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a b s t r a c t
The current global intrusion of seawater into coastal aquifers causes salinization of groundwater and thus significant degradation of its quality. This study quantiﬁed the effect of seawater intrusion and freshening events in
coastal aquifers on trace elements (Li, B, Mn and Ba) across the fresh-saline water interface (FSI) and their possible use as indicators for these events. This was done by combining ﬁeld data and column experiments simulating these events. The experiments enabled quantiﬁcation of the processes affecting the trace element
composition and examination of whether salinization and freshening events are geochemically reversible,
which has been seldom investigated.
The dominant process affecting trace element composition during salinization and freshening is ion exchange.
The results of the experiments show that the concentrations of major cations and Li+ were reversible during salinization and freshening, whereas B, Mn2+ and Ba2+ were not. During salinization, Li+ and B were depleted due
to sorption by 10 and 100 μmol·L−1, respectively, to about half of their expected conservative concentrations.
The relative depletion of Li+ increased with distance from the shore, representing the propagation of salinization.
Ba2+ and Mn2+ were desorbed from the sediment during salinization and enriched by tenfold in the aqueous
phase compared to their concentration in seawater (~0.1 μeq·L−1). During freshening both were depleted by almost tenfold compared to their concentration in fresh groundwater (~0.7 μeq·L−1). The depletion of Mn2+ is a
sensitive marker for freshening because Mn2+ has a strong afﬁnity to the solid phase. Moreover, this study shows
that both Mn2+ and Ba2+ can be used as sensitive hydrogeochemical tools to distinguish between salinization
and freshening events in the FSI zone in coastal aquifers.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Salinization and freshening events
Seawater intrusion is deﬁned as the migration of salt water from the
sea into a fresh water aquifer (Freeze and Cherry, 1979), and is one of
the main causes for the degradation of groundwater quality in coastal
aquifers. The transition zone between the salt water and fresh groundwater is known as the fresh-saline water interface (FSI). Salinization
due to seawater intrusion can be deﬁned as the movement of the FSI toward the land. Freshening is the inverse event during which the aquifer
is ﬂushed by fresh water. It can be deﬁned as the repulsion of the FSI toward the sea. Quantifying the effect of salinization and freshening on
the chemical composition of the water is important for management
of coastal fresh groundwater. The severe shortage in water in many
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coastal areas is expected to cause farther over-pumping and thus movement of the FSI inland. This is an important issue especially due to expected global climate change which can cause a decrease in recharge
and a rise in sea level. This may result in elevated FSI in various locations, depending on several factors such as topography (e.g., Yechieli
et al., 2010).
One of the important factors in aquifer management is the reversibility of processes occurring as a result of seawater intrusion. Whether
salinization and freshening events are reversible from the hydrological
point of view is debatable (e.g., Werner et al., 2013). It is clear that contamination of coastal aquifers due to seawater intrusion evolves quickly,
while freshening of aquifers by ﬂushing of fresh groundwater takes a
longer period of time (e.g., Adorni-Braccesi et al., 2000; Foster and
Chilton, 2003). A good example for studying seawater-intrusion reversibility is the study of seawater intrusion in Israel. Intense salinization of
the central area of the coastal aquifer in Israel (Tel-Aviv) occurred between 1934 and 1948 (Zilberbrand et al., 2001). Thus, pumping was reduced in 1959 and fresh water was injected into the aquifer in 1964, but
the FSI was not pushed seawards (Mandel and Goldenberg, 1986).
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However, in 1999 it was noted that the FSI retreated in some areas in the
coastal aquifer of Israel (including Tel-Aviv) (Melloul and Zeitoun,
1999).
The main known geochemical effect of seawater intrusion into
coastal aquifers (salinization) and ﬂushing of the aquifer (freshening)
is cation exchange, which is the sorption and desorption of cations on
and from the sediment of the aquifer (e.g., Andersen et al., 2005;
Appelo et al., 1990; Jones et al., 1999; Russak and Sivan, 2010;
Valocchi et al., 1981). If the amount of sorption or desorption during salinization of a certain cation is equal to the amount of the inverse process during freshening, this indicated the geochemical reversibility of
salinization and freshening. One of the objectives of this study is to evaluate the geochemical reversibility of salinization and freshening events.
1.2. Trace elements in the FSI
Recent studies have shown that trace elements are affected by ion
exchange during salinization and freshening events. During seawater
intrusion dissolved Li+ and boron (B) are depleted due to sorption
(Jones et al., 1999). On the other hand, during freshening dissolved
Li+ is enriched (Stuyfzand, 1992). Other studies showed that the dissolved B concentration increases during freshening (Ravenscroft and
McArthur, 2004) and decreases during salinization (Faye et al., 2005).
Cation exchange is also suggested to be the dominant process controlling the changes of Fe2+, Mn2+ and Ba2+ during seawater intrusion
and freshening events in the Netherlands (Stuyfzand, 1992). Fe2 +,
Mn2+ and Ba2+ ions were mobilized during seawater intrusion, whereas during freshening the concentrations of dissolved Mn2+ and Fe2+
declined (Stuyfzand, 1992). For Fe2+ and Mn2+ enrichment, dissolution
of minerals such as siderite (FeCO3) and rhodochrosite (MnCO3) was
suggested as an explanation. Barite (BaSO4) dissolution was excluded
as a possible explanation for Ba2+ enrichment because the North Sea
water is supersaturated with respect to barite (Stuyfzand, 1992).
Changes in Fe2+ and Mn2+ at or below the FSI were also attributed to
redox reactions (Charette et al., 2005; Windom et al., 2006). Fe2+ and
Mn2+ were later oxidized when the saline groundwater moved upward
(Charette et al., 2005). A similar phenomenon was observed in soil aquifer treatment (SAT), where under suboxic conditions manganese oxides
were reduced and when groundwater reached oxic conditions, Mn2+
was sorbed on aquifer sediments (Oren et al., 2007). Using column experiments, it was concluded that sorption of Mn2 + mostly controls
the fate of Mn2+, although up to 20% of the removed Mn2+ was via precipitation as MnCO3 (Goren et al., 2012).
Barium enrichment in saline water in the Hudson estuary was also
explained by cation exchange (Li and Chan, 1979). Other studies
found high concentrations of Ba2+ in saline groundwater and deduced
that this occurred due to cation exchange (Charette and Sholkovitz,
2006; Shaw et al., 1998). Interestingly, authors of these studies noticed
that the enrichment is most clearly observed in the mixing zone. Furthermore, in Brazil (Patos-Mirim Lagon area) the groundwater is
enriched with Ba2+ as well, and the explanation for that was desorption
and dissolution of minerals (Windom and Niencheski, 2003). Mn2 +
oxide dissolution under anoxic condition was suggested to release
Ba2 + to groundwater (Charette et al., 2005; Charette and Sholkovitz,
2006). It was concluded that the aquifer acts as a Ba2+ sink for fresh
groundwater and as a source for saline waters and that saline groundwater can supply Ba2+ to coastal oceans (Moore, 1999).
The main objective of this research was to examine the potential use
of the trace elements – Li, B, Mn and Ba – as indicators for distinguishing
between salinization and freshening events. This was tested by combining ﬁeld work and column experiments simulating salinization and
freshening events. The controlled conditions in the experiments – salinization/freshening regime, known and constant water velocity,
known natural end members' composition, known pore volume and
continuous sampling - enabled quantiﬁcation of the processes occurring
during salinization and freshening.

