly” affected by SWI.

At this point it is important to note that the impact of existing status of SWI in the study area
(I) is a second dynamic parameter (after the groundwater level) and that the ratio is character-
ized by a seasonal and an annual variability. It is generally recommended to consider the maxi-
mum ratio since this would provide the highest possible vulnerability risk. However for this case
study, solely the data recorded during the summer 2010 are available and were therefore used
for the analysis.



» Thickness of the aquifer
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Figure 6-8: Thickness of the aquifer (T) - range (on the left) and rating (on the right)

The thickness of the aquifer (T) was calculated from the data extracted from the network of 79
piezometers that covers the study area (see the table in Appendix A). The IDW method was
secondly used to produce the map depicted in Figure 6-8 (on the left) by interpolating those
known values over the whole study area.

It can be seen that the thickness of the aquifer varies from a minimum value of 1.9m to a
maximum value of 22.3m. Those values were finally classified into four main classes, according
to Table 4-1, and rated from 2.5 to 10 to generate Figure 6-8 (on the right).

It can be seen from the orange and red areas in Figure 6-8 (on the right) that the thickness of
the aquifer is larger than 7.5m over the major part of the study area, indicating that this param-
eter has a “high” to “very high” contribution to SWI.

At this point an important remark concerns the fact that in theory the GALDIT procedure
requires to solely consider the saturated thickness of the unconfined aquifer. However in this
work it has been assumed for simplicity purposes that the whole thickness of the phreatic aquifer

was saturated.
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6.2.3. GALDIT vulnerability assessment
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Figure 6-9: GALDIT vulnerability assessment for the phreatic aquifer around Ravenna

Figure 6-9 gives an overview of the spatial distribution of the GALDIT-Index in the study area.
It has been prepared by applying equation (23) to the 6 parameter layers that were presented in
the previous section 6.2.2.

The range of the GALDIT-Index scores (i.e. 2.5 to 10) is divided into three classes: 2.5-5, 5-7.5
and 7.5-10 denoted, respectively, as low, moderate and high vulnerability. Generally speaking,
the higher the index, the greater the vulnerability to SWI. The use of this index therefore enables
to highlight the areas that are likely to be more susceptible to SWI.

From Figure 6-9, it can be seen that all the study area presents at least a moderate vulnerability
to SWI. The general trend is the following: the most vulnerable area consists of a narrow buffer
zone along the coast on the eastern side of the study area and then the vulnerability tends to
decrease while moving landwards. This may be explained by the fact that those highly vulnerable
zones are characterized by a high proximity to the sea and by a low elevation (i.e. a low height
of the groundwater table) and those two factors (i.e. L and D) turn out to be the most significant
ones when deriving the GALDIT-Index (see the weights in Table 4-1).

In the study area some other isolated parts, characterized by a low level of the groundwater table
(see Figure 6-5), are also highly vulnerable to SWI. This decrease in the level of the groundwater
table may be interpreted by a drop in the topographic level that may be due to local subsidence.

Finally from a statistical point of view, the percentage distribution between moderate and highly

vulnerable zones is 86 and 14% respectively.
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6.3 Emilia-Romagna phreatic aquifer A0
6.3.1.  Monitoring network
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Figure 6-10: monitoring network of piezometers from the Emilia-Romagna region
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As described in Section 5.3, the phreatic aquifer body A0 is generally unconfined on its coastal
side and tends to widen towards west where it is buried by thin layers of continental alluvial
deposits (mostly silt and clay deposits). This situation is depicted in Figure 6-10 which gives an
overview of the general extent of the phreatic aquifer. It can be seen that the phreatic aquifer is
properly in the southern sector where it is also very thin, while in the central and northern parts
it is free near the coast and becomes semi-confined when proceeding westwards. [66]

Since 2009, the Geological, Seismic and Soil Survey of Emilia-Romagna, i.e. Servizio Geologico,
Sismico e dei Suoli (SGSS), has been undertaking a study project in order to create an updated
knowledge framework, outlining the physical characteristics, the dynamics and possible fragility
of the coastal phreatic aquifer [66]. As a part of this project, a quali-quantitative monitoring
network of piezometers was implemented over the study area with the purpose of providing a
distribution of the data that is as homogeneous as possible [66]. This monitoring network is
composed of 32 wells, of which 12 are located in the province of Ferrara, 14 in Ravenna, 2 in
Forli-Cesena and 4 in Rimini, as depicted in Figure 6-10.

Each piezometer measures the depth of the groundwater table and the trend, with respect to the
depth, of the specific electrical conductivity EC (mS/cm), of the temperature T (°C), and of the
content of Total Dissolved Solids TDS (g/L). Those parameters are recorded every meter and on
a regular basis with a multiparameter probe. A monography summarizing all the measurements
as well as the technical characteristics and the precise location (provided by GPS) was finally
prepared for each piezometer. An example of such monography is provided in Appendix B (B.1)
for the piezometer P1. [66]

In order to overcome the lack of information required for the derivation of the GALDIT-Index,
secondary data were collected from the literature (maps showing the hydraulic conductivity, the
top and the bottom of the phreatic aquifer, see Appendix B (B.2)) in addition to the direct field
data. A table summarizing all the relevant information for this particular case study is provided
in Appendix B (B.3).

From Figure 6-10, it can be seen that most of the monitoring piezometers are located in the
outcropping sands (i.e. the part of the phreatic aquifer that is not semi-confined) beside two of
them in the province of Ravenna. For this reason, the extent of the study area will be limited to
this zone of outcropping sands.
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6.3.2.  Mapping of the parameters

» Groundwater occurrence
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Figure 6-11: Groundwater occurrence (G) for the phreatic aquifer A0 - rating

As mentioned hereabove, the analysis focuses on the part of the aquifer that is mainly unconfined
(i.e. the outcropping sands) and therefore the rating for the groundwater occurrence corresponds
to 7.5 (see Figure 6-11).
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» Aquifer hydraulic conductivity
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Figure 6-12: Aquifer hydraulic conductivity (A) for the phreatic aquifer A0 - range (on the left) and rating (on the
right)

The data for the hydraulic conductivity (A) were extracted from the map depicting the saturated
hydraulic conductivity of the whole Emilia-Romagna region (see the map in Appendix B (B.2)).
This map was downloaded from the website of the Emilia-Romagna region (http://ambiente.re-

gione.emilia-romagna.it /geologia/temi/suoli/proprieta-fisico-idrologiche-suoli).

The saturated hydraulic conductivity is characterized by a high degree of variability with a total
range covering more than 4 orders of magnitude between the extreme values, as depicted in
Figure 6-12 (on the left). However the major part of the study area is characterized by low values
of saturated hydraulic conductivity that mainly vary between 0,0864m/day and 0,864m/day. In
terms of rating, this means that the hydraulic conductivity act as a “low” to “moderate” con-
tributor to SWI (see Figure 6-12, on the right).

At that point it is important to keep in mind two limitations that are related to the use of this
map of hydraulic conductivity: (1) data are missing at the level of the surface water bodies; (2)
the information about the depth of measurement of the hydraulic conductivity was not mentioned
on the website. This second limitation may partly explain the significant difference between these
results and the results that were presented earlier in Figure 6-4 for the phreatic aquifer of Ra-
venna, namely that the hydraulic conductivities behind Figure 6-12 and Figure 6-4 were measured
at different depths (i.e. directly at the surface of the ground for the former and more deeply for
the latter).


http://ambiente.regione.emilia-romagna.it/geologia/temi/suoli/proprieta-fisico-idrologiche-suoli
http://ambiente.regione.emilia-romagna.it/geologia/temi/suoli/proprieta-fisico-idrologiche-suoli
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» Height of groundwater Level a.m.s.l.
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Figure 6-13: Height of groundwater level a.m.s.l. (L) for the phreatic aquifer A0 - range (on the left) and rating (on
the right)

The height of groundwater level a.m.s.l. (L) was computed from the measurements that have
been conducted since 2009 over the whole network of 32 piezometers that covers the study area.
Among the sequence of data that is available for each well (see the example in Appendix B (B.1)),
only the lowest value of the groundwater table level was kept. Those extreme values are summa-
rized in the table in Appendix B (B.3). This approach aims at considering the worst-case scenario
(i.e. the highest possible vulnerability risk) rather than the annual or seasonal variability in the
vulnerability assessment. The IDW method was secondly used to produce the map depicted in
Figure 6-13 (on the left) by interpolating those extreme values over the whole study area.

It can be seen that the groundwater level is located b.m.s.l. in most of the study area, with a
minimum value of -3m b.m.s.l. in the province of Ferrara and a maximum value of 1.4m a.m.s.L
in the south of the province of Rimini. Those levels were finally classified into four main classes,
according to Table 4-1 and rated from 2.5 to 10 to generate Figure 6-13 (on the right).

