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Overview

This is the WP9 concluding deliverable in which we put our most important conclusions up front from
3 years of research on Managed Aquifer recharge (MAR) of surplus desalinated seawater (DSW) at
the Menashe site, Hadera, Israel. The report includes some results and figures, yet it is much more
conclusion oriented. For further details the reader is referred in the text to published papers and the
previous deliverables of WP9, D9.1 ‐ D9.4.
To enhance readability, the report is divided into 6 chapters which we consider the most important
outcome themes of the MARSOL work of WP9. The 6 themes are:
 Site and field work brief description – in which the reader gets a new excellent figure which
really describes the field site at all scales above and below surface, together with a brief
description of the monitoring of the operational events and experimental field‐work done.
 Infiltration and recharge dynamics – significant new understandings was gained in MARSOL
on these processes. They are the theme of a manuscript presently in review for Hydrology
& Earth System Sciences (HESS) and the conclusions (with some figures) are presented.
 Accounting for MAR at Menashe in a regional groundwater transport model – this chapter
is a debt from the incomplete D9.4. We present here the first evidence that we can model
the flow and transport of the desalinated seawater in the aquifer very reasonably.
 Major‐ion chemistry related to MAR of desalinated water at Menashe – here we bring the
conclusions on Mg enrichment as the most significant process of this MAR operation, as
published in the journal Science of the Total Environment (STOTEN).
 Lessons learnt from work on Disinfection By‐Products (DBF) of MAR with chlorinated
desalinated seawater – main result is that the process is safe regarding DBF drinking water
standards.
 Economical and logistical aspects of MAR of desalinated water at Menashe – the opera‐
tional point of view and guidelines. Here we bring forward understandings that were
achieved during MARSOL and were not discussed in previous deliverables.
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Site and field‐work brief description

The Menashe MAR site is located on sand dunes, 28 m above mean sea level (AMSL), overlaying the
northern part of the Israeli Coastal Aquifer (Fig. 1a). Climate is mediterranean with an annual mean
precipitation of 566 mm yr‐1 (Gan Shmuel, 1987‐2007). The annual average temperature is 20.2 °C.
The coldest month is January with average maximum and minimum temperatures of 17.4 and
10.5 °C, respectively. The warmest month is August with average maximum and minimum tempe‐
ratures of 28.5 and 24.8 °C, respectively. The average daily potential evapotranspiration (PET) is
2.1 mm in December and up to 7.1 mm in July (Israel Meteorological Service, 2016). Below the
Menashe MAR site, the aquifer is about 80 m deep and consists mainly of calcareous sandstone
(named Kurkar (Kr) hereafter), sand, silty mud, and clay lenses. The regional groundwater level is
~3 m AMSL (September 2014), and pre‐winter to post‐winter seasonal groundwater‐level fluctua‐
tions are ~2 m (Israel Hydrological Service, 2014). Characteristic hydraulic properties of the aquifer
are 10 m d‐1, 0.25 and 0.4 for hydraulic conductivity, storativity and porosity, respectively (Shavit and
Furman, 2001).
Operating since 1967, the Menashe MAR site diverts the natural ephemeral flood flow into a settling
pond and from there to three infiltration ponds. The recharged water is recovered from the aquifer
by dedicated production wells that encircle the site (Sellinger and Aberbach, 1973). In the vast
majority of runoff events only the two northern infiltration ponds are used. Therefore, in the last few
years, the southern infiltration pond is used for infiltration of surplus of desalinated seawater (DSW)
from the Hadera reverse‐osmosis desalination plant, located 4 km to the west, on the coast (Fig. 1b).
A dedicated monitoring system including observation wells, soil sensors, suction cups, and infiltration
rings was installed at the south part of the pond as part of MARSOL project during 2014 (Fig. 1c, e).
The two groundwater observation wells (OA and OB) are 30 m deep, perforated at the lower part of
the well (10 m from the bottom) and penetrating the saturated zone. Both were monitored by
loggers (CTD‐Diver, Eijkelkamp) measuring pressure head and electrical conductivity (EC). The vadose
zone gallery consists of a 1.3‐m‐diameter concrete ring stuck 0.5 m into the sand and 1 m above
ground surface. Below the ring there are 8 soil sensors (5TE and GS3, Decagon Devices) at depths of
0.3, 0.5, 1, 1.5, 2, 2.5, 3 and 4 m below surface, measuring volumetric water content (WC) and bulk
EC (a measure of the electric conductivity of the bulk soil, which includes soil, water and air). These
probes monitor continuously since October 2014 and measurements were obtained regularly every
15‐30 min and at a finer resolution of 1‐5 min during MAR or infiltration tests. Five silicon‐carbide
suction cups (UMS) are installed at depths of 0.5, 1, 2, 3 and 4.6 m below the concrete ring (the
deepest cup was clogged). Due to the sandy porous medium the suction cups can sample only

