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Abstract: While seawater intrusions are widely discussed, the salinization of coastal aquifers via
narrow rivers is hardly documented. This study investigates groundwater dynamics in an aquifer
next to an estuarine stream on the eastern Mediterranean coast. Groundwater levels and salinization
patterns were examined as a response to dynamic changes in estuary water, both in low-and
high-permeability aquifer units. In the high-permeability unit, the extent of salinization was relatively
constant, reaching a distance of at least 80 m from the river, with no long-term changes in fresh-saline
interface depth, indicating that the system is in a quasi-steady state. Groundwater salinity in the
low-permeability unit showed frequent and large fluctuations (up to 36 and 22 at 5 and 20 m
from the river, respectively). We suggest that the river may have a more immediate impact on a
low-permeability than on a high-permeability aquifer. This is dependent on the history of seawater
encroachments to the river, which are better preserved in the low-permeability unit, and on the
hydrogeology of this unit, where sand lenses can serve as high-permeability conduits. However,
this unit can efficiently prevent a large extent of salinization of the regional coastal aquifer by the
estuary water.

Keywords: estuarine river; seawater intrusion; fresh–saline water interface; surface–groundwater
interaction; permeability

1. Introduction

Groundwater is an essential freshwater resource in many coastal areas. Optimal management of
coastal aquifers is becoming increasingly important due to population growth and climate change,
which potentially affects water quality, ecosystem health and diversity, and water-supply reliability [1–5].
Surface water and groundwater are intrinsically linked systems [6–9]. Areas around streams, rivers,
lakes and coastal environments represent zones of interaction and transition between the two systems,
where dissolved constituents such as pollutants can be diluted, exchanged, transformed, or degraded.
Identifying predominant processes affecting solute exchange across transition zones is, therefore,
critical [10–12].

The problem of seawater intrusion into coastal aquifers is widely recognized for its importance
with regard to water resource management and planning in coastal areas [10,12,13]. The configuration
of the seawater intrusion and its extent are determined by hydraulic gradients and by spatial variation
in the hydraulic conductivity of coastal aquifers [10]. For hydrogeologically homogeneous systems,
fairly reliable predictions can be made on the basis of the Ghyben–Herzberg relationship. The extent of
seawater intrusion into the coastal aquifer can also be estimated by salinity measurements in observation
wells [14–18] or by hydrological modeling [15,19–22], as well as by geophysical measurements [14,23,24].
While the nature of the seawater–groundwater interface was widely discussed in different coastline
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settings (e.g., References [10,25] and the references therein) [26–29], the salinization of coastal aquifers
via estuarine streams was hardly studied in the field [14,16,30,31].

The rate at which water exchanges between surface water and the aquifer is controlled by
hydraulic gradient and sediment permeability. In rivers and estuaries, this exchange is also known as
a hyporheic exchange [31–34]. Groundwater–surface water interaction in the estuarine environment
is influenced by density contrasts between the typically fresh groundwater and saline-to-brackish
estuarine water, which leads to convective circulation in the aquifer [7,19,35–37]. Circulation occurs
even if the hydraulic gradient in the aquifer dips toward the estuary [31,38]. The size of the resultant
salt wedge is dependent on the hydraulic gradient, aquifer conductivity, and estuary salinity [31,36,39].

In this paper, we investigate the dynamics and mechanisms of aquifer salinization next to a
bar-built estuarine river by integrating high-resolution level and salinity measurements in the river
and the adjacent aquifer.

The Study Area

The Alexander River is a perennial river on the Mediterranean coast of Israel (Figure 1a).
The drainage area of the Alexander River is relatively small (555 km2, Figure 1a) and, thus, it experiences
relatively small peak discharges (up to ~180 m3/s in recent years; data from the Hydrological Service of
Israel). Although it is a perennial river, the river’s natural flow to the sea is insignificant during the dry
season (the base flow entering the estuarine part is typically ≤0.3 m3/s), which is mostly composed of
effluents from sewage treatment plants and aquaculture drainage [40].
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Figure 1. Maps of the study sites: (a) location map; (b) Alexander River area; (c) study site area.
“Kurkar” is the local name for lithified calcareous sandstone.

