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Abstract

Autonomoussalinization threatens frestiater availability in deltaic and areas and is expected to
increase by future sea level rise and soil subsidence. @sepre frestvater volumes and prevent
increasel agricultural damages mitigation measures needed to be tak®aline groundwater
extractions lower the saline groundwater interface and fresh water can percolate deeper into the
subsoil, increasing the fresh water availability. The extracted water capuliied using reverse
osmosis and be used as drinking waf€his researclinvestigated the gednydrological properties
required to increasdreshwater availability by applying saline groundwater extraction as a socio
economic mitigation measure for sakation.

Within the ZuidHolland model different extraction scenarios were tested per polder area, to
investigate the gediydrological properties. The agricultural damages and the phreatic water level
decline were calculated with the WAOR and LHM model.improve the freshwater availability
extraction wells should be placed within saline seepage areas; to prevent saline seepage from
bypassing the wells a high well density is needed. The extraction wells should be placed on the
brackishsaline interface @ prevent saline water from uponing in the brackish groundwater. To
prevent the area of dewatering and soil subsidence, no large phreatic water level decline should
occur. A thick confining layer with a hydraulic resistance of at least 2000 days préhvisnt® obey

the Dutch law a groundwater protection zone shiblle created which prevents pesticides from
diminishing the water quality of the upper aquifer. The costs for drinking water production from the

SEGNI OGSR 3INRdzy Rl GSNJ 6endpod | NBE KAIKSNI (KIy

therefore a divisin of costs between the stakeholders is needed.
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1. Introduction

1.1 Background
Lowlying delta areas are attractive living
areascausedby their abundance of food and
the high accssibility These areas depenaoin
freshwater for domestic, agricultural and
industrial processesThey are dependenton
precipitation, surface watey and shallow
groundwater since le deep groundwater is
often salinedue to seawaterintrusion, saline
seepagemarine transgressions and sea spray
(Stuyfzand and Stuurman, 994). These
mechanisms also threaten ¢h shallow
groundwate. The pressures on thedeltaic
fresh groundwater reswes are expectedto
increasewith future sea level rise andand
subsidencgDe Louw, 2013).

This researchfocusseson the Dutch delta
since anabundance ofgechydrologicaldata
(REGISand GEOTOP)is available Geo
hydrological sidies have beemxecutedsince
1889 (Badon Ghijben & Drabbe, 1888% the
Dutch delta obtains important economic
activities, lies largely below mean sea level
and woutl be flooded without dykes, it faces
currently problems (flooding and salinization)
which will be @ture problems for other deltaic
areas (Oude Essink et al., 201(s the
Mekong, Ganges, Mississippi aritie Po
(Barlow & Reichard, 2010; Bobba, 2002;
Custodio, 2010; Giambastiani, Antonellini,
Oude Essink, & Stuurman, 2007; Meisler,
Leahy, & Knobel, 1984; Ranjan, Kazama, &
Sawamoto, 2006)In 2016 Deltares, KWR,
Arcadis & Allied Waterstarted the COastal
Aquifer  STorage And Recovery project
(COASTARN the Netherlands to increase the
freshwater availability in the future. The aim
of COASTAR to use underground techniques
for drought control and to create a robust
freshwater provision $tofberg et al., 2013
The project incorporates different sectors as
drinking water, industry, agculture and the
urban areas.The project isfinanced by the
province of ZuieHolland and the drinking
water company Dunearlhis research is done
within the COASTAROject.

deep polders (<-4m MSL)

I veiow MSL T

| above MSL

!

Figure 1 Areas below meansea level in the
Netherlands

In the Netherlands about 25%f the land is
below sea levelpolders mainly exist in the
northern and western parts of the country. A
polder is according to the Koenen dictionary
(2006)a terrain enclosed by dikes or quays, to
block outside water and to extract inside
water. Reclaimed lake or sea polders can be as
deep as Smetres below sedevel (figure 1)
Areas surrounding the deep polder have a
higher phreatic water levethan the deep
polders. The water level tries to reach
equilibrium. In the higher areas the hydraulic
heads are lower than the phreatic water level
causing infiltration, while in deep polders the
hydraulic head exceeds the phreatic water
level causing a spage flux(De Louw,et al,
2010) To keepthe deep polders dry and
applicable for agriculture the Dutch water
authorities lower the surface water levels
artificially by water pump stations. The water
is pumped into socaled boezems a
temporary storage channel forfreshwater
(figure 2).

