MARSOL
Demonstrating Managed Aquifer Recharge
as a Solution to Water Scarcity and Drought
A combined unsaturated and aquifer flow
model for the Menashe demonstration site

Deliverable No.

D9.4

Version

4.0

Version Date

28.08.2016

Author(s)

Yoram Katz (Mekorot), Yonatan Ganot (ARO), Daniel
Kurtzman (ARO)

Dissemination Level

PU

Status

Final

The MARSOL project has received funding from the European Union's Seventh Framework
Programme for Research, Technological Development and Demonstration under grant agree‐
ment no 619120.

MARSOL

Deliverable D9.4

Contents
1. Overview .................................................................................................................................... Page 5
2. Unsaturated Zone Model .......................................................................................................... Page 6
3. The Linked Groundwater Model .............................................................................................. Page 12
4. Summary and Conclusions ...................................................................................................... Page 22
5. References ............................................................................................................................... Page 23

2

MARSOL

Deliverable D9.4

Figures
Figure 1: Model domain: lithology, initial and boundary conditions, discretization and
materials. ....................................................................................................................................... Page 7
Figure 2: Calibration result of the infiltration rate at ground surface in the pond. Ground‐
water recharge rate is also shown for comparison. Note the large difference between
infiltration and recharge rates at the beginning of the MAR event versus the identity in
rates that is achieved after a few days and the continuation of recharge after the end of
the infiltration ............................................................................................................................... Page 8
Figure 3: Cumulative surface infiltration and groundwater recharge that were estimated
with the HYDRUS‐1D model for the January MAR event. The measured groundwater level
is also shown for comparison ........................................................................................................ Page 9
Figure 4: Validation run of the simulated infiltration rates at the pond surface during and
after January 2016 MAR compared to the measured whole‐pond rates (black circles).
Groundwater recharge rate is also shown for comparison ......................................................... Page 10
Figure 5: Ponding depth in the pond during three MAR events (2014, 2105 and 2016). The
data of 2015 and 2016 was used as the top BC for the model calibration and validation,
respectively. Note the relatively uniform pond stage during 2015 compared to the fluctua‐
ting stage during 2016, in which discharge to the pond was paused many times for various
durations. The area flooded in 2014 was never the entire pond ................................................ Page 10
Figure 6: Recharge fluxes calculated by the unsaturated model standardized for the entire
infiltration pond area .................................................................................................................. Page 11
Figure 7. Geological setting of the Menashe MAR site (Holocene sand dunes) and its flood
water catchment area (Eocene relatively impervious chalk). Below A‐A’ cross section with
sequence of aquifers and aquitards, note that the model is of the top most aquifer ................ Page 13
Figure 8. Conceptual model structure. The modelled area the Mediterranean at the west
the settling and infiltration ponds in light blue (a), the major continuous marine clay lenses
(b) and the combined deterministic and stochastic material array representing the aquifer
in the model (c) .......................................................................................................................... Page 14
Figure 9. Model area, and model boundaries defined by blue polygon (cell size in the map
= 1 x 1 km2) .................................................................................................................................. Page 15
Figure 10. Modelled groundwater levels (a) before and (b) during the last stages of infiltra‐
tion were the changes in water levels was most dramatic, Jan 2015 ......................................... Page 17
Figure 11. Observed vs. calculated groundwater heads at Menashe 5a – calibration ............... Page 18
Figure 12. Observed vs. calculated groundwater heads at Menashe 8a – calibration ............... Page 18
Figure 13: Modelled groundwater levels before (a) and during the last stages (b) of infiltra‐
tion, Jan 2016 (model validation run) ......................................................................................... Page 19

3

MARSOL

Deliverable D9.4

Figure 14. Observed vs. calculated groundwater heads at Menashe 5a – validation run .......... Page 20
Figure 15. Observed vs. calculated groundwater heads at Menashe 8a – validation run .......... Page 20

Tables
Table 1. The five parameters of the Van Genuchten‐Mualem hydraulic functions for the 8
modelled sediment materials (the Mualem L parameter was 0.5 for all materials) .................... Page 7
Table 2. Major rock types grouped into 4 hydrogeological categories ....................................... Page 12
Table 3. Parameters used for the different geo‐hydrological categories ................................... Page 15

