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Abstract. We investigate seawater intrusion in three promi- 1 Introduction

nent Mediterranean aquifers that are subject to intensive ex-

ploitation and modified hydrologic regimes by human ac-

tivities: the Nile Delta, Israel Coastal and Cyprus Akrotiri The generally slow rate of water movement and storage are
aquifers. Using a generalized analytical sharp interfacgnnate advantages of groundwater resources in terms of re-
model, we review the salinization history and current statussilience to climate variations and relative to surface water re-
of these aquifers, and quantify their resilience/vulnerability Sources. Groundwater is often of potable quality, and thus
to current and future seawater intrusion forcings. We iden-does not require expensive treatment, permitting scaled de-
tify two different critical limits of seawater intrusion under Velopment upon demand and use of infrastructure that is
groundwater exploitation and/or climatic stress: a limit of Normally of lower cost than that of surface water supplies
well intrusion at which intruded seawater reaches key lo- (Taylor et al., 2009). However, aquifers in general and espe-
cations of groundwater pumping, antéigping pointof com- cially coastal aquifers are often exploited so intensively that
plete seawater intrusioap to the prevailing groundwater di- their natural hydrological regime is strongly disturbed and
vide of a coastal aquifer. Either limit can be reached, and ul-may be thrown out of balance (Custodio, 2010). In particu-
timately crossed, under intensive aquifer exploitation and/or@r, changes of seawater intrusion are highly non-linear and
climate-driven change. We show that seawater intrusion vul-€xhibitimportant thresholds, or tipping points, beyond which
nerability for different aquifer cases can be directly com- full seawater intrusion into a coastal aquifer may occur in re-
pared in terms of normalized intrusigerformance curves ~ SPonse to even small sea level and/or groundwater manage-
The site-specific assessments show that (a) the intruding sef2€nt changes (Mazi et al., 2013). The possibility of such ac-
water currently seriously threatens the Nile Delta aquifer,celeration into full seawater intrusion is a major concern for
(b) in the Israel Coastal aquifer the sharp interface toe apIhe resilience and sustainability of coastal populations that
proaches the well location and (c) the Cyprus Akrotiri aquifer depend on groundwater for their water supply.

is currently somewhat less threatened by increased seawater Séveral aquifers along the densely populated Mediter-
intrusion. ranean coasts are already suffering seawater intrusion. Accel-

eration of this phenomenon could also be particularly large
here, because the Mediterranean region, and especially its
semi-arid areas, is likely to be seriously affected by decline
in water resources (Kundzewicz and D6ll, 2009). Human
vulnerability to the decrease of renewable groundwater re-
sources induced by climate change, as projected by climate

Published by Copernicus Publications on behalf of the European Geosciences Union.



1664 K. Mazi et al.: Intensively exploited Mediterranean aquifers

I
EASTERN
MEDITERRANEAN

3
¢
§
<
4
H
{
- oy
L g a2 NI
5 I8
(. _JERUSALEM §, =

Fig. 1. The locations of the aquifers under study in the southeasternw ard (@)
Mediterranean (1) Nile Delta aquifer, (2) Israel Coastal aquifer, and
(3) Cyprus Akrotiri aquifer (adapted frohttp://www.emersonkent.

com/map_archive/eastern_mediterranear).htm

Fig. 2. Mediterranean aquifers and selected cross sections (red
lines). (a) Nile Delta aquifer: (1) middle Nile Delta and (2) east
Nile Delta (adapted from Sherif, 1999)) Israel Coastal aquifer,
light grey area (left) (adapted from Yechieli and Sivan, 2011); and

models up to 2055, is expected to be higher for the North(C) CyPrus Akrotiri aquifer.
African rim of the Mediterranean (Doll, 2009).

In this paper, we study th_ree coastal aquifers in the_ south-2 Materials and methods
eastern Mediterranean region that are already suffering sea-
water intrusion, with the aim to determine how close thesezl1 Site descriptions

aquifers are to reaching critical seawater intrusion extents in

relation to different possible groundwater pumping locations|n this section we summarize the physical characteristics of
(Koussis et al., 2010a, b) and/or to tipping points for COM-he three regional coastal aquifers (Fig. 1) and present the
plete seawater intrusion in the aquifer (Mazi et al., 2013).manner of their exploitation and the resulting current and
The studied aquifers (Fig. 1) are (1) that underlying the Nile yossiple future development conditions.
Delta (the Nile Delta aquifer, referred to as NDA), which is of
profound importance to Egypt; (2) the Israel Coastal aquifer2.1.1  The Nile Delta aquifer (NDA)
(ICA), which is considered to be the most important fresh-
water source in Israel; and (3) the Cyprus Akrotiri aquifer The Nile Delta area (22 000 kinis among the largest deltas
(CAA), which is a major source of potable and irrigation wa- in the world. This area is important as the outflow area of one
ter in Cyprus. These aquifers have been subject to extensivef the largest rivers of the world, and because it concentrates
exploitation and modified hydrologic regime by human ac- 45 % of the total population, 45 % of the arable land, 50 % of
tivities and constructions (e.g., dams), and are located in @he industrial production, 40 % of the agricultural production
sensitive region of the world, both in climatic and political and 60 % of the fish catch in Egypt (Mikhailova, 2001).
respects. The Nile Delta has its apex near Cairo, approximately
We here review the salinization history and current status200 km from the Mediterranean Sea, and its base at the
of these aquifers, and quantify their resilience/vulnerability Mediterranean coastline extending from Alexandria to Port
to current and future exploitation schemes, in terms of pump-Said, a distance of about 240km (Fig. 2a). The area of the
ing location and rate of extraction, and/or hydroclimatically Nile Delta is bounded to the east by the Ismailiya and the
changed recharge conditions, in view of their respective tip-Suez canals, to the west by the El Nubariya Canal, and to
ping points and other critical extents of seawater intrusion. the north by the Mediterranean Sea. The Damietta branch of
the Nile, flowing to the northeast, and the Rosetta branch,
flowing to the northwest, divide the NDA into a middle, an
eastern, and a western part.
The average annual rainfall in the Nile Delta ranges from
180 mm at the coast to ca. 26 mm in the Cairo area, oc-
curring mostly in the winter (Sherif and Singh, 1999). The
alluvial NDA underlies the delta plain and accounts for
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freshwater resources exceeding 40GKMikhailova, 2001).  ral recharge is about one-third to one-half of the precipitation
The aquifer is recharged by infiltration from a network of ir- (Aberbach and Sellinger, 1967).
rigation conduits, from excess irrigation water and limited The chlorinity of groundwater in the aquifer did not ex-
precipitation, and by flows from the Nile Valley aquifer. The ceed 100 mgLt! CI~ during the 1930s (Kass et al., 2005).
main aquifer consists of unconsolidated coarse sands an8ince then, however, the aquifer has been under extensive
gravels (with occasional clay lenses), having an estimateexploitation, and during the 1960s groundwater withdrawal
porosity varying between 25 and 40 % and thinning towardswas up to 400« 10® m3yr—1 (or twice the natural recharge
the east and west sides of the delta. The near-surface def the aquifer); in 1962, about 48010° m3yr—1 of ground-
posits change in the seaward direction into impervious claysvater was extracted from the aquifer (Aberbach and Sell-
and silt. The aquifer is mostly unconfined, but it is consid- inger, 1967). In some locations, over-exploitation of ground-
ered leaky and partially semi-confined close to the sea. Thavater has caused the water level to drop by 15-20 m and sea-
aquifer base is a clay aquiclude that is inclined towards thewater to intrude 2.5 km from the coast (Aberbach and Sell-
north with a slope of 0.3-0.4%. The aquifer depth at theinger, 1967). Assouline and Shavit (2004) report monitoring
Mediterranean coast increases from west to east from ca. 608ata for groundwater quality that indicate a steadily increas-
to ca. 1000 m, near Cairo it is about 200 m and at its apexng mean salinity; in 2004, groundwater salinity was around
drops to under 100 m (Sherif, 1999; Sherif and Singh, 1999)200 ppm Cf and according to some predictions may reach
Groundwater flows from the apex of the delta to the sea300 ppm Ct by 2020.
in a roughly radial pattern (in plan view) and its quality = Permissible groundwater withdrawal from the aquifer
deteriorates towards the north mainly as a result of seawas proposed to be 26010° m3yr—1 (Aberbach and Sell-
water intrusion due to over-pumping, but also due to leak-inger, 1967), but Melloul and Zeitoun (1999, p. 547) re-
age of domestic wastewater (septic tanks), discharges gborted that in 1997 the Israel Hydrological Service rec-
untreated industrial wastewater (from industries located inommended 28& 10°m3yr—1. After 1990, withdrawals
the greater Cairo area) and fertilizers used in agricultureof 275-300x 10° m3yr—1 (Assouline and Shavit, 2004)
The piezometric head field in the aquifer fluctuates mildly and up to 350-40& 10°m3yr—1 (Melloul and Zeitoun,
(£1m) in an annual cycle (Kashef, 1983). A total volume 1999) were reported. Today’s average pumping is about
of about 2.4km (Mikhailova, 2001) is extracted annually 240x 10° m3yr—! (derived from data reported by Yechieli
from the aquifer for all uses. An accurate balance for the Nileet al., 2010).
Delta cannot be calculated, due to unreliable or missing data To enhance the water balance of the aquifer, Israel prac-
(Mikhailova, 2001), and only a few components can be es-tices artificial recharge, mostly in the winter, through wells
timated with some certainty. Sherif et al. (2012) report that,and spreading grounds, with water conveyed annually by the
today, seawater intrusion has reached 100 km from the coasNational Water Carrier (NWC) from the Lake of Galilee
(earlier also floodwater). Water brought by the NWC in
2.1.2 The Israel Coastal aquifer (ICA) 1973 was reported to be 8010°m3yr—! (Sellinger and
Aberbach, 1973), corresponding to 40 mmYyron aver-
The ICA (Fig. 2b) is considered the most important fresh-age over the whole aquifer area; other reports estimate
water source among Israel’s major water reservoirs (the nexthis contribution to be 100-15010° m3yr—1 (Melloul and
two are the Lake of Galilee and the Mountain aquifer), cov- Zeitoun, 1999), corresponding to 50-80 mm¥r Further-
ering an area of 1900 kimwith a length of 126 km and an more, 300x 10® m®yr—! of water is conveyed annually by
average width of 15 km (Assouline and Shavit, 2004). We re-the NWC for desalination and injection in ICA. After the
fer the reader to the description of the ICA by Yechieli et 1990s, 35« 10° m3yr—1 are artificially recharged (Assouline
al. (2010), here only outlining its major characteristics. Theand Shavit, 2004) while natural recharge is calculated to be
ICA slopes seaward at an inclination of 0.01 (1% slope), its275-300x 10° m3yr—1 (Sellinger and Aberbach, 1973), or
thickness reaches 200 m at the coast, diminishing to a fev200 mmyr? (Yechieli et al., 2010).
meters at its land-boundary to the east. The aquifer belongs
to the Kurkar Group, consisting of inter-layered sandstone2.1.3  The Cyprus Akrotiri aquifer (CAA)
calcareous sandstone, siltstone and red loam, alternating with