This Figure 6-13 (on the right) shows that the low groundwater levels over the whole study area
act as significant contributors to SWI by creating a landward hydraulic gradient that dramati-
cally emphasizes the phenomenon of SWI. Those results are in line with the general topography
of the area depicted earlier in Figure 5-7 and that shows that a large part of the coastal areas
in the provinces of Ferrara and Ravenna are located b.m.s.l. or only a few meters a.m.s.l., due
to former anthropic subsidence. By contrast in the south of the study area this general trend
tends to reverse due to the presence of the topographical relief of the Apennines foothills.
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» Distance from the shore
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Figure 6-14: Distance from the shore (D) for the phreatic aquifer A0 - range (on the left) and rating (on the right)

The distance from the shore (D) was estimated for every point of the study area by using the
“Distance Matrix” tool of the software QGISO (see the table in Appendix B (B.3)). The Figure
6-14 (on the left) was secondly obtained by plotting the results while considering three different

reference distances perpendicular to the coastline (i.e. 500, 750 and 1000m).

All the values were finally classified into four main classes, according to Table 4-1 and rated from
2.5 for a distance higher than 1000m to 10 for a distance lower than 500m (see Figure 6-14, on
the right). Indeed the impact of SWI decreases when moving perpendicularly from the shore
towards the land. The further away the groundwater is from the shore, the lesser the pressure

from seawater to infiltrate. [46]

At this point an important remark concerns the presence of brackish surface water bodies (such
as the Pialasse basin or the Comacchio Lake that are shown in Figure 5-8) in the study area. In
theory those water bodies have the same effect in terms of SWI in the area as those of the coastal
zone and should therefore be treated as such. In this study, it has however been decided to only

consider the SWI coming from the sea.
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» Impact of existing status of SWI in the area
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Figure 6-15: Impact of existing status of SWI in the phreatic aquifer A0 (I) - range (on the left) and rating (on the
right)

To evaluate the impact of existing status of SWI in the study area (I), the classical approach

consists in evaluating the ratio . Since the data about the chemical composition of

ci-
HCO3+C0%~
groundwater were not available, an alternative approach had to be considered which relies on
the computation of the salinity'® based on the measurements of the groundwater temperature T

(in °C) and of the electrical conductivity EC (in mS/cm).

Those two parameters were extracted from the measurements that have been conducted since
2009 over the whole network of 32 piezometers that covers the study area. It has been decided
to consider the maximum electrical conductivity and the average temperature at a depth of 6m
b.m.s.l. among the different sequences of measurements that were available for each well (see the
example in Appendix B (B.1)). This choice is obviously arbitrary but was motivated by the desire
to use values that are representative of the general behaviour of the aquifer and that are therefore
recorded more or less in the middle of the aquifer thickness. Those values were finally converted
into salinity values (expressed in mg of TDS per litre) by using an online salinity calculator (such
as http://www.mt-oceanography.info/Utilities /salcon.html) and interpolated over the whole

study area by using the IDW method to produce the map depicted in Figure 6-15 (on the left).

'6 The concept of salinity was introduced in the section 3.2.1 and may be expressed through the use of 3 proxies. Here

this is the approach based on the content of Total Dissolved Solids (TDS) that has been selected.


http://www.mt-oceanography.info/Utilities/salcon.html
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Since this approach presents a different range of values with respect to what was presented in
Table 4-1 for the classical approach, it is required to re-derive the numeric rating that has to be
assigned to this factor. A first attempt for the re-classification of this factor, based on the water
salinity classification that was presented in Table 3-3, is proposed in Table 6-1 herebelow and is
the one that has been used in this thesis to generate the Figure 6-15 (on the right).

Table 6-1: New ratings adopted for the GALDIT parameter (I)

Rating
Factor Weight Very low Low Medium High
2.5 5 7.5 10
I (salinity in mg/L) 1 <1,000 | 1,000-20,000 | 20,000-35,000 | >35,000

» Thickness of the aquifer
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Figure 6-16: Thickness of the phreatic aquifer A0 (T) - range (on the left) and rating (on the right)

The thickness of the aquifer (T) was extracted from the two maps depicting the bottom and the
top of the phreatic aquifer (see Appendix B (B.2)). The former map was subtracted from the
latter one by using the “Raster Calculator” tool of the software QGIS© in order to produce the
Figure 6-16 (on the left). These newly-computed values were then classified into four main classes,
according to Table 4-1, and rated from 2.5 to 10 to generate Figure 6-16 (on the right).

The results depicted in Figure 6-16 are in line with the ones that were presented earlier in Figure
6-8 for the area of Ravenna alone and show that the thickness of the aquifer is larger than 7.5m
over most of the study area, indicating that the thickness is a rather high contributor to SWI.



6.3.3.
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GALDIT vulnerability assessment
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Figure 6-17: GALDIT vulnerability assessment for the phreatic aquifer A0




Results and discussion |79

Figure 6-17 gives an overview of the spatial distribution of the GALDIT-Index in the study area.
It has been prepared by applying equation (23) to the 6 parameter layers that were presented in
the previous section 6.3.2.

The range of the GALDIT-Index scores (i.e. 2.5 to 10) is divided into three classes: 2.5-5, 5-7.5
and 7.5-10 denoted, respectively, as low, moderate and high vulnerability. Generally speaking,
the higher the index, the greater the vulnerability to SWI. The use of this index therefore enables
to highlight the areas that are likely to be more susceptible to SWI.

From Figure 6-17, it can be seen that the study area presents the following general trend: the
most vulnerable area consists of a narrow buffer zone along the coast on the eastern side of the
study area and then the vulnerability tends to decrease while moving landwards. This can be
explained by the fact that those highly vulnerable zones are characterized by a high proximity
to the sea and by a low elevation (i.e. a low height of the groundwater table) and those two
factors (i.e. L and D) turn out to be the most significant ones when deriving the GALDIT-Index
(see the weights in Table 4-1).

Generally speaking the low topographic level of the Emilia-Romagna coastal plain has a dramatic
impact on the phenomenon of SWI by creating a negative landward hydraulic gradient. Close to
the sea this general trend is even more emphasized due to the direct proximity of the sea. By
contrast, the southern part of the study area is characterized by a lower vulnerability to SWI
due to the rapid increase of the topography towards the Apennines foothills, which tends to
restore a positive hydraulic gradient towards the sea.

Finally from a statistical point of view, it is interesting to note that 24% of the study area is
covered by surface water bodies (that were not included in the study itself due to the lack of
data). Among the remaining 76% the percentage distribution between low, moderate and high
vulnerability zones is 1.5%, 86.5% and 12% respectively.



6.4 Emilia-Romagna confined aquifer A
6.4.1. Monitoring network
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Figure 6-18: ARPAE monitoring network and geological cross-sections
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As described in section 5.3, the subsurface of the Emilia-Romagna flood plain is characterized by
the alternation of high-permeable and low-permeable layers coming respectively from marine and
continental sedimentations that have been affecting the region over the past million years ac-
cording to the climatic fluctuations. Some of those permeable layers are interconnected and can
therefore be grouped into larger hydrostratigraphic units called respectively “A; B, C..” (when
moving downwards) and that consist of huge regional confined aquifers.

The scope of this thesis has been limited to the study of the shallowest hydrostratigraphic unit
“A” because it is the most likely one to be exploited for the extraction of fresh groundwater, the
others being buried too deeply. This unit is composed of 4 permeable layers called respectively
A1l to A4 (from the surface to the bottom) and that are grouped into the upper confined aquifer
(A1+A2) and the lower confined aquifer (A3+A4). However in this work no distinction is made
between those two sub-groups and the confined aquifer body “A” is considered as a single body.
Furthermore only the coastal provinces of the Emilia-Romagna Region, i.e. the provinces of
Ferrara, Ravenna, Forli-Cesena and Rimini are part of the scope of this study, as described in
Figure 6-18.

The agency that is in charge of the surveillance of the groundwater for the Emilia-Romagna
Region is called ARPAE, this acronym standing for the Regional Agency for Prevention, Envi-
ronment and Energy of Emilia-Romagna, i.e. Agenzia regionale per la prevenzione, 1’ambiente e
1”energia dell”Emilia-Romagna. The key goal of this agency is the protection of human health
and territorial competitiveness through the control of the state of the environment and through
the support of the sustainability of human activities.

Two types of monitoring networks are used by this agency for the control of the sub-surface
groundwater bodies: (1) a quantitative monitoring network that mainly measures the level of the
groundwater table (in m); (2) a qualitative monitoring network that provides the detailed chem-
ical composition of the groundwater. In total 195 piezometers cover the whole study area and are
distributed as follows: 51 in the province of Ferrara, 65 in Ravenna, 47 in Forli-Cesena and 32
in Rimini, as depicted in Figure 6-18. It is important to note that some of those wells combine
both the qualitative and quantitative monitoring, while some others only have the qualitative or
quantitative feature. Excel spreadsheets summarizing all the data for the period 2010-2015 are
freely available on the ARPAE website: https://www.arpae.it /elen-

chi dinamici.asp?tipo=dati acquad&sidlivello=2020.