5

MARSOL

Deliverable D9.5

during/after MAR (operational or experimental) or heavy rain events (more details on the installation
can be found in Deliverable D9.1). In addition to the permanent monitoring system, ponding depth
was monitored by three pressure loggers installed on the pond surface for the 2015 MAR event at
the north, center and south part of the pond (Fig. 1c) and at one location in the 2016 event. All
pressure head measurements were compensated by an on‐site logging barometer (BARO‐Diver,
Eijkelkamp).
Disturbed sediment samples (from auger) were taken during drilling of the observation wells. Relati‐
vely undisturbed continuous core samples from the unsaturated zone were obtained by a direct‐push
rig (9700‐VTR PowerProbe, AMS). Cores were taken at the following locations: next to the soil
sensors (0‐12 m depth), the southern road (0‐9 m depth), and east of the pond (0‐6 m depth, Fig. 1d).
All sediment samples (both disturbed and undisturbed) were analyzed for particle size distribution by
sieving for gravel (>2 mm) and sand (2‐0.045 mm), and by hydrometer for silt and clay. Bulk densities
were calculated only for the undisturbed samples from the mass and volume of the cores and their
water content.
The sediment profiles of observation wells OA and OB are similar. The top 30 m include two repeated
sequences, each consisting of a sand layer overlaying a sandy‐clay‐loam (SCL) layer, down to ~15 m,
of variable depth and thickness. Deeper down the profile, Kurkar is dominant, alternating with layers
of sand and sandy loam. The shallower direct‐push profile next to the soil sensors location (Ds) is also
similar to the profiles of OA and OB (due to their proximity to each other – less than 15 m apart),
while the more distant profiles (Dr and De) are less similar (Fig. 1d). We cannot determine the lateral
extent of the less‐permeable layers based on our sediment sampling, which is spatially limited. We
assume that these clayey and loamy layers are discontinuous like most of the low‐permeability
lenses at distances greater than 3 km from the coastline in the Israeli Coastal Aquifer (Kurtzman et
al., 2012).
The pressure loggers at the pond surface allow calculating the instantaneous average pond infil‐
tration rate when water level in the pond is declining. However, in order to capture the local infil‐
tration‐rate variability, we used an array of 24 single‐ring infiltrometers (1 m long, 20 cm diameter)
hammered 60 cm into the ground at different locations (Fig. 1e). Infiltration tests were performed
under relatively dry conditions (average water content 0.09 m3 m‐3), early ponding (4 hours after
MAR started) and late ponding (after 1 month when discharge into the pond was ended), by
continuously monitoring the water level inside the rings.
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Vadose Zone Gallery (text)

Figure 1: (a) Location of the Israeli Coastal Aquifer and the Menashe site (red circle). (b) Menashe MAR site. (c)
Southern infiltration pond with the monitoring system. (d) Observation wells (OA and OB) and direct‐push
sediment profiles (Ds, Dr and De). The soil sensors are shown schematically on profile Ds. LS – loamy sand; SL –
sandy loam; SCL – sandy clay loam; SC – sandy clay; and Kr – Kurkar. (e) Infiltration‐rings locations (1–24).
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During the duration of the MARSOL project, three operational MAR events were monitored: February
2014 (0.2 million cubic meters (MCM)), January 2015 (2.6 MCM), and January 2016 (1.3 MCM). The
2014 event was only monitored from the surface, as the subsurface facilities were not yet in place.
Operational MAR events are fuzzy (as opposed to well planned experimental events), and discharge
to the pond starts and stops for various reasons related to the national‐scale water distribution
needs (Figure 2). Beside the in‐pond monitoring and sampling, production wells (from Mekorot) in
the surroundings were monitored and sampled. More details on the field‐monitoring in the frame of
the MARSOL project can be found in the previous Deliverables D9.2‐9.4. Since November 2014, 6
small‐scale experiments of MAR of desalinated water where conducted by filling the concrete‐ring
overlaying the vadose zone gallery. The most extensive experiment was a 5 day tracer test conducted
in October 2015 (Figure 3), in which tracers were injected on the soil surface in the concrete ring and
monitored in the vadose zone gallery and in the groundwater (observation well OA was pumped
continuously at 1.6 M3/hr). Unfortunately no tracer breakthrough was observed in the OA well
during the 5 days of experiment duration. However, breakthroughs in the top 4 m of the unsaturated
zone where captured by the vadose zone gallery instrumentation (Figure 3).