continental and marine clays that overlie impervious marine! "€ CAA (Fig. 2c) extends over 40 Knin the southern edge

clays of the Sagiye Group of the Pliocene age. To a disOf the Akrotiri Basin (78 kr), which forms the southern-
tance of 5-8km east of the shoreline, clay inter-layers subMOSt peninsula of Cyprus. The Akrotiri Basin has a smooth

divide the aquifer into four sub-aquifers, the upper ones ofand hilly relief, with average altitude over 200 m a.m.s_.l. in
which are unconfined, while certain of the lower ones arethe northern part of the basin. The Salt Lake, located in the

confined. The general flow direction in the aquifer is from Middle of the peninsula, is a topographic low, with mean wa-

the east towards the Mediterranean Sea to the west. The al€l level below sea level, receiving drainage from the Akrotiri

erage annual precipitation ranges from 550 mmiyin the ~ Basin (Mazi, 2000).
north, to 300 mmyr! in the south, while the infiltrated natu-
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The Akrotiri Basin and aquifer geology, hydrological bud- neighboring freshwater sources, have all been altered by hu-
get, and water management scenarios and conditions hawean activities during the last 50 years, in the NDA through
been studied extensively by Mazi (2000), Koussis (2001),the Assuan Dams, in the CAA through the Kouris Dam, and
Mazi et al. (20044, b), and Koussis et al. (2010b, 2012). Thdan the ICA and CAA also through artificial recharge. All three
alluvial aquifer consists of river deposits, gravels with layersare further unconfined sloping aquifers, from which large
of marls, and sands with boulders interbedded with lenses ofjuantities of fresh groundwater are extracted annually. In the
silts and clays. The impermeable base of the aquifer (alterNDA, groundwater pumping is distributed over the area of
nating marls, chalks, chalky marls and marly chalks) slopeghe whole delta; for the ICA and the CAA, more concentrated
towards the south at about 1.7 % and the saturated aquifggumping zones can be identified.
thickness ranges from 10 m (water table at 50 m a.m.s.l.) at Among the three aquifers, the NDA area is the largest
its northern edge to more than 100 m near the salt lake in th€22 000 kn?), its depth exposure to the sea is greatest
south. The mean annual precipitation (1968—2000) over th¢1000 m), the inclination of its base is lowest (0.3-0.4 %)
basin ranges from over 500 mm at its northern end to 420 mnand it is much more permeable (mean hydraulic conductiv-
near the salt lake. ity K ~100md1) than the other two. The intruding seawa-

Originally, the CAA was replenished by rainfall, leakage ter front has here advanced many tens of kilometers inland
from the Kouris River in the adjacent basin, inflows from from the coast in the last 50 years, and this movement has
its northern boundary and return irrigation flows. The clo- accelerated in the last 20 years, reaching today a distance of
sure of the Kouris Dam in 1988 caused a 66 % decrease in- 100 km from the coast. Another important difference from
the replenishment of the aquifer by Kouris flows (Balashathe other two aquifers is the absence of a serious attempt to
and Phedonos, 1992). In response to declining groundwamanage the NDA, which is in contrast to the importance of
ter levels and attendant seawater intrusion in the aquifer, théhis aquifer for the regional water supply; the lack of man-
Water Development Department of the Republic of Cyprusagement is also manifested in the absence of credible data
initiated artificial recharge. Artificial recharge was applied for calculation of an overall water balance for NDA.
to spreading grounds and ponds in the main aquifer area, For direct aquifer comparison, the ICA area is about
when water from external sources was available. Nowadays] 900 kn?, its depth exposure to the sea is about 200 m, the
the CAA is replenished by various supplementary sourcesinclination of its base is 1 % and its mean hydraulic conduc-
releases from the Kouris Dam and Kouris reservoir lossestivity K =30md-1. The aquifer is recharged by precipita-
and artificial recharge (effluents from Limassol’'s wastewatertion and artificial recharge applied through wells and spread-
treatment plant and water from the Garyllis and Yermaso-ing grounds. No inflows occur through the land-boundary.
gia reservoirs, located outside the Akrotiri Basin). Almost no An extensive monitoring network is in place and measure-
artificial recharge took place during the drought years 1998ments indicate that the seawater front reaches today up to
and 1999, however, and groundwater pumping from the CAA2.5 km from the coast. Several studies have been performed
was then also reduced, falling to ¥010° m3yr—1 in 2000  to estimate the permissible withdrawal from the ICA.

(Mazi et al., 2004), well below the 14:610° m3yr—1 mean Furthermore, the CAA is relatively small (40 K its
annual extraction rate during the period 1967-1977 (Jacoexposure to the sea is 50 m, the inclination of its base is
vides et al., 1982). The data of Mazi et al. (2004) are fairly 1.7% and its mean hydraulic conductivi#y =28 md-1.
compatible with those used by Milnes (2011) to assess th&he aquifer is recharged by precipitation and by freshwa-
salinization risk of the Akrotiri aquifer. ter inflows from its northern boundary, as well as by arti-

Our study focuses on the area of Zakaki, west of Limassofficial recharge. In CAA there is an established network for
(the second largest city of Cyprus). During past dry years,monitoring the groundwater level and quality.
groundwater from this eastern part of the CAA was used as
an additional potable water source, with groundwater salin-
ity at 500 m from the coast reaching several thousand ppm o8 Methodology
total dissolved solids (TDS) in the early 1990s. As a conse-
quence, after 1997, groundwater withdrawals were reduced.1 Modeling approach
by 25 %, to counteract deterioration of groundwater quality,
with salinity then stabilizing at 1000 ppm TDS in boreholes This study focuses on a first-order vulnerability assessment

at about 1000 m from the coast. of seawater intrusion in the three studied aquifers. These
aquifers have also been studied previously by several scien-
2.2 Aquifer similarities and differences tists using variable-density models such as 2D-FED: NDA