2. Methods
2.1. Study site and ﬁeld sampling
The study area was the coastal aquifer of Israel, which is located
along the eastern Mediterranean coastline. The aquifer's geological section consists of alternating layers of calcareous sandstone (Kurkar), red
loam (Hamra), and marine clays of Pleistocene age (Issar, 1968), which
overlie impervious marine clays of Pliocene age (the Saqiye Group). The
ﬁeld work was conducted in the Nizzanim Nature Reserve (Nizzanim)
that is located near Ashdod (Fig. 1). Groundwater samples were collected from a set of monitoring wells that were located perpendicular to the
shore line (112b, 112S and 112 W) at different distances from the shore
(40, 70 and 220 m, respectively) (Fig. 1).
The ﬁeld samplings were conducted at the end of the summer, the
dry season (September 2011) and in the winter, the rainy season (January 2012). Samples from borehole 112b were taken using thin tubing
(3 mm I.D., 40 m) mounted on a peristaltic pump. The volume of the
tube (500 mL) was pumped and removed prior to collecting a sample.
The depth of the water table in 112S and 112 W was more than 10 m,
thus, these boreholes were sampled by a submersible pump (Grundfos).
One volume of the tube (about 5 L) was pumped and removed before
sampling. Sampling began only after the electrical conductivity (EC)
had reached stable values. A seawater sample from the shore area
near 112b was taken in January 2012. Major ions, Br−, Li+ and B were
analyzed from the same subsample. Subsamples for trace metals
(Fe2+, Mn2+ and Ba2+) were acidiﬁed by nitric acid (0.1 N ﬁnal concentrations). All samples were kept refrigerated (4 °C) until analyses.
2.2. Laboratory experiments
A column experiment (10 cm I.D., 30 cm) was conducted using aquifer sediments, fresh groundwater and seawater taken from the
Nizzanim area. The sediment represents the Israeli Coastal Aquifer: calcareous sand, consisting almost 90 wt.% quartz (0.7–0.9 mm sized),
10 wt.% calcium carbonate, 0.5 wt.% clay and 0.5 wt.% organic matter.
The sediment was packed slowly by depositing small amounts of the
original sand sample (with no prior drying) by spoon into thin layers
(~1 cm) of water.
The experiment was conducted under anaerobic conditions to simulate the natural conditions in the saline groundwater. It was maintained
by purging N2 gas, which contained an atmospheric level of CO2 (~300
ppmv), into the water tank (fresh groundwater or seawater). The CO2
was used in order to replace the original dissolved CO2 that had been removed from the water due to the purging. A peristaltic pump was used
to keep a ﬂow rate of about 1 mL.min−1 from the water tank through
the column. The water was ﬂowing from the column through a small
vial (~5 mL), designed for constantly monitoring the DO level by using
DO electrode, and than the water ﬂowed out through the tubes to be
sampled. The experiment lasted for about a month.
The experiment simulated seawater intrusion (salinization) by replacing fresh groundwater by seawater and then ﬂushing the seawater by
fresh groundwater (freshening). The column was ﬂushed by fresh water
before the salinization part of experiment was conducted in order to ensure that the pore water in the column was saturated with the experimental fresh groundwater end-member. It should be noted that fresh
groundwater for the experiment was taken in two sampling campaigns.
The concentration of Mn2+ was different between the ﬁrst and second
end-members (0.5 and 0.8 μeq.L−1, respectively). More detailed information about the experimental design is found in Russak et al. (2015a).
2.3. Examination of the reversibility of cation exchange during salinization
and freshening
In order to determine if the salinization cycle is reversible, the
amount of cations sorbed and desorbed during salinization should be
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Fig. 1. Map of the coastal aquifer of Israel (in gray) and detailed map (modiﬁed from http://amudanan.co.il) of the study site (Nizzanim) with the location of the monitoring wells (112b,
112S and 112 W) that located perpendicular to the shore line.

