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Key Points: 

 Ion enrichment of Mg
2+

, Na
+
, Ca

2+
 and HCO3

-
 was observed along the vadose zone 

during managed aquifer recharge with desalinated seawater 

 Field sampling of sediment and water were used to calibrate a reactive transport model of 

cation exchange and calcite dissolution 

 Simulations suggest that infiltration can serve as an alternative post-treatment for 

remineralization of Ca
2+

, HCO
3-

 and partly for Mg
2+
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Abstract 

We study geochemical processes along the variably-saturated zone during managed aquifer 

recharge (MAR) with reverse-osmosis desalinated seawater (DSW). The DSW, post-treated at 

the desalination plant by calcite dissolution (remineralization) to meet the Israeli water quality 

standards, is recharged into the Israeli Coastal Aquifer through an infiltration pond. Water 

quality monitoring during two MAR events using suction cups and wells inside the pond, 

indicates that cation exchange is the dominant subsurface reaction, driven by the high Ca
2+

 

concentration in the post-treated DSW. Stable isotope analysis shows that the shallow 

groundwater composition is similar to the recharged DSW, except for enrichment of Mg
2+

, Na
+
, 

Ca
2+

 and HCO3
-
. A calibrated variably-saturated reactive transport model is used to predict the 

geochemical evolution during 50 years of MAR for two water quality scenarios: (i) post-treated 

DSW (current practice); and (ii) soft DSW (lacking the remineralization post-treatment process). 

The latter scenario was aimed to test soil-aquifer-treatment (SAT) as an alternative post-

treatment technique. Both scenarios provide an enrichment of ~2.5 mg L
-1

 in Mg
2+ 

due to cation-

exchange, compared to practically zero Mg
2+

 currently found in the Israeli DSW. Simulations of 

the alternative SAT scenario provide Ca
2+

 and HCO3
- 
remineralization due to calcite dissolution 

at levels that meet the Israeli standard for DSW. The simulated calcite content reduction in the 

sediments below the infiltration pond after 50 years of MAR was low (<1%). Our findings 

suggest that remineralization using SAT for DSW is a potentially sustainable practice at MAR 

sites overlying calcareous sandy aquifers. 
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1 Introduction  

The growing use of desalinated seawater (DSW) as a viable water source [Gude, 2016], includes  

its integration in various downstream water systems such as reservoirs, wastewater treatment  

plants and agricultural irrigation [Birnhack et al., 2011]. Recently, reverse-osmosis DSW has  

also been used as a source for managed aquifer recharge (MAR) in the Israeli Coastal Aquifer  

using an infiltration pond [Ganot et al., 2017]. MAR is a water management practice in which  

excess water is stored in aquifer for future consumption [Dillon, 2005]. Despite the growing use  

of DSW as a water source, there are few published works on MAR with DSW (mainly from the  

arid Arabian Gulf region).  

Injection of DSW into wells was conducted in Kuwait during 1970–1990 to evaluate the  

feasibility of MAR with DSW into a brackish aquifer. Well clogging was identified as a major  

concern, especially in clastic aquifers [Mukhopadhyay et al., 1994]. Further laboratory core-flow  

and batch experiments indicated permeability reduction, which was explained by clogging with  

fines originated from carbonates and evaporites dissolution. Yet, from these works it was  

concluded that MAR with DSW is feasible in the studied geological formations [Al-Awadi et al.,  

1995; Mukhopadhyay et al., 1998, 2004].   

MAR with reverse-osmosis-treated wastewater (not DSW) was studied at the St-André MAR  

site, Belgium (recharge of ~2·10
6
 m

3
 per year), using flow and transport modeling  

[Vandenbohede et al., 2008, 2009a; Vandenbohede and Van Houtte, 2012], isotope and  

geochemical analysis [Kloppmann et al., 2008b; Vandenbohede et al., 2009b] and reactive  

transport modeling [Vandenbohede et al., 2013]. Carbonate dissolution was found to be the main  

geochemical process at St-André site, due to the low total dissolved solids (TDS) of the  

infiltrating water (< 50 mg L
-1

), while cation exchange being of secondary importance.  

Recently, Stuyfzand et al. [2017] reported on water quality changes of DSW during trial  

infiltration runs at Liwa MAR site, Abu Dhabi. Water quality changes include small TDS  

increase by dissolution of SiO2, K-feldspar and dolomite; cation exchange of Ca
2+

/Na
+
, and  

mobilization of trace elements. Based on observations and modeling results the authors  

concluded that the recovered water meets the Abu Dhabi drinking water standards.  
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Here, we study the geochemical processes during pond-infiltration MAR with post-treated,  

reverse-osmosis DSW into a calcareous sandy aquifer with a 25m-thick unsaturated zone. The  

DSW composition (e.g. high Ca
2+

/Mg
2+

 [Ronen-Eliraz et al., 2017]) together with the relatively  

thick unsaturated zone creates unique conditions which distinguish this MAR site from other  

sites. Moreover, we use unsaturated zone and shallow groundwater field-data to calibrate a  

mechanistic reactive transport model including cation exchange and calcite dissolution. The  

model is then used for testing soil-aquifer-treatment (SAT) as an alternative to the industrial  

post-treatment techniques for remineralization of soft DSW [Birnhack et al., 2011]. We  

hypothesize that we can use the calcareous sandstone aquifer as a mineral source for  

remineralization of soft DSW through calcite dissolution and cation exchange. Our results  

suggest an alternative, sustainable management practice for DSW remineralization in MAR sites  

overlying calcareous sandy aquifers.   

The paper is organized as follows: we begin by presenting field data from both the unsaturated  

and saturated zones that captures the main geochemical processes. Next, the calibration of a  

variably-saturated reactive transport model is described. Finally, we provide predictions of two  

scenarios of long-term MAR with DSW—with and without post-treatment—and discuss their  

implications.  