(Sherif and Singh, 1999), FEFLOW: NDA (Sherif et al.,
The aquifers studied here are all important freshwater2012), ICA (Yechieli et al., 2010), SUTRA: CAA (Prieto,
sources for the local populations and for the sustainability2005; Prieto et al., 2006). However, the present study is
and prosperity of their economies. The natural regimes ofthe first that addresses their vulnerability in direct relation
the aquifers, replenishment from rainfall, and inflows from to the high non-linearity of the seawater intrusion process
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with associated tipping points for complete aquifer intru- tic manner. To compare our results to those obtained with
sion (Mazi et al., 2013), in conjunction with consideration variable-density models, we assigned to the sharp interface
of critical seawater intrusion to different possible ground- the 50 % salinity line (17500 ppm) of the transition zone,
water pumping locations (Koussis et al., 2010a, b), andas suggested by Reilly and Goodman (1987) and generally
comparatively so across the different aquifers. adopted. With the use of this generalized model and ap-
Present-day personal computers are capable of solvingroach, Koussis et al. (2012) have identified important cri-
the coupled non-linear equations governing variable-densityteria useful in the management of an aquifer, and Mazi et
flow and transport. Indeed, this is often done for specifical. (2013) have shown the aquifer's highly non-linear re-
studies at particular sites, like those of the present aquifesponse to seawater intrusion and associated tipping points
cases. However, the high computational demands of detailethat should not be crossed in order to avoid rapid loss of
simulations are an obstacle, and the usefulness of such sincontrol and complete seawater intrusion.
ulations has also been questioned on the grounds that their The model considers an inclined (ginunconfined homo-
results often lack reliability due to the common paucity of geneous aquifer with deptHsea at the coast, with length
data for adequately characterizing the detailed hydrogeology. and hydraulic conductivityk. The aquifer is further
(hydraulic parameters) and concentration field (Sanford andecharged uniformly at rate, in addition to receiving an
Pope, 2010), and particularly the aquifer's dispersive prop-inflow, g, (for prescribed-flux boundary condition, FB), or
erties. In addition, the boundary conditions and hydrologichaving a constant-head boundaty,, that determines in-
forcing (recharge and pumping) are often not sufficiently flow through its land boundary (for prescribed-head bound-
known over time. Thus, in the absence of credible data, theary condition, HB). Furthermore, in the case of inland FB
benefits of using detailed and complex numerical variable-condition, the model solution can account for groundwater
density models are undermined by the guesswork (or nonpumping in a collector trough (line sink, or well gallery),
unique fitting) and simplifications needed for the estimationat a distinct distancé, from the coastline, that penetrates
of multiple aquifer parameters and their variability in space the aquifer completely and draws groundwater at thegiate
and time. In the case of inland HB condition, distributed groundwa-
In comparison, analytical solutions of steady-state sharpter pumping can be accounted for by reducing the recharge
interface flow of one flowing fluid are evaluated with effi- rater with the pumped groundwater amount. Both types of
ciency and are suitable tools for screening-level, regional-boundary condition and their respective solutions enable cal-
scale assessments of coastal aquifer vulnerability to seaculation of the location of the seawater intrusion interface
water intrusion. They are also useful for screening the im-toe, I1, and the important (Destouni et al., 2008) but hard
pact of various groundwater pumping alternatives in manageto determine in the field (Prieto and Destouni, 2011) subma-
ment scenarios (Koussis et al., 2012; Mantoglou, 2003). Af-rine dischargegsp. See further Fig. A1 in Appendix A for
ter developing a sound conceptual model, properly schemamore details on all key parameters, boundary conditions and
tizing aquifer geometry, and carefully estimating dominant solutions discussed here.
hydraulic parameters and forcing quantities, analytical so-
lutions can be used for systematic analyses, elucidating th8.2 Analysis approach
way in which various physical and management parameters
impact the seawater intrusion behavior of coastal aquifersfFor the present analysis of aquifer cases with inland FB
and determining likely intrusion responses to various forc-condition, and with a distinct groundwater pumping lo-
ing conditions (Werner and Simmons, 2009; Ferguson anctation, ly, and pumping rateyy,, we introduce the term
Gleason, 2012; Mazi et al., 2013). gnorm=—(go +qw)/(KL), which is the normalized remaining
From this perspective, we use here the generalized anagroundwater flow frond > 1,y after the pumping of, where
lytical model of Koussis et al. (2012) (see Appendix A for go=—r(L— ly) *+gp is the total groundwater flow from the
the mathematical details) for steady interface flow in slop-area between the land boundary and the pumping locgfion
ing phreatic aquifers, recently enhanced to allow for a gap in(and with gp, go and all other groundwater flow terms de-
the sharp interface, through which submarine groundwatefined as negative in the seaward direction). We note that, due
discharges (Koussis et al., 2014). That enhanced model rdo considering a vertical plane (see Appendix A), all flows
tains the simplicity of classical Dupuit-type sharp-interface are per unit width perpendicular to the aquifer plane (or par-
solutions, which however ignore that gap, assuming outflowallel to the coastline), i.e., the flow units aré m~1 per unit
through an idealized singular point. The solution of Koussistime (day or year). In order to make calculation results for
et al. (2012) accounts for the generally present and usuallylifferent such case studies directly comparable with each
hydraulically significant aquifer slope that has previously other, they are shown and discussed in the following sec-
been ignored in analytical sharp-interface solutions of seation in terms of the normalized position of the sharp interface
water intrusion (e.g., Strack, 1976). This discharge-potentiatoe, /T/L, as a function ofjnorm. For the analysis of aquifer
model approximates the gravity-driven flow component andcases with inland HB condition, and distributed groundwa-
represents the aquifer geometry in a schematized yet realiger pumping, resultingr/L is instead shown as a function of
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the consistently normalized submarine dischaygg/(KL),
with gsp=gp — L +qw =gp—rnL, Wherern = (r + gw/L) is
apparent net aquifer recharge after distributed pumping of
groundwater at ratgy. The resulting curves df/L versus netrecharge=10mmiy | L bbb b
qsp/(KL) or gnorm are then referred to as thgerformance . Y
curvesof seawater intrusion (Koussis et al., 2012). edteranean

For each case study, we have further selected for the anal-
ysis typical cross sections that are parallel to the groundwater
flow in the different aquifers. For the NDA, where the flow
is radial, we have selected two such cross sections, one along
the middle Nile Delta aquifer (mMNDA), in the north—south 1
direction, and one in the east Nile Delta aquifer (eNDA), N
following a northeast direction (Fig. 2a). For ICA, the cross | /
section has an east-west orientation (Fig. 2b), while in CAA
the orientation is northwest to southeast (Fig. 2c). Parame- . " 0 0 0 1 1 L 1 L
ters used in the cross-section modeling of each case study
are summarized in Table 1, and the cross-section conceptu-
alizations are shown in Fig. 3 (a, b for NDA, c for ICA, d for
CAA).

For the NDA, the lengths of the two cross sections are
as follows: the mNDA section has a length of 175km and
the eNDA section has a length of 180 km (Fig. 3a, b). Using
the surface of the Mediterranean Sea as datum, the piezo-
metric head at the inland boundary is at 14 m for both sec- ,
tions. The hydraulic conductivities of the two sections were
found by interpolating the curves in Fig. 7a, b of Sherif et recharge = 240 mmfyr |
al. (2012); for the mNDA profile sectiok =100 md1, and
for the eNDA profile sectiork =120md1. The slope of
the aquifer base and the aquifer depth at the coast were de-
termined for the mNDA profile-section as 0.3 % and 740 m,
respectively, and for the eNDA profile-section as 0.4 % and
910 m, respectively (Fig. 3a, b).

In their recent paper, Sherif et al. (2012) performed sim-
ulations with FEFLOW for five horizontal layers (areal sec-
tions) of the NDA, reaching to a depth of 400 m; without depthat the
explicitly reporting the aquifer recharge, they report the sea- e
water intrusion to exceed 100 km (1000 ppm TDS) from the
coast. As no information is openly available for the NDA
recharge, and in order to use the latest published data on
the Nile Delta seawater intrusion, we have used the present
analytical model to calculate the likely current location of se2
the interface toely, by calibrating the net aquifer recharge,
rn, in the definition of submarine groundwater discharge
gsp. Through this calibration, the sharp interface toe for the

toe at 0.65 km
mNDA was positioned dtr = 100 km, according to the inter- %
section of the constant slope aquifer base with the 50 % salin- 9 depthat the
ity line of profile 1 in Fig. 10 of Sherif et al. (2012) (the 50 %
salinity line was interpolated from the 1000 and 35 000 ppmFig. 3. Schematized modeled cross sectigag:middle Nile Delta
lines in the salinity transition zone). The thus calibrated netaquifer, (b) east Nile Delta aquifer, (adapted respectively from
recharge value, was found to be about 10 mmy‘r, incor- Fig. 17.2 and 17.3 in Sherif, 1999)) Israel Coastal aquifer and
porating the aquifer recharge from all possible (natural andd) Cyprus Akrotiri aquifer. The model calculations assume for all
artificial) sources minus the known magnitude of groundwa-2quifers a vertical cliff coastal topography.
ter extractions from the mMNDA. Because the extraction lo-
cations are distributed in the NDA, there is no single rep-
resentative pumping locatios,, that we could use in the

K =100 m/d inland boundary

groundwater divide head =225 m

sharp interface

v T -

»
inland boundary
head =200 m

Mediterranean
Sea

K=120m/d groundwater divide

sharp interface

Mediterranean
Sea no-flow
inland
boundary

recharge =92 mm/yr  § ' I ' ' I | | ' |

pumping = 500 m/m/yr / B supmmet L L]

K=28m/d

sharp interface
pumping well at 1 km
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Table 1. Characteristics and parameters of the conceptual model sections (Fig. 3) of the three Mediterranean aquifers.