In order to overcome the lack of information required for the derivation of the GALDIT-Index,
secondary data were collected from the literature in addition to the direct field data. Those
secondary data consist of 70 geological cross-sections that are depicted in green in Figure 6-18
(an example of one of these 70 cross-sections is provided in Appendix C (C.1)). A table summa-

rizing all the relevant information for this particular case study is provided in Appendix C (C.2).


https://www.arpae.it/elenchi_dinamici.asp?tipo=dati_acqua&idlivello=2020
https://www.arpae.it/elenchi_dinamici.asp?tipo=dati_acqua&idlivello=2020
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6.4.2. Mapping of the parameters

» Groundwater occurrence
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Figure 6-19: Groundwater occurrence (G) for the confined aquifer A - rating

As mentioned hereabove, the analysis focuses only on the shallowest confined aquifer body “A”
and is limited to the coastal provinces of the Emilia-Romagna Region. Therefore the rating for
the groundwater occurrence corresponds to 7.5 (see Figure 6-19).
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» Aquifer hydraulic conductivity
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Figure 6-20: Aquifer hydraulic conductivity (A) for the confined aquifer A - rating

The data for the hydraulic conductivity (A) were extracted from a limited number of geological
cross-sections that cross the 4 coastal provinces and that are assumed to be representative of the
whole study area. Those cross-sections (5 in total) are highlighted in green in Figure 6-18. The
hydraulic conductivity was then computed for all the wells located in the vicinity of those repre-
sentative cross-sections. In total, 41 wells were selected and are highlighted in red in Figure 6-18.

The approach behind the derivation of the hydraulic conductivity relies on the concept of equiv-
alent hydraulic conductivity and is described in details in Appendix C (C.1) by means of an
example (the well FE 19-03 located in the geological section n°28). The results for the 41 selected
wells are summarized in the table given in Appendix C (C.2). By proceeding in this manner it
was quickly established that the equivalent hydraulic conductivity was higher than 40m/day
over the whole study area and this area was therefore assigned a rating of 10, as depicted in
Figure 6-20. This means that the hydraulic conductivity acts as a major contributor to SWI.
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» Height of groundwater Level a.m.s.l.

The height of groundwater level a.m.s.l. (L) was computed from the measurements that were
conducted over the whole network of piezometers that covers the study area during the period
2010-2015. Unlike the two previous case studies it has been decided to take the dynamic aspect
of this parameter into account. To do so, the yearly lowest value of the groundwater level was
selected among the sequence of measurements that was available at each well. This approach
aims at giving an insight into the effect of the annual variability of this parameter on the vul-
nerability assessment. The extreme values are summarized in the table given in Appendix C (C.1)
and those values were interpolated over the whole study area by using the IDW method in order
to produce the series of maps depicted in Figure 6-21 to Figure 6-24 (on the left).

It can be seen from these 4 figures that the central and the western parts of the study area are
characterized by a very low groundwater level. The explication is relatively straightforward by
taking into consideration the very low topography of this area as well as the fact that the confined
aquifer is not outcropping in this area but rather deeply buried under the coastal phreatic aquifer.
Then the height of groundwater level a.m.s.l. tends to increase towards the south and towards
the west where the confined aquifer becomes outcropping and the relief more pronounced.

The groundwater levels were finally classified into four main classes, according to Table 4-1 and
rated from 2.5 to 10 to generate Figure 6-21 to Figure 6-24(on the right). By having a closer look
at those pictures, it turns out that the interface between the red and green parts slowly tends to
be pushed back towards the sea. This observation may be explained either by an increase of the
freshwater recharge, or by a decrease of the extractions or by a combination of these two factors.
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Figure 6-21: Height of groundwater level a.m.s.l. (L) in 2010/12 - range (on the left) and rating (on the right)
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Figure 6-22: Height of groundwater level a.m.s.l. (L)

in 2013 - range (on the left) and rating (on the right)
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Figure 6-23: Height of groundwater level a.m.s.l. (L) in 2014 - range (on the left) and rating (on the right)
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Figure 6-24: Height of groundwater level a.m.s.l. (L) in 2015 - range (on the left) and rating (on the right)
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» Distance from the shore
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Figure 6-25: Distance from the shore (D) for the confined aquifer A - range (on the left) and rating (on the right)

The distance from the shore (D) was estimated for every point of the study area by using the
“Distance Matrix” tool of the software QGIS© (see the table in Appendix C (C.2)). The Figure
6-25 (on the left) was secondly obtained by plotting the results while considering three different
reference distances perpendicular to the coastline (i.e. 500, 750 and 1000m).

All the values were then classified into four main classes, according to Table 4-1 and rated from
2.5 for a distance higher than 1000m to 10 for a distance lower than 500m (see the Figure 6-25,
on the right). Indeed the impact of SWI decreases when moving perpendicularly from the shore
towards the land. The further away the groundwater is from the shore, the lesser the pressure

from seawater to infiltrate. [46]
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» Impact of existing status of SWI in the area

To evaluate the impact of existing status of SWI in the study area (I), it is recommended to
cr-

HCO, +COT The chemical parameters used in this ratio were collected from

consider the ratio

the measurements that were conducted over the whole network of monitoring wells that covers
the study area during the period 2010-2015. Unlike the two previous case studies it has been
decided to take the dynamic aspect of this parameter into account. To do so, the yearly highest
ratio was selected among the sequence of ratios that was available at each well. This approach
aims at giving an insight into the effect of the annual variability of this parameter on the vul-
nerability assessment in the area. The extreme values of the ratios are summarized in the table
given in Appendix C (C.2) and were interpolated over the whole study area by using the IDW
method in order to produce the series of maps depicted in Figure 6-26 to Figure 6-29 (on the
left).

It can be seen from these 4 figures that the impact of existing status of SWI is really low over
the study area and this area was therefore mostly assigned a rating of 2.5, as depicted in Figure
6-26 to Figure 6-29 (on the right). This means that this confined aquifer has so far been relatively
well preserved from any pollution caused by SWI.
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Figure 6-26: Impact of existing status of SWI in 2010/12 (I) - range (on the left) and rating (on the right)
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Figure 6-27: Impact of existing status of SWI in 20
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Figure 6-28: Impact of existing status of SWI in 2014 (I) - range (on the left) and rating (on the right)
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Figure 6-29: Impact of existing status of SWI in 2015 (I) - range (on the left) and rating (on the right)
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» Thickness of the aquifer
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Figure 6-30: Thickness of the confined aquifer A (T) - range (on the left) and rating (on the right)

The data for the thickness of the aquifer (T) were extracted by hand for each well based on the
70 available cross-sections. An example of the manual procedure is presented in Appendix C (C.1)
(for the well FE 19-03 in the cross-section n°28) and the approximate results are summarized in
the table in Appendix C (C.2). No value has been assigned to the wells that were not located in
the direct vicinity of a cross-section. The IDW method was secondly used to produce the map
depicted in Figure 6-30 (on the left) by interpolating those known values over the whole study

area.

It can be seen from Figure 6-30 (on the left) that the confined aquifer body A is characterized
by very large thicknesses in the central part of the study area and tends to shrink when proceed-
ing southwards in the direction of the Apennines. The range of thicknesses varies from a minimum
value of 70m to a maximum value of more than 350m. Since those values are much higher than
10m, the whole study area was assigned a rating of 10, as depicted in Figure 6-30. This means
that the aquifer thickness has a rather important contribution to SWI.
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6.4.3. GALDIT vulnerability assessment

Figure 6-31 to Figure 6-34 give an overview of the spatial distribution of the GALDIT-Index in
the study area. They have been prepared by applying equation (23) to the 6 parameter layers
that were presented in the previous section 6.4.2 and considering two different colour scales.

The range of the GALDIT-Index scores (i.e. 2.5 to 10) is traditionally divided into three classes:
2.5-5, 5-7.5 and 7.5-10 denoted, respectively, as low, moderate and high vulnerability. Generally
speaking, the higher the index, the greater the vulnerability to SWI. The use of this index there-
fore enables to highlight the areas that are likely to be more susceptible to SWI.

Considering Figure 6-31 to Figure 6-34 (on the left), the conclusions are basically the same as
the ones that were drawn for the phreatic aquifer, namely: the most vulnerable area consists of
a narrow buffer zone along the coast on the eastern side of the study area and then the vulnera-
bility tends to decrease while moving landwards. This may be explained by the fact that those
highly vulnerable zones are characterized by a high proximity to the sea and by a low elevation
(i.e. a low height of the groundwater table) and those two factors (i.e. L and D) turn out to be
the most significant ones when deriving the GALDIT-Index (see the weights in Table 4-1).

The same pictures were then plotted with a more refined colour scale (see Figure 6-31 to Figure
6-34, on the right) and present a general trend that is relatively similar to the one that was
obtained for the parameter “L” in the section 6.4.2. Indeed it can be seen that the interface
between the areas respectively characterized by a high and a low level of vulnerability slowly
moves backwards towards the sea over time which is a positive feature. It shows that the ground-
water level becomes the most significant parameter for the areas located further from the coast
because, as it was pointed out a number of times before in this work, this parameter reflects the
potential (i.e. the hydraulic pressure) that the aquifer can oppose to the inland motion of the
seawater front.

From a statistical point of view, the percentage distribution between low, moderate and high
vulnerable zones is summarized in Table 6-2 for the 4 time periods that were considered. These
statistics translate into figures the same general trend as the one that was described hereabove,
namely a very slow decrease in the vulnerability of the study area over time.

