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Abstract

Radioactive noble-gas isotopes tradéks and>°Ar are used for the first time to measure
the residence times of deep (~1000 m) saline coapt@indwater, and to determine its
connection mode with the sea. The average rateafater intrusion into the deep aquifer in
Israel, located near the Mediterranean Sea, imatti.®'Kr-ages of the saline water samples,
found to be younger than 40 ka, contradict prejpoestimated ages of up to several million
years based on hydrogeological considerationsn€heresults imply a stronger and more recent
connection between the aquifer and the sea, andatedthat the intrusion occurred during the
sea-level rise that began about 20 ka ago. Theastaloaquifers need to be managed with
caution because lowering of the adjacent freshwatel due to over pumping could accelerate
seawater intrusion in a relatively short time. Tétisdy demonstrates the suitability of these two
noble-gas tracers for the examination of hydroggiold systems in general and for the study of

seawater intrusion in particular.
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1. Introduction

1.1. General

Coastal aquifers are potentially prone to salimiratirom multiple sources, including
dissolution of subsurface evaporates, ancient édmeawater, and ongoing seawater intrusion.
The issue of coastal aquifer degradation has beaocneasingly acute in the past few decades due
to over pumping that induces saline water into @ha freshwater aquifers. In most cases,
seawater intrusion rates are inferred from incressesalinity (Acworth and Dasey, 2003;
Linderfelt and Turner, 2001), change of chemicamposition (Russak et al, 2016; Mercado,
1985), or movement of the fresh-saline water iamf Melloul and Zeitoun, 1999). Direct
determination of the seawater intrusion rate haslne previously, based only on radiocarbon
and tritium tracers (Sivan et al, 2005; Yechieliagt 2001; Yechieli et al, 2009). However, the
interpretation of radiocarbon results is complidaly water-rock interactions (Mook, 1980), and
dating by tritium becomes ambiguous due to the Vaues in recent precipitation and its short
half-life. Moreover, saline well water usually ms&eavith fresh water, further complicating the
chronological interpretation. Noble-gas radionuesid with chemical inertness, simple source
function, and limited subsurface production, arestemerging as ideal tracers of groundwater
movement. Indeed, dating of fresh groundwater withle gases has been performed recently in
many parts of the world, usifigKr (half life of 10.7 a) andHe (decay product ofH, whose half
life is 12.4 a) for short-term hydrological procesgAlthaus et al, 2009; Visser et al, 2053\
(269 a) for intermediate, arfKr (229 ka) for long-term processes (Gerber e2@l,7; Aggarwal
et al, 2015). Dating of saline water (even moresahan seawater) was conducted by Sturchio et

al. (2014) but not for the issue of seawater intnis
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1.2. Site description

The Yarkon-Taninim Basin (YTB) of Israel is the weas portion of the regional Upper
Cretaceous Mountain aquifer. The basin stretches 99,500 krfy from the water divide in the
Judea and Samaria mountains in the east to thetd&eiean coast in the west (Figure 1). The
northern border of the basin extends to the Yizkéaley, Mount Carmel, and to the Taninim
spring. The southern border extends into the Steminsula in Egypt and to the northern Negev
desert Goldshtoff et al, 1980; Shachnai, 198@/einberger et al, 1994; Dafny et al, 2010).
Precipitation in most of the YTB drainage basiraiout 550 mm/year, all occurring in winter
Mediterranean rain events, and the recharge caaffics 30-33% (Dafny et al, 2010; Guttman and
Zukerman 1995).

The major hydrogeological unit of the YTB is thedda Group built of 600-900 m thick
Upper Cretaceous karstic limestones and dolomitiés some marls and chalks. The aquifer is
divided into upper and lower sub-aquifers by a Yeaiarly aquitard. The units in the aquifer are
continuous throughout the entire basin and gerneditl to the west. In the eastern areas (Judea
and Samaria mountains), the aquifer is exposeddaedtly replenished by rainfall (Figure 2).
Westwards, the aquifer becomes confined underivelgtthick impermeable chalks and marls of
the Senonian Mount Scopus Group and the Eocene adv@dbup. The phreatic parts of the
aquifer, as well as the eastern confined part,annnostly high-quality young groundwater. A
lateral lithological transition from the karstic rpeeable Judea Group rocks to the mainly
argillaceous and impermeable Talme Yafe faciesufei®) occurs at the western margins of the

basin, mostly along the Mediterranean shorelinen(BE974). This impermeable unit was assumed
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to act as a bidirectional hydrological barrier begw the Mediterranean Sea and the Judea Group
aquifer, preventing flow toward the sea. This ressul northward flow of the fresh water within
the confined part of the aquifer towards the twtura outlets: the Yarkon springs in the central
part of the basin and the Taninim springs at itgh®on tip (Figure 1). This main and long S-N
flow trajectory is fed all along by recharge watbkat joins the main trajectory from the east
(Figure 1).