Nile Delta aquifer Israel Coastal Cyprus Akrotiri
aquifer aquifer
Middle section East section
Slope of impervious aquifer base, gin 0.003 0.004 0.01 0.017
Inland boundary constant head constant head no-flow boundary inflow
condition =14m =14m =549 mlyr1
Depth of flow (m) at inland boundary 225 200
Hydraulic conductivity,k (md=1) 100 120 30 28
Agquifer length,L (km) 175 180 20 3
Aquifer depth at the coasHsea(m) 740 910 200 50
Aquifer recharge rate, 10 10 240 92
r (mmyr1) (netrechargen) (netrechargen) (natural & artificial) (natural)
Pumping locationjy (km) distributed distributed 3 1
Water withdrawalsgy (m3 m—1yr—1) * * 3000 500
Sharp-interface toe calculatdg,(km) 98 116 2.6 0.65
Groundwater dividelg;, (km) 1435 153.6 20
Submarine dischargegp (m3m=1 day~1) 3.9 4.2 4.9 0.9
LI Hsea aquifer length to depth at the sea 237 198 100 60
Normalised difference between the densities of 1/40 1/40 1/40 1/40

sea- and freshwatek and p, respectivelys = (os—pf)/ pf

* Water withdrawals have been subtracted from the aquifer recharge rate, tagtie&tharge raten.

modeling and the illustration of resulting intrusion perfor- interface toe position at 2.6 km, in agreement with the intru-
mance curves for this aquifer case; performance curves fosion stated by Aberbach and Sellinger (1967). The complete
the NDA sections are therefore shown in termg1dl. as a  set of the parameters used for the ICA modeling is further
function of gsp/(KL). Table 1 further summarizes the mod- summarized in Table 1.
eling parameters for the NDA sections, withfor the eNDA For the CAA, the one-layer cross-sectional conceptual-
being assumed approximately equal to that calibrated for thézation is shown in Fig. 3d. The length of the aquifer is
mNDA based on results reported by Sherif et al. (2012). L =3000m, its hydraulic conductivitk =28 mday 1, the
For the distributed present pumping in the NDA cross sec-slope of the aquifer base is gig= 0.017, and the depth of the
tions, we then calculated first the interface toe posifipn seato the aquifer base at the coastlind4s,= 50 m; a repre-
for various exploitation conditions of the aquifer (at vari- sentative pumped collector trough is located,at 1000 m.
ous times in the past), assuming that the head at the inlan@onditions are typical of the eastern area of the unconfined
boundary remained unaltered (at today’s levels) at 14 m. Weaquifer in the Akrotiri peninsula, the Zakaki area bordering
also performed a sensitivity analysis of the combined ef-the city of Lemessos. The natural rechargeand the in-
fects of calculated net recharge changes from former to curflows through the aquifer’'s landside boundayy, were es-
rent pumping rates, in conjunction with possible groundwa-timated by Mazi et al. (2004) from the hydrological balance
ter head changes at the inland boundary. The latter could bef the Akrotiri Basin for the period 1972-1992 at the follow-
brought about by changing management conditions in théng mean values: =92 mmyr! andg, = —549 nf yr—1 (m?
Nile River valley aquifer, or, more generally, by a change per meter width). For the same period, Koussis et al. (2012)
in the apportionment of the Nile waters among neighboringtranslated the annual groundwater withdrawals in the Zakaki
countries, and/or by climate change. area of 2«< 10° md to the 2-D-equivalent pumping rate at a
For the ICA, our cross-section conceptualization is basedepresentative well gallery af,, =500 m? m~1yr—1 for use
approximately on the work of Yechieli et al. (2010), but con- in the profile model of the aquifer. The full parameter set
siders a 20 km-long cross section ending in a perfect cliff,used in the CAA modeling is further summarized in Table 1.
with an aquifer depth at the coastline of 200m, slope of For both the ICA and CAA cross sections, with their more
the impermeable aquifer base of 1%, hydraulic conductiv-well-defined average pumping locatioig, we have calcu-
ity K =30md! and no boundary inflows (Fig. 3c). The to- lated their respective intrusion performance curves in terms
tal aquifer recharge considered here is 240 mntymwith of IT/L as a function ofgnorm=—(go +qw)/(KL), in other
200 mmyr ! derived from natural recharge and 40mm¥r  words, the normalized remaining groundwater flow from
from artificial recharge. We further consider a pumping ratel > I, after the pumping of,. We further analyzed the ef-
of 285x 18 m3yr—1 (3000 m~1yr—1) through a fully  fects of different possible pumping locations on the intru-
penetrating trough at 3000 m from the coast. Our analyticalsion performance curves. The results of these calculations
modeling applied to current conditions yields then the sharp-are illustrated in Fig. 6 below.
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4 Results a hydraulic divide is formed at a locatidgy < L (the lo-
cation of the inland boundary). If a hydraulic divide ex-
4.1 Model result interpretation of critical intrusion ists in the aquifer and the net rechargedecreases (e.g.,
points due to increased distributed groundwater pumping), the sub-

marine groundwater discharggp will decrease and the
In the ICA and CAA cases with inland FB condition (pre- groundwater divide locatiody,, will move landward, such
scribed boundary inflowy,) and distinct pumping location that it may then reach the end of the aquifer, so thatL >
lw, the associated analytical solution allows for evaluatingl. This means that a tipping point of the typglgy =1
whether a hydraulic divide (maximum hydraulic head) is for complete aquifer intrusion will not be reached in this
formed at a locatiory;, between the well and the coastline, case. However, if the hydraulic head at the inland bound-
0 < lgiv < lw- The ratiolt/lgy, which expresses the relation ary decreases (e.g., due to groundwater pumping, or climate-
between the interface toe location and the divide locationdriven recharge decrease in the hydrological catchment up-
then depends on and is inversely proportional to the submagradient of the inland aquifer boundary), the divide location
rine dischargegsp=¢p — rL +qw. AS pumping increases, gy Will move seaward, allowing for the interface toe of sea-
gsp decreases ankl,, moves seawards, that is, decreases.water intrusion to possibly meet it, and the critical tipping

If a hydraulic divide is formed in the region9! < iy (i.e., point of IT/lgiy = 1 to be reached such that complete seawater
if lgiv/lw < 1) then the pumping will also draw groundwater intrusion occurs.
from the regionk,—lgiv) between the coast argl. A critical In both cases of possible inland boundary conditions (FB

tipping point of intruding seawater that is just on the verge and HB) there exists thus the possibility of reaching critical
of invading the whole coastal aquifer will be reached heretipping points of complete seawater intrusion in the coastal
if the interface toe reaches the groundwater divide (i.e., ifaquiferit/lgiy = 1. In the flux boundary (FB) case, with dis-
IT/l4iv = 1), as identified by Mazi et al. (2013). tinct pumping locatior,y, the other type of critical seawater
If no groundwater divide is formed between the coastlineintrusion point, in which the intruded wedge reaches the well
and the pumping location (i.e., ifiv/lw > 1) then the con-  gallery (i.e.,lT/ly = 1) may also occur. Which of the two
dition I1/l,, =1 constitutes another point of critical seawa- types of critical seawater intrusion points may be reached
ter intrusion. This condition means that the invading seawafirst, and thus be limiting for aquifer resilience to seawa-
ter reaches the distinct well locatioky, so that the well is  ter intrusion, depends on actual aquifer conditions and their
lost before the intruding seawater reaches the tipping pointhanges, as quantified further in the following section.
of complete aquifer intrusion. The critical intrusion point
It/ly =1 is reached if the total groundwater floyy=—r (L— 4.2 Aquifer-specific calculation results
lw) +gp from the area between the land boundary and the
pumping locationiy, is too small to counteract seawater According to our calculations, prior to the 1950s, when
intrusion toly. pumping from the NDA was negligible, the interface toe lo-
The pumping ofgy may further draw groundwater only cation was at 14 km in the mNDA and at 23 km in the eNDA.
from [ > Iy, or from both! >, and from the region Inthe 1990s (Sherif and Al-Rashed, 2001) the pumping from
0<!I<Ily. When the value of the normalized remaining the aquifer was 1.92 billion fyr—1 and, according to our
groundwater flow after pumpingnorm=—(go + qw)/(KL), is calculations, the toe moved then to 26 km in the mNDA and
positive, the pumped water is only from the region betweento 40 km in the eNDA. Increased pumping after the year 2000
the well and the land boundary; wheg,m is negative, some  to 2.4 billion n?yr—1 (Mikhailova, 2001) caused the inter-
of the pumped water is from the region between the well andface to move to its current position, that is, 100 km from the
the coastline. The flowyhorm Cannot become negative if a coast in mMNDA and 120 km from the coast in eNDA. The
divide is not formed in the region @/ <. If the pump-  strong non-linearity of the intrusion performance curves im-
ing location is moved further inland, the pumpinggaf may plies that the increased pumping has brought the NDA to a
draw water from both sides of the well gallery, such that a di- marginal situation (Fig. 4).
vide can form between the sea dpdf sufficient submarine More specifically, the submarine dischargesp
groundwater discharggsp=gn —r L+ qw remains after that is currently 4.2mm~lday ! for the eNDA, and
pumping. However, just moving a pumping well farther in- 3.9nP m—1day ! for the mNDA, with the associated
land does not by itself ensure that the well will not be invadedgroundwater divide and interface toe locations then being
by intruding seawater; such protection can only be achievedt ~ 154 km and 116 km, respectively, in the eNDA, and at
if a hydraulic divide indeed is formed between the well lo- ~ 143 km and 98 km, respectively, in the mNDA. Thus, the
cation and the coastline, and if the tipping pdiffigy =1 of ratio of the toe to the divide locatiobs/lgjy, Which is a key
complete aquifer invasion is not reached by the toe extendingparameter for aquifer resilience/vulnerability to seawater
to that divide. intrusion, is 0.755 for the eNDA and 0.684 for the mNDA,
In the case of the inland HB condition (prescribed headwhich explains the higher vulnerability of eNDA. As
at the boundary), the solution allows for evaluating whetherdecreases, the hydraulic divide will reach the end of the
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0.8