2 Study site  

The study site is located on sand dunes 28 m above mean sea level (AMSL), above the northern  

part of the Israeli Coastal Aquifer (Figure 1a). Below the site, the aquifer thickness is ~80 m,  

composed mainly of sand, calcareous sandstone (Kurkar hereafter) and clay lenses. The local  

climate is Mediterranean, with annual average temperature of 20.2°C, and annual mean  

precipitation of 566 mm/yr [Israel Meteorological Service, 2016]. The MAR site includes a  

settling pond and three infiltration ponds that capture the natural ephemeral flows from the  

Menashe-Hills streams. About 30 production wells were installed around the ponds to recover  

the recharged water from the aquifer [Sellinger and Aberbach, 1973]. Regional groundwater  

level is ~25 m below ground surface (September 2014, [Israel Hydrological Service, 2014]) and  

the characteristic aquifer properties are: hydraulic conductivity of 10 m/d, storativity of 0.25 and  

porosity of 0.4 [Shavit and Furman, 2001]. The geochemical state of the upper aquifer is oxic,  
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while reductive conditions occur only in deep parts of the aquifer, which are beyond the scope of 

this study [Levy et al., 2017].  

In the last few years, surplus of DSW from the Hadera reverse-osmosis desalination plant, are 

diverted to the southern infiltration pond (Figure 1b). The Hadera desalination plant, located 4 

km west of the infiltration ponds, started to operate in 2010, and it is one of five large seawater-

desalination plants (production capacity ≥ 90·10
6
 m

3
 per year per plant) established on the 

Mediterranean coast of Israel during 2005–2015 [Stanhill et al., 2015]. The desalinated seawater 

is usually distributed directly to consumers through the national water grid. However, in 

operational situations in which large volumes (>10
5
 m

3
) of desalinated seawater cannot be 

distributed immediately, the expensive surplus DSW is stored through MAR operations [Ronen-

Eliraz et al., 2017; Ganot et al., 2017].  

 

Figure 1. (a) Location of the Israeli Coastal Aquifer and the Menashe MAR site (red circle). (b) The Menashe MAR 

site. Surplus of desalinated seawater is delivered from Hadera desalination plant (lower left) to the southern 

infiltration basin (pond 3) where recharge is monitored by observation wells, suction cups, and soil sensors. 
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3 Field data 

3.1 Sampling 

A dedicated monitoring system was installed in order to study the hydrological and geochemical 

processes during MAR with DSW. For further details of the hydrological monitoring and flow 

model of the MAR events, see Ganot et al. [2017]. Silicon-carbide suction cups (SIC20, UMS) 

installed at depths of 0.5, 1, 2 and 3 m below the pond surface, were used for pore-water 

sampling at the beginning and end of the infiltration events. Two groundwater observation wells 

(OA and OB; Figure 1b) were used for groundwater sampling. The observation wells are 30 m 

deep, perforated at the lower part of the well (10 m from the bottom) and penetrating the 

saturated zone. Pressure and electrical conductivity (EC) were measured continuously in the 

observation wells, while water was sampled at the beginning and end of the MAR events and 

regularly every 3 months. DSW was sampled at the inlet pipe to the infiltration pond during 

MAR events. Sediment samples were taken from auger during the drilling of the observation 

wells for analysis of cation exchange capacity (CEC), adsorbed cations and carbonate content. 

3.2 Analytical methods 

Water samples were analyzed for cations by inductively coupled plasma optical emission 

spectrometer (ICP-OES, 720-ES, Varian), anions by ion chromatography (ICS-5000, Dionex), 

bicarbonate by titration with HCl and stable water isotopes by CRDS analyzer (L2130-i, 

Picarro). CEC and adsorbed cations were determined by the ammonium acetate method [Sumner 

and Miller, 1996], with sodium analyzed by flame photometer (Sherwood M410, Sherwood 

Scientific Ltd) and adsorbed cations by ICP-OES. Sediment carbonate content was determined 

by the pressure calcimeter method [Loeppert and Suarez, 1996]. 

3.3 Observations 

The lithologic profiles of observation wells OA and OB (8 m apart) are relatively similar [Ganot 

et al., 2017]. The top 30 m of sediments consist of two recurring sequences that include a sand 

layer overlaying a sandy-clay-loam bed, down to a depth of ~15 m. Below these sequences, 

Kurkar dominates, alternating with lenses of sandy loam. Carbonate content in the top sand layer 

(0–4 m depth) is 8%, up to 50% in the Kurkar layer (17–30 m depth), and lower than 2% 
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elsewhere. The exchangeable cations are dominated by Ca
2+

, followed by Mg
2+

, Na
+
 and K

+
 (in  

decreasing order), with the exception of the top sand layer with Mg
2+

, Ca
2+

, K
+
 and Na

+
 (Figure  

2). The typical mineralogical composition of the sediments in the northern Israeli Coastal  

Aquifer is dominated by quartz, secondary calcite, and traces of aragonite, feldspars, and  

phyllosilicates. Organic matter is ~0.5% [Russak and Sivan, 2010].  

Two MAR events, during January 2015 and January-February 2016, are studied in this work. A  

volume of 2.45·10
6
 m

3
 DSW was continuously discharged during January 2015, whereas 1.3·10

6
  

m
3
 DSW was discharged in three periods during January-February 2016 (Figure 3a). These  

relatively high discharge volumes of DSW during short duration result in substantial rise of  

groundwater levels (up to 17 m) below the infiltration pond and a general decrease of the  

groundwater EC (Figure 3b).   

  

Figure 2.  Depth profiles (0 m is pond ground surface): sediments of observation well OA (SCL – sandy clay loam,  

SL – sandy loam, Kurkar – local calcareous sandstone), exchangeable cations (Ca2+, Mg2+, Na+, K+), cation  

exchange capacity (CEC) and carbonate content. Sediment samples were obtained in 2014 before the studied MAR  

events. The well screen and water levels before and after the MAR events are shown for reference.    
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Figure 3. (a) Ponding depth during 2015 and 2016 MAR events. (b) Groundwater level (AMSL) and electric 

conductivity (EC) at observation well OA. 

The concentration of the major ions (excluding K
+
 that was always lower than 0.04 meq L

-1
) 

obtained from the suction-cups in the shallow unsaturated zone (0 to 3 m) before and after the 

MAR events shows some variability compared to the DSW inlet source water (indicated as 0 m 

depth; Figure 4a). Some increase in [Cl
-
] (where [X] is the concentration of ion X, hereafter) and 

to a lesser extent in [Na
+
] is observed along the profile (especially on 12 January 2016), but most 

prominent is the increase in [Mg
2+

] associated with a decrease in [Ca
2+

]. Plotting the difference 

in ion concentration at the unsaturated zone compared to the concentration in DSW (i.e., 

∆[X]=[X]z-[X]DSW, where the subscript z is the suction-cup depth) shows clearly that the 

enrichment of [Mg
2+

] is accompanied by a depletion in [Ca
2+

] (Figure 4b). Hence, it is assumed 

that this process is controlled by cation exchange (i.e., Ca
2+

 adsorbed and Mg
2+

 desorbed). 