The seepage flux originates from marine
sediments, which were deposedbetween
5500 BC and 3850 B@ which the coastal
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parts of the Netherlands were still under the
tidal influenceof the North Sealelsman et
al., 2013) Therefore the seepage is saline and
causing autonomous salinizationBesides

Deltares

s

anthropogenic processes, autonomous
salinization can also be caused by natural
processes like soil subsidence (Oude Essink &
Van Baaren, 2009).

peat

clay
sand

il [

paleochannel belt
boil
-..2500 isoline chloride (mg-1-1)

In: Out:
P precipitation
Qa admission of ‘boezem’ water ET
Qs,d diffuse seepage

Qs,pch paleochannel seepage

Qb boll seepage

Qpump polder water discharge
evapotranspiration

Elevation

m MSL
—O

Upper
R gquifer

Figure 2 A typical deep polder setting in the Netherlan@e Louw et al 2010)

1.2 Problem definition

It is expected that the Dutch population will
increase to 18.4 million mabitants in 2050
(CBS, 2017).The population growth will
increase the water demand for the Dutch
delta and increase the pollution pressure on
the freshwater system. The drinking water
companies of Dunea, Groningen, PWN and
Vitens already stated that their current
drinking water production methods will not
cover the future needs andhey search for
new water sources for drinking water
production (Zwolsman, 2017).Greenhouse

businesses are using reverse osmosis (RO)
technologies to make freskater from
brackish (1501000 mg™ CI) / saline (>1000
mgd™ CI) groundwater. RO is a technique
which filters water using membranes and high
pressure. It reglts in demiwater and aby-
product, often called brine.The demiwater
can be transformed into drinking water. The
by-product needs tobe proces®gd. The brine
can be injected back into to the subsoil in a
deeper layer, brought to a wastevater
treatment plant (WWTP) ocan be brought to
sea. The RO costs have declined the last
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decennia and make saline groundwater a
more applicable drinking water source.

The autonomous salinization process and
climate change will also increase the
freshwater demand for agricultureSalt loads
larger than>1000 kg ha' y* CI are already
present in polders below -5m metre (Oude
Essink et al., 2010). High salt concentnasio
have a negative impact amgriculture in these
polders. The maximumsalt norm for
agriculture is 500 mg CI (Stuyt, Bakel, &
Massop, 2011Stuyt, Blorrzandstra & Kselink,
2016. Some agridtural sectors like tree
nurseries {50 mg® CI) and greenhouse
horticulture (75 mg™ CI), however, areeven
more sensitive to saline environments and
therefore have a lower maximum salt
tolerance (Stuyt et al., 2013).To make the
brackish tosaline aeas more applicable for
agriculture the water authorities dilute the
saltconcentrations by adding freslater from
the boezem(Van Rees Vellinga, Toussaint, &
Wit, 1981)

Adding water by inlets and extracting water by
water pump stationsis called flushing and is
mainly necessaryduring dry summers.The
water inlets arealso used for managing the
surface water levels during dry periods,
keeping nutrients and pesticides outmdtural
areas, stopping subsidene@ad sustaininghe
dikesand agriculturgVan Rees Vellinga et al.,
1981, Stuyt et al., 2012Yhe strategy of using
surface water to solve groundwater related
problems is commonly implemented in the
Netherlands (Stuyt et al., 2011)However,
flushing is not always done efficientlfor
example, the water authority of Rijnland
(HHR)uses 3640 million ni water for flushing
in an average yeafStuyt etal., 2011) Inlets
are often permanently opened and therefore
flushing also occursin winter when the salt
concentrations are lowdue to precipitation.
To pump water back into the boezem
electricity is needed. Clean water from the
boezemis mixed with tke saline waterand
pesticides of the polder before it is pumped
back into the boezem. Flushing therefore
lowers the water quality of the boezem.