Table 6-2: Percentage distribution of the vulnerability for the confined aquifer A

Percentage [%) Vulnerability
Low Moderate High
E 2010/12 0 96.6 3.4
g 2013 0.01 97.97 2.02
g 2014 0.01 98.2 1.79
= 2015 0.02 97.91 2.07
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Figure 6-31: GALDIT vulnerability assessment for the confined aquifer A in 2010/12
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Figure 6-32: GALDIT vulnerability assessment for the confined aquifer A in 2013
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Figure 6-33: GALDIT vulnerability asses
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Figure 6-34: GALDIT vulnerability assessment for the confined aquifer A in 2015
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Chapter 7

Conclusion

In conclusion, this master thesis consisted of a case study and aimed at assessing the vulnerability
of the Emilia-Romagna coastline (Italy) to SWI. This assessment process was carried out by
applying the GALDIT-Index to the study area, which basically considers 6 parameters that are
presumed to control the phenomenon of SWI:

- The Groundwater occurrence;

- The Aquifer hydraulic conductivity;

- The Level of groundwater above the mean sea-level;
- The Distance from the shore;

- The Impact of existing status of SWI;

- The Thickness of the aquifer;

The scope of the work was limited to the surface phreatic aquifer and the underlying shallowest
confined unit “A” that stretch across the coastal provinces of Ferrara, Ravenna, Forli-Cesena
and Rimini. These two bodies were of particular interest since they are the ones that can be

exploited for the extraction of freshwater from a technical and economical point of view.

In practice, the contamination of these two bodies by saltwater occurs through two preferential
pathways, namely: (1) by lateral intrusion from the sea due to SLR or water over-abstractions;
(2) by upward intrusion of relic hypersaline groundwater due to upward hydraulic gradients
imposed by anthropic activities (i.e. drainage systems, pumping wells). However, the general
structure of the GALDIT-Index doesn’t allow to take into account the SWI due to upwelling of
relic saline groundwater. The possible future lateral SWI due to SLR was not either part of the

scope of this work.

The maps of the 6 parameters were prepared in a GIS environment where they were rated,
weighted and overlaid in order to produce the two GALDIT vulnerability maps. The 6 following

conclusions were drawn from these two maps:

- Both aquifers present more or less the same general vulnerability pattern, namely a few
kilometre wide buffer of very high vulnerability located directly along the coastline and
the coastal plain characterized by a moderate vulnerability;

- The high vulnerability of the coastline is due to its direct proximity to the sea and to its
low topographic level (i.e. low groundwater level) and these two parameters turn out to
be the most significant ones when deriving the GALDIT-index;

- In particular the very low topography, that is emphasized in the study area by natural

and anthropogenic subsidence rates, can have a dramatic impact on SWI by lowering the
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level of the groundwater table, therefore creating a negative hydraulic gradient towards
the land and causing the saltwater to be actively drawn into the aquifer;

- When moving landwards, the vulnerability level naturally tends to be reduced due to the
increasing distance from the saltwater source and due to the higher topography and sub-
sequently the higher level of the groundwater table. This is particularly true in the south
of the study area with the presence of the Apennines foothills;

— Under the current circumstances the confined aquifer seems to be relatively preserved
from SWI even though it is characterized by a high vulnerability. The study of the time
evolution of the vulnerability pattern over the period 2010-2015 reveals that the vulner-
ability doesn’t increase and even tends to be slightly reduced over time indicating a
generally good balance between abstraction and recharge;

- By contrast the phreatic part seems to be more affected by the problematic of SWI

especially in those zones characterized by a very low topography.

The practical goal of those vulnerability maps is to provide a qualitative overview of the prob-
lematic of SWI in the study area. They turn out to be a useful tool for the people involved with
coastal zone management (i.e. policy makers, local governments, environmental managers...) be-
cause they offer them a quick and cost-effective means to prioritize the areas requiring more
detailed investigations, to decide where corrective measures have to be taken or where money

has to be invested.

Perspectives:

The steps that were necessary to bring this work to an end could be roughly summarized as
follows: setting of the initial objectives, deepening of knowledge of the topic through the review
of the scientific literature, collection and analysis of the data, computation of the results, analysis
of the results and drawing of the conclusions.

However writing a master thesis is a long-run process which implies that some of the initial
objectives have inevitably been redefined, refined or prioritized at the expense of some others
throughout the life of the project to finally come up with the present work. These changes were
set, based on the new ideas that came out of the discussions I had with my supervisors and in
order to stay in line with the time and data availability constraints.

This being said, a non-exhaustive list of 5 paths that would have been interesting to explore is
provided herebelow. These latters can be seen as possible future contributions to enlarge the

scope of the present study:

- Studying the effect of SLR in the study area through the use of projections of future
potential climatic scenarios;

- Performing a refined analysis of the confined body by considering separately the upper
(A1+A2) and lower (A3+A4) parts;

- Applying the second method for the assessment of SWI that was introduced in this work,

namely the GQIswi, and comparing the results with those obtained in the present work;



Conclusion [97

Integrating the results of this study into a broader analysis of the risk of the region to
SWI by considering the hazards due to human activities in addition to the natural vul-
nerability of the aquifer. This assessment could be conducted by applying one of the
approaches that were briefly reviewed in the bibliographic part of this thesis;

Discussing the possible remediation techniques that could be applied to the Emilia-Ro-

magna coastline;
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o Geographical coordinates Hydraulic Groundwa- | Distance from | Impactof exist- | Thickness of
Monitoring EPSG12832 - ETRS89 32N Groundwater . . .
Well - OCCUTTENCe conductivity ter level the shore ing status of the aquifer
X - UTM Y-UTM (m/day) (m) (m) SWI () (m)
PZMR4B 760175,44 4935278,1 phreatic 80 2,5 514,328735 4,6952807 6,4
PZMR3B 760476,75 4935288,8 phreatic 80 1,45 214,4729 4,6952807 6,4
PZBEV2G 765486,79 4915293,5 phreatic 80 1,3 89,5285492 4,6952807 6,6
PZMR3A 760458,76 4935397,9 phreatic 80 1,67 218,293564 4,6952807 6,4
PZMRPC 760471,76 4935325,9 phreatic 80 1,54 218,293564 4,6952807 6,4
PZBEV2A 764950,75 4917209,2 phreatic 80 2,21 112,047455 4,6952807 6,6
PZBEV2F 754701,5 4928590,8 phreatic 80 0,77 L Ogtr};smdy 4,6952807 6,6
PZBEV3F 765287,39 4916007,1 phreatic 80 1,24 48,0917969 4,6952807 6,6
PZMAR3 765119,96 4915946,7 phreatic 45 2,24 237,148849 5,1085736 16,5
PZBEV3G 754703,48 4928509,7 phreatic 80 15 L Ogtr};smdy 4,6952807 6,6
PZLD3 765365,46 4915249,3 phreatic 52 1,35 272,441528 4,6952807 8
PZLD1 764456,34 4918600,5 phreatic 48 1,6 288,28006 4,6952807 8
PZMAR2 76446741 4919407,6 phreatic 45 2,41 169,065292 5,1085736 16,5
PZBEV1G 765514,02 4915303,1 phreatic 80 1,3 89,5285492 4,6952807 6,6
PZMAR4 754806,05 49284012 phreatic 45 1,72 Sut "gtr};zsmdy 5,1085736 16,5
PZBEV2B 765024,8 4916964,2 phreatic 80 3,75 43,1557693 4,6952807 6,6
PZBEV1F 765314,34 4916013,7 phreatic 80 1,73 21,0803108 4,6952807 6,6
PZLD2 764508,46 4917707 phreatic 62 1,4 354,513428 4,6952807 8
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Geographical coordinates