The northwestern confined portion of the YTB, nasthihe city of Netanya, contains saline
groundwater (Rosenthal et al, 1999) (Figurel)hls &rea, an unusually sharp (~10m from 20% to
80% seawater) and almost horizontal interface batwsaline and fresh water is recognized in
deep monitoring boreholes (Figure 2). The saliaigl chemical composition of this saline water
resembles that of the Mediterranean Sea (Cl~22,090,nwhile always containing also a small
fraction of fresh water of CI~100 mg/l (at least J0®Because of the impermeable nature of the
Talme Yafe facies, a current hydraulic disconnectm the Mediterranean Sea was assumed, and
Neogene trapped seawater (age of several millieassy origin of the salinity in the northwestern
part of the aquifer has long been postulated (Rbséet al, 1999Bein and Burg, 2001)In the
Neogene, the impermeable clayey Yafo Formation weposited, which could explain the
confinement of this saline water body. Howeveshobuld be noted that few hydrological studies
suggest current seawater intrusion either diremtlglong a main fault zone at the northern tip of
the basin (Kafri and Arad, 1979; Paster et al, 2006

In this work, #*Kr and **Ar tracers are employed for the first time to detie the time
scale of the seawater penetration into an adjeaguter. These tracers can serve as a diagnostic
tool for distinguishing between trapped saline wateNeogene age and active, current seawater

intrusion from the Mediterranean Sea. In particuthe results are essential for estimating the
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degree of connection between the sea and any neatibwe and exploited aquifers, and for

minimizing salinization of such coastal aquifers.

2. Materialsand Methods

2.1. Field sampling and analytical methods.

Five deep boreholes in the saline part of the westeuntain aquifer of YTB (Figure 1)

were sampled for chemical analysis of major iotehls isotopes of oxygen and hydroggKr,

and other noble gases: two in June 2014 and thrB®vember 2015. Technical details, such as
depths of boreholes and intervals of screens, i@endn Table 1. Additional samples fotAr
andC analyses were collected in the 2015 campaignit©nsasurements of pH, dissolved
O,, water temperature and electrical conductivityevearried out. Two to five cubic meters of
groundwater were degassed in the field for radivactoble gase$Ar, 8*Kr and®Kr. The field
degassing device is based on the hydrophobic memlm@ntactor. The details about the device

and the procedure can be found in Purtschext @013) and Yokochi (2016).

Composition of major ions and stable isotopes wkrermined according to standard
methods in the laboratories at the Geological Supfdsrael, with a maximum error of 3% for
chemical parameters (Burg et al., 2006; Russal, €046). The isotopic results &0 are
reported on the SMOW scale and the precision ofntieasurement is £0.1%.. Radiocarbon
samples were collected in 200-ml dark sealed glagsmeasured in the AMS Laboratory, New
Zealand. The activities are expressed as a pegerif modern carbon (pMC). Th&°C
contents were measured in both AMS and GSI Laboestoand are expressed in permil
variations from the Vienna Peedee Belemnite Stah(¥rVPDB). Analyses ofH, He isotopes

and Ne were conducted at the noble gas laboratotlgeolnstitute of Environmental Physics,
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University of Bremen. For the He and Ne analysal twater samples collected in 40-ml copper
tubes sealed with pinch-off clamps, were degaseddcayogenically separated by a quadrupole
mass spectrometer (Balzers QMG112A) and a highutso sector-field mass spectrometer
(MAP 215-50). For groundwater samples, the prenisiothe He and Ne concentrations is better
than 1% and for théHe/He ratio better than 0.5%H was analyzed with théHe-ingrowth
method (Clarke et al, 197&{ltenfu3et al, 2009) with a precision of ~0.03TU: 500 gwaiter
were degassed and stored for the accumulationeoHtdecay product®He) in dedicated He-
free glass bulbs. After a storage period of 2-3 tmen*He was analyzed with a mass
spectrometric system.

Separation and purification of krypton and argoonfrthe bulk gas were done in the
laboratories of both the University of Chicago &hdversity of Bern using cryogenic absorption
and gas chromatographiurtschert et al, 2013; Yokochi, 201Bjedmann and Purtschert 2016).
The *°Ar activiies were measured by low-level gas préipoel counting in the Deep
Laboratory of the Physics Institute, UniversityB¥rn (oosli, 1983; Loosli et al, 1986; Forster et
al, 1992;Riedmann and Purtschert 2018%r/Kr and ®Kr/Kr were measured using the Atom
Trap Trace Analysis (ATTA) method.( et al, 2013; Jiang et al, 2012; Chen et al, 1989the
Laboratory for Radiokrypton Dating, Argonne Natibhaboratory, USA. At least 1QL STP of
Kr gas sample is required for measurement. $Ke partial modern values gr= ('Kr/Kr)-
Samp|(.£(81Kr/Kr) modery are reported with 1-sigma uncertainBartial modern values which exceed
the modern atmospheric value defined as due testitat fluctuations of thé'Kr atom count
would represent unphysical groundwater ages of tless zero. Th&'Kr apparent age can be

calculated with the formuld geg, s, = —tF57" In(Ry,)/In2, wheretfE is the half-life of>'Kr.