Further support that cation exchange is the main geochemical process for Mg
2+

 enrichment was 

found in a laboratory column experiment where local groundwater was displaced by DSW 

[Ronen-Eliraz et al., 2017]. Note that the observed [Mg
2+

] profile decreases gradually with time, 

reaching almost zero concentration at all depths (except 3 m) by the end of the January-February 

2016 MAR event, which implies that the exchangeable Mg
2+

 at depths 0 to 3 m is already mostly 

depleted. Cation exchange can also explain some of the increase of [Na
+
], as the high [Ca

2+
] in 

the DSW (in comparison to all other cations in this water) can also be exchanged with adsorbed 
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Na
+
. However, some of the increase in [Na

+
] at the unsaturated zone is associated with an 

increase in [Cl
-
], and therefore assumed to be controlled also by evaporation (the high [Cl

-
] and 

[Na
+
] after the summer, measured on 12 January 2016, supports this assumption; see Figure 4a). 

 

 

Figure 4. (a) Depth profiles of major ions during 2015 and 2016 MAR events. Depths 0–3 m is the variably-

saturated zone that was sampled by suction cups. Average results of the groundwater observation wells OA and OB 

are shown at depth of 25 m (both perforated along depths of 20 to 30 m); note the break on the vertical axis. (b) The 

difference of major cations (top) and anions (bottom) relative to the DSW at the variably-saturated zone (positive or 

negative difference indicate an increase or decrease in ion concentration, respectively). 
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The solute concentration of the major ions in the shallow groundwater (observation wells OA 

and OB) is similar compared to the DSW for [Ca
2+

], [SO4
2-

] and [Cl
-
], with some increase in 

[Mg
2+

], [Na
+
] and [HCO3

-
] (at 25 m depth; Figure 4a). Comparing the stable water isotopes of 

the DSW (δ
18

O between 1.2 to 1.4‰ and δ
2
H between 10.4 to 11.3‰) with those of the shallow 

groundwater (δ
18

O between 1.1 to 1.5‰ and δ
2
H between 10.2 to 11.3‰) clearly demonstrates 

that the shallow groundwater at the observation wells OA and OB is practically enriched DSW. 

In contrast, the production wells at the Menashe site shows a distinct difference in the water 

isotope composition (δ
18

O between -5.4 to -4.3‰ and δ
2
H between -22.7 to -16.7‰). A 

summary of the water quality that was studied in this work is given in Table 1. 

Ion enrichment occurs during infiltration of DSW along the variably-saturated zone by water-

sediment interactions, and therefore controlled by the chemical composition of both the sediment 

and the source water. The concentrations of the major ions in the shallow groundwater are within 

the range of the unsaturated zone observations (with the exception of [HCO3
-
]), which indicates 

that the ion enrichment occurs already at the upper part of the unsaturated zone. The observed 

increased [HCO3
-
] at the shallow groundwater is probably due to elevated [CO2(g)] and carbonate 

dissolution. 

It is of importance to estimate the long-term impact of MAR with DSW on groundwater 

composition as well as on the sediment composition. Specifically, we are interested in the use of 

soft DSW (i.e., without the addition of calcium carbonate as post-treatment) for soil-aquifer-

treatment (SAT) as an alternative post-treatment practice. An additional interest stems from the 

long-term enrichment of [Mg
2+

], since the deficiency of Mg
2+

 in DSW is a concern in Israel, 

because Mg
2+ 

is considered essential for human health and agricultural irrigation [e.g., Lehmann 

et al., 2016]. For this purpose, we formulate a reactive transport model, which is constrained to 

the above field observations. 
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Table 1. Water quality at the MAR Menashe site. DSW is desalinated seawater and GW is groundwater. 

Parameter Unit 

GW 

production 

wells 2014 

avg. (std.) 

Shallow GW 

monitoring 

wells 2014-6 

avg. (std.) 

DSW inlet 

pipe 2014-16  

avg. (std.)a 

DSW recharge 

pond 2015   

avg. (std.)b 

DSW suction 

cups 2015-6 

avg. (std.) 

Ca mg L-1 92.0 (13.0) 41.1 (11.4) 34.7 (2.3) 37.7 (0.2) 32.7 (3.9) 

Mg mg L-1 13.1 (2.7) 3.13 (0.89) 0.17 (0.08) 0.29 (0.02) 3.16 (2.92) 

Na mg L-1 36.4 (8.5) 20.7 (4.1) 8.4 (1.1) 11.5 (0.1) 11.2 (3.1) 

K mg L-1 1.46 (0.27) 0.83 (0.47) 0.30 (0.13) 0.4 (0.0) 0.80 (0.42) 

HCO3 mg L-1 242 (28) 174 (35) 107 (7) 109 (1) 116 (13) 

Cl mg L-1 73.7 (19.8) 13.3 (1.4) 7.8 (1.4) 14.8 (0.4) 12.7 (5.0) 

SO4 mg L-1 28.9 (8.0) 12.5 (2.8) 9.5 (2.1) 9.0 (0.1) 10.1 (3.0) 

NO3 mg L-1 30.0 (9.2) 0.39 (0.32) <0.25 <0.25 0.97 (1.43) 

SiO2 mg L-1 11.0 (1.4)c 6.0c n/a n/a n/a 

pH  7.35 (0.18) 7.78 (0.24) 7.76 (0.22) 7.74 (0.04) 7.92 (0.23) 

EC µS cm-1 694 (103) 285 (49) 186 (22) 193 (3) 226 (65) 

Temp. °C 20.9 (1.7) 22.6 (2.9) 23.4 18.9 20.6 (4.1) 

δ18O ‰ -4.50 (0.02) 1.25 (0.15) 1.38 (0.05) n/a 1.37 (0.10) 

δ2H ‰ -18.40 (0.05) 10.72 (0.39) 11.22 (0.17) n/a 11.12 (0.54) 

aWater samples were taken before entering the recharge pond. 

bWater samples were taken during infiltration from the south, center and north parts of the recharge pond on 21 January 2015. 

cSiO2 results were sampled in March 2017. 
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4 Reactive transport modeling  

4.1 Model description  

4.1.1 Flow model  

The variably-saturated flow model, which is based on previous work [Ganot et al., 2017]  

provides the flow field for the reactive transport model, and it is shortly described here for  

clarity. The flow model domain consists of 10 layers within the top 0–30.5 m of the sediment  

with 8 different hydraulic-characteristics that were based on the analyses of the sediment  

samples. The domain was discretized into 1000 elements of 0.1–4 cm thick (average of 3 cm).  