Monitorin Groundwater Hydraulic Groundwa- | Distance from | Impactof exist- | Thickness of
Well & EPSG12832 - ETRS89 32N OCCUITence conductivity ter level the shore ing status of the aquifer
X-UTM Y-UTM (m/day) (m) (m) SWI () (m)
PZMARS 754793,03 4928564,8 phreatic 45 2,43 R Ogtr};‘;smdy 5,1085736 16,5
PZMAR6 754796,87 4928509,4 phreatic 45 2,17 R Ogtr};‘;smdy 5,1085736 16,5
PZSV3 757252,87 4929080 phreatic 36,4 1,472 4221,99316 25569775 11
PZSV12 757392,89 4932740,9 phreatic 30,6 1,008 3448,64038 1,0725823 11,4
PZSV14 757154,86 4933940,9 phreatic 66,8 1,502 3575,39087 5,1085736 11,4
PZMAR? 754797,93 4928455,7 phreatic 45 2,19 EER Ogtr};zsmdy 5,1085736 16,5
PZSV16 757413,83 4935268,9 phreatic 36,4 1,334 3214,10962 7,6806492 9,5
PZSV9 757091,83 4931827,9 phreatic 36,4 1,827 3786,42529 6,9085606 11,4
PZSV2 756629,84 4928956 phreatic 30,6 1,91 4829,31055 1,0725823 11,4
PZSV17 756000,84 49342288 phreatic 36,4 1,878 4636,29785 0,2944785 9,5
PZSV18 755688,87 4934319,9 phreatic 36,4 1,199 EER Ogtr};smdy 0,2944785 8
PZSV19 757578,81 4936058,8 phreatic 2,9 1,83 3082,95728 5,6049344 11,4
PZSV8 756641,86 4930710,9 phreatic 36,4 1,322 4510,52441 0,4977401 11,4
PZSV15 756889,88 4935214,9 phreatic 48,1 2,275 3714,10327 7,6806492 10
PZSV10 756571,83 4931844 phreatic 36,4 1,623 4384,93994 0,4977401 11,4
PZSV22 758490,76 4938825,8 phreatic 36,4 1,876 2227,96826 0,2944785 11,4
PZSV20 757767,84 4936802,9 phreatic 30,6 1,646 2863,21533 1,0725823 11,4
PZSV11 756627,82 4932687,9 phreatic 48,1 1,783 4251,08301 0,124898 10,5
PZSV13 756718,82 4933917,9 phreatic 33,8 1,889 3973,61035 5,1085736 11,4
PZSV21 758035,83 4937692,8 phreatic 36,4 1,535 2567,50879 0,683025 11,4
PZCL2 760844,86 4917976,7 phreatic 17 3,4 3839,00171 5,4428839 18,5
PZSV32 755655,04 4929340,7 phreatic 2,9 0,463 5762,58691 5,1085736 10,7
PZSV26 755736,31 4930196,4 phreatic 36,4 0,066 5520,98535 0,7486889 10,7
P9S 754284,14 49164581 phreatic 30 2,889 ULl 05 Sy 0,1507584 2

area
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Monitoring Geographical coordinates Groundwater Hydralllli.c Groundwa- | Distance from Irppact of exist- Thicknes.s of

Well EPSG12832 - ETRS89 32N OCCUrTence conductivity ter level the shore ing status of the aquifer
X-UTM Y-UTM (m/day) (m) (m) SWI () (m)
PZSV36 757417,14 4929452,3 phreatic 2,9 0,815 3971,34912 19,82957 11,4
PZSV37 755690,84 4928742,7 phreatic 2,9 0,471 5746,61377 2,2467172 9,9
PZSV23 756212,95 4930458,8 phreatic 36,4 0,652 4953,13916 1,7195864 11,4
PZSV35 757389,27 4929675 phreatic 30,6 0,51 3937,83325 5,9474249 10,4
PZSV24 756574,65 4931065,3 phreatic 36,4 0,647 4501,2583 7,3060034 11,4
PZSV33 756325,1 4929303,7 phreatic 2,9 0,793 5089,0127 5,9474249 10,4
PZCL1 760463,2 4918594,6 phreatic 17 3,18 4135,48633 5,4428839 20
PZSV28 756686,66 4929927,6 phreatic 36,4 0,691 4681,13672 4,4369622 11,4
PZSV34 756730,97 4929360,6 phreatic 2,9 1,401 4678,43262 5,9474249 11,4
PMSV7 756796,84 4930440,9 phreatic 48,1 0,442 4387,36133 1,087258 11,4
PZSV31 757365,91 4929979,4 phreatic 2,9 0,723 3995,77783 24,390657 11,4
PMSV6 756504,91 4928478 phreatic 33,6 0,622 5005,32031 10,726563 11,4
PZSV30 757343,66 4930285,4 phreatic 2,9 0,848 3931,06909 12,680755 11,4
PZLA2 760754,04 4924830 phreatic 46 0 2075,88696 11,259858 53
P11S 759073,54 49152841 phreatic 46 1,643 Sue Ogtr};smdy 0,2931034 10
PZSV27 756239,43 4929880,3 phreatic 36,4 0,563 5093,44727 24,390657 11,4
PZLA1 760683,25 4923844,4 phreatic 46 0 2448,42529 1,9205064 53
PMSV8 757398,87 4928954 phreatic 36,4 1,004 4034,99902 1,7903561 11,4
P8Ss 757378,16 4916481,6 phreatic 120 0,531 L Ogtr};smdy 0,2931034 1,9
P1N 756722,34 4934168,9 phreatic 48,1 1,938 3950,42993 1,0725823 11,4
P19S 764708,58 4910313,2 phreatic 52 1,174 2316,1936 0,9513816 10,5
P2N 760583,15 4933035,8 phreatic 60 1,641 253,284851 4,3519599 9,3
P17S 764206,8 4912593 phreatic 52 1,169 2131,74634 0,9513816 9,4
P13S 761377,49 4914441,7 phreatic 10 1,166 4216,3833 1,3151032 18,7
P6S 758344,29 49162928 phreatic 60 -0,118 ULl 05 Sy 0,2931034 13,5

area
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Monitoring Geographical coordinates Groundwater Hydralllli.c Groundwa- | Distance from Irppact of exist- Thicknes.s of

Well EPSG12832 - ETRS89 32N OCCUrTence conductivity ter level the shore ing status of the aquifer
X-UTM Y-UTM (m/day) (m) (m) SWI () (m)

P10S 7591241 4915321,7 phreatic 60 1,695 R Ogtr};‘zsmdy 5,5056922 10,3

P18S 766400,14 4910768,2 phreatic 46 2,067 685,333191 1,2634178 8,3

P12S 762482,57 4915106,7 phreatic 8 1 3083,17798 2,1874501 14,8

P4S 761630,13 4917299,4 phreatic 40 0,292 3249,57813 1,7776926 14,2

P16S 766014,3 4912695 phreatic 60 1,111 336,641846 5,1172027 7,2

P3S 762656,17 4917539,3 phreatic 60 0,513 2229,80933 9,3144012 7,3

P1S 764266,17 4918978,4 phreatic 58 0,363 417,015564 23,960694 8

P2S 764643,44 4917685,1 phreatic 58 1,029 254,522156 14,032583 8,2

P15S 765571,46 4914727,5 phreatic 58 1,544 240,8806 21,602219 9,7

P5S 760297,44 4916941,4 phreatic 12 1,195 4603,79932 5,4428839 3,5

P14S 762392,22 4913645,4 phreatic 80 1,604 3524,30493 0,4327076 22,3
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Appendix B
Collection of the data for the phreatic aquifer A0
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B.1 Monitoring network from the Emilia-Romagna Region (Monography for the piezometer P1)
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B.2 Maps coming from the literature

» Aquifer hydraulic conductivity
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» Top and bottom

of the phreatic aquifer A0
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B.3 Summary of the relevant information
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Geographical coordinates Groundwater Hydraulic | Groundwater | Distance from Salinity Thickness of
Monitoring Well | EPSG12832 - ETRS89 32N ocCUrTence conductivity level the shore (g/L) the aquifer
X-UTM Y-UTM (m/day) (m) (m) (m)
P1- Spiaggia Romea 757439,71 4963883,32 phreatic 8,64 1,3 351,72 47,25 13,27
P2 - Elciola 757072,7 4970270,19 phreatic 8,64 2,41 1980,72 21,418 17,114
P3 - Volania 748043,92 4957254,4 phreatic 8,64 -3,26 8696,99 0,948 16,55
P4 - Mesola 755221,69 4979547,01 phreatic 0,00864 3,25 L Ogtrtzsmdy 0,474 13,59
P5 - Bosco Mesola 754911,72 4974386,11 phreatic 8,64 2,47 6046,89 1,622 15,75
P7 - Vaccolino 751608,82 4965795,26 phreatic 8,64 3 6448,05 1,622 12,82
P8 - San Giuseppe 755249,78 4957681,42 phreatic 8,64 2,1 1510,87 65,293 14,9
P9 - Lido di Spina 757562,77 4948709,6 phreatic 24 0,3 663,52 0,808 13,13
P10 - Collettore Pega |  749934,02 4950308,19 phreatic 8,64 -4,085 7447,33 56,792 14
P11 - Collettore Fosse |  742300,07 4947683,56 phreatic 8,64 5,26 15470,00 49,823 13,07
P12 - Reno 758264,79 4941064,75 phreatic 0,864 -1,53 2405,58 42,776 10,35
P13 - Casal Borsetti 760533,76 4937343,83 phreatic 8,64 0,24 46,91 40,616 6,45
P14 - Porto Corsini 760723,78 4932539,92 phreatic 8,64 -0,47 263,03 30,281 9,11
P15 - San Romualdo 751927,95 4931914,9 confined 0,00864 1,2 _ Ogtrtzsmdy 28,561 7,25
P16 - Mezzano 746589,06 4928572,94 confined 0,864 1,83 _ Ogtrtzsmdy 14,523 14,5
P17 - Porto Fuori 758805,86 4921795,12 phreatic 0,864 -1,4625 4952,60 15,51 14,66
P18 - Classe 757546,89 4920065,15 phreatic 0,864 1,9 6756,71 4,85 20,56
P19 - Punta Marina 762542,77 4925535,06 phreatic 0,00864 0,4 122,67 39,684 7,26
P20 - Lido di Classe 765347,76 4915212,27 phreatic 0,864 0,1 286,49 27,522 9,88
P21 - Savio 762651,82 4913771,29 phreatic 8,64 -0,35 3282,50 14,345 20,65
P22 - Rimini Chiesa 785847,49 4885407,92 phreatic 8,64 0,175 1029,53 31,148 7
P24 - Pinarella 769142,74 4903206,51 phreatic 8,64 0,14 640,92 1,602 9,33
P25 - Cesenatico 772460,69 4898843,61 phreatic 8,64 0,11 495,39 4,165 7,37
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Geographical coordinates Hydraulic Groundwater | Distance from . Thickness of
Monitoring Well | EPSG12832 - ETRS89 32N Groundwater conductivity level the shore Salinity the aquifer