The Alexander River channel cuts through two ridges of Pleistocene calcareous sandstone (locally
named Kurkar) at ca. 250 and 1700 m from the sea. Between these two ridges, the river meanders in
clayey layers of swamp origin [41]. West of the western ridge, the river runs through a brown-red
sandy soil and coastal sand dunes, which cover Kurkar layers [42]. Due to the heterogeneous nature of
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the fluvial environment, the lithological sequence frequently varies in type and thickness along the
river channel.

The lower reach of the river (5.5 km from the sea; Figure 1b) is a bar-built estuary, with a typical
water depth of less than 2.5 m, and with its riverbed up to ~1.6 m below sea level [40]. The connection
of the river with the sea is usually blocked by a shallow bar, which is built of sand and pebbles [40,43].
The sandbar exists at the river mouth almost year-long, although it is occasionally breached, mostly
during high-sea and high-discharge winter events [16].

In areas where the riverbed is below sea level, it is subjected to seawater encroachment, reaching
4–5 km upstream. As a result, the river usually develops a halo-stratified water column with saline
water at the bottom and relatively fresh water at the surface. Salinities in the deep water are usually
lower than 15 (compared to 39 of eastern Mediterranean seawater). Large flow rates in the deep water
are usually limited to big flood events, which destroy the sandbar at the river mouth, or to high-sea
conditions. Immediately after such an event, large volumes of seawater penetrate the river channel.
In these cases, salinities in the deeper layer may increase to 35 and a sharp halocline is developed,
which further prevents vertical mixing of surface and bottom water [16,40].

The dynamics of interaction between the river and the aquifer was studied in two close-to-sea sites
(<500 m from the river mouth), north and south of the river (~300 and 250 m from the sea, respectively;
Figure 1c). The northern site (hereafter the Silty site) is covered by a clayey silt unit, up to 4 m thick
next to the river. The silt is underlain by the regional sandy aquifer, which is exposed 45 m from the
riverbank. The clayey silt unit includes several thin sandy (~35% sand) lenses, some containing up to
70% of the mineral quartz. The southern site (hereafter the Dune site; Figure 1c) is mostly characterized
by sands (50–100%; Table 1), which are separated at a depth of ∼8 m by a thin (1 m) clayish silty
layer (65% silt) from the regional sand aquifer. The lithology of both sites is described in detail in
Shalem et al. (2014) [16].

Table 1. Grain size and hydraulic conductivities in the two sites included in this study.

Site Lithology Borehole Depth
(m)

Sand
(%)

Silt
(%)

Clay
(%)

Hydraulic Conductivities
(m/day) *

Silty Clayey silt AL6 2–3 37.0 49.0 14.0 1
Dune Sand AL13 3–4 94.5 5.0 0.5 13
Dune Sand AL15 6–7 94 5.5 0.5 15

* Hydraulic conductivities were calculated from slug tests.

2. Methods

River water and groundwater level and salinity were measured both manually and continuously
by level loggers (1-h resolution) from November 2012 through November 2013. River water was
monitored at two stations for water level and salinity (EC). The first station was located 250 m from
the sea on a dock at the northern bank (Figure 1c). The second station was located 500 m from the
sea, at the base of the Michmoret Bridge (Figure 1b). Three boreholes were drilled at the Silty site,
north of the river ca. 300 m from the sea, and four boreholes were drilled at the Dune site, south of the
river ~250 m from the sea (Figure 1c). Drilling methodology and locations were described in detail in
Shalem et al. (2014).