When the sample is young, the measdt&d partial modern values could be larger than 1 wue



161  statistical fluctuations which will result in a ragiye 8*Kr age (younger than moderrij these
162  cases, we adopt the unified method, which is contynosed and well accepted in the high-
163  energy physics community=éldman and Cousins, 1998h this approach, we redistribute the
164 groundwater age probabilities into the physicalgenand obtain®Kr-age limits with a
165 confidence level of 90%With this technique, the yielded limit from theeasurements will
166  always be physical even when the measurementg {svhen R;>1). When the measured data is

167  far from the unphysical region, the errors are $yngpatistical.

168
169 2.2. Relevant processes for data interpretation.
170 All samples discussed here contain both fresh alideswater components, each with its

171 distinct flow path and residence time. Henceforth,define age for each component as the time
172 since penetration or recharge of the water intcatiigfer. When discussing the saline water, the
173 age (or residence time) is considered to be fraantithe of penetration of the seawater into the
174  bottom sediment (Yechieli et al, 2009). In suchase; there are three relevant processes: (1)
175 long term seawater intrusion due to natural defdhityen circulation near the sea shore; (2) the
176  effect of sea level rise; (3) seawater encroachnerdwards due to the short term effect of
177  pumping. The rate of seawater intrusion, and tloeeethe age of the saline water, would be the
178  result of the superposition of these three posgibdeesses. The initial values of the penetrating
179 seawater can be assumed to be similar to the d¢umees since the age of the bottom
180 Mediterranean Sea water is probably not more thd@® ykars according to their radiocarbon
181  values Broecker and Gerard, 1969)he age of the fresh water component is detemhasethe
182  time since recharge into the subsurface, wherewtiter loses its contact with the atmosphere,

183  down to the sampling point.
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The interpretation of the ages concluded from tWwdahe noble gases concentrations
(®'Kr, *°Ar - half-life of 229 ka and 269 years, respectjyé$ relatively simple since they do not
chemically interact with the aquifer's rock andréfere do not require specific corrections for
chemical processes (as is the casé?®ef see below). However, physical processes such as
diffusive exchange with stagnant water bodiestfatters Sanford, 199y or nucleonic production
due to neutron activation of potassium Yr may affect the tracers’ concentrationsi{mann et
al, 1993; Purtschert et al, 200 ractically, diffusion is more pronounced forcees with longer
half-life (e.g.*C) than for fast decaying tracers. The latter (&4r) do not “see” the total
inactive system volume since the time to diffugjvedach the inactive volume is much longer
than the mean lifetime of the tracer. Therefdf€, (half-life of 5730 years) is more sensitive to
the diffusion process than $8Ar (half-life of 269 years) resulting in an apparemerestimation
of *C ages compared t9Ar ages Kayer et al, 2014)*'Kr ages are similarly affected by this
process despite the slightly reduced diffusion ficieht due to the larger mass of the Kr atom.

Uncorrected’Kr ages therefore represent upper age limits fisife exchange is ignored.

Moreover, the translation of radiocarkamiivities into ages could also be complicated
and inconclusive due to chemical processes, suchwvasr-rock interaction and isotopic
exchangd&Mook, 1980; Gonfiantini and Zuppi, 2013)hus, dating by“C is performed with the aid
of mass balance equations, using computer codésasuthe Netpath and PhreeqC, which take
into account the known chemical reactions. Theskeg@stimate one age for any mixed sample
(the obtained saline water sample in our case) dmaot provide the distinct age of each
component in the mixed sample. Since seawatereidatger component in our mixtures, the
obtained ages are regarded as a reasonable apptmximAn estimated initial value of 60 pMC

can be assumed for many cases, also accordingetdintting in the nearby coastal aquifer,
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mainly due to oxidation of old organic matter i tbeawater component (Sivan et al, 2005), and
due to chemical processes in the unsaturated rothe ifresh water componertd. Carmi et al,
2007)

The effect of diffusive exchange between young wate permeable units and old
groundwater in less permeable units can increas@pparent radiocarbon age by ~50% in the
case of granular aquiferic section separated byeglampermeable layers and/or when the
volume ratio between fractures and rock matrixekatively low Ganford, 1997)In the YTB
there are indeed less permeable marly units ink#stic carbonate Judea Group aquifer but
water and solute can exchange between the karfsdigcnels characterized by very fast water
flow and the surrounding porous massive rocks afithost stagnant pore water. The high degree
of heterogeneity of the karstic system can lead taghly dispersive flow and thus wide age

distributions (Ghasemizadeh et al, 2012).