Figure 2: Ponding depth and duration in the southern part of the pond during the last 3 operational
MAR events of desalinated water in the southern infiltration pond (Fig 1). It must be acknowledged
that only at ponding depths greater than ~ 1 m most of the area of the pond is flooded, water can
exit the pond from the northern gate (if open) at ponding depth of about 1.5 m in the southern part.
The peak in 2015 when gate was closed after it was opened about 0.15 MCM flew to the channel and
northern ponds (Fig 1b). Total water discharged was: 0.2 MCM in 2014, 2.6 MCM in 2015, and 1.3
MCM in 2016. Note the fuzziness of discharge especially in the beginning of the event.
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Figure 3: Tracer injection above the vadose zone gallery. LiBr and fluorescentic (Uranine) tracers
were injected into the concrete ring (left). Breakthroughs as observed by continuous monitoring of
bulk EC effected by the high concentration of dissolved ions (right). Note the decreasing transport
velocity with depth (getting closer to the fine‐grained sediment at 4 m depth, s. Fig. 1d).
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Infiltration and recharge dynamics

A manuscript entitled "Monitoring and modeling infiltration‐recharge dynamics of managed aquifer
recharge with desalinated seawater", by Ganot et al., summarizes our (WP9 ‐ MARSOL team) new
understanding of the infiltration‐recharge phenomena acquired in MARSOL. The manuscript was
submitted to the open access journal Hydrology & Earth Systems Sciences (HESS) on November 21,
2016, and is now available online at the HESS discussion forum at http://www.hydrol‐earth‐syst‐sci‐
discuss.net/hess‐2016‐613/. In the following, we summarize the conclusions and some results from
this paper.
Measured infiltration rates were relatively uniform spatially, however highly variable in time: during
continuous discharge of 2.45 ∙ 106 m3 to the southern pond, rates decreased by almost 2 orders of
magnitude (Fig. 4). This reduction can be explained solely by the lithology of the unsaturated zone
that includes relatively low‐permeability sediments, whereas clogging processes at the surface of the
pond are negated by the high‐quality desalinated seawater or negligible compared to the low‐per‐
meability layers (Fig. 1d). While sediment sampling and analysis is a routine procedure in hydrology
science, we emphasize its crucial role in MAR projects. Careful consideration of the hydrological pro‐
perties of the deeper unsaturated zone is needed in order to quantify the contribution of the local
sediments to infiltration rate dynamics, compared to the contribution of the MAR‐related clogging
layer. To date, literature on clogging during MAR with desalinated seawater is limited and the extent
of field‐scale clogging is unclear and probably site‐specific. For this reason, the long‐term impact of
MAR with desalinated seawater on clogging processes at the Menashe site should be addressed in
future studies.
Groundwater recharge was estimated by analytical and numerical models that include ponding and
groundwater head data. The simple analytical models can estimate reasonably well the groundwater
recharge using field data, but predicting the late recharge (after pond infiltration terminates) re‐
quires a detailed unsaturated flow model. A one‐dimensional numerical model with a whole‐pond
representative soil profile (in this case calibrated to the 2015 data) can capture groundwater re‐
charge dynamics, especially when it is constrained by measured variable‐head boundary conditions
(Fig. 5). Our numerical simulations at the Menashe MAR site suggest that for the 2015 MAR event
only ~75% of the infiltrating water reached the original groundwater table by the time the pond was
drained. The remaining 25%, stored in the vadose zone, reached the original groundwater table only
during the following 3 months (Fig. 5a). The dynamic groundwater recharge described by the numeri‐
cal model is useful for future MAR operation planning, and for regional‐scale groundwater modeling.
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Figure 4: Infiltration rate measurements at various scales and perspectives: (a) pond scale (10.7 ha); (b)
infiltration rings (0.1 m2) (average rate for each stage of ponding in horizontal lines). Note the log‐scale at the
vertical axis; (c) wetting front propagation in the vadose zone at the beginning of infiltration; (d) drying front
propagation in the vadose zone at the end of infiltration (mind the difference in time scales (horizontal axis)
between c (minutes, hours) and d (days, weeks); (e) infiltration rates calculated from wetting; and (f) drying
front.
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Figure 5: (a) Calibration of the infiltration rates at ground surface in the pond to measured rates of the 2015
MAR event (Fig. 4a); note the log‐scale at the vertical‐axis. The simulated groundwater recharge rate is also
shown for comparison. Note the large difference between simulated infiltration and recharge rates at the
beginning of the MAR event versus the identity in rates that is achieved after 3 days, and the continuation of
recharge after the end of the infiltration. (b) Validation fit of the calibrated model to water content data from
depth of 2 m. (c) Validation fit of simulated infiltration rates to observations from the January 2016 MAR event
(the model was calibrated to 2015 data).
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Accounting for MAR at Menashe in a regional groundwater transport
model