Water levels were measured continuously using level loggers (Solinst Canada Ltd. Model 3001,
Georgetown, Canada, respectively). Manual measurements included water level by Solinst Model
101 Water Level Meter and electrical conductivity (EC) and temperature by a DELTA-OHM HD2156.2
meter or by an LTC levelogger (Solinst Canada Ltd., Model 3001, Georgetown, Canada). Salinity
was calculated from the EC and temperature values, using the practical 1978 salinity scale (PSU) [44].
Manual salinity profile measurements were conducted (in the river and some boreholes) 13 times
during the study period. Because the salinity profile revealed that there is a fresh–saline interface in
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the Dune site, groundwater salinities in the Dune site were continuously monitored at two depths,
just above and below the interface.

Regional groundwater levels were taken from databases of the Hydrological Service of Israel.
Flow rates in the upper reaches of the river (6000 m upstream) were taken from the Alexander-Elyashiv
hydrograph (No. 15120, Hydrological Service of Israel). Sea level and wave height data were taken from
the Hadera Meteomarine Monitoring GLOSS station 80 of the Israel Oceanographic and Limnological
Research (1-h resolution), 2000 m offshore, ~8 km north of the Alexander River mouth.

Groundwater tidal fluctuations were studied on data subsets with a relatively steady level in order
to avoid superimposed signals. A Fourier analysis, carried out on these subsets, produced amplitude
and frequency plots. In the plots, the spectrum presented is truncated at 3.5 cpd (cycles per day) and
amplified for clarity. The Tsoft package, which is a free software, was used because it enables applying
filtering to such Fourier transforms [45].

3. Results

3.1. River Level and Salinity Dynamics

Water level in the Alexander River estuary varied significantly on different time scales, with an
overall annual average of 66 cm above sea level (asl) at a distance of 250 m from the sea (Figure 2).
During winter, water level showed large fluctuations (hereafter, river events) of up to 110 cm within
less than 24 h. Summer fluctuations were smaller (up to 45 cm; Figure 2). In the winter, river events
were usually weather-induced, mainly by high sea levels and downriver flood waves. In the summer,
the high level was usually built up due to the sandbar at the river mouth, which blocked the base
flow to the sea and caused piling up of water behind it. When river level reached sandbar elevation,
the sandbar was breached, causing a fast level drop (e.g., Figure 2, 25 May 2013).
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Figure 2. Alexander River discharge, level, and salinity (surface and bottom water, 250 and 500 m,
respectively, from the sea). Resolution was at 1 h. Also shown are the sea level from the Hadera
Meteomarine Monitoring GLOSS station 80 and the shelf wave height (data from the Israel Oceanography
and Limnological Research, IOLR).
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River salinity showed large variability (Figure 2). During the winter, the salinity of both surface
and deep water varied between 0.1 and 38, where instantaneous salinity changes were associated
with river events (Figure 2). While instant increases in salinities are related to high waves (Hs > 4 m),
decreases in salinity are related to increases in downriver discharge (Figure 2). Between the end
of winter (or the last river salinization event) and mid-summer, there was a continuous decrease in
deep-water salinity, whereas surface salinity continuously increased.

3.2. Groundwater Dynamics

3.2.1. Groundwater Levels

Groundwater at the Dune site responded coherently to river level fluctuations up to a distance of
at least 80 m during both the winter and the summer (Figure 3). Groundwater level changed by up
to 70 cm (13–63% of the river level change) in response to winter river events (Figure 4). As a result,
hydraulic gradient dips changed during these events from toward the river to toward the aquifer
(Figure 4b; gradients are hereafter defined as “positive” and “negative”, respectively).
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Figure 3. Groundwater levels at the Dune site (top) and at the Silty site (bottom), south and north of
the river, respectively, compared with river level. Numbers denote distance in meters from the river.
Daily precipitation at 5 km from the sea is also shown (red bars). Short-period zoom-ins are shown in
Figure 4.

During winter events, groundwater levels started to rise within a few hours after river level
started rising, and their peaks lagged by <24 h at 5 m and by 2–3 days at 20–80 m from the river
(Figure 4). Following the peak, levels declined asymptotically and reached base level within 2–3 weeks.
Level changes at 20–80 m from the river were almost synchronous, with lags not exceeding several
hours (Figure 4b).