The van Genuchten–Mualem model [van Genuchten, 1980; Mualem, 1976] was used for the  

water retention curves and unsaturated hydraulic conductivity functions of the different  

sediments. The hydraulic parameters were obtained from measured particle size distribution and  

bulk density using Pedotransfer functions [Schaap et al., 2001], and further model calibration.  

Average saturated hydraulic conductivity is 7.4 m/d, ranging between 0.1 and 13 m/d. Flow  

boundary conditions at the pond ground surface (top) are the ponding depth (monitored at its  

surface when filled) and no flow when the pond is empty. The bottom boundary is groundwater  

head (measured in well OA). The initial conditions (water content) were obtained from field data  

and by running a simulation from September to December 2014 prior to the 2015 MAR event.  

4.1.2 Reactive transport model  

We use the variably-saturated reactive transport model UNSATCHEM, which allows modeling  

of water flow, solute transport and major-ion chemistry [Šimůnek et al., 1996]. The geochemical  

model includes cation exchange and calcite dissolution/precipitation reactions. The reactive  

transport of the 7 major ions (Ca
2+

, Mg
2+

, Na
+
, K

+
, HCO3

-
, Cl

-
 and SO4

2-
)  is described by the  

following advection-dispersion equation [Šimůnek et al., 1996]  

𝜕𝜃𝑐𝑘

𝜕𝑡
+ 𝜌𝑏

𝜕𝑐�̅�

𝜕𝑡
+ 𝜌𝑏

𝜕𝑐�̂�

𝜕𝑡
=

𝜕

𝜕𝑧
(𝜃𝐷

𝜕𝑐𝑘

𝜕𝑧
− 𝑞𝑐𝑘)            𝑘 = 1,2, … ,7   (1)  

where 𝜃 is the volumetric water content [L
3
 L

-3
], 𝑐𝑘 is the total dissolved concentration of the  

component k [M L
-3

], 𝑐�̅� is the total adsorbed concentration (exchangeable cations) of the  

component k [M M
-1

], �̂�𝑘 is the total concentration of the component k in minerals [M M
-1

] (in  
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this study we only model calcite dissolution/precipitation) , 𝜌𝑏 is the bulk density of the medium 

[M L
-3

], D is the dispersion coefficient [L
2 
T

-1
] and q is the volumetric flux [L T

-1
]. The second 

and third terms on the left side of equation (1) are zero for conservative species (Cl
-
 and SO4

2-
 in 

this work). The volumetric flux q is calculated by the flow model that was described above. The 

dispersion coefficient D is given by [Suarez and Šimŭnek, 1997] 

𝐷 = 𝛼𝐿
|𝑞|

𝜃
+ 𝐷𝑚𝜏         (2) 

where 𝛼𝐿 is the longitudinal dispersivity [L], 𝐷𝑚 is the molecular diffusion coefficient in free 

water [L
2
 T

-1
] and 𝜏 is a tortuosity factor in the dissolved phase [-] defined as 𝜏 = 𝜃7/3𝜃𝑠

−2  

(Millington and Quirk [1961]; where 𝜃𝑠 is the saturated water content). 

Cation exchange between aqueous and exchangeable phases is described using the Gapon 

equation, under the assumption that the CEC is constant [Suarez and Šimŭnek, 1997] 

𝐾𝑖𝑗 =
𝑐�̅�

𝑦+
(𝑐𝑗

𝑥+)
1/𝑥

𝑐�̅�
𝑥+(𝑐𝑖

𝑦+
)

1/𝑦         (3) 

where 𝑘𝑖𝑗 is the Gapon selectivity coefficient, y and x are the valences of species i and j, 

respectively, 𝑐̅ is the concentration of the exchangeable cations (in meq kg
-1

soil), and c is the ion 

activity of the dissolved cations [-]. Three Gapon coefficients for cation pairs Mg/Ca, Ca/Na, and 

Ca/K are used in UNSTCHEM for the 4 major cations (Mg
2+

, Ca
2+

, Na
+
, and K

+
). The Gapon 

selectivity coefficients in this study were optimized by inverse modeling as will be described in 

the next section.    

Calcite precipitation and dissolution is described by the following equilibrium equations 

CaCO3 + CO2(g) + H2O ⇆ Ca2+ + 2HCO3
−      (4) 

ksp = (Ca2+)(CO3
2−)         (5) 

where ksp is the solubility product of calcite and parentheses represent ion activities. A detailed 

explanation of the carbonate system can be found in Suarez and Šimŭnek [1997]. 
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The reactive transport domain is based on the flow domain discretization but includes only 2 

layers within 0–30.5 m depth in order to minimize the number of estimated parameters, as will 

be explained in the next section. Solute transport boundary conditions were concentration flux 

(Cauchy) and zero concentration gradient (Neumann) at the top and bottom boundaries, 

respectively. Solute concentration measured before the MAR events at the observation wells OA 

and OB were used as initial solute concentration in the sediment profile (Table 2). 

Table 2. Water composition as inserted into the reactive transport model. DSW is desalinated seawater and GW is 

groundwater at the shallow observation wells. Ion concentration is in meq L-1. DSW, shallow GW and Lake 

Kinneret were measured in this study.   

Water type Ca2+ Mg2+ Na+ K+ HCO3
- SO4

2- Cl- 

DSW (top boundary) 1.74 0.01 0.49 0.005 1.75 0.23 0.34 

Shallow GW (initial conditions) 2.85 0.35 1.13 0.036 3.51 0.33 0.41 

Lake Kinneret (top boundary)a 4.18 2.86 2.08 0.076 5.80 0.48 2.79 

Soft DSW (top boundary)b 0.005 0.008 0.353 0.003 0.111 0.002 0.255 

aLake Kinneret water was recharged only for 4-hours on 25 December, 2014 (beginning of 2015 MAR event).   
bSoft DSW [Kloppmann et al., 2008a] is the DSW composition before post-treatment that was used in the prediction 

simulations, section 4.4.2.  