Whereas most of the area at the Menashe demonstration site is recharged from natural rain at
recharge rates around 0.2 m/yr, the small area of the infiltration ponds (0.45 km2 for all three ponds,
and 0.11 km2 for the southern pond alone, s. Fig. 1a) was recharged by 23 m/yr of desalinated water
in 2015 that infiltrated within 1 month. The recharge dynamics modeled by a 1D model calibrated to
the entire‐pond data that feeds the groundwater model under the infiltration ponds during and after
MAR was described in the previous section (and in more detail also in the previous Deliverable D9.4,
and in the HESS manuscript mentioned above). Nevertheless, we failed to have any assessment of
transport of a substance carried by the desalinated water in Deliverable D9.4, mainly because the
data from summer 2016 on water isotopes from the pumping wells near the southern pond were not
available at that stage. 18O or 2H are very good conservative tracers of reverse‐osmosis desalinated
seawater (Table 1). Hence these isotopes can serve as a measure of validity of a conservative‐tracer
model flowing in the aquifer which is described herein.

Table 1: Typical 2H relative concentrations (‰) in water from 4 sources in the Menashe area, sampled in
summer 2016.

Water type

δ2H(‰)

Reverse osmosis desalinated seawater of Hadera plant

+11.0 to +11.5

Shallow GW below infiltration pond

+10.4 to +11.3

Deep GW up gradient from infiltration pond

‐23 to ‐20

Deep GW down gradient from infiltration pond

‐20 to ‐17

Figure 6: The 65 square kilometres area
around the Menashe system (blue polygon)
of the ground water flow and transport
model.
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A conservative transport model was set using the MT3DMS software. MT3DMS is a modular three‐
dimensional transport model which operates in conjunction with MODFLOW in a two step flow and
transport simulation. Considering advection and dispersion processes, the transport model simulated
the recharged desalinated water body spatial distribution over time.
Figures 7 and 8 show the spatial distribution of the desalinated water calculated for June 2016. The
reddish colour represents pure desalinated composition while the blue colour marks the water body
margins and represents ~ 1% of desalinated water. Excluding its northern part (which was affected by
bypass opening and infiltration beyond the southern pond limits during Jan 2015), the desalinated
water demonstrate a regularly shaped body which gradually migrates down gradient, towards west.
Calculation shows that by June 2016 the desalinated water diluted outskirts should have reached
some of the surrounding well screens (Figures 7 and 8).

N

2a

1 Km
6a
23

Figure 7: Modelled percentage of desalinated water in groundwater at the end of June 2016, considering only
2.6 MCM and 1.3 MCM of desalinated water "MARed" at the pond during January 2015 and January 2016,
respectively. Note the orange pumping wells from which 2H concentrations are described in Figure 9.
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Figure 8: Calculated desalinated water body margins by the end of June 2016 – cross section profile (A A’ in
Figure 7). The yellow dotted line represents the Menashe 6a well screen extent.

While there is still not enough data to fully calibrate the transport model, latest laboratory results
showing a shift towards a heavier isotopic composition of the water (pumped in Menashe 6a, and 2a
(down gradient of the pond; Figure 9 ) suggests the transport model reasonably represent the
transport of conservative solutes carried with the "MARed" desalinated water.

Figure 9: 2H relative concentrations (‰) in
time in wells down‐gradient from the
infiltration pond (6a and 2a) and in a well
up‐gradient (23). See Figure 7 for spatial
reference and correlation of trends with
the results of the transport model.