ð1Þ

The expected value of the cation (Mexpc) was then calculated using
the fsw and the concentration of this cation in the end members –
fresh groundwater and seawater (Mfw and Msw, respectively), as follows
(Appelo and Postma, 1999):
Mexpc ¼ f sw  Msw þ ð1−f sw Þ  Mfw

ð3Þ
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Plotting the breakthrough curves of the measured and the expected
cation together reveals the deviation of the cation from conservative behavior. If the measured concentration was below the expected concentration, then the cation was depleted (sorbed) and if it was above the
expected, then it was enriched (desorbed). The breakthrough curve of
Ca2+ is a good example for this because its depletion and enrichment
are clear (Fig. 2, the area of sorption and desorption marked in green).
The area between the measured and the expected concentrations is
estimated by calculating the area between two sequential sampling
points on the breakthrough curve of the measured and expected cation,
using the formula for a trapezoid area:
Area ¼ height  ðsum of basesÞ=2
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The height is the difference of pore volumes between the two sampling points. The bases are the concentration of the cation at each
point. The difference between the trapezoid areas of measured and expected breakthrough curve results is the amount of cation desorbed or
sorbed (if the area has a negative value). The sum of all these areas
gives the total amount of cation sorbed or desorbed during the

5

Pore volumes

Ca2+ (meq·L -1)

f sw ¼ ðCli –Clfw Þ=ðClsw –Clfw Þ

experiments (salinization or freshening). The result of the trapezoid
area is in units of meq per L times the number of pore volumes, thus
in order to reach meq units, the volume of the pore water of the column
of each experiment (in L units) is multiplied.
The calculation was made for the salinization experiment followed
by the freshening experiment. For the major cations (Na+, K+, Mg2+,
Ca2+) and Sr2+ the calculations were made for four experiments, two
with a large column (pore volumes of 850 mL; Russak et al., 2015a)
and two with a smaller column (pore volumes of 100 mL; Russak and

Ca2+ (meq·L -1)

calculated and compared with the amount of cations sorbed and
desorbed during freshening. The mass balance of the different cations
was conducted by calculating the area between the breakthrough
curve of measured concentrations during the column experiments
(salinization or freshening) and that of a calculated theoretical concentration which would be expected from the conservative behavior of
each speciﬁc cation. The expected value was calculated using the Cl−
concentration as a reference for a conservative ion. First, the seawater
fraction (fsw) of a sample point from the experiment was determined
using the concentration of Cl− of the sample (Cli) and of the end members - fresh groundwater (Clfw) and seawater (Clsw) - used in the experiment, as follows (Appelo and Postma, 1999):