Table 2. Interface toe location, for different conditions of net
recharge rate and groundwater head at the inland boundary for the
Nile Delta aquifer sections.

0.7

0.9 ——Middle Nile Delta

0.6 —East Nile Delta
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%‘ o 000E+00  100E-07  2.00E-07  3.00E-07 A Net recharge in the 19505 rate (mm yl’_l) boundary (m) It (km) It (km)
s ’ Net recharge =0
§ 04 ;, Complete ‘gmmm 10 12.6 113.35 123.70
— Constant boundary head 14 98.01 116.04
E === Constant net recharge 154 9149 10937
g 02 100 12.6 22.56 35.88
$ 14 22.21 35.46

0 15.4 21.88 34.60
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Absolute value of normalized submarine discharge

. . . . Former conditions
Fig. 4. Seawater intrusion performance curves for the middle and 0.25

east Nile Delta aquifer cross sections. Symbols mark the calculate:
normalized intrusion toe positiotiy/L, as a function of the nor-
malized submarine groundwater dischaggg/(KL) under constant
boundary head conditions for present and past groundwater pumg.
ing and associated net recharge conditions (continuous lines in mai
graph and inset), for which the tipping point of full intrusion (open
squares) cannot be reached. The inset shows comparative resu
(dashed lines) for variable head conditions at the boundary unde
constant net recharge conditions at current levels, for which the tip- o1

ping point of full intrusion (open squares) can be reached. () 120E06 130E-06 140E06 1SOE-06 L60E06 170E-06 1.80E-06

=——Middle Nile Delta
—East Nile Delta

A Fresh water head -10%
O current fresh water head at 14 m
< Fresh water head +10%

0.225

0.2

0.175

0.15

0.125

Normalized position of the interface toe

Absolute value of normalized submarine discharge

aquifer, gy = L, for rp = 6.5mmyr1 in the eNDA and for
rn=5.7mmyr 1 in the mNDA. The ratiolt/lgy will then

be 0.69 and 0.64 in the eNDA and mNDA, respectively,
showing thatlg,y moves faster thahr under decreasing,.
Because of the landside HB condition, with piezometric
head at 14 m, the aquifer will not be completely invaded by
seawater even if net rechargg diminishes to zero; under
those conditiongr ~ 140 km in the eNDA andy ~ 131 km

in the mNDA (Eq. 2, Appendix A). In other words, even for

Current conditions
07 A —Middle Nile Delta
—East Nile Delta
A Fresh water head -10%
O Current fresh water head at 14 m
< Fresh water head +10%

0.65

0.6

0.55

Normalized position of the interface toe

rn = 0, the interface toé; cannot here intrude to the inland os ¢
boundary atl. = 180km in the eNDA and. = 175km in (b) LSOE-07 175607 200E-07 225607 250607 2.75€07 3.00E-07
the mNDA, if the prescribed hydraulic head and the Implled Absolute value of normalized submarine discharge

inflow there are sustained at current levels (Fig. 4). However,

if water management practices and/or climate change in thg fs'tSNﬁsaI;"eal::r;:ﬁﬁ;'rozrg::c!gigﬁz ‘;g:vgi?f ::;::Zg:]dndﬁl:g
hydrological catchment upstream of inland aquifer boundaryhead conditions at the inland boundary. Normalized intrusion toe

de_creased the hydraulic head _at th?t boundary, the tlppln%osition,lT/L, is shown as a function of the normalized subma-

pointit/lgy = 1 of full seawater intrusion could be reached, (ine groundwater discharggsp/(KL) for (a) former values of net

even if the net recharge were maintained at current Ievel$echarge and associatggp/KL (range of highesp/(KL) values

(inset, Fig. 4). in the x axis scale), angb) current values of net recharge and as-
The sensitivity analysis of the combined effect of rechargesociatedgsp/(KL) (range of lowergsp/(KL) values in thex axis

and boundary head change for the eNDA and mNDAscale).

shows that, if net aquifer recharge and associated subma-

rine groundwater discharggsp had remained at their for-

mer greater values, the head at the inland boundary would-860 m to+420m in the eNDA section (Fig. 5a and Ta-

not play such a big role for the vulnerability of the aquifer ble 2). However, under current conditions of net recharge

to seawater intrusion. Specifically, a changexd % inthe  limited to about 10 mmyrt, a +10% head change causes

boundary head would only cause the interface toe to flucthe interface to retreat by 6.5km in both sections, while

tuate by+350 m at the most in the mNDA section and by a —10% head change causes the interface to advance by
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05 | Normalized well location If the tipping point conditiorit/lgiyy = 1 is the limiting one,
- th Fig. 6 shows also the corresponding valuédk, < 1. If the
04 DO A well intrusion conditiorit/ly, = 1 is instead limiting, the per-
remlisdnelleuen o <= Current pumping rate formance curves are continued (simulating the condition of
o2 : ® wellintrusion pumping seawater) as dotted lines from that limiting point

O complete intrusion

until the tipping point of complete seawater intrusion in the

e aquifer.
\ For current pumping rates (corresponding to the
E gnorm=—(qo + qw)/(KL) value of the red dashed

lines, Fig. 6; with g, =3000n¥m~1yr-1 in ICA and

Normalized position of interface toe

v 0 H
-4.00E-06 -2.00E-06 0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06

o Normaized remaining g tow from the pumping location gw =500 m~1yr-1 in CAA) and pumping locations
(black curves;lw/L =0.15 (w =3km) in ICA, Fig. 6a;
o7 Normalized well location Iw/L = 0.33 (ly = 1 km) in CAA, Fig. 6b), the well intrusion
R R condition i1/l = 1 (black filled circle) is the limiting one
ormalized wellocaten | — 0w l more nfand for both aquifers. The ICA (Fig. 6a) is then closer to that

0.5 1

=777 Current pumping rate limit than the CAA (Fig. 6b). Increasing the pumping
;Z“L‘ _ rate gy at the same well location will decreag@orm =
e —(go+ qw)/(KL) and move the aquifer closer toward the
well intrusion limit/t/ly = 1 (along the black curves, Fig. 6).
The risk of crossing that limit can be reduced by moving the

0.3

0.2

Normalized position of interface toe

01 pumping location further inland (shifting from the black to,
.| : e.g., the green or blue curves, Fig. 6) but the tipping point of
-4.00E-06 -2.00E-06 0.00E+00 2.00E-06 4.00E-06 6.00E-06 8.00E-06 Complete a.qulfer IntrUSIOﬂ]'/ldN: 1 (Open Square SymbOl,