During the summer, base groundwater levels were up to 10 cm lower than winter base levels, and
gradients varied between slightly positive and zero. During summer river events, groundwater levels
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changed by no more than 10 cm, significantly smaller than the corresponding river levels (up to 35 cm),
which resulted in short-term (two days) negative gradients (e.g., Figure 5).Water 2019, 11, x FOR PEER REVIEW 7 of 22 
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Although less permeable, groundwater at the northern Silty site showed a significant response
during winter river events (Figures 3 and 4) both at 5 and 20 m from the river, with fluctuations of up
to 100 cm, sometimes similar to those observed in the river (e.g., 5 December 2012 at 5 m from the river,
Figure 4a). Moreover, peak levels in the Silty site, both at 5 and 20 m from the river, were recorded
almost simultaneously with peak river levels (Figures 3 and 4). On the other hand, summer events
seemed to have almost no impact on groundwater level at 20, but clearly affected groundwater at 5 m
from the river, raising its level by ca. 70% of river level increase (27 and 35 cm, respectively; Figure 5).
Decline to base level was asymptotical, but slower than in the Dune site (months; Figure 4). As a result,
winter base levels at this site were much higher (up to 30 cm) than in the summer (Figure 3).

Farther away from the river (45 m), where the regional sandy aquifer is exposed, fluctuations were
significantly smaller in the winter (Figure 4), with lags usually of 2–3 days, similar to those observed in
the sandy Dune site (Figure 4). Summer river events had no impact at this distance.

Diurnal Level Fluctuations

Tidal fluctuations were not observed in river water, except during a short period (~3 weeks) in
January 2013, when direct connection was established between the sea and the river for a long enough
time (Figure 2). Tidal fluctuations were also hardly observed in groundwater of the Dune site, except
for a weak signal of up to 2–3 cm during the summer at 20–80 m from the river (Figure 5). On the
other hand, daily cycle fluctuations were clearly observed in the Silty site, mainly during the summer
(Figure 5), with amplitudes up to 5 cm in the 20-m borehole. In both sites, fluctuations were hardly
observed at 5 m from the river, similar to river water.
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3.2.2. Groundwater Salinity

Salinity in the Sandy Dune Site

Salinities of up to 10 were observed in boreholes of the Dune site (Figure 6). While uniform salinity
profiles, similar to river surface water (2–8), were typically observed at 5 m from the river, the boreholes
at 20–80 m developed a clear fresh–saline water interface (FSI), which slightly deepened between
20 and 40 m from the river (Figure 6). Shallow (<2.5 m depth) groundwater at 20–40 m from the river
was mostly fresh (<2), while that of deeper (<3 m asl) groundwater approached ~6–10 (Figure 6).
At 80 m from the river, salinities were slightly higher, with shallow and deep water approaching 4 and
10, respectively.
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Figure 6. Salinity profiles in the Dune site, compared with river profiles at the Michmoret Bridge,
500 m from the sea. Note the differences in salinity scale. Also shown are the monitoring depths of the
monitoring points (data shown in Figure 8).

Fluctuations in FSI depth were observed year-long, although they were larger (up to 2 m) and
more frequent during winter events (Figure 7). During winter river events, FSI was usually higher by
up to 2 m (reaching 0 m asl, see Figure 8 and monitoring points depth in Figure 6). The FSI rise was
almost instantaneous (within 24 h) following river events, with decreasing intensity and increasing
time lag with distance from the river (Figure 8). After about two days, the FSI deepened by up to 2 m,
at about the same time as groundwater peak level (Figure 8).
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40 m (top) and 20 m (center) from the river, compared with river level and salinity (surface and bottom).
Groundwater salinity was measured just above and below the fresh–saline interface (FSI; ~1 m and
~3 m below groundwater level, respectively).
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Salinities at the Silty Site