The Menashe flow and transport model was further used to evaluate well protection head issues
which are particularly relevant to the Menashe well field. In order to obtain high resolution model
calculations, detailed sub models (~0.1 km2) were set to examine the flow regime and evaluate risks
to some vulnerable wells, located relatively close to potential environmental hazards (e.g.
wastewater and gas pipes, Figure 10). The sub models use the transient heads calculated by the
parent model (65 km2) as boundary conditions. It was demonstrated that given the MAR activity and
15
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its resulting flow regime, combined with the natural gradient, the risks for some of the wells are
considerably reduced and the wells protection zone can be modified accordingly.

Figure 10: Location and extension of 8 sub models set for high resolution examination of vulnerable areas. The
enlarged rectangle shows the modelling of the Menashe 15 well surroundings, demonstrating the predicted
contamination distribution after 200 days in case of adjacent pipe malfunction.
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Major‐ion chemistry related to MAR of desalinated water at Menashe

This topic was investigated both in the field and in lab experiments. Many of the field observations
and results are described in MARSOL Deliverables D9.2 and D9.3. A manuscript summarizing our
understanding from the field is being written at ARO and expected for submission in January‐
February 2017. The main conclusions of the field investigation are: 1) The fast geochemical changes
(enrichment with Mg) in the infiltrating water occur in the top few meters of the unsaturated zone;
2) The long‐term changes in the aquifer are still early to be observed because the percentage of
desalinated water even in the closest wells is still small (Figure 7).
The results and conclusions from the laboratory experiments were published online recently in the
journal Science of the Total Environment (STOTEN) in a paper titled: "Investigating geochemical
aspects of managed aquifer recharge by column experiments with alternating desalinated water and
groundwater" (Ronen‐Eliraz et al., 2017). The conclusions and some results from this paper are pre‐
sented in this section.
Column experiments were conducted to investigate the geochemical evolution when Post Treated
(dissolved CaCO3) DEsalinted Seawater (PTDES) replaces natural groundwater and vice versa. The
experiments simulated MAR events with PTDES in the northern part of the Israeli coastal aquifer. The
results show that when PTDES flows through a sediment that is saturated with groundwater, the out‐
flow is enriched with Mg2+ and K+ and simultaneously depleted in Ca2+ for about 20‐30 pore volumes.
When on the other hand groundwater flows through a sediment that is saturated with PTDES, there
is depletion of Mg2+, Ca2+ and K+ for about 15 pore volumes, after which they converge to the
concentration of the inflowing groundwater (Figure 11). Na+ and B behaved as relatively conservative
elements and converged to their inflow concentrations after approximately 3 pore volumes.
Even though the natural aquifer sediments that filled the experimental columns were sandy, with
only low CEC (1‐1.5 meq/100 g), cation exchange was the most observed geochemical process. The
Ca2+ concentration decreased by 0.5 meq/L during 20 pore volumes after the inflow was changed to
PTDES; this depletion of positive charge was mostly compensated by a similar rise in Mg2+ concen‐
tration. The Ca2+ <‐> Mg2+ cation exchange phenomena lasted longer and was slightly better balanced
in the calcareous sandstone column (35% CaCO3) than in the sand column (7% CaCO3). Dissolution of
CaCO3 was not observed within the timeframe of the experiments (30 pore volumes) despite the fact
that PTDES had a significantly lower concentration of Ca2+ and bicarbonate than the groundwater;
dissolution has been reported in other studies dealing with MAR.