10

20

Pore volumes
Fig. 2. Measured and expected from conservative behavior breakthrough curves of Ca2+
from salinization (a) and freshening (b). The areas of enrichment (due to desorption)
during salinization and depletion (due to sorption) during freshening are marked in
green. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 3. The amount (in units of meq) of the desorbed ions versus sorbed ions due to ion exchange during salinization and freshening experiments (including data from Russak and Sivan,
2010) – Ca2+ (green rhombus), Na+ (red rhombus), Mg2+ (blue square), K+ (red triangle), Sr2+ (green triangle), B (yellow triangle), Mn2+ (gray circle), Ba2+ (pink circle) and Li+
(yellow circle) (a). (b) is a zoom in on (a) and (c) is a zoom in on (b). The black dashed line represents the trend line and the thin line represents line of a slope of 1. Note that there is
one legend for all the graphs in the ﬁgure. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

0.01 N AgNO3 solution, and low Cl− concentration (below
100 meq·L−1) samples were analyzed by ion chromatography (Dionex
4000i). The errors calculated by averaging duplicate samples in both
methods were less than 3%. Total alkalinity (ALK) was measured by titration (785 DMP Titrino, Metrohm) with 0.01 N HCl. The error calculated by averaging duplicate samples was ±0.03 mmol·L−1.
The stable isotope composition of sulfur in sulfate (δ34Sso4) was dewas precipitated as
termined as described by Antler et al. (2013). SO2−
4
barium sulfate (barite) by adding a saturated barium chloride solution.
The barite was combusted in a Flash Element Analyzer, resulting in sulfur dioxide (SO2) which was measured by GS-IRMS (Thermo, Delta V

Sivan, 2010). For the trace elements Li+, B, Mn2+ and Ba2+ the calculations were made only for one experiment using the larger column.
2.4. Analytical methods
2+
, Mn2+ and Ba2+ concentrations were anMajor cations, SO2−
4 , Fe
alyzed by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES, P-E optima 3300) with a precision of 2% for the majors and
5% for the trace metals. Br−, Li+ and B were analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS, Elan DRC II, Perkin
Elmer) with a precision of 5%. Cl− was measured by titration with
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Fig. 4. Breakthrough curves of measured and expected concentrations from conservative behavior of Li+ and B during fresh water ﬂow before salinization experiment (a and d),
salinization experiment (b and e) and freshening experiment (c and f). The Li+ and B are depleted during salinization and enriched during freshening. Note that zoom-in of the
salinization and freshening graphs of Li+ are displayed. The legend appears on one graph but refers to all the graphs in the ﬁgure.
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Plus). The error was determined from the standard deviation between
duplicates (between 0.2 and 0.4‰).

from conservative behavior) from 2.4 to 10 pore volumes. For example,
at 5.28 pore volumes the measured concentration was 1.0 μmol·L−1,
while the expected concentration was 0.4 μmol·L−1. Similarly, B had a
lower concentration than expected from conservative behavior during
salinization (Fig. 4e). At 1.46 pore volumes, B concentration was only
315 μmol·L−1, lower than the expected conservative concentration of
438 μmol·L−1. However, during freshening the B concentration was
higher than expected from mixing and for a longer time than Li+ −
from 0.73 to 10 pore volumes (Fig. 4f).
Mn2+ and Ba2+ had higher dissolved concentrations than expected
from conservative behavior during the salinization experiment and concentrations below the conservative concentration during the freshening
experiment (Fig. 5). The Mn2+ and Ba2+ concentrations reached their
peaks at the same time – after 1.09 pore volumes. At this point, the
Mn2+ concentration was higher by a factor of 5 and Ba2+ by a factor
of 80 than the expected conservative concentrations (Fig. 5e and f, respectively). During freshening, the Mn2 + and Ba2 + concentrations
were much below their expected concentrations. However, Mn2 +
reached its minimum concentration before Ba2+, at 0.43 pore volumes
as compared to 2.4 for Ba2+. The minimum concentration of Mn2+ during freshening was less than 0.07 meq·L−1, which is the detection limit
for Mn2+ (Fig. 5c). For Ba2+ it was 0.06 meq·L−1 (Fig. 5f).
To compare ﬁeld data to the experimental data, Br−, K+, Li+ and B
were displayed versus Cl−. It can be seen that all the samples of Br−
plotted on the mixing line between fresh water and seawater (Fig.
6a). On the other hand, the K+ concentration was below the mixing
line during salinization and above it during freshening (Fig. 6b). Li+
(Fig. 6c) and B (Fig. 6d) showed non-conservative behavior, similar to
K+.
The set of observation wells, perpendicular to the shore line, was
used to get a better perception of the system by enabling to display
2D view of the FSI zone and the fresh and saline groundwater adjacent