4.2 Parameter estimation 

The reactive transport parameters were estimated by inverse modeling and by sediment analysis. 

The longitudinal dispersivity 𝛼𝐿 was estimated from continuous measurements of bulk soil 

electric conductivity (bulk EC) at depth of 3 m, during 4-hours flushing of the high EC, Lake 

Kinneret water with DSW, in the beginning of the 2015 MAR event [Ganot et al., 2017]. The 

breakthrough curve was analyzed using CXTFIT [Van Genuchten and Parker, 1984; Toride et 

al., 1995] with analytical solution to the deterministic, equilibrium advection–dispersion 

equation (Figure 5). The longitudinal dispersivity was estimated by assuming a homogenous soil 

(upper sand) and a conservative tracer under steady-state conditions. The estimated dispersivity 

was applied to the entire transport domain. 
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Figure 5. Observed and fitted breakthrough curve of bulk EC data during the MAR 2015 event when DSW flushes 

Lake Kinneret water. Y-axis is normalized concentration. The longitudinal dispersivity for the model was estimated 

by analysis of the breakthrough curve with CXTFIT. 

The sediment parameters include bulk density, adsorbed exchangeable cations, calcite content 

and CEC that were measured, and [CO2] profile and Gapon selectivity coefficients that were 

estimated by calibration (Table 3). Initial calcite content was assumed equal to the measured 

carbonate content (Figure 2). The [CO2] along the sediment profile was considered increasing 

with depth [Walvoord et al., 2005; Benavente et al., 2010]. Field measurements of [HCO3
-
] and 

pH (that together allow calculation of [CO2] through Henry’s law constant) were only available 

from the upper sand and the shallow groundwater. Therefore, due to the lack of [CO2] field data, 

we assumed that the sediment [CO2] increases linearly with depth, using its slope as a fitting 

parameter that satisfies the [HCO3
-
] field observations. The intercept of the linear [CO2] profile, 

located at the pond surface, was assumed to equal average atmospheric [CO2], 400 ppm. 

The relatively low spatial resolution of field observations (i.e., lacking the 4 to 20 m interval) 

imposes some difficulty in optimizing the Gapon selectivity coefficients of each layer in the 

profile by inverse modeling. In addition, optimizing many parameters simultaneously in the 

variably-saturated zone may lead to a non-unique solution [Šimůnek and Hopmans, 2002]. 

Therefore, in order to simplify the reaction domain and to decrease the number of estimated 

parameters, it was divided into 2 sections (based on the available field observations): upper sand 

(0–4 m depth) and lower effective layer (4–30.5 m depth) which is a weighted average of all the 

underlying layers. Hence, the exchangeable cations, bulk density, and calcite content are all 

averaged values in the lower effective layer. The initially adsorbed cations in the lower layers 

(4–19 m depth) have relatively similar proportions and concentrations (Figure 2), which justify 

the effective layer simplification. This justification is weaker for the initial calcite content as the 
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measured calcite (carbonate) content along the sediment profile shows high variability (Figure  

2). However, calcite reaction in the model is an equilibrium reaction that occurs mostly in the  

upper sand layer, and therefore the lower effective layer is also a reasonable simplification of the  

measured calcite content.      

The simplified domain of two reactive layers reduces the Gapon selectivity coefficients that need  

to be optimized to four: 𝐾𝑀𝑔/𝐶𝑎 and 𝐾𝐶𝑎/𝑁𝑎 for each of the two model layers (𝐾𝐶𝑎/𝐾 was not  

optimized because in all samples [K
+
] < 0.04 meq L

-1
, rendering cation exchange with K

+
  

negligible). The Gapon selectivity coefficients were inversely estimated with UNSATCHEM and  

the optimization code UCODE [Poeter et al., 2014], following Raij et al. [2016]. The optimized  

parameters in UCODE are obtained by minimizing iteratively the objective function [Hill, 1998]  

𝑆(𝒃) = ∑ 𝜔𝑖[𝑦𝑖
𝑛
𝑖=1 − 𝑦𝑖

′(𝒃)]2        (6)  

where 𝑆(𝒃) is the objective function, 𝒃 is a vector of estimated parameters, n is the number of  

observations, 𝜔𝑖 is the weight for the ith observation, 𝑦𝑖 is the value of the ith observation and  

𝑦𝑖
′(𝒃) is the simulated value which corresponds to the ith observation using the parameters 𝒃. A  

constant weight of one was used, as all observations were cations concentrations with an equal  

measurement error, on average.   
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Table 3. Parameters of the reactive transport model  

Parameter Value Units Source 

Upper sand (0–4 m)    

 Porosity 0.35  Ganot et al. [2017] 

 Bulk density (𝜌𝑏) 1.56 g cm-3 Ganot et al. [2017] 

 Cation exchange capacity 12.3 meq kg-1 this study 

 Initial adsorbed cations (Ca, Mg, Na, K)        4.7, 6.2, 1.1, 0.3 meq kg-1 this study 

 Initial calcite content 799 mmol kg-1 this study 

 Gapon coefficient Mg/Ca 2.1 (95% CI [1.39, 2.90]) this study 

 Gapon coefficient Ca/Na 0.12 (95% CI [0.03, 0.20])   this study 

Lower effective layer (4–30.5 m)    

 Porosity 0.32  Ganot et al. [2017] 

 Bulk density (𝜌𝑏) 1.84 g cm-3 Ganot et al. [2017] 

 Cation exchange capacity 92 meq kg-1 this study 

 Initial adsorbed cations (Ca, Mg, Na, K)        80.2, 9.6, 0.5, 1.7 meq kg-1 this study 

 Initial calcite content 1581 mmol kg-1 this study 

 Gapon coefficient Mg/Ca 0.34 (95% CI [0.29, 0.39])   this study 

 Gapon coefficient Ca/Na 5.33 (95% CI [4.35, 6.31]) this study 

Both layers (0–30.5 m)    

 Diffusion coefficient in water (𝐷𝑚) 3·10-4 m2 d-1  Šimůnek et al. [1996] 

 Longitudinal dispersivity (𝛼𝐿)          0.38 (95% CI [0.33, 0.43]) m this study 

 [CO2] linear slope 19.7 ppm m-1 this study 

 Gapon coefficient Ca/K 0.05   Vries and Posch [2003] 