Salinities at the northern, Silty site, up to 20 m from the river, were much higher than in the Dune
site (up to 20 and 30 at 20 and 5 m, respectively; Figures 9 and 10). Profiles were quite uniform, with
no FSI observed, even during high-salinity events (5 and 20 m from the river, Figure 9). Groundwater
salinity was highly variable during early winter, while relatively low during most of the summer (<1
and <6 at 20 and 5 m from the river, respectively, Figure 10). An important observation is that salinity
peaks were mainly associated with level peaks in the aquifer and the river (e.g., late October 2012
and September–October 2013, Figure 10), while some major salinity peaks in the river, such as from
January to early February 2013, were hardly recorded in groundwater salinity (AL3, 20 m from the
river, Figure 10). We also note that the increases in salinity are mostly very sharp (hours to a few days),
in particular at the 20 m (AL3) borehole.

In 2012, high salinity (up to 28) was first observed in the Silty site during early October (similarly,
in early September 2013) at 5 m from the river (borehole AL6; Figure 10), while, at 20 m, the signal
(up to 20) did not appear until late October (borehole AL3; Figure 10). Notably, salinization was hardly
observed in the underlying sandy aquifer [16], and at the unit 45 m from the river (up to 1.7; Figure 10).
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4. Discussion

Although a small estuarine river, the very frequent changes in levels and salinity in the Alexander
River estuary and the different lithologies along its channel allow a detailed investigation of the reaction
of an aquifer hydrological system to estuarine dynamics. Whilst both sites along the estuary experience
salinization [16], there are large differences in the extent and pattern of salinity between the two sites.

In light of their different lithologies, we suggest below that, while the sandy lithology at the Dune
site allows regular circulation of river water in the aquifer, circulation in the clayey silt is much more
limited. This allows the accumulation of high-salinity water (Figure 11) in the latter, which is injected
into the boreholes through sand lenses that act as conduits during high river stands.
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4.1. Salinization Patterns in a Sandy Bank

In the sandy Dune site, salinities below the interface were similar to those in the river during
non-event periods (4–10, Figures 6 and 7), while higher river salinities (up to >30), documented during
seawater encroachment events (days to a few weeks; see Shalem et al. (2014) [16]) were not echoed
in higher aquifer salinities. This implies that the time scales involved in the circulation are larger
than weeks, which is in agreement with flow rates of a few m·yr−1, derived for nearby coastal sandy
sediments [46,47]. Annual average hydraulic gradients in this site (between the borehole at 40 m
from the river and the river itself) were ~0.7 toward the river, implying that the river is basically a
gaining stream with respect to its sandy banks. Some short-term periods of losing conditions also
occur during high-level river events, mainly in the winter (Figure 4b). In borehole AL-19, 5 m from the
river, interface was hardly observed (Figure 6), and it should probably be considered as part of the
river system.

Typical river events resulted in changes in the depth of the FSI. The immediate reaction to river
level rise was a short-term FSI shallowing (see shallow salinity curve in Figure 8). However, this
was soon followed by an increase in groundwater level (usually as a response to river level rise),
which resulted in a significant deepening of the FSI (Figures 7 and 8; in particular, see the freshening
events of January and February 2013), which suggests that the FSI mainly reacted to changes in
groundwater head.

4.2. Controls on Salinization in the Silty Bank

Although salinity at the Silty site may decrease to almost fresh water at 20 m from the river,
(Figure 10; see also Shalem et al. 2014 [16]), high salinity (up to 36 at 5 m and 22 at 20 m) was very often
observed in this site, including both long periods (end of summer to beginning of winter, mainly at 5 m
from the river) and salinization “events”, which were more common during the winter (Figure 10).