3. Results
In order to determine if the exchange process is reversible with the
shifting of the events over the temporal scale of these experiments,
the amount of desorbed versus sorbed ions during the salinization and
freshening experiments was calculated (Fig. 3). The trend line calculated from the experiments for all ions (best ﬁt) is 0.93 (Fig. 3a) with R2 of
0.98. The results show that the major cations (Fig. 3a and b), Sr2+ (Fig.
3b and c) and Li+ (Fig. 3c) fall on a line with a slope of 1, meaning full
reversibility, while the trace elements B (Fig. 3b), Mn2 + and Ba2 +
(Fig. 3c) are not equally sorbed and desorbed.
To examine the chemical behavior of the trace elements during the
experiments we used breakthrough curves, which present trace element concentration versus time (as pore volume). The breakthrough
curves of Li+, B, Mn2 + and Ba2 + are displayed in Figs. 4a-c, d-f, 5a-c
and d-f, respectively. During the salinization experiment, the measured
concentration of Li+ was lower than the expected concentration from
simple mixing and conservative behavior (Fig. 4b). For example, after
1.46 pore volumes the concentration of Li+ was 24 μmol·L− 1, while
the expected concentration from conservative behavior was expected
to reach the concentration of Li+ in seawater – 30 μmol·L−1. However,
the Li+ concentration reached seawater concentration only after 2.27
pore volumes. The zoom-in of the salinization graph (detail graph of
Fig. 4b) shows that the measured concentration of Li+ had a lower concentration than expected: at 0.93 pore volumes the measured concentration was 3.7 μmol·L−1, while the expected concentration was
8.7 μmol·L−1. During freshening, the concentration of Li+ was higher
than expected, but only in the detail graph is clearly shown that its concentration was enriched (its concentration was higher than expected
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Fig. 5. Breakthrough curves of measured and expected concentrations from conservative behavior of Mn2+ and Ba2+ during fresh water ﬂow before salinization experiment (a and d),
salinization experiment (b and e) and freshening experiment (c and f), respectively. The Mn2+ and Ba2+ are enriched during salinization and depleted during freshening. The black
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graph but refers to all the graphs in the ﬁgure.
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it. The 2D view of Cl− shows distinctly the location of the FSI zone and
that there is no signiﬁcant difference between summer and winter
(Fig. 7). To show the effect of the chemical processes in the FSI zone,
the Ca2+ data is given as the deviation between the measured and expected (by mixing only) Ca2+ concentration (ΔCa). The higher ΔCa is
in the FSI zone, up to 20 meq·L−1 (dark green, Fig. 8). The values of
Mn2+ and Ba2+ concentrations are given without comparison to the expected values, because there is only a slight difference between their
concentrations in fresh groundwater and seawater (the end-members).
The highest Mn2+ concentration in summer was 9.1 meq·L−1, and in
winter it was 0.51 meq·L−1 in the well located most inland (112 W,
Fig. 9). The Ba2+ concentration in the FSI zone in well 112 W was high
in the summer – 2-3 meq·L− 1, while in winter its concentration in
the FSI zone was only 0.7 meq·L−1 (Fig. 10). Ba2+ concentration was
also higher in the shallow depths of the well located in the inter-tidal
zone (112b), reaching a peak of 5.7 meq·L−1 in the summer.

4. Discussion
Major cations in the FSI were previously shown to be affected mainly
by ion exchange process, and can be used as a salinization index (e.g.,
Stuyfzand, 2008; Russak and Sivan, 2010). We aimed here to quantify
the processes affecting trace element concentrations in the FSI and to
test whether trace elements can provide a more sensitive indicator to