 Calcite solubility product (log ksp) -8.38 (16 ºC)  
Visscher and 

Vanderdeelen [2012] 
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4.3 Calibration and validation   

The observations from the 2015 and 2016 MAR events were used for calibration and validation,  

respectively. A total of 24 observation points of the cations Ca
2+

, Mg
2+

 and Na
+
 (12 in the  

variably-saturated zone and 12 in the shallow groundwater) were used for calibration, and 36  

observation points for validation (24 in the variably-saturated zone and 12 in the shallow  

groundwater). The shallow groundwater samples were assigned to 25 m depth although the well  

screen is 10 m long (Figure 2). The 2015 MAR event was selected for calibration because the  

sediment attributes that are considered to be affected by the recharge (adsorbed cations and  

calcite content) were sampled prior to the 2015 event, during the drilling of the observation wells  

(August 2014), while similar sediment data are not available for the 2016 MAR event. The  

adsorbed cations and calcite content at the end of the calibration run were used as the solid-phase  

initial conditions for the validation run (i.e., the simulation was continuously run from the  

beginning of the MAR 2015 event to the end of the MAR 2016 event).  

The modeled cations concentrations are in good agreement with the measured concentrations,  

with a root mean square error (RMSE) for the total cations of 0.055 and 0.157 meq L
-1

 for  

calibration and validation, respectively (Figure 6). Considering the RMSE of each individual  

cation in the validation (0.200, 0.081 and 0.164, corresponding to about 4, 1 and 4 mg L
-1

, for  

Ca
2+

, Mg
2+

 and Na
+
, respectively) provides an estimate of the model prediction error for a  

specific cation. The [HCO3
-
] was excluded from the model RMSE since it was calibrated by  

fitting of the linear [CO2] profile. The simulated [HCO3
-
] profile shows good fit for the  

calibration period, but underestimates [HCO3
-
] in the upper sand during the validation period.  

This is because the [CO2] profile is assumed steady in the model, while in the field some  

variability of [CO2] and [HCO3
-
] may exist (Figure 6b).   

The 95% confidence intervals (CI) of the Gapon selectivity coefficients were used to evaluate the  

model sensitivity to these parameters. Simulations were made with the 16 possible combinations  

of the four Gapon selectivity coefficients, where each coefficient can take the value of the lower  

or upper bound of its 95% CI. The obtained maximum and minimum concentration values of  

each cation were used as the upper and lower limits of the model sensitivity range (Figure 6, in  

gray). Note that sensitivity analysis for the [HCO3
-
] is not presented since it was calibrated by  
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fitting. The model sensitivity range for [Ca
2+

] and [Na
+
] is relatively wide, especially at depths 

where observations are absent, while the range for [Mg
2+

] is narrower. This suggests that the 

[Ca
2+

] and [Na
+
] are more sensitive to changes in the Gapon selectivity coefficients, compared to 

[Mg
2+

]. 

 

Figure 6. Observed and simulated ion concentrations. (a) calibration period (2015 MAR event) and (b) validation 

period (2016 MAR event). Model sensitivity due to the Gapon coefficients optimization is shaded in gray. Note that 

for the validation period, only observations measured on 1 February 2016 are shown in the ion concentration 

profiles. However, all the observed and simulated points are plotted in the RMSE graphs. 

The simulated solid phase (exchangeable cations and calcite) before and after the two MAR 

events is shown in Figure 7. At the upper sand (0–4 m) Ca
2+

 is adsorbed while Mg
2+

 and Na
+
 are 

desorbed, whereas at the top of the effective layer (4–7 m) Mg
2+

 is adsorbed, and Ca
2+

 and Na
+
 

are desorbed. At the end of MAR 2016, the initially low exchangeable Na
+
 (Na) is almost fully 

depleted along the effective layer (4–30.5 m). Note that the uncertainty of the Gapon exchange 

coefficient may lead to either adsorption or desorption of Na
+ 

in the upper sand, in contrast to the 

profiles of Ca and Mg that show a consistent trend (the sensitivity ranges in Figure 7 are 
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calculated similar to those in Figure 6). The calcite content profile is stable, indicating that no  

calcite has dissolved or precipitated, except for the uppermost part (0–4 cm depth) where calcite  

precipitated. This result shows that the lower effective layer simplification (4–30.5 m depth) is  

justified in the case of calcite. The obtained stable calcite content profile is reasonable as the  

Hadera desalination plant is obliged to supply DSW close to saturation with respect to calcite in  

order to meet the Israeli water quality standards.   

  

Figure 7. Simulated exchangeable cations and calcite concentration at the end of MAR 2015 and 2016 events. The  

pre-MAR 2015 profile (black line) is the solid-phase initial conditions of the calibration simulation; model  

sensitivity due to the Gapon coefficients optimization is shaded in light red and green.  

The model results for the combined calibration and validation periods and the related field  

observations are shown in Figure 8 for the specific depths of 3 and 25 m. The high simulated  

cations concentration in the beginning of the 2015 MAR event is due to a 4-hours recharge  

(~2·10
4
 m

3
) of Lake Kinneret waters (TDS = 671 mg L

-1
). This was followed by ~2.45·10

6
 and  

~1.3·10
6
 m

3
 of DSW recharge, in 2015 and 2016, respectively. Overall, the model shows good  

agreement with the measured field observations. The exchange of Ca
2+

 for Mg
2+

 at the upper  

sandy layer is prominent from the adsorbed cations profiles of Ca and Mg (Figure 8a).  

Consequently, the [Ca
2+

] and [Mg
2+

] are always below and above the inlet DSW concentrations,  

respectively (see the arrows in Figure 8). At both depths of 3 and 25 m, changes in concentration  

occur during the MAR events, while the cations concentration is steady between the events. At 3  

m depth the layer drains at the end of the MAR events (see the profile of the water content, 𝜃)  

and therefore there is no ‘new’ DSW available for water-sediment interaction (the pore-water are  

in equilibrium with the sediment). On the other hand, at 25 m depth the sediment is always  
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saturated as water percolates through the variably-saturated zone (see 𝜃 profile in Figure 8b, and  

also water level in Figure 3b). However, the percolating water attains geochemical equilibrium  

with the sediment already at the upper part of the effective layer, as evident from the constant  

concentration of adsorbed cations at 25 m depth (Figure 8b). This explains the steady cations  

concentration between the MAR events at this depth, although this behavior might be an artifact  

of the lower layer simplification (4-30 m). The overestimation of [Ca
2+

] at 25 m depth at the end  

of the MAR 2016 event shows the model-validation highest deviation from observed  

concentration (0.4 meq L
-1

). Comparison of the reactive-transport model with conservative- 

transport at 25 m depth (conservative in dashed line, Figure 8b) emphasizes the role of cation- 

exchange in controlling the dynamic concentration of the cations in the recharging water.  