The most striking observation is that groundwater of this site often reached salinities significantly
higher than in the river. This is true most of the time for 5 m from the river, while common during
winter also at 20 m from the river (Figure 10). This suggests that saline groundwater in this site
does not represent current river water circulation in the aquifer but, rather, it possibly represents
larger, probably longer, past seawater encroachment in the river channel. Nevertheless, the salinity
pattern in this unit is clearly a reflection on changes in current river water level, reacting to both
short-term and long-term changes in the hydraulic gradient between the river and the silty aquifer
(Figure 12). This can be identified, for example, in the large increase in salinity in October 2012 and
in the abrupt increase in salinity at both boreholes in September 2013 (Figure 12), which followed
a relatively fast river level rise and a change to a negative gradient, while river water salinity was
relatively low and showed no salinization event (Figure 10). There are also numerous salinity peaks,
which respond almost instantaneously (commonly <1 h) to high-level river events, which usually
create short-term changes to negative gradients (Figure 12). These peaks/events are very common
during the rainy season (winter), but summer events are also common, mostly limited to the 5-m
borehole. Noteworthy, changes in groundwater salinity, associated with river events, include both rises
and drops in groundwater salinity (Figure 12; e.g., 27 November and 20 December 2012), depending
on the aquifer-river gradient direction at the time of the event.
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The above observations are best explained by the long-term presence of saline water body or
bodies in the clayey silt (Figure 11), probably remnants of past long-term seawater encroachment in
the river channel, and by the frequent migration of this water within the aquifer due to head changes.
We suggest that it is the sand lenses within the clayey silt (Figure 11) that allow this migration, i.e., the
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lenses function as conduits, while the silt behaves as a confining layer. The high hydraulic diffusivity
(low storativity) of these confined lenses allow the efficient propagation of the pressure signal and
the almost instantaneous “injection” of saline water into the boreholes (Figures 10 and 12). It seems
that, while following relatively high river stands (close to zero or negative gradients), changes in level
result in the injection of saline water through the lenses and increase in borehole salinity, whereby
changes that follow positive gradients (higher levels in the aquifer) tend to result in a salinity decline
due to level increase (Figure 12). This reflects on the local nature of the high-salinity water pockets,
and probably also on the small size of the sandy lens conduits.

Similar fast propagation of the pressure signal, with little attenuation, was described in non-uniform
aquifer units from the Sandy Creek estuary, Australia [48]. These results are also consistent with other
studies that showed that, in lower-storativity aquifer units, the groundwater reaction to a flood wave
is more intense [49,50]. We note that degradation of plant roots, which are common in this site, could
create macro-pores, which could also aid in the migration of the saline water [51].

The mostly uniform profiles (i.e., no interface) observed at 5 and 20 m from the river are more
difficult to explain. We suggest that this is a borehole artefact, induced by a vertical flow in the long
perforated borehole, which could enhance EC fluctuations by orders of magnitude, as shown by
Levanon et al. (2013) [52] for tidal fluctuations in a coastal aquifer. Boreholes may act as a short circuit
along a vertical gradient, connecting between the higher and lower hydraulic head zones. As a result,
flow in the well is often large enough to compromise the integrity of water samples [53].

Shalem et al. (2014) [16] showed by resistivity measurements that there is saline water in the
sediments beneath the river (down to ca. 10 m depth; Figure 11). This saline water could be constrained
at the sub-river or extend to some distance off-river in the clayey silt, where it could mix with some
lower-salinity water (Figure 11). Whatever its exact location is, we suggest that, during high river
stand, the saline water is being pushed through the sand lenses off-river and up into the boreholes,
aided by the borehole flow effect.

On the other hand, both our observations and ERT (Electrical Resistance Tomography) resistivity
transect, presented by Shalem et al. (2014) [16], show no indication for saline water in the sand aquifer
at 45 m and beneath the silt unit. This is the result of both the hydraulic disconnectivity with the river
(applied by the silt), as well as the lack of confinement, which suppresses the pressure signal and,
therefore, does not favor migration of saline water farther off-river.