3. Resultsand discussion

The results of all dating tracers are summariaémhg with other chemical parameters, in
Table 1. The concentration 8Kr in all gas samples are below the detection liafit~ 0.5
dpm/ccKr (less than 1% of the current atmospheasieentration of 82 dpm/ccKr). This has two
implications: first, contamination of the samplegs dmbient air during sampling is minimal.
Therefore, no correction for air contamination &eded for thé'Kr and *°Ar concentrations.
Second, waters are older than ~ 50 years, thusaihiibution of young water component is at
most relatively small. The very lo#’H concentrations in Raanana Deep (RD) and Taninim 7
(T7) wells (0.01 and 0.05 TU respectively) compated- 3.5 TU in modern precipitation in

Israel support thKr data. For Bet Eliezer (BE) well, however, theasered value ofH of

10
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0.36 TU is significantly higher, indicating the pemce of about 10% young water from the
period of 1960-1985, whetH/®*Kr ratios in the Earth’s surface water were muaoghbr. *H-

He ages could not be calculated for these thre@lsamsince He isotopes and Ne results display
large contributions of crustal and mantle heliume Noncentrations are near equilibrium
concentrations of saltwater. In general, crustaligiaccumulated in the aquifer with time and
therefore is often considered as qualitative ageator (Sultenful3 2011 and references therein).
Helium concentrations measured in our wells araubbwo orders of magnitude higher than in
air saturated water (ASW 10°C 4.8 10-5 cc). Assgmimsitu production only, this corresponds
to helium accumulation times in the order of 100kyowever, the relatively higfHe/"He ratio

of ~10° indicates a significant contribution of mantleibel that must enter the aquifer from
greater depth. Since exterrfdde fluxes can lead to helium accumulation rates @er of
magnitude higher than in-situ production only (Smeket al., 2013), the measurédie
concentrations are in accordance with e and®Kr data, which indicate a mixture of water

components in the age range of hundreds and 1@&hds of years respectively (see below).

The nearly moder’Kr activities in all measured samples (Table 1)idate short water
residence time (in terms 8%r ages). The lowest value is measured in BE (Q.@djcating an
apparent mean residence time of 20 + 11 ka. Ttatively low *°Ar activities (< 27% mod)
implies an age that is older than several hundezalsy

All three *C samples (T7, RD, BE) have low radiocarbon costéat9, 3.6 and 5.3
pMC, respectively). Other YTB saline groundwatempées previously analyze®\(rg et al,
2006; Burg and Talhami, 2018)so present loW'C activities, with an inverse correlation between

4C and salinity (Figure 3), suggesting that theHrester component is much younger than the

11
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saline water. The values dt°0O in the more saline samples are close to thatwént seawater
and plot on a seawater-freshwater mixing line (Fegd). Accordingly, all samples discussed

here are considered as containing different degremsxture of seawater and freshwater.

3.1.Residence times of mixed groundwater components

The saline groundwater in the study area is a mextd fresh groundwater from the east
with proportion (y) and seawater with proportiony{lthat intruded from the west. The mixing
proportions are determined by assuming Cl ~ 22L5agd O for the seawater (land fresh
water (CJ) end members respectively according to the fahgwCl budget:

Cl, =yl +(1-y)Cl
where the subscriph refers to the measured chloride concentrations. résulting fresh water
contribution (y) in three samples listed above iar¢he range of 9-17%. Concentrations of Ar
and Kr in the fresh and seawater component arerdift, and are estimated based on the
recharge conditions of both water components: Eamwater a recharge elevation of 0 m and
salinity of 39%. and for the freshwater a recharigi¢ude of 400 meters and a salinity of 0%o. are
assumed. No excess air is considered for eitheerneamponent. Additionally, the solubilities of
Ar and Kr are lower in sea water compared to fregbwby a factor of D=0.82\(eiss, 1971;
Weiss and Kyser, 1978),which leads to an adjusted noble gas concentrdtimget where the
contribution of the saline water is reduced by fénetor D. The proportion Y of Ar (and Kr) in

the freshwater components is then:

Y:#
y+(1-y)D

and (1-Y) for the saline component

12
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(1-y)D
y+(@-y)D

@-Y)=

For *Ar, the possibility of underground productioRutschert and Althau2012) also
needs to be considered. The lowest measured valL@® modern at Taninim 7 can be regarded
as an upper limit on the secular equilibrium comion (P) due to underground production.
Therefore, an uncertainty range of 0-10% modeassuimed for all samples and for both the sea
and the fresh water components. This is justifiedhe fact that both components were sampled
from the same formation, which is built of shallanarine carbonate of relatively uniform
composition over a large area.