(b) Normalized ining g| flow from the ing location

Fig. 6) may then become the limiting condition instead of
Fig. 6. Seawater intrusion performance curves for different normal-the well intrusion limit. Table 3 summarizes for the different
ized locations of the well gallery i) the Israel Coastal aquifer Well location choices illustrated in Fig. 6 the highest possible
(ICA) and (b) the Cyprus Akrotiri aquifer (CAA). Normalized in- groundwater pumping rateg)max (and other associated
trusion toe position/t/L, is shown as a function of the normal- variable values), until a critical seawater intrusion limit is
ized remaining groundwater floghorm = —(go + gqw)/(KL) from crossed.
the normalized pumping locatig@/L; gnorm> 0 when pumping is In the ICA simulations for pumping locatiorig = 6000
from ! > Iy andgnorm < 0 when 'pumping is al§o from the region  m andi,, = 8000 m, the maximum puUMPINg ratgu)max =
between the well and the pumping location. Dlmensm}walalues 3603rr?m‘1yr‘1 is limited by the condition/t = lgiy =
fc_)r_ the curves shown_ here are then 3km _(black line; current CON-4987m. In the CAA simulations for pumping locations
dition), .6 km (green Ilne). f'and 8km (blue Ilne).for ICA, and 1km Iy = 1400 m and,, = 2000 m, the maximum pumping rate
(black line; current condition), 1.4km (green line) and 2 km (blue °W — w U R o,
line) for CAA. Black dotted line: continued pumping of seawater. (gw)max = 697.6n¥m yr—" is limited b}’ the COI"ldI'[Ion
IT =Igiy = 1385 m. We note then that moving pumping loca-
tions more “up-gradient” does not, without further specifica-
tion, automatically imply well protection from seawater in-
5.3km in the mNDA and by 7.7 km in the eNDA (Fig. 5b trusion and increase of exploitable water volume. What mat-
and Table 2). In particular, a decrease in the inland boundaryers is the specific location of the hydraulic divide to be be-
head of 22 % in the mNDA and of 17 % in the eNDA can tween the coastline and the pumping location (critical point
bring the NDA to its tipping point of complete aquifer intru- of seawater intrusion to well) and the interface toe not to
sion (Fig. 4, inset). Therefore, under current recharge condireach the divide (tipping point of complete intrusion). In the
tions, it is critical for the resilience and sustainability of the specific ICA and CAA cases, there is then no gain at all,
Nile Delta aquifer to control the up-gradient catchment hy-in either exploitable water volume or aquifer protection, of
drological conditions so that sufficient piezometric ground- moving pumping locations further inland thip= 6000 m
water head is maintained at the inland aquifer boundary.  in ICA andly, =1400 m in CAA.
For the ICA and CAA cross sections, resulting seawater
intrusion performance curves are shown in terms of normal-
ized intrusion toe positiofyy/L as a function of the normal- 5 Conclusions
ized remaining groundwater flownorm=—(go + gw)/(KL)
(Fig. 6). In general, depending on which condition is the lim- Directly comparablgerformance curvelave here been de-
iting one for each case, the resulting performance curves terveloped for analyzing the resilience/vulnerability of different
minate either at the tipping point of complete aquifer intru- coastal aquifers to seawater intrusion. Two different types
sion I7/lgiy = 1, or at the limit of well intrusiont/l, = 1. of critical seawater intrusion limits are then identified: the
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Table 3. Variable quantification related to the results of Fig. 6 for the Cyprus Akrotiri aquifer and the Israel Coastal aquifer. Quantified
variables include groundwater exploitation (current pumping gatepossible maximum pumping ratew)max), pumpingly in relation

to aquifer lengthZ, intrusion toe positiordt/L and {1/L)max for gw and gw)max pumping, respectively, and relative locatiyy,/L of a
possible groundwater divide formed between the well and the coastline.

Curve, Position

qw (gw)max Limiting

Fig. 6 ofwell,lwy Iw/L Iw/Hsea (m3m~Llyr~1) /L I/ (M3m~lyr-1)  (7/L)max Criteria
[€)) Israel (ICA)

Black current: 3km  0.15 15 3000 0.132 1 3173%(%) 0.15 IT = lw, well intrusion
Green change 1: 6km 0.3 30 3000 0.132 1 36030 %) 0.25 It =lg4jy complete intrusion
Blue change 2: 8km 0.4 40 3000 0.132 1 36020%) 0.25 [t =lgjy complete intrusion
(b) Cyprus (CAA)

Black current: Lkm  0.33 20 500 0.22 nodivide 642180%) 0.33 It = lw, well intrusion
Green change1l:1.4km 0.47 28 500 0.22 nodivide 69%8@0) 0.46 [T =lgjy complete intrusion
Blue change 2: 2km  0.67 40 500 0.22 nodivide 69%-8@Q%) 0.46 I =I4jy complete intrusion

well intrusion limit/t/iy, = 1, and the complete intrusion limit In the Israel Coastal aquifer (ICA), the current pumping

IT/l4iv = 1. The risk of crossing the first limit can be reduced location does not allow for increased groundwater abstrac-
by moving pumping locations further inland, but then the tions. The maximum pumping could here be increased by
tipping point of complete aquifer intrusion may be crossedabout 20 % if the pumping location were moved more in-
instead. The measure of moving pumping locations more indand, at least at, =5km from the coast, thereby allow-
land beyond the limiting location of the prevailing groundwa- ing a groundwater divide to form between the well and the
ter divide in a coastal aquifer will offer no gain in more ex- coastline. In the Cyprus Akrotiri aquifer (CAA), current forc-
ploitable water volume or improved aquifer protection from ing conditions do not directly threaten groundwater sustain-
seawater intrusion. ability by increased seawater intrusion. Maximum pumping
The site-specific vulnerability assessments show that theould here be raised by up to around 28 % above the present
advance of seawater currently seriously threatens the Nileate. If pumping locations here were moved more inland (to
Delta aquifer (NDA). The inland boundary head must hereaboutl,, =1.4km from the coast), the maximum pumping
be sustained at any cost, as even a 10 % decline will causeate would increase by up to 40 % over the present rate.
seawater intrusion advancement by around 5-8km and a
20 % decline may bring the NDA to its tipping point of com-
plete aquifer intrusion. These indications call for careful fur- Acknowledgements<. Mazi gratefully acknowledges the paid

ther study for establishing reliable hydrologic conditions for /€ave of absence by the National Observatory of Athens. This work
the NDA. has been supported by and carried out within the frameworks of
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Appendix A

One-dimensional model of interface flow in phreatic (14 6)sirfpl3 + {E +sinp[2ho — (1+8)
coastal aquifers on sloping base K
_ _  (2Hsea— S Lsing)]} 5

Here, we summarize the analytical model of Koussis et 12
al. (2012), referring to that paper for the theory leading to the { il + hE -1+ Hszea+ 2sinp L[ho+ 8 (14 8) Hsed }
equations used here. Consider, then, steady flow with a fresh
sea water interface in a shallow phreatic aquifer of lerigth [T+ L5 (1+6) Hszea: o, (A2)
and hydraulic conductivityk, resting on an impervious in-
clined base (angle against the horizontal) and recharged at Wheres = (ps—pf)/pf, With ps and pr the respective salt- and
the uniform rater (See schematic Appendix F|g Al) The freshwater denSitieS, am is the depth of flow at the inland
I axis follows the aquifer base, from the vertical projection Poundary. Only the root with the negative square root has
on the aquifer base of the intersection of the sea level andhysical meaning for Eq. (A1). For Eq. (A2), the value of the
the coast, at the depttseabelow the sea surface, where the depth/zo must be estimated through iteration, for example,
datum is placed. The depth normal to the aquifer bage is DY iterating onio = [h(I1) + hL]/2. The single meaningful
thez axis vertical, and the hydraulic headfis= hcosp 4z, oot of Eq. (A2) lies on the branch of the functién(Hsea
with zp the bed elevation;gi/dl = sing. The sea constitutes ON which/t increases a#lsggincreases and is the smaller of
a constant-head boundary, whefé =0) = Hsea Koussis the two positive roots (a negative root is rejected).
et al. (2012) use a discharge potential for the gravity-driven Koussis et al. (2012) have solved the flux-control case
flow in which the depth is approximated as a constafit.e., (flux-boundary condition) in which the aquifer receives a
the gravity-driven flow— K hsing &~ — K hosing) and assume ~ constant boundary inflog, = ¢ (! = L), plus recharge, and
that the freshwater flows over a stagnant seawater wedge. includes a pumped collector trough of infinitesimal width

Mazi et al. (2013) have solved the governing equation sub<{line sink or well gallery), located at = I\, which pene-
ject toflux-controlandhead-controlconditions (Werner and ~ trates the aquifer completely and draws groundwater at the
Simmons, 2009) referring to management schemes applietft€gw. The flow that reaches the pumped collector trough
in the aquifers; here we adopt the terms flux—boundary confrom up-gradient is then
dition and prescribed—head boundary condition to denote the
landside boundary conditions in the aquifers. The relatedfo = ~" (L' = w) + gb. (A3)

solutions developed by Koussis et al. (2012) and Mazi etg jyterest is in the profile of the discharge potential be-

al. (2013) apply here. tween the sea and the well gallery, where interface flow oc-

2Tr/]§ Zeiquation govering _the .ﬂOW in the/gnﬂre aqt;]ifir is curs, and particularly in the location of the seawater intrusion
d*®/dI” = —rcosp + Lo (o; = point sources/sinks), with the 01206 toe /7. This is given by the quadratic Eq. (A1) in
discharge potentiab defined differently in freshwater zone which