X-UTM Y-UTM | °%UTenee | 1 /day) (m) (m) (&/L) (m

P26 - Misano 797110,32 4875834,14 phreatic 8,64 1,39 - Ogtr};zsmdy 1,622 7,25

P27 - Rimini Stazione 785980,49 4885294,92 phreatic 8,64 1,14 1137,94 1,525 5,25
P28 - Rimini Scuola 785408,5 4885902,9 phreatic 8,64 0,6 580,03 1,282 7,15
P29 - San Vitale 756054,87 4932484,9 phreatic 8,64 -0,61 4859,72 11,029 10,48
P31 - Ravenna Est 759666,84 4922871,1 phreatic 0,864 -1,13 3810,39 47,867 8,65
P33 - Corte Ancona 745107,98 4956866,4 phreatic 0,0864 6,56 = Ogtr};swdy 51,12 15,95
P34 - Taglio Nuovo 752822,82 4958263,4 phreatic 8,64 0,86 3929,91 69,3 12,15
P35 - Milano Maritima 765362,79 4908417,4 phreatic 8,64 -0,67 2195,93 1,643 13,71

P37 - Cesenatico nuit 772605,69 4899297,6 phreatic 8,64 -0,3 106,62 30,763 9,7
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Appendix C
Collection of the data for the confined aquifer A



C.1 Computation of the thickness and the equivalent hydraulic conductivity
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Procedure:
1. Localization of the interface between the interface between the hydrostratigraphic units A & B in the geological section;
2. Localization of the well in the geological section;
3. Measurement of the thickness of the hydrostratigraphic unit A in the geological section; + ® sadis
1
4. Measurement of the different thicknesses of each layer separately in the geological section; | ;7" @ 7 ¢
5. Application of the formula: |K, = % bl P 1 ®
i=1"" : _________ e
@ I\.,l fes
Numerical example: | Wemm—m————s o
» Thicknesses
Layer Al A2 A3 A4 A
Thickness (m) 125 75 50 50 300
» Hydraulic conductivities (adapted from [67])
Hydraulic conductivity (m/s)
Layer .
Max Min Mean
Al1 2x 1073 2x107° 4
Al ~ — 5.85 x 10~
Al.2 3x10 2 x10™
A21 2x10°% 2x10°° .
A2 — & 7.515 x 10~
A2.2 1x10°3 4x10°°
2 x107* 1x107° 1073
7x107* 2 x107° 3.6 x 104

» Equivalent hydraulic conductivity

" OKidi 585 x 107 x 125 + 7.515 x 10~ 103 6x 1074
K,(A) = Zil = 280 X I} 125+ 7515 x 10 3;075 I X504+ 3.6 1077 x50 0.0006583m/s = [56.88m/day
i=1 %



C.2 Summary of the relevant information
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Geographical ) ~
Monitorin coordinates Groundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: m Aquifer
well g EJ??(GS?;BSZZN ccurrence | conductivity (m) shore thickness
(m/day) (o) (m)

X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015
FE01-01 690795 4978495 Confined 61 2,6 31 6,1 52 53896 0,04 0,03 0,02 0,04 90
FE05-02 704595 4973733 Confined 2,5 3,8 2,8 2,9 53787 0,12 0,07 90
FE05-03 704670 | 4973700 Confined 1,2 33 41416 0,11 0,13 0,03 0,19
FE07-01 718990 4981747 Confined -2,3 -0,6 -1,6 -0,5 31621 0,06 0,04 0,03 0,05 250
FE12-00 726466 | 4969250 Confined -2,6 -2 -1,5 -1,4 29126 0,13 0,09 0,09 0,09
FE13-01 733775 4984419 Confined -1,5 -1,1 -0,8 -1,5 20365
FE15-00 743260 4982671 Confined -2 -1,6 -1,8 -1,7 12880 0,35 0,31 0,2 0,33
FE16-00 747705 4938463 Confined -6,6 -7,7 -5 -4,6 13950 0,05 0,05 0,12 0,08 300
FE19-03 744381 4970223 Confined 56,88 824 0,22 0,21 0,04 0,22 380
FE21-00 759844 | 4971650 Confined 20,97 2,1 -1,7 -1,8 -1,7 71651 180
FE22-00 685137 4960021 Confined 3,6 51 5,6 4,9 66468 0,22 0,21 260
FE23-00 690581 4964056 Confined 3 3,8 4,5 4 75735 0,01 0,01 0,14 0,02 140
FE24-02 680922 4954694 Confined 53377 0,01 0,01 0,01 170
FE30-00 703494 4960438 Confined 0,8 2 2,5 2,1 45648 0,03 0,02 0,06 0,02 200
FE33-00 711280 4961583 Confined -0,4 1 0,9 1,5 48254 0,03 0,02 0,07 0,03 230
FE35-00 708486 4953080 Confined 0,4 0,9 1,2 1 26279 0,03 0,02 225
FE38-00 730536 4959854 Confined 44,93 -1,5 -1,3 -1,7 -1,3 29331 0,08 0,07 0,04 0,08 290
FE39-01 727496 4958786 Confined -2,4 -09 -0,6 -1,2 23620 0,06 0,05 0,06 0,08 300
FE41-01 733513 4963263 Confined -0,7 0,2 39107 160
FE47-01 717666 4951764 Confined -1,4 -0,6 -0,6 -1,1 29530 160
FE48-00 727660 4948452 Confined -1,5 -0,7 -0,8 -0,4 32827 0,24 0,18 0,08 0,19 230
FE49-00 725007 4944875 Confined -3,2 -29 -2,7 -2,7 78450 0,19 0,35 0,25 0,21 250
FE52-00 680585 4979784 Confined 58,9 52 55 72251 1,26 1,07 0,11 1,27
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Geographical )
Monitorin coordinates Croundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: W Aquifer
well g EJ??(GS?;BSZZN S conductivity (m) shore thickness
(m/day) (m) (m)
X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015

FE53-00 685655 4972210 Confined 6,9 6,1 6,9 53 8849 0,36 0,28 0,07 0,31 360
FE54-02 748261 4961674 Confined -1,5 -1,4 55192 0,17 0,25 170
FE56-00 702655 4970438 Confined 3,3 3,8 3,7 3,8 52474 0,05 0,04 0,18 0,06 110
FE58-02 705536 4971213 Confined 60 1,6 19 2,5 2,6 52111 1,13 1,03 0,16 1,19 210
FE60-00 705138 4965716 Confined 2 2,8 2,3 2,4 44843 0,03 0,02 0,03 0,03 140
FE61-01 714115 4976957 Confined 1,4 2,6 1,8 2 77938 0,07 0,03 0,05 0,03 140
FE63-00 678700 4954402 Confined 4,3 6,5 7,1 7 33866 0,01 0,01 1,3 0,01
FE64-00 727936 4983760 Confined -0,5 1 -0,1 23196 0,04 0,02 0,09 0,04
FE65-00 735836 4974726 Confined -4,2 -3,3 -3,2 -3,2 11677 1,41 0,86 0,13 0,93 375
FE69-00 745041 | 4953044 Confined 21 -1,5 16 16 74390 0,33 028 | 012 | 034 170
FE72-00 682383 4958363 Confined 9,1 10,8 11,2 10,9 51069 0,01 0,05 0,09 0,01 220
FE73-00 705664 4957355 Confined 1,8 3 3,5 3 15024 0,12 0,06 0,05 200
FE74-00 744292 4943212 Confined -2,7 -2,6 -2,6 -2,6 34557 0,35 0,29 0,05 0,3 230
FE75-00 723796 4971332 Confined -0,4 -0,2 0,2 -0,2 1139 0,52 0,42 0,01 0,43 325
FE76-00 755741 4952731 Confined 56,3 60422 1,26 0,88 0,01 0,73 175
FE77-00 697179 4968963 Confined 3,9 51 5 4,7 68130 0,05 0,04 0,02 0,05 70
FE78-01 689953 | 4972978 Confined 55,94 8,2 7,8 79016 0,02 05 255
FE80-00 679931 4979526 Confined 58,6 57 4,7 5,6 76034 210
FE81-00 682819 4978747 Confined 60,06 6 6,2 5,9 71623 150