salinization/freshening events as potential new tools for identiﬁcation
of seawater intrusion.
4.1. The reversibility of cation exchange process during salinization and
freshening
The reversibility of the cation exchange processes can be tested by
plotting the same ion on a desorbed/sorbed graph. The average slope
of the total sorbed versus desorbed major ions during the experiments
is 0.93, implying that salinization and freshening events are geochemically reversible (Fig. 3a). This means that after a shift between salinization and freshening, the aquifer returns to the original state of sorption
and the cation exchange process can repeat in the next cycle of salinization and freshening. Cycles of salinization/freshening may explain why
measured concentrations of cations in the FSI show deviations from
conservative behavior even if the seawater intrusion began a long
time ago and has not reached seawater concentration. For example, in
Israel the latest seawater intrusion began about 30 years ago, but the
cation exchange process is affecting the major cations today in a similar
way as 15 years ago. In other words, the trends of the major ions, like
Ca2+, with regard to the mixing line were similar 15 years ago (Sivan
et al., 2005) to the trends today. Therefore, it seems that the reversibility
is not seasonal because the saline groundwater is deviated from seawater for all those years and does not reach the composition of the end
member (seawater).
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Fig. 7. Schematic cross section showing Cl− concentration in 2D view from the ﬁeld in summer (September 2011) and winter (January 2012). Green triangles represent the sampling
points. The different areas (in different shade of blue) represent range of values to emphasize the FSI zone. The dashed line represent salinity of about half of the salinity in seawater.
Note that the FSI zone in summer and winter located in the same area. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

The cation exchange process during a freshening experiment is not a
mirror image of the cation exchange process during a salinization experiment. During salinization, the cation exchange process affects the
cation concentrations more signiﬁcantly than during the freshening experiment. However, the cation exchange process during the salinization
experiment is more rapid than during the freshening. In other words,
during salinization, each ion is affected dramatically and quickly by
the exchange process and during freshening the effect is relatively
milder but continues for a longer time. Therefore the amount of ions
desorbed/sorbed during the salinization experiment is similar to the
amount of ions sorbed/desorbed during freshening (Fig. 3).
Regarding boron, its concentration deviated from the expected conservative behavior by more than 100 μmol·L−1 (Fig. 4e and f). It is interesting to note that during salinization this effect continued only for
about 0.6 pore volumes, whereas during freshening B was enriched
strongly for 1.7 pore volumes. Therefore, the amount of B desorbed
from the sediment during freshening was three times larger than that
sorbed during salinization (Fig. 3b).
Manganese was enriched during salinization and depleted during
freshening (Fig. 5b, c), quite similar to the behavior of Ca2+ (Fig. 2). In
general, Mn2+ exhibits a great afﬁnity to being sorbed and its concentration during freshening decreased below the detection limit (0.07

μeq.L−1) from the beginning of the experiment up to its end (0.8–21.3
pore volumes). During salinization, the Mn2 + reached the seawater
concentration. Therefore, the amount of Mn2+ that desorbed during salinization is 10 times smaller than the amount of Mn2+ that was sorbed
during freshening (Fig. 3c). Another evidence for the tendency of Mn2+
to be sorbed was displayed during the fresh water ﬂow, before the salinization experiment, when the Mn2+ concentration decreased below
the concentration of Mn2 + in the fresh water entering the column.
The strong afﬁnity of Mn2+ to be sorbed under a fresh water regime
was also described in previous laboratory studies (e.g., Oren et al.,
2007; Goren et al., 2012). It should be noted that this experiment was
done under anoxic conditions, so it is not likely that Mn-oxides precipitated. Moreover, it seems that rhodochrosite (MnCO3) could not precipitate during this part of the experiment. It is impossible to support
this by the measurement of bicarbonate (HCO−
3 ) since the concentra−1
, whereas the Mn2+ contion of HCO−
3 is in the range of few mmol·L
centration is in the range of only 1 μmol·L−1. However, calculation of
the saturation index (SI) using PHREEQC (Parkhurst and Appelo,
1999) show that the water was under-saturation with respect to rhodochrosite – (SI for rhodochrosite was in the range of −0.5 to −1.5). Thus,
the behavior of Mn2+ in the salinization-freshening cycle is irreversible
and it accumulates on the sediment during these processes.
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Fig. 8. Schematic cross section showing ΔCa (difference between measured and expected from mixing) in 2D view from the ﬁeld in summer (September 2011) and winter (January 2012).
Green triangles represent the sampling points. The different areas (in different shade of green) represent range of values to emphasize the area of the enrichment of Ca2+. The dashed line
represent salinity of about half of the salinity in seawater. The Ca2+ enriched mostly in the FSI area. Note that there is slight different between summer and winter. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

The amount of Ba2+ that was desorbed during salinization is three
times larger than the depleted amount during freshening (Fig. 3c).
However, Ba2+ did not reach the concentration of the end-members
and theoretically, if the salinization and freshening continued for longer
time, the amount of sorption and desorption would have been different.
It seems that the sorption processes may continue longer than the experiment time, because the line of the measured concentration and
the expected concentration are parallel lines (Fig. 5f). On the other
hand, the desorption process nearly ﬁnished because the line of the
measured concentration shows a tendency to decrease, approaching
the values of the expected concentration of the end member (Fig. 5e).
Therefore, it seems that the salinization-freshening cycle of Ba2+ is irreversible. Nevertheless, it should be noted that dissolution of barite minerals during salinization and/or precipitation during freshening is not
likely to affect the Ba2+ as was deduced by calculation of the SI. During
salinization, when Ba2+ was enriched, the SI for barite was in the range
of 0.5 to 1, meaning that the water was over-saturated with respect to
barite. During freshening, Ba2+ was depleted and the SI for barite was
− 0.6, meaning that the water was under saturated with respect to
barite.