4

MARSOL

Deliverable D9.4

Overview
A sub‐regional hydrogeological groundwater flow model was set for the portion of the Israeli Coastal
Aquifer surrounding the Menashe MAR system. The model is of an area of 65 KM^2, an area of an
aquifer which gets an average natural annual recharge of 13 million cubic meter (MCM) from winter
precipitation (wide‐spread “diffused” recharge). Although the MAR of flood water at the Menashe
infiltration ponds during 2015 and 2016 was zero, due to the general drought north Israel suffered
during these years (at 2015 3 MCM of flood water was occurred in the settling pond), the 50 year
average of MAR in this system is 10 MCM. MAR of desalinated water was 2.6 MCM in 2015 and 1.3
MCM in 2016. So the part of the aquifer included in the model is expected to be recharged (from
land surface) about half from areal natural infiltration and half from MAR at the Menashe infiltration
ponds. The area of the 3 infiltration ponds is ~ 0.5 KM2, i.e. in average years less than 1% of the
surface area will contribute half of the total recharge to the modelled area.
Due to the dramatic contribution of MAR in the Menashe infiltration ponds to this model area, and
exploiting the intensive monitoring and testing done in the southern infiltration pond during the last
2 years, the stand‐alone MODFLOW groundwater model was linked to a unique unsaturated/
saturated vertical flow model (Hydrus‐1D), built to produce dynamic recharge fluxes at the water
table below the infiltration pond. The linkage is one direction, i.e. the groundwater flow model is fed
from the Hydrus‐1D model and does not influence back the flow above the water table.
Nevertheless, within the Hydrus‐1D model the water level does influence the flow from the surface,
as not like in most unsaturated flow models from which recharge is estimated where the bottom
boundary is of free drainage, here the bottom boundary is in the aquifer and the transient monitored
groundwater head is the model boundary condition. Elsewhere of the infiltration pond area, MAR in
the settling pond is estimated by volumes entered and exited it and potential evaporation. Natural
recharge to the groundwater model is approximated from measured rain and rain‐recharge
coefficients.
In this way, the development of the combined model was modular, where both partners of WP9
worked on the module that fits better their expertise. Yoram Katz (Mekorot) built and operates the
groundwater hydrogeological model. Yonatan Ganot (ARO), working on monitoring the MAR within
the demo site in the pond, built the unsaturated flow model. This makes the combined model unique
in the high level of details in both regional hydrogeology and MAR within the pond.
Both the unsaturated and the combined models were calibrated to the 2015 data and their
performance was tested for the 2016 data (validation). The groundwater modelled heads were
compared to measurements located 400 and 1000 m from the southern pond and screened at layers
a few tens of meters below the water table. Hence they are close enough to feel the “drama” of the
intense MAR events, and distant enough (laterally and vertically) to let the aquifer dampen the
amplitudes, yet, not too far where the MAR event is non‐dramatic.
Transport simulations are not shown here and will be reported in an upcoming deliverable of the
project, D9.5. A breakthrough of the desalinated water in the active production wells (e.g. low Cl‐ or
high 2H), is not clear yet hence ground proofing of the regional‐scale transport model is still
unavailable at this stage of reporting.
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Unsaturated Zone Model
Introduction
Infiltration through the vadose zone was modelled using HYDRUS‐1D, a software package for
simulating one‐dimensional (1D) uniform water movement in a variably‐saturated rigid porous media
[Šimůnek et al., 2009]. During MAR the water in the pond is assumed to infiltrate in the vertical
direction only. The 1D assumption is relevant as the water level in the pond is small compared to the
horizontal dimensions of the pond (e.g., Philip [1992]). This assumption is a simplification that cannot
capture lateral water flow, which is relevant mainly during the beginning and ending of MAR when
some of the pond surface is not covered with water, and also at the boundaries along the pond
perimeter. However, apart from its relative simplicity, the main advantage of a 1D model is that it
can capture the whole‐pond MAR process by a single representative 1D profile. The main goal of the
model is an estimation of the temporal groundwater recharge, which is used as an input to the
regional groundwater flow model.