FE-F01-00 686604 4974399 Confined 4,8 53 5,3 70387 0,15 0,02 0,02 0,07 200

FE-F04-01 686434 | 4961020 Confined 122 | 123 39345 002 | 003 260

FE-F09-00 717485 4959398 Confined 1,7 2,2 2,3 2,3 32982 0,06 0,08 0,02 0,07

FE-F13-00 726662 4978146 Confined -1,7 -1,2 -0,6 -1 42276 0,15 0,13 0,02 0,1

FE-F15-00 717844 4981138 Confined 0,2 -0,4 1570 0,02 0,05

FE-F21-00 755130 4956058 Confined -0,8 -0,7 -0,2 -0,4 9498 0,16 0,06 0,04 0,03 360
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Geographical ) o
Monitorin coordinates Croundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: W Aquifer
well g EJ??(GS?;BSZZN S conductivity (m) shore thickness
(m/day) (m) (m)
X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015
FE-F22-00 747369 4959658 Confined -4,3 -4,5 -4,7 -3,7 1898 0,12 0,13 0,05 0,1 360
FE-F24-00 757112 4970216 Confined 42 -2,2 -1,9 -2,1 -1,8 22018 0,15 0,05 0,02 0,04 300
FE-F26-00 735355 4964826 Confined 0,3 0,4 0,4 0,3 53896 0,15 0,11 0,03 0,1 90
RA02-02 730127 4932569 Confined 30575 0,03 0,03 0,03 440
RA03-00 724418 | 4924919 Confined 2,5 3,9 5,7 63 37158 360
RA05-00 741015 4930369 Confined -4,2 -3,7 -2,8 -3 19939 290
RA08-00 738690 4915703 Confined 58 -0,2 0,7 2,2 2,1 26000 175
RA09-00 758180 4941791 Confined 56 0,9 0,9 0,9 0,9 2480 300
RA09-01 758227 4940523 Confined 56 -1,8 -1,9 -1,8 -1,5 2420 0,07 0,07 0,05 0,07 300
RA12-01 755883 4938447 Confined 57,32 -0,5 -0,2 -0,2 -0,1 4818 260
RA13-02 756201 4911624 Confined -7,3 -6,8 -6,8 -6,7 10023 0,46 0,49 0,05 0,46
RA14-01 745922 | 4913833 Confined 59,892 -7,6 -6,7 -7,6 -7 19312 0,04 004 | 004 | 0,04 200
RA15-00 723585 4913863 Confined 16,2 18,2 16,8 22,8 40760 0,06 0,04 0,06 0,04 190
RA17-01 730858 4912855 Confined 5,8 6,5 8,9 9,4 34279 0,04 0,04 0,12 0,04 280
RA18-00 726769 4909433 Confined 26,2 27,9 31,5 31 39004 50
RA20-02 748148 4909107 Confined 57,5 18528 0,04 0,04 0,04 275
RA21-01 766702 | 4912271 Confined -3,5 3,1 2,1 -2,8 55
RA23-01 745794 4933322 Confined 14959 0,04 0,07 0,05 270
RA24-00 760513 4938208 Confined 55,92 -1,6 -1,5 -1,2 -1,2 204 285
RA24-01 760474 4936523 Confined 55,92 -0,7 -1,3 -0,5 -0,6 157 1,29 1,15 0,13 0,74 285
RA29-00 760044 | 4932212 Confined 56,7 2,4 -2,2 1,7 1,7 862 250
RA30-00 752680 4930373 Confined 55,42 -6,2 -5,2 -5,1 -5,2 8445 0,04 0,05 0,12 0,06 265
RA33-01 761243 4922912 Confined -3 2284 0,29 0,12 0,26 350
RA34-02 754282 | 4919291 Confined -6,7 -5,8 -5,1 -5,2 10141 0,18 021 | 019 01
RA35-00 750390 4917832 Confined 56,25 -7,7 -7,1 -4,8 -6,4 14238 270
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Geographical )
Monitorin coordinates Croundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: W Aquifer
well g EJ??(GS?;BSZZN S conductivity (m) shore thickness
(m/day) (m) (m)

X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015
RA38-00 759174 4907496 Confined 57,53 -5,9 -5,8 -9,6 -5,6 8420 240
RA39-00 754064 4906316 Confined 57,53 -5,2 -5,3 -4,9 -4,6 13632 265
RA41-02 764107 4912914 Confined -5,8 -4,8 -4,8 -4,8 2145 0,13 0,12 0,18 0,13
RA42-01 755862 4924811 Confined -0,5 0,4 0,3 0,4 6642 350
RA44-00 722038 4933143 Confined -2,1 -1,7 -1,6 -1,3 38632 0,04 0,05 0,02 0,03
RA45-01 751774 4936004 Confined 56,7 -2,6 -2,5 -2,6 -2,3 8867 250
RA47-00 746633 | 4927545 Confined .58 -4,9 -4,3 -43 14909 260
RA47-01 746274 4928145 Confined 15181 0,16 0,16 0,17 260
RA48-01 737141 | 4909916 Confined -6 11 8,5 28771 290
RA49-00 752304 | 4925658 Confined -7,9 -8,6 -7,9 -0,4 9716 270
RA53-04 765442 4909103 Confined -13,9 -9,3 -11,6 -11,3 1920 0,48 0,65 0,04 0,48 370
RA55-02 729890 4918790 Confined 57 -3 -3,2 0,6 -1,8 33250 0,08 0,07 0,05 0,11 180
RA58-00 735531 4928175 Confined -6,5 -5,9 -5,3 -5,1 25671 240
RA59-01 737143 4921852 Confined -7 -6,3 -5,7 -5,5 25375 0,15 0,12 0,09 0,12 300
RA60-01 735399 4932471 Confined 9,1 -8,4 -7,3 -7,5 25398 0,04 0,04 0,06 0,04 235
RA65-01 754103 4917457 Confined 10609 0,09 0,08 0,03 0,16
RA66-01 757991 | 4912838 Confined -6,1 -5 44 -43 8029
RA67-00 747675 4921574 Confined -7,4 -7 -6,2 -6,6 15474 600
RA67-01 747277 4920444 Confined -8,9 -8,1 -6,8 -7,4 16236 0,04 0,04 0,03 0,04 600
RA70-01 763042 4903465 Confined -2,5 5993 0,05 0,05 0,01 0,05 200
RA71-00 726046 4937271 Confined -6,7 -6,2 -7,5 -4,4 34152 320
RA71-01 725959 4937443 Confined 34175 0,05 0,08 0,07 320
RA73-00 769981 4902222 Confined -3,1 -2,1 -2 -1,5 360 225
RA74-00 725394 4918993 Confined 56,7 37524 0,05 0,03 0,03 180
RA75-00 724792 4932409 Confined 35977 0,09 0,06 0,04
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Geographical ) o
Monitorin coordinates Croundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: W Aquifer
well g EJ??(GS?;BSZZN S conductivity (m) shore thickness
(m/day) (m) (m)
X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015
RA76-03 734106 4919319 Confined -13,2 -9,7 -5,7 -6,9 28959 0,06 0,06 0,04 0,06 290
RA77-00 722887 4911491 Confined 18,2 20,7 21,6 22,7 42242 0,05 0,05 1,98 0,05 70
RA78-00 730747 4908299 Confined 26,3 35393 0,05 0,06 0,06 100
RA79-00 726558 4915324 Confined 6,9 8,9 9,2 11,2 37432 0,23 0,24 0,07 0,23 135
RA80-02 748688 4920131 Confined 56,25 -4 -3,4 -3,8 15041 0,09 0,01 0,08 275
RA81-01 746740 4935810 Confined 13870 0,05 0,04 0,02 0,05
RA82-00 747033 | 4929315 Confined -8,8 -7,8 -6,9 71 14133 260
RA84-01 752295 4908913 Confined 56,6 -0,4 0,9 -0,3 0,1 14608 0,55 0,64 0,03 0,55 210
RA85-00 737064 4904662 Confined 58,7 5,6 14,2 14,5 16,9 30404 0,11 0,08 0,04 0,07 90
RA89-00 728640 | 4908289 Confined 18,4 194 | 216 | 221 37426 0,04 005 | 007 | 0,04 110
RA90-00 727550 4905022 Confined 39,2 39,9 40,3 39,9 39360 0,1 0,11 0,06 0,07
RA-F01-00 728959 4940178 Confined 0,7 -0,6 1,6 1,4 30452 0,12 0,09 0,05 0,06 240
RA-F06-00 755574 4929643 Confined 55,42 -0,8 -0,8 0,1 5802 2,02 1,37 0,07 2,1 265
RA-F13-01 737935 4924053 Confined 4,4 5,5 51 24098 0,08 0,04 0,06 0,05 240
RA-F14-00 745191 4920756 Confined 2,4 3,7 3,5 18097 0,81 0,21 0,04 0,24 600
RA-F16-00 765347 4915210 Confined -0,1 0,2 -0,1 -0,1 290 6,56 1,92 0,06 2,03
RA-F22-00 747972 4908087 Confined 4,8 8,6 9,5 9,6 18996 0,1 0,09 0,11 0,07
RA-F23-01 758727 4902869 Confined 6,8 7,1 8,2 8,3 10210 0,1 0,09 0,11 0,16 270
FC03-02 742205 | 4898227 Confined 17 205 | 225 | 252 27267 80
FC04-00 749779 4897241 Confined 19,3 20 21,2 21,7 20659
FC07-01 769967 4891732 Confined 4,7 7051 0,14 0,15 0,17 0,15 105
FC12-00 745330 4908338 Confined 3,1 4 51 9,2 21406 270
FC13-00 742537 4904150 Confined 5,6 10,5 12,7 10,2 25309 280
FC14-02 748563 4900097 Confined 8,8 10,3 11,5 12,3 20734 0,08 0,09 0,19 0,09
FC16-01 775163 4896146 Confined -9,9 -3,9 -4,3 -7,9 262 0,13 0,14 0,18 175
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Geographical )
Monitorin coordinates Croundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: W Aquifer
well g EJ??(GS?;BSZZN S conductivity (m) shore thickness
(m/day) (m) (m)
X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015