  

Figure 8. Simulation results of volumetric water content (𝜃), cations concentration (𝒄) and adsorbed cations (�̅�)  

during the calibration and validation periods. (a) upper sand layer (3 m depth); (b) lower effective layer, at the well  

screen of the shallow groundwater (25 m depth). The dashed line is the results of a simulation without chemical  

reaction (given here for comparison). Model sensitivity due to the Gapon coefficients optimization is shaded in light  

gray, red and blue.  
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4.4 Predictions  

Long-term predictions (50 years) of two scenarios of MAR with DSW (with and without post- 

treatment) were tested using the calibrated reactive transport model. Each year in the prediction  

simulation includes one month of continuous recharge of ~2.5·10
6
 m

3
 (based on the 2015 MAR  

event). Recharge is followed by groundwater fluctuations, which by the end of the year returns to  

the initial groundwater level, repeating this cycle for 50 years. Hence, solute and solid phase  

concentrations evolve during the prediction simulations while the hydraulic conditions of each  

year are simply repeated cycles. A total volume of ~125·10
6
 m

3
 is recharged after 50 years of  

MAR, corresponding to a total hydraulic load of ~1100 m of DSW (Table 4).  

Table 4. Hydraulic loads and recharged volumes of the prediction simulations  

Years 5 10 25 50 

Hydraulic load (m) 110 220 550 1100 

Recharged volume (106 m3) 12.5 25 62.5 125 

  

4.4.1 50 years of MAR with post-treated DSW  

The simulation with post-treated DSW (TDS = 160 mg L
-1

) shows stable profiles of [Na
+
] and  

[HCO3
-
] and a continuous cation exchange of Ca

2+
 for Mg

2+
. This reaction is limited by the Mg

2+
  

originally adsorbed to the sediment because the post-treated DSW provides unlimited supply of  

Ca
2+

. Similar trends in the [Ca
2+

] and [Mg
2+

] profiles to those observed in the field just below the  

pond ground surface (Figure 4a), were recovered in the long-term simulation albeit deeper in the  

profile, because [Ca
2+

] is enriched and [Mg
2+

] is depleted (Figure 9a). Consequently, enrichment  

in Ca and depletion in Mg are evident, while the profiles of Na and calcite remain relatively  

stable (Figure 9b).  
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Figure 9. Simulated predictions for 50 years of MAR with post-treated DSW. (a) ion concentration along the  

sediment profile. (b) exchangeable (adsorbed) cations and calcite concentration along the sediment profile.  

  

4.4.2 50 years of MAR with soft DSW  

In the simulation using soft DSW (without post-treatment; TDS = 25 mg L
-1

 with practically zero  

concentration of divalent ions), the profile of [Mg
2+

] is similar to the simulated prediction of  

DSW with post-treatment, whereas the profiles of [Ca
2+

], [Na
+
] and [HCO3

-
] differ mainly in the  

upper part (Figure 10a). The enrichment in [Mg
2+

] depends on the exchange reaction with Ca
2+

.  

However, the soft DSW has negligible [Ca
2+

] such that calcite dissolution provides an alternative  

source for Ca
2+

. Hence, the exchange reaction depends on the dissolution reaction and is limited  
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by the calcite content in the sediment. This dependence is evident from a decrease in calcite  

content (Figure 10b) followed by a decrease in [Ca
2+

] and [HCO3
-
] in the upper part of the  

sediment profile. The gradual decrease in [Ca
2+

] next to the pond ground surface (from 1.4 to 0.1  

meq L
-1

 after 50 years) due to depletion of calcite content, promotes gradual increase in Mg and  

Na (i.e., adsorption of Mg
2+ 

and Na
+
 is preferred when [Ca

2+
] is low).  

  

Figure 10. Simulated predictions for 50 years of MAR with soft DSW (without post-treatment). (a) ion  

concentration along the sediment profile. (b) exchangeable (adsorbed) cations and calcite concentration along the  

sediment profile.   
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5 Discussion 

The predictive long-term simulations demonstrate the potential of using SAT through pond 

infiltration as a post-treatment (remineralization) for soft DSW. Both scenarios, with and without 

post-treatment, provide a relatively constant (and similar) water quality, which complies with the 

Israeli standards for desalinated water [Lahav and Birnhack, 2007] (Figure 11a). Hence, 

infiltrating soft DSW for MAR in the Menashe site can reduce the post-treatment costs (3·10
4
 kg 

of limestone per day from quarry; acid and base reagents), while complying with the water 

quality standards. However, we note that the hydraulic capacity of the specific MAR site limits 

the volumes that can be treated with this practice; for example, it cannot be used to treat the 

whole volume of DSW currently produced by the Hadera desalination plant (~130 million m
3
 per 

year) in the Menashe site.   

In Israel, DSW reached 60% of the domestic and industrial fresh water supply, and in some 

regions it is the only water supply year-round. Despite a decision by the Israeli Ministry of 

Health in 2009 to follow the recommendation by the World Health Organization (WHO) of a 

minimum of 10 mg L
-1 

[Mg
2+

], for crop irrigation and public health considerations, it is still not 

enforced—to date, the Israeli standards for desalinated water have no criterion for Mg
2+

 

[Birnhack et al., 2011]. Therefore, the addition of Mg
2+

 is currently not included in the post-

treatment stage at the Israeli desalination plants. Our simulations show an enrichment in [Mg
2+

] 

during MAR with DSW in the variably-saturated zone (~2.5 mg L
-1

, for both scenarios); while 

this falls below the WHO guidelines, it is higher than the current [Mg
2+

] output of the Israeli 

desalination plants, which is practically zero. The enrichment in [Mg
2+

] decreases during 50 

years of MAR (from ~3 to ~2 mg L
-1

), because of its dependence on the Mg content in the 

sediment (Figure 11b). After 50 years, both scenarios predict an increase of the total sediment 

content of Ca by 3%, while Mg and calcite decrease by ~23% and < %1, respectively (Figure 

11c). The small decrease in calcite content suggests that enrichment by infiltration of soft DSW 

can be a sustainable MAR practice at the Menashe site. 