It is hard to deduce an absolute time scale of the reversibility process
from the laboratory experiments since the time scale is expressed in
pore volumes (PVs). However, the experiments provide an indication
of the relative timescale to reach the saline end member and the fresh
end member. In these terms, it is clear that the salinization is faster
than freshening (e.g., 2 PVs and 10PVs for Ca2+, respectively). To implement this on the ﬁeld it is necessary to estimate what is the “pore volume” in the ﬁeld (if it is the aquifer, the FSI or just the area where
there are oscillation in the FSI due to salinization and freshening etc.).
It seems that the salinization and freshening cycle is seasonal (Russak
et al., 2015b), which is probably not enough for full reversibility.
4.2. Trace elements in the FSI
The major ions Ca2+ and K+ can be used as proxies to distinguish between salinization and freshening (Russak and Sivan, 2010). The similarity of the general trend generated by the trace elements and by
Ca2 + and K+ suggested that they should be examined as proxies as
well. The experiments exhibit a clear difference between the effect of
salinization and freshening on these cations.
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Fig. 9. Schematic cross section showing Mn2+ concentration in 2D view from the ﬁeld in summer (September 2011) and winter (January 2012). Green triangles represent the sampling
points. The different areas (in different shade of gray) represent range of values to emphasize the change in Mn2+ concentration. The dashed line represent salinity of about half of the
salinity in seawater. Note that Mn2+ reached to a very high concentrations in the FSI zone inland and to a much higher concentration in summer than in winter. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

On the other hand, Br− can be referred to as a conservative species
based on the current study, and in agreement with previous studies
(e.g., Sivan et al., 2005). Li+ behaves like K+, showing depletion during
salinization; thus, like K+, it can be used as evidence for salinization.
Moreover, the Li+ concentration is less depleted in the observation
well closest to the shore (observation well 112b) than in the farther
well (observation well 112 W), which implies that the process of cation
exchange during seawater intrusion (salinization) continues while the
seawater intrudes farther inland.
Boron also shows depletion during salinization (Fig. 6d), like K+ and
Li+. This phenomenon can be an advantage in desalination of saline
groundwater compared to desalination of seawater because the removal of B during reverse osmosis (RO) is relatively limited (e.g., Gorenﬂo et
al., 2007; Kloppmann et al., 2008). This is signiﬁcant because the potential for desalination of saline groundwater over seawater has been recently shown (e.g., Stein et al., 2016).
The 2D cross section of Cl− content shows that the FSI is located approximately in the same place in summer and winter (dashed line in Fig.
7). The Cl− can be used as a reference for the location of the FSI, but it
does not identify the process occurred in the FSI – salinization or freshening. For that other indicators are needed. The Ca2+ concentration in

seawater is higher than in fresh water, thus the enrichment in Ca2+ is
shown by ΔCa - the calculated difference between the measured and expected from the mixing concentration. In summer and winter, the ΔCa
is high in the FSI zone in a similar way (Fig. 8), which implies that seawater intrusion (salinization) also occurs in this area during winter.
On the other hand, the values of Mn2+ in the FSI in summer are higher
than in winter, implying that more seawater intrusion occurs during the
summer (Fig. 9). This means that Mn2+ is affected by freshening and
that it can be used as a more sensitive indicator for the early stage of
freshening, while Ca2+ only indicates when the freshening was completed. Moreover, the maximum concentration of Mn2 + exhibited in
the observation well located most inland (112 W) implies that the cation exchange occurs with the seawater intrusion even at distance of
more than 200 m. The FSI results of Ba2+ in the 112 W also show a decrease in winter compared to summer (Fig. 10), which suggests that the
effect of freshening began there.
The results of this study show that Mn2+, Ba2+ and Li+ are affected
strongly by cation exchange due to salinization and freshening, and thus
can be used as hydrogeochemical tools to identify salinization processes
in the FSI zone in coastal aquifers. Moreover, these tracers are more sensitive than Ca2+ and K+. Mn2 + and Li+ (Figs. 6c and 9, respectively)
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Fig. 10. Schematic cross section showing Ba2+ concentration in 2D view from the ﬁeld in summer (September 2011) and winter (January 2012). Green triangles represent the sampling
points. The different areas (in different shade of pink) represent range of values to emphasize the change in Ba2+ concentration. The dashed line represent salinity of about half of the
salinity in seawater. Note that Ba2+ reached to its maximum concentration under the beach area (well 112b) and in summer reached to higher concentration than in winter. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