With the above-calculated mixing proportions of And Kr and the measured

concentrations ofAr and®Kr, the following activity budget can be formulatiedEq 1:

PAnL, =Y, (A~ P @xXp(A,, )+ P)+ (1= Y, X{ (A~ P)Dexptd, Ot ¥ B (1a)

81Krm :YKr [Kro @Xp(_/]Kr [ﬂf )+ (1_YKr )EKrO epr/lKr D]s (1b)

Underground production is thereby described asigrowth process as function of groundwater
residence time t, and the secular equilibrium cotre¢ion P. Here, the subscriptrefers to the
measured tracer concentration's are the decay constants, danandts are the ages of the fresh
and saline water components, respectivelyaAd Kg are initial ratios which equals to present-
day atmospheric values. Equations (1a) and (1b} breisulfilled for any valid pairs of andts

in consideration of the analytical uncertainties®t4r and **Ar and the possible range of

underground production P &fAr between 0% modern and 10% modern.

13
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The multi-tracer chronological constraints are idiggl in Figure 5 a-c. Each tracer
defines an area in the-tts plane bound by the analytical uncertainties amduthcertainty range
of underground production.. The reddish area depititpossible solutions féPAr (Eq 1a) and
the grey area fot'Kr (Eq. 2b). For Bet Eliezer, tHeKr activity can be either mainly originated
from the saline water component (in this case teghf water is over 50 ka old) or from the fresh
water component (in this case the saline wateeta/éen 13-40 ka). Any intermediate solution
between those two extremes is also possible (iedliby the gray band). By addiftAr, this
range is significantly reduced and only the twodgthareas are left (C1 and C2). Since only C1
is in accordance with the elevat#d/®*Kr ratio of Bet Eliezer, indicating the presencenafter
that recharged close to the peak of the atmosphertb tests period (1960-1985), we conclude
that the fresh water must be the younger compofwerthis sample, as implied also from the
radiocarbon data that indicate an older age forste water component (Fig. 3). It can be
projected that this is also the case for the otvedls,. We therefore add the constraint t; for
all wells (green line). With these ranges, both filesh (orange numbers in Fig. 5) and saline
(violet numbers) waters are constrained and listéfiable 2. Bet Eliezer is the sample with the
youngest fresh water (detectaBt®) but with the oldest saline water. This is it@tlance with
the location of the well, which is situated farthesm the coast and thus closest to the current

recharge zone in the mountain area

3.2. Implications of radiocarbon signatures.

An activity budget similar to the above Eq (1b) tenformulated fot*C in Eq 2:

HCn = Yo O BXpEAC T )+ (1= Y )OG expfA Ot (2)

14
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The following assumptions are taken into accoubjtaf initial activity of 60 pMC; (2) the
above introduced mixing proportion Yc, using a é#iph factor R of ~0.5 (DIC of saline water
is 50% less compared to freshwatgurg and Talhami, 20)3and (3) the ages of the fresh and

saline water component deduced above.

Accordingly, the calculated’C activities are 18, 20 and 15 pMC for BE, RD ard T
respectively. These values are much higher thasetimeasured in the range of 2.9 - 5.3 pMC
(Table 1). Groundwater dating usifif in the present case, therefore, requires theidenasion
of additional processes that reduce tf@ activities in DIC. Meanwhile, th&"*C values of the
saline water component are lighter than those efcilrrent seawater, indicating the effect of
oxidation of organic matter of seafloor sedimewrtmtaining dead carbon during the seawater
penetration (similar to the process in the shaltmastal aquifer; Sivan et al, 2005). Entering
both the'“C activities and3*3C values into PhreeqC or Netpath geochemical ctelds to
adjusted residence time of 21 - 27 ka for the sahter of the YTB (Table S2). The codes
calculated the seawater fractions in the salinemptovater, and the mass transfers (moles) of the
different chemical processes. The main processesoarexchange (mainly Ca versus Na) and
Ca and Mg dissolution due to dissolution of rockaiong minerals. Another process that might
be of affect is the C@addition due to oxidation of organic matter upbe penetration of the
seawater through the bottom sea sediment andhetaduifer. The apparent difference between
the relatively old apparent radiocarbon ages, hacages deduced from tffér and®Kr dating
methods, can be explained by several chemical (wabtd interaction, e.gMook, 1980 and
physical (matrix diffusionSanford, 199y processes.