£

Secondly, the added freslater does not
reach the entire polder, but it takes the fastest
route from the inletto the extraction point
(Hakkenes, 2015; Delsma2015).

Bodegraven

Polder with
salt seepage
) Salt flushing

Figure 3: The water inlets of Gouda and
Bodegraven within the wateauthority of Rijnland
(HHR 2009).

During dry summers, like 2011, not enough
freshwater was accessible for flushing,
resultihg in agricultural damages. These
droughts occuron average onceevery 10
years, but with climatechange,it is expected
to occur every 2 yeardDglsman 2015).The
flushingof brackishareasincreaseghe salinity

of the boezems and cause agricultural
damages in areaglependingon freshwater
from the boezem inlets.The boezem of
Rijnland crosses multiple polders with salt
seepagebefore it enters the sensitive tree
nursery area of Boskoofnear Bodegraven)
and the flower bulb fields of the Bollenstrook
between Haarlem and Katwijk(figure 3).
During the dry summer 0f1989, the
agricultural damages caused by salinity in the
Rijnland areastill had an estimated value af
25 million (Stuyt et al., 2012)Hushing is
therefore not the mostsustainableand ®cio-
economic solution for salinization.
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The Dutch government signeoh 2017 the
Waterakkoord Klimaatbestendige  Water
AanvoerMidden-Holland (KWA, 2017), hich
statesthat three new boezems will be created
for bringing freshwater from the eastern to
thiswestern part of the Netherland§.he KWA
used when the flow capacity of th&hine
drops below 1100 fs. The inlet at Gouda
will close to prevent salt esa water from
entering the areg and consequently, a
different water source is necessary (KWA,
2017). The agreement is an extensiohthe
already existing KWat Bodegravertfigure 3,
which cannot provide enough water to sustain
all relevant functions withn Rijnland during
droughts (Stuyt et al., 2012). The KWA may
solve the problem for Rijnland,dwever, it is a
regional solution amd not widely applicable,
further on it does not solve the source
problem. Would a more economi@al and
efficient solution be toprevent the brackish
groundwater seepage from entering the
surfacewater system?

1.3 Previous research

In Oude Essink (2001) six mitigation options
F2NJ al ftAyS
of a feshwater injection barrier through
injection or idiltration of freshwaternear the
shoreline; (2) extraction of saline and brackish
groundwater; (3) modifying pumping practice
through reduction of withdrawal rates or
adequate relocation of extraction wells (4);
land reclamation and creating a foreland
where a freshwater body may develop which
could delay the inflow of saline groundwater;
(5) increase of recharge in upland areas to

£

enlarge the outflow of fresh groundwater
through the coastal aquifer and to reduce the
length of the salt water wedge and (&he
creation of physical barriers such as sheet

piles, clay trenchesrinjection2 ¥ OKS YA Ol f & Q

Multiple gechydrological studiesnvestigated
the effects ofsalinization Oude Essink et al.
(2010) studied the effects of saline
groundwater seepagé ome low lying areas
(including the Noordplas polder and its
surroundings)De Louwet al., (2011)made a
water balancemodelwith salt concentrations
for the same polderThe COASTAR project has
done extended research on temporary
freshwater storage in the subsurfaceince
2016 One of their interests is saline water
extraction as a possible drinking water source
and as a mitigation option for salinization.

Oude Essink (2001) expected that when
groundwater seepage is extracted, the fall of
hydraulic heads will prevent the saline
seepage to enter the upper aquifer.
Therefore, freshwatercan percolate deeper
into the subsoil and generates a larger

a S S Lins@ifent: NB freghwates yolameyktpyqygy, quantification

and qualification of the effects of brackish

groundvater extraction on water quality
seepage and infiltration fluxeshydraulic

heads and hydraulic soil failure of the
confining lgerisnot yet done Also,the soco-

economic aspects needed to make the
brackishgroundwater extraction feasible are

largely unknown.