were more affected at the sample points located landward. This implies
that the salinization front propagated landward and thus the salinization effect (cation exchange) is more signiﬁcant. Li+ shows this phenomenon (more depletion in the boreholes further inland) in summer
and in winter at the same magnitude. However, Mn2+ shows a clear difference between summer and winter, indicating that the salinization is
more dominant in summer than in winter. The strong afﬁnity of Mn2+
to be sorbed may explain why the seasonal variation is better exhibited
in Mn2+ values than in the Li+ values.
The enrichment of Ba2+ in the FSI zone showed a slight seasonal variation, like Mn2 +. However, the maximum enrichment of Ba2 + was
displayed in observation well 112b, which is located near the shore
line. Moreover, in summer the maximum concentration was in the shallow depth, while in winter the maximum concentration was deeper
(Fig. 10). This means that the salinization not only derived from the seawater intrusion into the aquifer below the FSI, but also from inﬁltration
from above during ﬂooding of the sea, probably during intense sea
storms. Evidence for a sea storm in mid-August 2011 was given by
wave data from the Israel Meteorological Service and data of the
water-table head from in situ sensors in observation well 112 W

(Levanon et al., 2013). The results of Ba2+ a month later (September
2011) and ﬁve months later (January 2012) showed how the groundwater below the area of the inter-tidal zone was affected and changed
in time.
High concentrations of Fe2+ and Mn2+ in groundwater in the vicinity of the sea were explained by the process of reduction of Fe-oxides
and Mn-oxides (Charette and Sholkovitz, 2006; Windom et al., 2006).
Contamination of Mn2 + as a result of reduction of Mn-oxides was
found in soil aquifer treatment of sewage reclamation (Oren et al.,
2007). The high concentration of dissolved organic carbon (DOC) in
the treated sewage was explained as the cause for the reductive conditions. In the present study site, the DOC concentrations were low, in the
range of seawater (0.2 mM and even lower; Table A1.2 in Appendix A).
Furthermore, sulfate (SO24 −) and the stable isotope ratio in SO24 −
(δ34SSO4) in a few samples in the experiments (salinization and freshening) and from the summer sampling campaign are plotted on the
mixing line (Fig. 11a and b, respectively), indicating that sulfate was
not used for bacterial respiration, as it behaves as a conservative species
and not show any fractionation enrichment (Antler et al., 2013). Therefore, it is not reasonable to assume that anaerobic sulfate reduction
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occurred. Moreover, Fe2+ results from the experiments and ﬁeld are
below the detection limit (0.4 μeq.L−1, Table A3 in Appendix A), indicating that Fe2+ was not signiﬁcantly affected by biological reduction of
ferric oxides to Fe2 +. These observations suggest that Mn2 + (like
and Fe2+) was not affected signiﬁcantly by anaerobic microbial
SO2−
4
respiration, and that the dominant process inﬂuencing Mn2+ concentrations in the aquifer is cation exchange.
5. Summary and Conclusions
This study examined the effects of salinization and freshening events
in coastal aquifers on trace metals (Li+, B, Mn2+ and Ba2+) by combining ﬁeld results and column experiments simulating these events. The
major cations and the trace metals were mainly affected by cation exchange. The experiments suggest that circulation of salinization and
freshening is reversible for the major cations (Na+, K+, Ca2 + and
Mg2+) including Sr2+ and Li+, i.e., the amount of sorption or desorption
of each cation due to exchange during salinization is almost equal to the
amount desorbed or sorbed during freshening. On the other hand, B,
Mn2+ and Ba2+ seem to have an irreversible behavior, as their concentrations did not revert to their original ones after the shifting between
salinization and freshening.
The trace elements, Li+, Mn2 + and Ba2 + are good indicators for
identifying salinization and freshening events. Major cations show
only the dominant situation in the aquifer (after salinization or after
freshening), whereas Li+ and Mn2+ also show the propagation of the
seawater intrusion. This is because there is an increasing effect of cation
exchange on Li+ and Mn2+ with increased distance from the shore line.
Ba2+ was the most enriched in the samples from the observation well in
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