1 and in interface zone 2 (see Mazi et al., 2013). Integrating,

and implementing the boundary conditions for prescribedygy = —rL + g + gu (A4)

flux or prescribed head at the inland boundary, yields the dis-

charge potential solution for each boundary condition. Thesewith the physically meaningful solution being the root with
solutions, combined with the discharge potential at the seanegative square root.

water intrusion toe, lead in the flux-control case (prescribed Koussis et al. (2014) corrected the 1-D (Dupuit) interface
flux at the inland boundary) to the quadratic Eq. (A1) and in models to also include a vertical gapthrough which sub-
the head-control case (prescribed head at the inland boundnarine discharge occurs (Destouni and Prieto, 2003; Prieto
ary) to the cubic Eq. (A2) for the location of the sea intrusion and Destouni, 2005, 2011). The size ggfwas determined

toelt: by adapting analytical estimates of the outflow gap of 2-D
potential-flow interface solutions for infinitely thick aquifers.
[r +K§(1+96) Sinzq)] l% +2 [qso —K&§(1+96) sinprsea] This correction allows for predicting a more realistic location
2 of the interface toe on the aquifer base (shorter penetration
It + K5 (1+8) Hgea=10 (A1) of a deeper interface), after reducing the depth at the aquifer

outflow sectionHseaby £o t0 [Hsed' = HseaCo- The validity

of this approach was verified through comparisons with re-
sults of variable-density models. We adopt this methodology
here as well, to better reflect the true near-shore groundwater
dynamics in the Mediterranean aquifers that we are examin-
ing. For notational simplicity, hencefortiseaStands for the
corrected value, by, of the initial sea depthHsed’.
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In aquifers with flux-boundary and pumping from a well-
defined locatiorly, if a hydraulic divide is formed between
the interface toe and the pumping location, suchhat /gy
< lw, the divide location can be calculated from

loiv =lw — (o +qw)/ 1, (A5)
while the head at the divide is calculated from

h&y, — (it — L) sing haiy — % —(1+9

(Hsea— ITSing) (Hsea— L Sing) =0, (A6)

with the physically meaningful solution being the root with
the positive square root.
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In aquifers with prescribed-head boundary and without
a distinct pumping location (but still possible distributed
pumping that may be represented by reduced rechdyifea
hydraulic divide is formed inside the aquifer, its location can
be calculated (Mazi et al., 2013) from

K/r

1
lgy = =L+ ——
div 2 + oL

o)
-5 (Hsea— ZbT)2i| ,
Pf

[Zho (zbL — 2bT) + h?

(A7)

where zp denotes bed elevation and the hydraulic head is
given by

hdiv =

;2

K dv (A8)

— 2ho (zbdiv — 2bT) + (1+8) (Hsea— 27)%.
Finally, for the case of a shallow, horizontal coastal aquifer,
under exploitation and negative recharge (evaporation), we
refer the reader to the analytical solution of Kacimov et
al. (2009), who also demonstrated that, under extreme condi-
tions, even a gap can form separating the saturated fresh and
saline groundwater zones.

Hydrol. Earth Syst. Sci., 18, 166377, 2014



1676 K. Mazi et al.: Intensively exploited Mediterranean aquifers

References Koussis, A. D., Georgopoulou, E., Kotronarou, A., Lalas, D.
P., Restrepo, P., Destouni, G., Prieto, C., Rodriguez, J. J.,
Aberbach, S. H. and Sellinger, A.: Review of artificial ground- Rodriguez-Mirasol, J., Cordero, T., and Gomez-Gotor, A.: Cost-
water recharge in the coastal plain of Israel, International efficient management of coastal aquifers via recharge with
Association of Scientific Hydrology, Bulletin, 12, 65-77, treated wastewater and desalination of brackish groundwa-
doi:10.1080/02626666709493511067. ter: General framework, Hydrological Sci. J., 55, 1217-1233,
Assouline, S. and Shavit, U.: Effects of management policies, in-  doi:10.1080/02626667.2010.5124&D10a.
cluding artificial recharge, on salinization in a sloping aquifer: Koussis, A. D., Georgopoulou, E., Kotronarou, A., Mazi, K., Re-
The Israeli Coastal Aquifer case, Water Resour. Res., 40, strepo, P., Destouni, G., Prieto, C., Rodriguez, J. J., Rodriguez-
W04101, doi10.1029/2003WR00229@004. Mirasol, J., Cordero, T., loannou, C., Georgiou, A., Schwartz,
Balasha (Jalon Consultants and Engineers Ltd.) and Phedonos J., and Zacharias, |.: Cost-efficient management of coastal
(Consultants): Environmental study and management plan forthe aquifers via recharge with treated wastewater and desalina-
Akrotiri Salt Lake and Wetlands and assessment of the environ- tion of brackish groundwater: Application to the Akrotiri Basin
mental impact of the proposed water development works in the and Aquifer, Cyprus, Hydrological Sci. J., 55, 1234-1245,
Limnatis, Dhiarizos and Ezousa Watersheds, Annexes 1-4, Re- do0i:10.1080/02626667.2010.5124&910b.

public of Cyprus, June, 1992. Koussis, A. D., Mazi, K., and Destouni, G.: Analytical
Custodio, E.: Coastal aquifers of Europe: an overview, J. Hydro- single-potential, sharp-interface solutions for regional sea-
geol., 18, 269-280, ddi0.1007/s10040-009-0496-2010. water intrusion in sloping unconfined coastal aquifers,

Destouni, G. and Prieto, C.: On the possibility for generic modeling  with pumping and recharge, J. Hydrology, 416-417, 1-11,
of submarine groundwater discharge, Biogeochemistry, 66, 171- doi:10.1016/j.jhydrol.2011.11.012012.

186, d0i10.1023/B:BI0G.0000006101.12076, ADO3. Koussis, A. D., Mazi, K., Riou, F., and Destouni, G.: Sea-intrusion

Destouni, G., Hannerz, F., Prieto, C., Jarsjo, J., and Shibuo, Y.; in unconfined coastal aquifers: submarine outflow correction for
Small unmonitored near-coastal catchment areas yielding large Dupuit-type sharp-interface models, submitted, 2014.
mass loading to the sea, Global Biogeochem. Cyc., 22, GB4003Kundzewicz, Z. W. and Déll, P.: Will groundwater ease freshwater
doi:10.1029/2008GB003282008. stress under climate change?, Hydrological Sci. J., 54, 665-675,

Dall, P.: Vulnerability to the impact of climate change on renewable  doi:10.1623/hysj.54.4.662009.
groundwater resources: a global-scale assessment, Environ. Reglantoglou, A.: Pumping management of coastal aquifers using an-
Lett., 4, 035006, doi:0.1088/1748-9326/4/3/035008009. alytical models of saltwater intrusion, Water Resources Res., 39,

Ferguson, G. and Gleeson, T.: Vulnerability of coastal aquifers to 1335, doi10.1029/2002WR001892003.
groundwater use and climate change, Nat. Clim. Change, 2, 342azi, K.: Optimisation of parameters of hydrologic models with the
345, doi10.1038/nclimate1412012. use of groundwater data, MSc thesis in Water Resources Science

Jacovides, J.: Southern Conveyor Project, Feasibility Study: and Technology, Civil Eng. Dept., National Technical University,
Groundwater Resources, Vol. 3. Water Development Depart- Athens, Greece, 2000 (in Greek).
ment, Nicosia, Republic of Cyprus, 1982. Mazi, K., Koussis, A. D., Restrepo, P., and Koutsoyiannis,

Kacimov, A. R., Sherif, M. M., Perret, J. S., and Al-Mushikhi, A.: D.. A groundwater-based, objective-heuristic parameter
Control of sea-water intrusion by salt-water pumping: Coast of optimisation method for the PRMS model: The Akrotiri
Oman, Hydrogeology J., 17, 541-548, d6i:1007/s10040-008- Basin, Cyprus application, J. Hydrol., 290, 243-258,
0425-8 2009. doi:10.1016/j.jhydrol.2003.12.00@004a.

Kashef, A.-A. |.: Salt-Water Intrusion in the Nile Delta, Ground- Mazi, K., Koussis, A. D., Restrepo, P., and Koutsoyian-
water, 21, 160-167, ddi0.1111/j.1745-6584.1983.tb00713.x nis, D.: A groundwater-based, objective-heuristic parameter
1983. optimisation method for the PRMS model: The Akrotiri

Kass, A., Gavrieli, 1., Yechieli, Y., Vengosh, A., and Starin- Basin, Cyprus application, Erratum J. Hydrol., 299, 160-161,
sky, A.. The impact of freshwater and wastewater irriga-  doi:10.1016/j.jhydrol.2004.09.012004b.
tion on the chemistry of shallow groundwater: a case studyMazi, K., Koussis, A. D., and Destouni, G.: Tipping points for sea-
from the Israeli Coastal Aquifer, J. Hydrol., 300, 314-331, water intrusion in coastal aquifers under rising sea level, Environ.
doi:10.1016/j.jhydrol.2004.06.012005. Res. Lett., 8, 014001, ddi0.1088/1748-9326/8/1/0140(#013.