Our data can be used to constrain not only the tingeawater intrusion but also the

residence time of the fresh groundwater (constitu®-17% of the samples). Since HC@
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most fresh water samples is about double than seaidvater, the contribution of carbon from the
fresh water could be up to 18-34% of the total.sAth mixing ratios, the radiocarbon of the
fresh groundwater component has to be 9-30 pMChethree samples in order to fit the
obtained values in these samples which are valuasroxture (Figure 3; Table S1) of fresh and
saline water bodies.

Regarding the BE sample, with its relatively hifAr and °H, there is an unexpected
contradiction between the relatively old radiocartages (several thousands of years, 16-30
pMC; Table S1) and the youritAr ages (several hundreds of years, >0.27, Tabt# e fresh
component. Pronounced mixing of the water companenth different ages, as expected in a
karstic system, is a process that may explaindisisrepancy because of the concave exponential
decay curve and the shorter half-life*34r compared td“C. Yet, details of the mixing process
cannot be resolved with the restricted availabta.dais suggested that the discrepancy could be
due to dispersive mixing of several fresh wateribedf different ages and flow rates. The
youngest could be the component that percolatestire Samaria Mountains in the east while
the oldest could be the water body that moves mlmwly at the fresh-saline water interface
zone or the component that flows from the fartlwartisern part of the aquifeDéfny et al, 201Q)

The mixing of these components is probably dueatanal flow near the interface zone.

Loss of **C from the groundwater into the surrounding aquifetrix by diffusion is
another process that could lead to much older appHiC ages $anford, 1997) This process
would also affect®Ar and ®'Kr but to a different extent as a function of hif; diffusion
coefficients and geometry and spacing of permeablg stagnant zones. This process can
explain at least part of the above contradictiothenages of the BE sample. By assuming similar

conditions for the intruding seawater, and simdéfusion with old connate water during the
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inland intrusion, the age can be reduced by ~50%acbordance, the age of the saline water

would be younger than that discussed above by ~50% Ka instead of ~20 ka).

3.3. Other age constraints.

More constraints on the age of the saline water lsanderived from the isotopic
signature. According to the mixing line (Figure #)e isotopic signature of the old, sea water
component is quite similar to that of the presemvster (e.g5"°0 of ~1.5%. and 1.8%. in old
and recent seawater, respectively). Since the psotmlues during most of the period between
15 and 120 ka are different from the present oryes1b2%., it implies that the intrusion took
place in sea conditions similar to those of theé 1&ska , or in previous high sea level periods in
the Pleistocene (~120 ka ago). Only the former s@@ns in accordance with th&Kr data
(Figure 5).

Taking into account all the above age results aradyaes, it can be summarized that the
intruding seawater is of Holocene age, except the dAmple farther away from the coast
showing late Pleistocene age. The intrusion may een mainly during the last sea level rise

or continuous since then.

3.4. Hydrological implication.

The much younger than expected ages of the salioendwater suggest an active
hydraulic connection between the Judea Group agaiifé the Mediterranean Sea. There are two
primary hypotheses for the location of this receemnetration (Pastest al, 2006; Dafny, 2009)
First is from the northern part of the YTB goinguovard, either from Or Akiva fault or from

the submarine exposure of this aquifer. The seomiidn is through several hydraulic openings
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in the impermeable marly Talme Yafe facies, eithae to lithological changes or through faults
or buried erosional channels filled with coarsesggd sediments with higher permeability. The
first hypothesis would result in age gradient froarth to south, which was not found in the five
81Kr ages that were obtained in this study. The setypothesis anticipates increasing seawater
residence time with distance from the sea, thecatthn for this being the oldest age of the BE
sample farthest from the coast.

The average rate of seawater intrusion may be attanfrom the subsurface residence
times. As discussed above, this rate would be pogdion of three processes: the natural
circulation of seawater in the aquifer, the inceshsate due to the rapid rise of sea level in the
beginning of the Holocene and effects of over purgpihe effect of sea level rise is expected to
be especially significant due to the increase idraylic gradient when the sea level rose by 120
m in a relatively short timeMorrissey et al, 2010)Thus, the intrusion of seawater could have
occurred over a much shorter time at the transitethe Holocene and could be less active
today. However, since the above three processewtae separated, the estimation of the rate
of intrusion is an average value for the entirdagise from the sea to the sampled wells and
ignores heterogeneity in this rate. Accordinglyswasing that the flow is from the west to the
east and the distance from the contact zone oadjoeer with the sea to the sampled wells is
~20-30 km (Figure 2), and the ages of saline waterabout 10 ka, a rough estimation of the
average rate of seawater intrusion into the aquifelds a value of about 2-3 m/year. It is
interesting to note that this value is quite simiaa previous estimate in the coastal aquifer of
Israel based on geochemical tracers (Sivan etC8l5)2 despite the difference in lithology and

hydrological conditions. As stated above, this fleate of saline water could be due partly to
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circulation of the seawater below the interface padly to movement of the whole saline water

body inland.