Methods
Infiltration through the unsaturated zone in HYDRUS‐1D is described by Richards equation using the
assumptions that water flow due to thermal gradients and gas‐phase pressure gradients can be
neglected (for detailed description of the governing equations see Šimůnek et al., 2009). The van
Genuchten‐Mualem model (VGM) for soil water retention, θ(h), and hydraulic conductivity, K(h) was
used as the soil hydraulic function [Mualem, 1976; van Genuchten, 1980].
The model domain stretches from the surface to a depth of 30.5 m. It includes 10 layers with 8
materials based on soil cores taken by direct‐push survey and during the drilling of the observation
wells. The domain contains 1000 elements with varying discretization from 0.001 to 0.04 m
(according to the material type and location, and to the original water table level) and an average
discretization of 0.03 m. Upper boundary condition at the soil surface is the variable water level in
the pond that was monitored at the pond surface, and no flow when the pond is empty. Lower
boundary condition is the variable groundwater level that was monitored in the observation well PA.
Initial water content profile was obtained by field data (unsaturated at depths 0 to 4 m and saturated
below the water table at depth of 24.4 m) and by running a simulation for 88 days (September to
December, 2014) before the beginning of MAR that takes into account daily precipitation (Figure 1).
The soil hydraulic parameters (Table 1) were calculated from the measured particle size distribution
and bulk density using pedotransfer functions (ROSETTA, Schaap et al. [2001]). Note that the
hydraulic parameters were not obtained for the calcareous sandstone (Kurkar, layers 8 and 10)
because it was crushed during drilling and its structure was destroyed. Therefore, the hydraulic
parameters of material 5 (sand) were used for the Kurkar layers.
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Figure 1: Model domain: lithology, initial and boundary conditions, discretization and materials (see also
Table 1).

Table 1: The five parameters of the Van Genuchten‐Mualem hydraulic functions for the 8 modelled sediment
materials (the Mualem L parameter was 0.5 for all materials).

Material

Soil texture

θr

θs

α [m‐1]

n

Ks [m/d]

1

Sand

0.053

0.353

3.03

4.52

13.48

2

Sandy clay loam

0.063

0.336

2.9

1.19

0.38

3

Sandy clay loam

0.068

0.387

2.42

1.52

0.38

4

Fine Sand

0.052

0.300

2.96

2.85

2.83

5

Sand / Kurkar

0.050

0.310

3.09

4.05

9.33

6

Sandy clay loam

0.068

0.369

2.46

1.32

0.16

7

Sandy loam

0.064

0.365

2.32

1.71

0.61

8

Sandy loam

0.056

0.372

2.9

1.66

0.72
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Calibration
The simulation period was December 25, 2014 to Oct 5, 2015, in order to capture infiltration at the
soil surface when the pond is flooded during the January 2015 MAR event, as well as internal
drainage and groundwater recharge after surface‐infiltration is finished. Calibration was performed
against whole‐pond infiltration rate data (measured occasionally when water input into the pond
was stopped due to operational considerations, see ARO mid‐term report) in order to produce a
single 1D representative profile of the pond sediment.
Calibration was focused on the top sandy clay loam section found at depths 4 to 6 m, which has the
greatest impact on infiltration rates as its saturated hydraulic conductivity is almost to 2 orders of
magnitude lower compared to the other layers. Only saturated hydraulic conductivities (Ks) of layers
2 and 3 were modified during the calibration (Table 1).
The model calibration shows good fit for 90% of the infiltration period (Jan 4 – 31, 2015) with a
relative root mean square error of 4.8% (Figure 2). Relatively poor fit between the model and the
whole pond infiltration data were obtained for the first two observations points (Dec. 25 and Dec. 30,
2014). These two observations were measured at early stages when the pond was not entirely‐filled
and therefore they may be biased due to surface flow.

Figure 2: Calibration result of the infiltration rate at ground surface in the pond. Groundwater recharge rate
is also shown for comparison. Note the large difference between infiltration and recharge rates at the be‐
ginning of the MAR event versus the identity in rates that is achieved after a few days and the continuation
of recharge after the end of the infiltration.
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Results
The main outcome of the unsaturated model is an estimation of the transient groundwater recharge.
Our simulations highlight the transient nature of the groundwater recharge. At the end of the
January 2015 MAR event when the pond was empty (Feb 2, 2015), the estimated total groundwater
recharge was ~17 m, vs. ~22.4 m of surface infiltration (Figure 3). That is, during active ponding ~75%
of the infiltrated water has reached groundwater, while the remainder ~25% is retained in the newly‐
saturated zone between the pre‐MAR water table (24.5 m below surface) and the gradually
decreasing post‐MAR water table (Figure 3). Out of these “residual water”, only about half reaches
the pre‐MAR water table after ~1 month, with the remainder arriving slowly during ~6 months, as
can be seen from the change in the slope of the cumulative groundwater recharge curve (Figure 3,
red line). This is closely related to the water table level and the morphology of the water mound
below the pond (Bouwer, 2002): when the mound is steep relatively to the pre‐MAR water table, flux
is driven mostly downwards by gravity, resulting in a relatively fast water table level decline (implying
faster arrival of the “residual water” to the pre‐MAR water table). As the water table drops, the
mound gets shallower and the lateral component of flow becomes dominant over the vertical
component (i.e., more typical groundwater flow), resulting in a decreasing rate of water table drop
(March – October, Figure 3).