Koussis, A. D. (Ed.): WASSER: Utilisation of Groundwater Desali- Melloul, A. J. and Zeitoun, D. G.: A semi-empirical approach to
nation and Wastewater Reuse in the Water Supply of Seasonally- intrusion monitoring in Israeli coastal aquifer, in Seawater In-
Stressed Regions, Final Report, with Appendices, to the Eu- trusion in Coastal Aquifers: Concepts, Methods, and Practices,
ropean Commission DGXII-D, Environment and Climate Pro-  Theor. Appl. Transp. Porous Media, Vol. 14, edited by: Bear,
gramme, Contract no. ENV4-CT97-0459, National Observatory J., Cheng, A., Sorek, S., Ouazar, D., and Herrera, 1., 543-558,
of Athens, Greece, 2001. Kluwer Acad., Dordrecht, Netherlands, 1999.

Koussis, A. D., Kotronarou, A., Destouni, G., and Prieto, C.: Inten- Mikhailova, M.: Hydrological regime of the Nile Delta and dy-
sive groundwater development in coastal zones and smallislands, namics of its coastline, Water Resour. Res., 28, 477-490,
(Chap. 6) in: Intensive Use of Groundwater: Challenges and Op- do0i:10.1023/A:1012320920432001.
portunities, edited by: Llamas, R. and Custodio, E., Balkema,Milnes, E.: Process-based groundwater salinisation risk assess-
2003. ment methodology: Application to the Akrotiri aquifer (Southern

Cyprus), J. Hydrology, 399, 29-47, 2011.

Hydrol. Earth Syst. Sci., 18, 16631677, 2014 www.hydrol-earth-syst-sci.net/18/1663/2014/


http://dx.doi.org/10.1080/02626666709493512
http://dx.doi.org/10.1029/2003WR002290
http://dx.doi.org/10.1007/s10040-009-0496-1
http://dx.doi.org/10.1023/B:BIOG.0000006101.12076.10
http://dx.doi.org/10.1029/2008GB003287
http://dx.doi.org/10.1088/1748-9326/4/3/035006
http://dx.doi.org/10.1038/nclimate1413
http://dx.doi.org/10.1007/s10040-008-0425-8
http://dx.doi.org/10.1007/s10040-008-0425-8
http://dx.doi.org/10.1111/j.1745-6584.1983.tb00713.x
http://dx.doi.org/10.1016/j.jhydrol.2004.06.013
http://dx.doi.org/10.1080/02626667.2010.512467
http://dx.doi.org/10.1080/02626667.2010.512469
http://dx.doi.org/10.1016/j.jhydrol.2011.11.012
http://dx.doi.org/10.1623/hysj.54.4.665
http://dx.doi.org/10.1029/2002WR001891
http://dx.doi.org/10.1016/j.jhydrol.2003.12.006
http://dx.doi.org/10.1016/j.jhydrol.2004.09.017
http://dx.doi.org/10.1088/1748-9326/8/1/014001
http://dx.doi.org/10.1023/A:1012320920434

K. Mazi et al.: Intensively exploited Mediterranean aquifers 1677

Prieto, C.: Groundwater-seawater interactions: Seawater intruSherif, M. M. and Al-Rashed, M. F.: Vertical and Horizontal Simu-
sion, submarine groundwater discharge and temporal variabil- lation of Seawater Intrusion in the Nile Delta Aquifer, First Inter-
ity and randomness effects, Ph.D. thesis in Water Resources national Conference on Saltwater Intrusion and Coastal Aquifers,
Engineering, KTH Architecture and the Built Environment, Monitoring, Modeling, and Management, Essaouira, Morocco,
Royal Institute of Technology, Stockholm, Sweden, available 23-25 April, 2001.
at: http://www.lwr.kth.se/Publikationer/PDF_Files/LWR_PHD_ Sherif, M. M., Singh, V. P., and Amer, A. M.: A two-dimensional fi-
1019.pdf 2005. nite element model for dispersion (2D-FED) in coastal aquifers,

Prieto, C. and Destouni, G.: Quantifying hydrological and tidal in-  J. Hydrol.,, 103, 11-36, ddi0.1016/0022-1694(88)90003-0
fluences on groundwater discharges to coastal waters, Water Re- 1988.
sour. Res., 41, W12427, dd0.1029/2004WR00392@005. Sherif, M. M., Sefelnasr, A., and Javadi, A.: Incorporating the con-

Prieto, C. and Destouni, G.: Is submarine groundwater dis- cept of equivalent freshwater head in successive horizontal sim-
charge predictable?, Geophysical Res. Let., 38, L01402, ulations of seawater intrusion in the Nile Delta aquifer, Egypt, J.
d0i:10.1029/2010GL04562P011. Hydrol., 464—465, 186-198, d&0.1016/j.jhydrol.2012.07.007

Prieto, C., Kotronarou, A., and Destouni, G.: The influ- 2012.
ence of temporal hydrological randomness on seawater in-Strack, O. D. L.: A single-potential solution for regional interface
trusion in coastal aquifers, J. Hydrology, 330, 285-300, problems in coastal aquifers, Water Resour. Res., 12, 1165-1174,
doi:10.1016/j.jhydrol.2006.03.022006. doi:10.1029/WR012i006p0116%976.

Sanford, W. E. and Pope, J. P.: Current challenges in forecastTaylor, R. G., Koussis, A. D., and Tindimugaya, C.: Groundwater
ing saltwater intrusion: Lessons from the Eastern Shore of and climate in Africa — a review, Hydrol. Sci. J., 54, 655-664,
Virginia, Hydrogeology J., 1, 73-93, d&D.1007/s10040-009- doi:10.1623/hysj.54.4.652009.

0513-4 2010. Werner, A. D. and Simmons, C. T.: Impact of sea-level rise on sea
Sellinger, A. and Aberbach, S. H.: Artificial recharge of coastal- water intrusion in Coastal Aquifers, Ground Water, 47, 197-204,
plain aquifer in Israel, IAHS Publ., 111, 701-714, 1973. d0i:10.1111/j.1745-6584.2008.005352009.

Sherif, M. M.: Nile Delta Aquifer in Egypt, in Seawater Intrusion Yechieli, Y. and Sivan, O.: The distribution of saline groundwa-
in Coastal Aquifers: Concepts, Methods, and Practices, Theor. ter and its relation to the hydraulic conditions of aquifers and
Appl. Transp. Porous Media, Vol. 14, edited by: Bear, J. et al., aquitards: examples from Israel, Hydrogeology J., 19, 71-81,
543-558, Kluwer Acad., Dordrecht, Netherlands, 1999. doi:10.1007/s10040-010-0646-%011.

Sherif, M. M. and Singh, V. P.: Effect of climate change on sea waterYechieli, Y., Shalev, E., Wollman, S., Kiro, Y., and Kafri, U.:
intrusion in coastal aquifers, Hydrol. Process., 13, 1277-1287, Response of the Mediterranean and Dead Sea coastal aquifers
doi:10.1002/(SIC1)1099-1085(19990615)13:8<1277::AlD- to sea level variations, Water Resour. Res., 46, W12550,
HYP765>3.0.CO;2-W1999. doi:10.1029/2009WR008702010.

www.hydrol-earth-syst-sci.net/18/1663/2014/ Hydrol. Earth Syst. Sci., 18, 166577, 2014


http://www.lwr.kth.se/Publikationer/PDF_Files/LWR_PHD_1019.pdf
http://www.lwr.kth.se/Publikationer/PDF_Files/LWR_PHD_1019.pdf
http://dx.doi.org/10.1029/2004WR003920
http://dx.doi.org/10.1029/2010GL045621
http://dx.doi.org/10.1016/j.jhydrol.2006.03.024
http://dx.doi.org/10.1007/s10040-009-0513-4
http://dx.doi.org/10.1007/s10040-009-0513-4
http://dx.doi.org/10.1002/(SICI)1099-1085(19990615)13:8%3C1277::AID-HYP765%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1099-1085(19990615)13:8%3C1277::AID-HYP765%3E3.0.CO;2-W
http://dx.doi.org/10.1016/0022-1694(88)90003-0
http://dx.doi.org/10.1016/j.jhydrol.2012.07.007
http://dx.doi.org/10.1029/WR012i006p01165
http://dx.doi.org/10.1623/hysj.54.4.655
http://dx.doi.org/10.1111/j.1745-6584.2008.00535.x
http://dx.doi.org/10.1007/s10040-010-0646-5
http://dx.doi.org/10.1029/2009WR008708