The most important aspect of these results is tih@tsaline water is not Neogenic
seawater trapped in isolated pockets in the aquifstead, the young ages and the aging inland
imply active, current, hydraulic connectivity beevethe aquifer and the Mediterranean Sea.
Moreover, and from a practical aspect, if the salivater was identified as old, it would have
been considered to contain finite volume of storddmee opposite is true if the age is young and
the seawater mass in the aquifer is connectedetaulrent sea. In the former case, pumping of
the old saline water may be conducted in ordestothis water for desalination and decrease the
potential risk of increased salinization of thesfravater volume by this problematic water. Such
action will have no chance of success in the casermection with the sea since the water head
is permanent and stable (sea level) regardledseafate of pumping. Consequently, according to
our findings over pumping of fresh water in theteasconfined portion of the YTB would draw
more saline water from the infinite reservoir of diterranean Sea. This important water
resource needs to be managed accordingly in oodsugtain its quality. Moreover, the fresh-

saline water interface may rise in the future spEnse to the anticipated sea level rise.

4. Summary and conclusions

This work demonstrates that noble gas radionuclatesbetter than other tracers for
determining the rate of seawater intrusion. Thetirtidcer approach of these more reliable
isotopes provides effective assessments of agetstes for both seawater and fresh water

components that mixed in the coastal aquifer. Hawdoch new tools will encourage more
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similar hydrogeological studies in which new dniis and dating of coastal saline groundwater
will enable determination of the connection betwdbha sea and the adjacent aquifer and
estimation of the risk of seawater intrusion.

Our results change previous perceptions and irgitett the age of the saline water in
the western part of the aquifer is relatively youawgd its origin is from active seawater intrusion
into the deep confined portion of the aquifer dgrthe Holocene. These young ages imply that
pumping of fresh water should be carefully managles to the risk of salinization by
accelerated seawater intrusion, and that the sabhe water interface may rise in response to

the anticipated sea level rise.
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Figure captions

Figure 1. Location map of the western Mountain gguiYarkon-Taninim Basin - YTB) and the

sampled wells. Blue arrows denote main directidrfsesh groundwater flow. The southern part
of the aquifer (Sinai and northern Negev) is owdite chart. Note the black line which denotes
the western boundary of the YTB Aquifer with thepenmeable TalmeYafe group. The green
full circles denote locations of sampled wells,esewf which are given in Table 1 and the rest

taken from previous study of Burg et al. (2006).

Figure 2. Schematic cross-section from the SanMaantains in the east to the Mediterranean
Sea in the west (see location in Figure 1). Sonteefvells are projected onto the cross-section.
The fresh-saline water interface is very closedaozontal. The red broken line denotes possible

seawater intrusion from the sea through openingisarmalmeYafe group.

Figure 3. Radiocarbon values versus Cl concentrstishowing the values (blue points) in
groundwater in the studied area as well as theilpessalues of the fresh and saline end
members. The colored lines are mixing lines acogrdio different values of the initial
concentration ( A) of the fresh water component. Data are from &dbltriangles) and from

previous studiescircles, Burg and Talhami, 2013, Burg et al.,2006

Figure 4.5 0 versus Cl concentrations, showing simple mixiivge lof fresh water with
seawater, implying one source of saline water. Daten Table 1 and from previous studies

(Burg and Talhami, 2013, Burg et al.,2006
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Figure 5. Age ranges of saline and fresh grounemeétermined by°Ar and ®'Kr data. The
gray areas indicate possible ages based orf’Kredata and the mixing equation 1b. The
bandwidth is defined by the analytical uncertaiasycalculated by the unified approach using a
68% confidence limit. The red areas define constsafrom the>*°Ar data including the
analytical uncertainties and a range for undergiqunoduction between 0-10% modern (Eq 1a).
Age ranges that fulfill the constraints for botladers correspond to the shaded areas. The
presence of tritium for Bet Eliezer is only consrdt with the assumption that the freshwater
component is younger than the saline water (ca3eT®e criterionts is therefore included for
each plot by the green line. The final concluded bgnds for the saline (violet numbers) and