Tidal Signals in Groundwater

Tidal fluctuations were hardly observed in the Alexander River estuary (Figures 2 and 13),
probably due to its typical condition of disconnection from the sea by the sandbar. On the other
hand, tidal fluctuations were clearly observed in the clayey silt unit (up to 13 cm, Figures 13 and 14),
in particular during the summer (Figures 5 and 14), suggesting the existence of a tidal forcing, which
is not through the adjacent river. The Silty site is located 300 m from the sea and is a local unit, not
connected to the sea. Therefore, there is no reason to assume that the tidal forcing here is induced by
the sea. This is also supported by the very weak diurnal tidal signal in this site (Figure 13).



Water 2019, 11, 1678 15 of 20

Water 2019, 11, x FOR PEER REVIEW 18 of 22 

 

 

Figure 13. Fourier analysis of the May–August 2013 datasets of (a) barometric pressure, (b) relative 

ambient temperature, (c) groundwater level in the dune unit (40 m from the river), (d) groundwater 

level in the clayey silt unit (20 m from the river), (e) river water level, and (f) seawater from the Hadera 

Meteomarine Monitoring GLOSS station 80. 
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Meteomarine Monitoring GLOSS station 80.
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A Fourier analysis was carried out on a subset of data between May and August 2013 (Figure 13).
Amplitudes in the clayey silt groundwater were very prominent, while hardly identified in the dune
groundwater (Figure 13). The most dominant frequency was 1 cpd (day−1), with an amplitude of
3.8 cm (Figure 13). The other two frequencies were 1.93 and 2 cpd, with much smaller amplitudes of
0.3 and 0.8 cm, respectively (Figure 13). The 1-cpd frequency pattern shows a negative correlation with
that of the ambient temperature frequency (Figures 13 and 14). This suggests that water pressure falls
as soon as the ambient temperature begins to rise in the morning and recovers after sunset (Figure 14b).
This complies with other observations from the literature [6,54,55] and can be explained by the
photosynthetic demand of water by plants during the daytime, which acts like a cyclic pump [6,54,55].
Moreover, the 1-cpd amplitude increases with the seasonal increase in average daily temperature, from
<3 cm during winter up to 13 cm in summer (Figure 10), which is in accordance with the increase in
photosynthetic demand [54]. The tidal amplitude observed in our study is larger than in other studies
(13 cm compared with 9 and 4 cm, respectively, in Acworth et al. (2014) and Butler et al. (2007) [6,54]),
which could be related to different vegetation types [56]. The boreholes in the Silty unit are located next
to thick vegetation, and roots were found at depth during drilling, while there is hardly any vegetation
in the Dune site. Accordingly, daily tidal fluctuations were hardly observed in the latter even during
the summer (Figure 14). Other processes suggested in the literature for similar cases of diurnal cycles
are losing streams [57], daily precipitation in a topical area [58], and freezing–thawing processes [55].
However, none of these processes fit the Alexander River environment.

The decrease in tidal amplitude toward the river channel (smaller at 5 than at 20 m; Figure 5) may
be attributed to the better connection with the river, which could mask the signal [54,59]. This could
also be due to the lower extent of vegetation adjacent to the river in this area.
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4.3. Conclusions

Seawater intrusion via estuarine rivers is site-dependent and highly dependent on subsurface
heterogeneity and hydraulic gradient. While, in other locations with different hydrogeology settings,
aquifer salinization pattern may act different, for a similar setting as the Alexander Estuary, we draw
the following conclusions:

1. The interaction of an estuarine river with a high-permeability aquifer, such as at the Dune site,
is similar to common coastal settings, including the formation of a quasi-steady-state FSI.

2. Low-permeability aquifer units may store high-salinity water, remnants of past seawater
encroachment in the river channel.

3. The sharp fluctuations in salinity, observed in the Alexander River Silty site in relation to river
events are due to (1) the occurrence of saline water bodies in this unit, (2) changes in river water
levels, and (3) the existence of high-permeability lenses with low storativity within the silt.

4. The low-permeability unit is efficiently blocking the saline water from reaching the regional
sandy aquifer, even at a short distance from the river.

5. Daily fluctuations in the Silty unit, which negatively correlate with solar radiation, are probably
due to a photosynthetic pump.
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