17

MARSOL

Deliverable D9.5

The main conclusions from these experiments are: (i) the factor controlling the geochemical pro‐
cesses in the intermittent flow of the two types of water is not the low concentration of Ca2+ in
PTDES relative to groundwater but the high prevalence ( i.e. [cation]/[total cations] in equivalents) of
Ca2+ in PTDES (80%) relative to its prevalence in groundwater (58%). This difference in prevalence
drives the main sediment/water interaction process, which is cation exchange; (ii) in contrast, the
prevalence of Mg2+ in the PTDES is very low (2.5%) relative to its prevalence in groundwater (17%),
leading to significant enrichment of Mg2+ in the PTDES when it flows through the groundwater‐
saturated sediment. This enrichment in Mg2+ can be viewed as an additional post‐treatment of the
desalinated water.
The experiments suggest that some volume of aquifer under the infiltration pond in which the PTDES
are injected acts as an ion‐exchanger. Mg2+‐depleted PTDES is enriched with Mg2+ from the sediment
close to the managed recharge event, whereas when natural groundwater flows back into this
aquifer volume, the sediment is recharged with Mg2+ and is then ready to enrich the next bulk of
PTDES.
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Figure 11: Evolution of Ca2+ and Mg2+ cations in the outlet of Menashe sediments columns. Dash lines are
concentrations at inlet. Left column (a, c, e): PTDES flowing through a column saturated with natural ground‐
water. Right column (b, d): groundwater flowing through a column saturated with PTDES. a., b. ‐ undisturbed
sand (direct push) from 11 m depth containing 0.4% CaCO3; c., d. ‐ undisturbed sand from 3.5 m depth con‐
taining 7% CaCO3, (CEC 1.0 meq/100g); e. ‐ crushed calcareous sandstone from 21 m depth containing 35%
CaCO3 (CEC 1.5 meq/100g).
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Lessons learnt from work on disinfection by‐products of MAR with
chlorinated desalinated seawater

The desalinated seawater recharged at the Menashe site is being chlorinated in the water system,
with typical chlorine concentrations of ≈ 0.2 mg/l at the outlet. It was therefore questioned whether
Disinfection By‐Products (DBP) are prone to form along the infiltration process and pose a risk for the
water quality in the aquifer.
To answer this question, laboratory experiments were carried out to study the DBP formation
potential under different conditions. Additionally, actual DBP concentrations were monitored in the
field, along the unsaturated zone (down to 3.0 m) as well as in groundwater during an infiltration
event.
The main conclusions of this work are:
1. Trihalomethane (THM) formation is rapid, with maximal concentrations reached within up
to single hours.
2. The THM concentrations are strongly dependent on bromide concentrations which are
estimated as ≈30 μg/l at the desalinated water. Additionally, their concentration is also
dictated by the low organic content which was found to be up to 0.2% in sandy top‐soil
samples. Thus, the formation potential of THM in the site is low, and was estimated in
laboratory experiments to span at the single μg/l range.
3. Sampling THM during a flood event revealed THM concentrations that are in agreement
with the laboratory results. These concentrations are lower than the maximal THM concen‐
tration approved by the EPA guidelines for drinking water (80 μg/l).
4. Laboratory experiments have shown that changing the source of chlorinated water from
desalinated water to synthetic Sea‐of‐Galilee water (a typical tap water in Israel, rich with
bromide), resulted in an increase in THM concentration by an order of magnitude.
5. Laboratory experiments have shown that the addition of organic matter resulted in an in‐
crease in THM concentration by an order of magnitude.
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Economical and logistical aspects of MAR of desalinated water

The Israeli seawater desalination plants along the Mediterranean Sea (Figure 12) are integrated in
the National Water System along with other water sources (groundwater and water from the Sea of
Galilee). Recently, supply of the drinking water (domestic use) comes primarily from the desalination
plants and completions and additions come from groundwater and the Sea of Galilee.

Figure 12: The National Water System with the seawater desalination plants.

The volume of the production of each desalination plant was determined in agreement with the
government of Israel. The commitment and responsibility of the desalination facility is to provide the
quantity and quality set in the agreement, to an operational reservoir that was constructed near the
21
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plant fence. The responsibility of Mekorot Israel National Water Company is to transfer the water
from the operational reservoirs to the national system and to distribute the water to the customers
everywhere.
For economic reasons, the operators of the desalination plants prefer to produce desalinated water
mainly during low energy costs time (electricity tariffs in Israel vary throughout the day and between
working days and weekends). As a result, there are daily fluctuations in the supplying of the
desalinated water (Figure 13). The operational reservoirs with volume between 80‐100 thousand m3
each, allows only operational flexibility of 3‐4 hours.

Night Day Night Day Night Day Night Day Night Day Night Day Night Day Night

Sunday

Monday

Tuesday

Wednesday Thursday

Friday

Saturday

Figure 13: Typical operational week of the Hadera desalination plant and Mekorot’s adjacent reservoir
(~60,000 m3).

Large diameter water pipes (80‐100") connect the operational reservoirs with the national system
allowing Mekorot to transfer in few hours the desalinated water to the consumers almost anywhere
across the country. The short period does not allow the creation of operational reserve and requires
the national water supply system to be flexible and dynamic.
In periods of decline in consumption (in the winter months and on weekends), there is surplus of
desalinated water in the national system for periods ranging from a few hours to several days (Figure
14).
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Figure 14: Weekly surplus of desalinated water in the Israel National Water System in an average year.