freshwater (orange numbers) are also given.
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Fig. 1. Location map of the western Mountain aquifer (Yarkon-Taninim Basin - YTB) and the
sampled wells. Blue arrows denote main directions of fresh groundwater flow. The southern
part of the aquifer (Sinai and northern Negev) is outside the chart. Note the black line which
denotes the western boundary of the YTB Aquifer with the impermeable TalmeYafe group.
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Fig. 2. Schematic cross-section from the Samaria Mountains in the east to the Mediterranean
Sea in the west (see location in Figure 1). Some of the wells are projected onto the cross-
section. The fresh-saline water interface is very close to be horizontal. The red broken line
denotes possible seawater intrusion from the sea through openings in the TalmeYafe group.
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Fig. 3. Radiocarbon versus Cl concentration, showmg the va/ s'in groundwater (blue points) in the studied area
and also the possible values of the fresh and saline end member. The Colored lines are mixing lines according to
different values of the initial concentration (A0) of the fresh water component. Data from Table 1 and from Burg et al.
(2006) and Burg and Talhami (2013)
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Fig. 4. 880 versus Cl concentrations, showing simple mixing line of fresh water with seawater, implying
one source of saline water. Data from Table 1 and from previous studies (Burg and Talhami, 2013, Burg

et al.,2006.
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Figure 5. Ages ranges of saline and fresh groundwater determined by 3°Ar and 8'Kr data. The gray areas indicate possible
ages based on the 8Kr data and the mixing equation 1b. The bandwidth is defined by the analytical uncertainty. The red
areas define constrains from the 3°Ar data including the analytical uncertainties and a range for underground production
between 0-10% modern (Eq 1a). Age ranges that fulfill the constrains for both traces correspond to the shaded areas. The
presence of tritium for Bet Eliezer is only consistent with the assumption that the freshwater component is younger than
the saline water (case C1). The criteria t<t, is therefore included for each plot by the green line. The final concluded age
bands for the saline (violet numbers) and freshwater (orange numbers) are also given.



Table 1. Technical data and chemical and isotopic analyses

field data and technical details

name of well sampling EC DO filter filter well temp pH
date upper lower alltitude oc
millimho mg/I m m masl
Menashe T/3 2.6.14 54.2 0 978 1106 19.93] 26.9 7.4
Gaash 1 2.6.14 40.5 0 841 1115 31] 26.5 7
Gaash 2 2.6.14 53 0 1450 1750 31.02] 26.4 7.8
Bet Eliezer deep 15.11.15 40 0 1087 1200 36 27 6.9
Raanana Deep 15.11.15 45 0 1154 1386 53 27 7.1
Taninim 7 15.11.15 45 0 505 645 7.36| 27.8 7.2
general chemistry stable isotopes
name of well Na* K* ca* Mg** cr SO, Hco;  TDS* 0-18 H-2 C-13
mg/L mg/L mg/L mg/L mg/L mg/L  mg/L mg/L %o Yoo %o
Menashe T/3 12100 525 856 1210 21730 2865 276 39635 0.99 6.7
Gaash 1 9270 240 358 462 15380 173 386 26327 -1.08 -6.6
Gaash 2 11320 453 1112 1158 21175 2645 185 38120 0.62 3.0
Bet Eliezer deep 9453 258 1107 1224 18515 2296 206 33008 0.09 -3.1 -9.6
Raanana Deep 10525 335 1184 1249 20240 2546 192 36228 0.63 -2.7 -6.6
Taninim 7 9169 245 1221 1277 18742 1962 143 32686 0.02 -4.4 -5.9
Medit. seawater 12167 450 441 1482 22371 2928 165 40131 15 10 0
noble gases and radiogenic isotopes
name of well C-14 water Ar-39 err BKr 8Kr err tritium  tritium *He “He Ne *He/'He  Ne/He
% dpm/ partial error
pmc modern ccKr  modern TU TU ccSTP/kg ccSTP/kg ccSTP/kg
Menashe T/3 <0.55 1.1 0.05
Gaash 1
Gaash 2 <0.4 0.99 0.04
Bet Eliezer deep 5.32 27 6 <0.69 0.94 0.03 0.36 0.04 5.61E-09 3.66E-03 1.9E-04| 1.53E-06 0.05
Raanana Deep 3.62 22 11 <0.5 1 0.03 0.01 0.02 6.43E-09 4.71E-03 1.3E-04| 1.37E-06 0.03
Taninim 7 2.91 10 < <0.66 1.02 0.04 0.05 0.03 5.18E-09 3.64E-03 1.5E-04| 1.42E-06 0.04
seawater 105 100 1 1.00 0.2 5.12E-12 3.77E-05| 1.57E-04| 1.36E-06 4.17
(in 2015 @ 15°C) estimated
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Table 2. Ages of the saline and fresh water components

Sample Age young fresh (yr) Age old saline (ka)
minimum maximal minimum maximal
Bet Eliezer (BE) <50 200 13 40
Raanana (RD) 50 1800 0.4 11
Taninim 7 (T7) 900 8000 0.9 8
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