Figure 3: Cumulative surface infiltration and groundwater recharge that were estimated with the HYDRUS‐1D
model for the January MAR event. The measured groundwater level is also shown for comparison.
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Validation
During January 12 to February 7, 2016 another major infiltration session (MAR event) took place at
the southern pond, as ~ 1.3 MCM of desalinated water were introduced into the aquifer. The period
from January 1 to May 9, 2016 was simulated using the calibrated model in order to validate its
performance against the whole‐pond infiltration data of the 2016 MAR event. Visual inspection of
the simulated infiltration rates compared to the measured whole‐pond rates shows a good fit (Figure
4), under the dynamic behaviour of the pond level (i.e., the top BC of the model) during the 2016
MAR event (Figure 5).

Figure 4: Validation run of the simulated infiltration rates at the pond surface during and after January 2016
MAR compared to the measured whole‐pond rates (black circles). Groundwater recharge rate is also shown
for comparison.

Figure 5: Ponding depth in the pond during three MAR events (2014, 2105 and 2016). The data of 2015 and
2016 was used as the top BC for the model calibration and validation, respectively. Note the relatively
uniform pond stage during 2015 compared to the fluctuating stage during 2016, in which discharge to the
pond was paused many times for various durations. The area flooded in 2014 was never the entire pond.
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Coupling Unsaturated Model with Groundwater Model
The unsaturated model output (recharge flux [L/T]) was used as input for the groundwater (GW)
model (type of one‐way coupling). In the GW model the recharge flux is applied to the whole pond
homogenously. This approach is easily justified for the 2015 MAR event (calibration run) as the whole
pond was flooded during most of the time (~90%). However, during the 2016 MAR event (validation
run) the pond was flooded and drained occasionally according to the fluctuations in water supply
(Fig. 5). As a consequence, the pond flooded area was dynamic during the 2016 MAR event, changing
between a totally flooded to an empty pond (area equals zero). This means that the 1D model
recharge rates shown in Fig. 4 would give an overestimation of the volume of MARed water if
multiplied by the entire area of the flooded pond.
To solve this issue, at first we multiplied the flux with the relative flooded area, which was estimated
by the reading of 2 pressure transducers at the southern and northern parts of the pond.
Nevertheless this produced unrealistic small fluxes at times when the relative area was close to zero
(e.g. 20‐22 Jan., Fig. 5), recharge does not stop abruptly like infiltration at the surface (Fig. 4).
Therefore we ended with a less sophisticated approach in which the calculated recharge rate (Fig. 4)
was multiplied by a constant:
(total discharged volume reported by Mekorot / time integral of model recharge * pond area) = 0.66
to give the recharge rate under the pond area that feed the groundwater model (Fig. 6). In this way
we keep the model trends in time and the total volume of MAR.

Figure 6: Recharge fluxes calculated by the unsaturated model standardized for the entire infiltration pond
area
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The Linked Groundwater Model
Geological setting
The Pleistocene coastal aquifer stretches along most of the coast of Israel. It reaches some 100 m
depth along the coast just west of the Menashe site, and gradually wedges out towards east till it
vanishes about 12 Km from the coast. The aquifer consists of Pleistocene aged, coastal environment
rocks series, dominated by calcareous sandstone and interbedded by conglomerates, sand, silt and
clay layers. At places thicker marine clay layers divide the aquifer into sub horizontal sections. This
division is more dominant towards the coast and affects the western parts of the Menashe site. The
entire aquifer complex is underlain in most areas by a thick, practically impermeable Neogene rock
unit (Saqiye Group) and is separated from the deeper Cretaceous aquifer of the Judea Group (Fig. 7).
The aquifer is open towards west to the sea and is bounded by the freshwater ‐ seawater interface,
allowing some freshwater seepage offshore.
Model structure
The geological data processed from well logs, geological and structural maps served as the basis for
the conceptual model, constructed via the GMS software package. The variety of rock types was
grouped into four material categories, each characterised by a set of hydrological properties. The
various rock types and their grouping categories are demonstrated in table 2. Over 100 well logs
were analysed using the T‐PROGS software and provided the material spatial occurrence. This
stochastically generated material array, conditioned to the boreholes logs, was combined with
structural map data of the major marine clay lenses present in the aquifer. The resulting model
hence reflects the material proportions and transition trends as well as the division into sub aquifers
by marine clay within the western part of the aquifer (Fig. 8).