In this work we assumed that cation exchange is the main mechanism for Mg
2+

 enrichment based 

on the results of the column experiment by Ronen-Eliraz et al. [2017] and our field observations. 

Other sources for Mg
2+

 enrichment are probably minor. Generally, the magnesium (Mg) 
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concentration in the upper sediment profile of the Israeli Coastal Aquifer is lower than 0.2%, 

found mainly as low-Mg calcite, while dolomite is absent [Buchbinder & Friedman, 1980]. The 

SiO2 in the shallow groundwater monitoring wells (Table 1) is due to an exchange process 

[Russak et al., 2015; Stuyfzand, 1998; Wood & Signor, 1975], which negates Mg
2+

 enrichment 

by silicates dissolution. The dissolution of low-Mg calcite (assuming it exists) from the Kurkar is 

negligible because it depends on calcite dissolution which is limited during MAR of post-treated 

DSW (that are saturated with respect to calcite). However, for the soft DSW scenario, our 

simulation shows a 1% decrease in calcite content after 50 years (Figure 11c). Assuming this 

dissolved calcite contains ~1% Mg, we calculate [Mg
2+

] of ~1 mg L
-1

 in the shallow groundwater 

due to dissolution of low-Mg calcite, which, unfortunately together with the 2–3 mg L
-1

 from 

cation exchange will still be below the WHO guidelines for drinking water quality. 

 

Figure 11. (a) Ca2+, alkalinity and pH concentrations in the shallow groundwater (25 m depth) from the prediction 

simulations with post-treatment (PT) and without (soft), compared with the Israeli water quality standards for 

desalinated water (gray lines). Inlet DSW with PT is also shown for reference. (b) Mg2+ concentration in the shallow 

groundwater (25 m depth) compared with the recommendation of the World Health Organization (WHO). (c) Total 

change in percentage of the solid phase Ca, Mg and calcite (positive indicate an increase) integrated along the model 

domain (30.5 m depth). 
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A depletion of calcite in the upper profile was recently reported for MAR using low TDS (< 50  

mg L
-1

) reverse-osmosis wastewater (St-André site, Belgium; Vandenbohede et al. [2013]). Both  

their simulation and field observation show a substantial reduction in calcite content (73% in the  

first upper meter) during 10 years of MAR operation. The authors predicted that complete  

dissolution of calcite in the aquifer requires ~2600 years. In the Menashe site studied here, high  

carbonate content along the variably-saturated zone due to the Kurkar sediments (calcareous  

sandstone), leads to a prediction of 5000 years for complete dissolution of calcite along the  

variably-saturated zone. This prediction is based on our simulation with soft DSW, assuming a  

constant decrease in calcite content (see calcite profile in Figure 11c).  

It should be noted that the water quality predictions in this study are restricted to the shallow  

groundwater just below the pond (3 m AMSL) after it has infiltrated through the variably- 

saturated zone. We do not model here the water quality of the production wells in deeper aquifer  

layers (-35 m AMSL, on average); this is because these wells are situated up to ~1 km from the  

infiltration ponds (see Figure 1), rendering their modeling beyond the scope of this paper.  

Transport and reaction during DSW migration through the aquifer to the production wells, and  

its impact on water quality, are however of great interest, and therefore the subject of an ongoing  

study. Evidence for significant variability of ion concentration with depth in this coastal aquifer  

was provided by multilevel sampling conducted in a special observation well in Tel Aviv (~50  

km to the south). Analysis showed that concentrations of all major ions in deeper production  

layers differ significantly from those in the shallow groundwater. Specifically, [Mg
2+

] increases  

dramatically from shallow to deep layers in that site [Kurtzman et al., 2012].   

6 Conclusions  

The geochemical evolution during managed aquifer recharge (MAR) with reverse-osmosis  

desalinated seawater (DSW) at the Menashe site, in the Israeli Coastal Aquifer, was studied by  

in-situ field sampling and reservoir simulation. Field observations from both the unsaturated  

zone (0–3 m depth) and the shallow groundwater (~25 m depth) show that cation exchange is the  

dominant geochemical process, driven by the high Ca
2+

 concentration in the DSW (due to post- 

treatment that includes remineralization by calcite dissolution). Stable isotope analysis indicates  

that the composition of the shallow groundwater remains similar to the recharged DSW; however  
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it is enriched with Mg
2+

 due to cation exchange with Ca
2+

, and with HCO3
-
 and Ca

2+
 due to  

calcite dissolution. The ion enrichment is attained during infiltration of DSW through the  

variably-saturated zone.  

The field observations were used to calibrate a variably-saturated reactive transport model. The  

calibrated model was used to simulate the geochemical evolution during 50 years of MAR with  

DSW (1 month of continuous infiltration per year), testing two optional scenarios in terms of  

water quality: (i) MAR with post-treated DSW (TDS = 160 mg L
-1

); and (ii) MAR with soft  

DSW (TDS = 25 mg L
-1

, with practically zero concentration of divalent ions). The two simulated  

scenarios resulted in relatively similar ion concentrations, albeit with a different Ca
2+

 enrichment  

mechanism (driving the cation exchange reaction). In the post-treated DSW scenario, Ca
2+ 

is  

supplied with the inlet water due to remineralization at the desalination plant (the post-treatment  

process), while in the soft DSW scenario Ca
2+

 is supplied by calcite dissolution along the  

sediment profile. Our simulations predict for both scenarios a relatively stable Mg
2+

 enrichment  

at the shallow groundwater (~2.5 mg L
-1

), improving upon the zero concentration currently  

found in the DSW supplied in Israel. Yet, this concentration is below the minimum Mg
2+

  

concentration of 10 mg L
-1

 recommended by the World Health Organization. In terms of water  

quality, both scenarios are found within the range of the Israeli criteria for desalinated water. In  

terms of calcite content of the sediment, the soft DSW scenario predicts that its reduction is low  

(<1%) along the variably-saturated profile, after 50 years (1100 m of infiltrating water). This  

suggests that using soil-aquifer-treatment as a remineralization technique for DSW is a  

potentially sustainable practice at the Menashe site and in other MAR sites with similar aquifer  

settings.  
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