The solutions to this temporary surplus are: 1) to shut down the production of the desalination plant;
2) to store the surplus in surface sealed and covered reservoirs; or 3) to store the surplus in an
aquifer by a MAR operation.
Shutting down the large desalination plants for short periods (days) is costly due to technical reasons
and the nature of the Build‐Operate‐Transfer (BOT) agreements between the water authority and
the desalination plants.
Construction of surface sealed and covered reservoirs is very expensive and complex mainly due to
high construction costs and the lack of suitable areas. In Israel, the cost of a larger (> 50,000 m3)
sealed and covered reservoir is around 75 € per cubic meter (Mekorot data from 5 constructed reser‐
voirs in central Israel). These costs do not include the land price and statutory and bureaucracy
issues. So, the cost for a reservoir with a volume of 1 million cubic meters can be around 75 million €.
Therefore, the alternative of storing surplus desalinated water in surface sealed and covered reser‐
voirs is a very partial solution to small surplus volume only.
Hydrologically, the right solution is MAR of the surplus water into the underground through
infiltration ponds and/or injection wells. MAR of the surplus desalinated water is part of the IWRM
(Integrated Water Resources Management). It improves the hydrological conditions in the aquifer,
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improving the water quality and increasing the operational flexibility by using the aquifer as a
seasonal storage.
At the Menashe demonstration site (Figure 15), the MARSOL project examined the feasibility of
introducing desalinated water into the aquifer through infiltration ponds built several decades ago
for the purpose of MAR of flood‐water into the coastal aquifer. The advantage of using existing infil‐
tration ponds for the purpose of introducing surplus desalinated water makes it unnecessary con‐
structing further infiltration ponds only for specific surplus desalinated water.
However, the disadvantage of using an existing infiltration plant arises in those cases when there is
simultaneously a very rainy winter with large flash floods together with surplus desalinated water. At
this time the option of shutting down few of the desalination plant will come forward because of lack
of infiltration area to recharge simultaneously the surface runoff and the surplus desalinated water.
Nevertheless, this situation did not occur yet since December 2013.
For an optimal management of the injection and production systems in the Menashe MAR system, it
is required that the pumping wells will be located in at least two rings around the infiltration ponds.
To pump high percentage of the injected water, the closest ring should be located as close as
possible to the bank of the infiltration ponds.
The following guidelines are now being followed in managing the surplus desalinated water in Israel:
1. MAR of the surplus water into the aquifer, where hydrologically it is important to improve
the water levels and the water quality of the aquifer.
2. MAR will be carried out through existing infiltration ponds (e.g. the Menashe site), aban‐
doned quarries, and injection wells that will be drilled along the main pipelines.
3. In years when the water level in the aquifer is above a certain level (to be determine by the
hydrologists), no injection of surplus water will take place and the recommendation is to
shut down the desalination plant for a period that will be determined in advance between
the Water Authority and the operators of the desalination plants.
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Figure 15: The well rings and the water systems at the Menashe demonstration site.
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Concluding remarks

Work package 9 of the MARSOL project demonstrated the feasibility of MAR of desalinated seawater
at the Menashe site. The main contribution of WP9 to the science of hydrology and water resources
and the practice of MAR of this type are:
1. The understanding and modeling of the infiltration recharge process.
2. The major‐ion chemistry associated with the short spatial (cm to m to 10m) and time
(minutes, hours to single days) scales.
These two contributions are already in the stage of peer‐reviewed publication to the pro‐
fessional community (chapters 3 and 5);
3. An operative calibrated flow and transport model accounting for the MAR operations from
the surface to the regional aquifer, already used operationally as a decision support system
in Mekorot (chapter 4).
4. Proof of the safety of this MAR operation with respect to the formation of disinfection by‐
products due to MAR of chlorinated water in infiltration ponds (chapter 6).
Research aspects of items 3 and 4 will be continued to be investigated in a following research
project. Deeper understandings concerning the larger scales (km, years) flow and reactive
transport (item 3) and reaction mechanism (item 4) are in the focus of this following project
(BMBF‐MOST, Germany‐Israel bi‐national project in which all the WP9 partners are involved).
And finally
5. Economical and logistical aspects of MAR of desalinated water with new understandings
and water‐management guidelines (chapter 7).
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