Table 2. Major rock types grouped into four hydrogeological categories.

Category

1 (High Hyd.
Conductivity.)

2 (Med. Hyd.
Conductivity.)

3 (Low Hyd.
Conductivity.)

4 (Very low Hyd.
Conductivity.)

Rock
types

Gravel, beach rock,
calcareous sandstone
containing shells/
gravel.

Calcareous
Sandstone,
sand.

Loam, sandy
loam, loamy
sand, marine
silty sand.

Clay / silt of
marine or
terrestrial origin.
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Figure 7. Geological setting of the Menashe MAR site (Holocene sand dunes) and its flood water catchment
area (Eocene relatively impervious chalk). Below A‐A’ cross section with sequence of aquifers and aquitards,
note that the model is of the top most aquifer.
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Figure 8. Conceptual model structure. The modelled area including the Mediterranean at the west the
settling and infiltration ponds in light blue (a), the major continuous marine clay lenses (b) and the combined
deterministic and stochastic material array representing the aquifer in the model (c).

Model domain, spatial discretization and boundary conditions
The model covers an area of ~65 square kilometres in the Hadera ‐ Or Akiva ‐ Pardes Hanna area
including a western out‐shore strip of ~9 square kilometres (Fig. 9). Head data derived from various
inspection wells along the Israeli coast suggests that the out‐shore vicinity of the aquifer takes part in
the flow regime of the entire aquifer, hence boundary conditions dictated by the sea should be
applied further to the west.
The ~65 square kilometres are discretized horizontally into 70 x 70 m mesh cells. The vertical section
of the aquifer, ranging roughly 50 ‐ 100 m in thickness from east to west, was discretized into 24
layers allowing vertical spatial‐resolution of ~5 m or less. Model base was defined by the
impermeable Saquie group underlying the aquifer. Representing a phreatic aquifer, the model top
was defined by the water table. Boundary conditions along the northern, eastern and southern
model edges were set to be of transient head type, based on periodical water level measurements.
The western boundary was set to be a constant head boundary dictated by the sea level. Initial
conditions were based on static heads measured at several dozens of production and observation
wells included in the model.
During 29/12/14 ‐ 2/2/15 a MAR event in which ~2.6 MCM of desalinated water were introduced to
the southern infiltration pond. After January 11 the northern outlet of the southern infiltration pond
14
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was opened to let about 0.15 MCM to infiltrate through the conveying channel and part of the
middle infiltration pond (Fig. 9 and Fig. 10a). The resulting recharge fluxes into the saturated zone
under the infiltration area were calculated by the unsaturated model described earlier in this report
until October 2015 (i.e. during the flooding event and 8 months after).
In addition to the desalinated water, roughly 4 MCM of runoff water draining the Menashe hills
entered the plant and were directed to the settling pond. Due to the clayey layer covering the pond
base, a significant volume of water was still noticeable in the pond during the summer 2015. Given
the typical evaporation rate and the area of the settling pond, it was assumed that ~0.5 MCM of the
runoff water was evaporated and the rest ~3.5 MCM infiltrated slowly into the pond, enriching the
groundwater at a recharge rate of 0.04 m/day between March and August, 2015. The natural
recharge fluxes from land surface of the entire ground surface area were based on adjacent rain
gauge measurements and an average recharge coefficient of 0.4 (mostly sands).

Figure 9. Model area, and model boundaries defined by blue polygon (cell size in the map = 1 x 1 km2).

Starting March 2015 pumping activity of the Mekorot production field begun and rose gradually,
reaching a peak of ~2 MCM/month during August and summing to an annual total of 11.6 MCM. This
production, along with additional minor private pumping activity, was incorporated in the model at
the relevant wells.
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Calibration
Calibration of the flow model was mainly based on continuous head data measured at two
production wells, Menashe 5a and Menashe 8a (Fig. 10). The former, situated some 400 m SE of the
demonstration site and exploiting aquifer layers bounded (‐)16 to (‐)54 m MSL, was practically
inactive during 2015 and hence was ideal for head monitoring. The latter, situated some 1,050 m
North of the demonstration site and exploiting aquifer layers bounded (‐)14 to (‐)48 m MSL, took part
in the production activity. Accordingly, only selected head data representing quasi static heads were
used for calibration. The entire year of 2015 was used as the calibration duration. The calibrated
hydrological parameters used in the model are specified in table 3, and calculated groundwater
levels before infiltration (a) and during last stages of flooding (b) are presented in Fig. 10.