FC17-01 769237 4897971 Confined 3465 0,09 0,09 0,1 0,08 135
FC18-00 769089 4894534 Confined -9,5 -11 -2,5 -6 5749 130
FC19-00 739849 4909389 Confined 7,2 8,1 9,2 10 26345 290
FC19-01 740540 4908651 Confined 25974 0,1 0,11 0,1 0,08 130
FC20-00 741466 | 4901290 Confined 12,5 153 | 173 | 166 27129 210
FC20-01 741781 4901960 Confined 26652 0,06 0,07 0,07 230
FC22-00 749384 | 4904116 Confined 2,6 18,7 19 19,3 18742

FC25-00 765677 4896373 Confined -5,5 -4 -0,9 -1,2 7201 0,08 0,09 0,04 0,08 80
FC27-00 759064 | 4897716 Confined 6,9 9,4 122 | 108 12103 190
FC28-02 756529 4892579 Confined 16864 0,07 0,07 0,05 0,07 30
FC41-00 762976 4897161 Confined 52 7,2 10 6,5 9008 75
FC43-00 772727 | 4894282 Confined 3306 0,79 0,9 0,82 145
FC50-02 745193 4901314 Confined -7,9 -4,7 1,9 2,8 23559 0,06 0,07 230
FC51-01 745296 4904972 Confined 22498 0,07 0,07 0,07 280
FC52-00 754245 4901885 Confined 12,2 11,9 11,8 14.771 0,32 0,5 0,46

FC53-00 749482 4897978 Confined 19 21,6 21 21,3 20663

FC56-00 760890 4901578 Confined 8773 0,06 0,06 0,17 0,05 270
FC57-03 765900 4890320 Confined 18,4 15,5 10917 0,16 0,05 30
FC58-01 776391 4888819 Confined 4187 0,05 0,05 0,15 0,05 155
FC70-00 775377 4889943 Confined 2 8,1 11 10,5 4285 135
FC70-01 775555 4889980 Confined 4038 0,07 0,07 0,06 0,07 150
FC71-00 741252 4901195 Confined 17,2 17,9 20,1 20,8 27349 210
FC73-00 744301 4897221 Confined 15 17,8 19,6 23,5 25659

FC77-00 751113 4901473 Confined 15,8 16,2 17 14,4 17809

FC78-01 771623 4889715 Confined 71730 0,1 0,15 0,1 0,14 75
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Geographical )
Monitorin coordinates Croundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: W Aquifer
well g EJ??(GS?;BSZZN S conductivity (m) shore thickness
(m/day) (m) (m)
X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015

FC79-01 752692 4896108 Confined 18550 0,59 0,59 0,05 0,65

FC80-01 757380 4895857 Confined -1,5 14492 0,06 0,66 190
FC81-03 770077 4900261 Confined 12,4 1346 0,08 0,06 0,02 0,06 180
FC83-00 744569 4898758 Confined 4,4 24935 0,06 0,05 0,08 0,06

FC83-01 744603 4898725 Confined 28842

FC85-00 747675 4896484 Confined 19,3 19,7 20,4 20,6 22904

FC86-00 738934 4903088 Confined 58,835 10,7 14 15,7 17,9 29069 0,1 0,1 0,07 0,12 75
FC89-00 745925 4893453 Confined 38,5 38,8 38,8 39 25709 0,12 0,11 0,02 0,1

FC90-00 757882 4893250 Confined -0,3 3,4 7,7 13,5 15389 0,11 0,06 0,02 0,03 50
FC91-00 764203 4899837 Confined 6529 0,05 0,04 0,13 0,04 130
FC92-00 760325 4896103 Confined 11787 0,05 0,05 0,05 0,05 95
FC93-00 746304 4901831 Confined -4 -3,4 -2 -0,2 22268 0,08 0,08 0,16 0,08
FC-F04-00 750030 4899225 Confined 22,2 22,8 23,9 23,3 19620 0,08 0,08 0,04 0,06
FC-F06-00 759933 | 4896258 Confined 22,8 234 | 241 | 233 12021 0,1 012 | 005 | 0,09 170
FC-F07-00 771211 4889465 Confined 18 18,5 19,9 20 7626 0,07 0,07 0,07 0,04 65
RN02-00 797566 4874609 Confined 50,5 -15,6 0,7 -7,2 1226 50
RN03-00 777283 | 4881282 Confined 17,1 425 | 334 8883 30
RN04-00 784553 4884990 Confined -3,9 6,5 6,4 1668 165
RNO05-00 780345 4885373 Confined -14,3 10,6 7,2 3771 175
RN06-00 798105 4874950 Confined 50,5 -10,3 2,4 -4,4 636 50
RNO08-01 777954 4892011 Confined -14,4 950 0,04 0,04 0,04 0,04 180
RN21-02 779194 4882616 Confined 10,9 18,8 22,9 20,9 6586 0,16 0,12 0,07 0,08 65
RN29-00 777722 4887408 Confined 51 9,5 11,6 11,5 4188 0,04 0,04 0,04 0,04 55
RN30-00 781291 4887309 Confined 1,7 4,5 6,6 6,2 1783 0,05 0,06 0,05 0,06 155
RN31-01 783994 4885076 Confined -0,8 4,3 4,7 5,2 1816 0,11 0,08 0,07 0,06 140
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Geographical ) o
Monitorin coordinates Croundwater Hydraulic Groundwater level 21)5:;2}(;2 Ratio: W Aquifer
well g EJ??(GS?;BSZZN S conductivity (m) shore thickness
(m/day) (m) (m)
X-UTM Y-UTM 2010/12 2013 2014 2015 2010/12 2013 2014 2015
RN33-00 777584 4884052 Confined 6631 0,03 0,03 0,03 0,03 100
RN33-01 776419 4884064 Confined 26,6 28,8 26,2 7396 0,13 0,05 0,04 0,03
RN34-00 785354 4884462 Confined -2 0,8 1,8 2,4 1979 0,12 0,07 0,08 0,06 170
RN36-00 794961 4876586 Confined 50,5 -4,1 0,6 -1,4 -1,3 925 0,15 0,13 0,11 0,12 40
RN38-01 798396 | 4872593 Confined 7,6 14 154 | 154 2851 0,15 012 | 012 | o011 25
RN59-00 778854 4890670 Confined -1,2 1,2 51 5.2 1130 0,05 0,05 0,05 0,05 150
RN60-01 778815 4885449 Confined -1,4 4 6,5 53 4722 0,04 0,04 0,03 0,04 110
RN61-00 784243 4886555 Confined 415 0,06 0,05 0,05 0,05 220
RN62-00 800113 4873916 Confined 2,7 5,8 7 6,9 1154 0,15 0,15 0,14 0,14 45
RN63-01 786274 | 4881805 Confined 10,5 12,6 12 12 3118 95
RN66-00 792434 4877742 Confined 9,6 10,3 10,4 10,6 1599
RN67-00 798091 4874982 Confined 50,5 -11,6 -5,3 -0,7 2,5 659 0,59 0,68 0,63 0,64 50
RN68-00 797093 4875432 Confined 50,5 -13,6 -2 -3,2 -2,7 668 0,24 0,16 0,1 0,09 40
RN70-00 796986 4873830 Confined 12 12,6 13,5 12,5 2103
RN71-00 780313 4886907 Confined -4,2 -1,1 0,7 2684 0,05 0,04 0,04 0,04 115
RN72-00 781199 4884985 Confined -3,2 3,6 57 6 3542 0,09 0,1 0,1 0,1 140
RN73-00 782375 4885516 Confined 52,31 -0,5 2,3 4,2 4,3 2321 0,06 0,04 0,03 0,03 145
RN74-00 780624 4889890 Confined -0,3 2 2 2 366 0,06 0,05 0,05 0,05 120
RN76-00 793995 | 4870706 Confined 70,3 71,2 | 697 | 712 6287 0,16 018 | 0,15 10
RN-F01-00 781166 4889206 Confined 56,5 0,3 1,5 1 0,6 491 0,07 0,05 0,06 0,05 175
RN-F02-00 786461 4881183 Confined 12,9 13,3 13,3 13,2 3365 0,11 0,06 0,09 0,08 45
RN-F03-00 795537 4876404 Confined 50,5 -0,4 2 1,7 1,6 730 0,12 0,12 0,11 0,14 40
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