Table 3: Parameters used for the different geo‐hydrological categories.

The observed vs. valculated groundwater heads for Menashe 5a and Menashe 8a wells are
demonstrated in Fig. 11 and Fig. 12, respectively.
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Menashe 8a

Menashe 5a

a.

b.
Figure 10. Modelled groundwater levels (a) before and (b) during the last stages of infiltration when the
changes in water levels were most dramatic, Jan 2015.
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Figure 11. Observed vs. calculated groundwater heads at Menashe 5a – calibration.

Figure 12. Observed vs. calculated groundwater heads at Menashe 8a – calibration.
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Model validation
During 12/1/16 ‐ 7/2/16 an additional infiltration session took place at the southern pond, as ~1.3
MCM of desalinated water were introduced into the aquifer. As in the former event of 2015, head
data was measured in various wells and recorded continuously in the wells Menashe 5a and 8a. The
continuous data was used for validation of the model run for January ‐ June, 2016. It should be
mentioned that part of the boundary conditions, namely the transient heads along parts of the
model borders as well as pumping flow rates of some private wells, was not yet available. The lacking
2016 data was subsidised by 2015 data and will be updated when possible.
Calculated groundwater levels before infiltration) and during last stages of infiltration are shown in
Fig. 13. The observed vs. calculated groundwater heads for Menashe 5a and Menashe 8a wells during
the validation period are presented in Fig. 14 and Fig. 15, respectively.

Figure 13: Modelled groundwater levels before (a) and during the last stages (b) of infiltration, Jan 2016
(model validation run).
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Figure 14. Observed vs. calculated groundwater heads at Menashe 5a – validation run

Figure 15. Observed vs. calculated groundwater heads at Menashe 8a – validation run.
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Groundwater trends were recovered well in the validation run, yet heads are slightly over estimated
in the validation run, suggesting one or few of the following reasons:
1) Model recharge fluxes were higher than actual recharge, this may be the case in abrupt MAR
events like the one at 2016 where lateral flows in the unsaturated zone play a significant role
2) Pumping volumes in the model are smaller than reality due to late report of pumping.
3) “Borrowed” boundary conditions data from 2015 mentioned earlier.
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Summary and Conclusions
A regional groundwater flow model was linked to a local variably‐saturated model to produce a
medium range (65 km2) groundwater model that can account realistically too the wide range of
recharge fluxes (0‐0.8 m/day) that occur during and after the MAR event below the infiltration ponds
(for comparison natural recharge from precipitation in this area is 0.2‐0.3 m/yr). The vertical flow
from ground surface to the aquifer in the infiltration pond are estimated with a unique Hydus‐1D
model in which measured groundwater and pond stage heads are used as boundary conditions.
The pond infiltration model is based on lithology of the top 30 m of the sediment that was sampled
during MARSOL in the southern part of the infiltration area. Calibration was done against infiltration
rates of the whole pond that were deduced from pond stage data during the January 2015 MAR
event. The groundwater model was calibrated to continuous groundwater‐head data monitored by
Mekorot in wells 400 m to the south and 1000 m to the north of the infiltration pond. Calibration fits
of the infiltration model were very good after 2‐3 days of infiltration when the entire lithological
column controls the infiltration rate (Fig. 2; rather than the high rates in the beginning of infiltration
which are controlled by the top sands, more affected by lateral flow and harder to measure due to
changes in flooded area). The groundwater model was calibrated with good fits to the calibration
wells’ data (Fig. 11, Fig. 12).
Validation to data of 2016, in which the MAR operation was smaller and abrupt due to operational
constraints, showed slight over‐estimations of infiltration rates (Figure 4). The aquifer response was
also over‐estimated (Fig. 14, Fig. 15) for one or few of the following reasons:


Model recharge fluxes were higher than actual recharge; this may be the case in abrupt MAR
events like the one at 2016 where lateral flows in the unsaturated zone play a significant role.



Pumping volumes in the model are smaller than reality due to late report of pumping.



“Borrowed” boundary conditions data from 2015 due to unavailable data to date.
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