10
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1.40bjective

This research will focus on saline groundwater

extractions within the province of Zuid
Hollard. The aim of this research is tmalyze
the required geehydrologic and socio
economicpropertiesneeded toextract saline
groundwater asa drinking water source, but
also as amitigation measurefor salinization.
The effects on water quality in and anaai the
deep mwlders will be estimated. \ter quality
is a rather extended subjectherefore, will
this researchbe focussing on the chlord
concentrations and will not deal with other
nutrients likenitrate. The geehydrologicsub
guestionsof this reseach are:

(1) Which geehydrologicconditionsdoes
an area need to havdo facilitate
saline groundvater extraction as @
effective  mitigation option for
salinizatior?

(2) How much groundvater can be
extracted and what will be the effects
of the extraction on suface and
groundwater water quality (saline
seepage) hydraulic heads and
hydraulic soil failurerisk of the area
and its surroundingsl? it sustainable?

(3) What are the effects of the water
injections and which gebydrological
conditions are necessary faPR

The ®cio-economic questions of this research
are:

(1) What can bedone with the brackish
groundwater once it is extracted?

(2) Is it possible for drinking water
companies, farmers or industtyp use
this brackishgroundwaterfor drinking
water ard under what conditions
(quantity and quality)?

(3) Which stakeholders are influenced by
the brackish groundwater extraction
andto whatexternt?

(4) Will it fit into the Dutch Delta
Program? What are the boundaries
set byDutchand Europeataw (kader
Richtlijn Water) on this subject?

The mairresearch questioim this researchis:

Which  geehydrological properties are
required to increasdreshwateravailability by
applying saline groundwater extraction as a
socioeconomic  mitigation measure for
salinizatior?

11
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2. Methods

2.1. Study areas
In this study, five different study areas are
explored. The research will start with the case
study in the Noordplas polder but is extended
to the: Zuidplaspolder, Meerpolder, Polder
GrootMijdrecht, Middelurg-Tempel lder
and the dune area of Zuidolland (figure 4)
The polder areas are all deep poldensth

Deltares

s

brackish water in the first aquiferAll these
polders suffer from salinizatioand become
mores salie in 2100 The dune areas are
chosendue totheir proximity close to drinking
water production plants. The dunes, however,
also have brackish / saline groundwater
surroundingtheir freshgroundwvater reserves.

Elevation map of the western Netherlands

—

Zoetermeerse
Meerpolder

z .,_.\: -,"

Groot-
Mijdrecht
polder

= Noordplas polder

Middelburg-
Tempel
polder

= Zuidplas polder

Figure 4 Elevation map of the Western Netherlands based on NHI data research areasdmark

12
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2.1.1 Noordplas polder

The Noordplas polder is a deep polder
between Alpheraanden Rijn and Zoetermeer
The average depth of the polder-5 m mean
sea level. The water level is abotf.1 m
mean sea level. The polder was a former lake
called Noordplas. The lake was reclaimed
during 17501850 AD (Schutz, 1992). It covers
an area of 37 kfmof which 86% contains
agricultural lands and 14% urban (De Louw et
al, 2011). The south of the polder the nature
project  Bentwoud is  realized by
Rijkswatersaat. The chlori@ concentrations

in the surface water of the polder vary
between 100 and 80@ngl* CI (figure 5. On
yearly basis 12 milliokilogpams of chlorie
are transported from the polder; this amounts
to 7.9% of the total salt transport in Rijnid
(De Louw et al., 2004).

*
* -« o *

j = ‘ T
2 —E_D._*\D_ v ' '
A
“;D'

Chioride in groundwater

ace  upper aquifer (screen d)

[ 30- 100mgn Iy
[ 101-200mgn

ater i

[ 201 - 300 mgn

—— 0-600 mg/l o 1 2k
301 - 500 mg/ — —
601 - 800 mg/l O 9

—e01-2z00mgn M 501-700mn

measured Cl-conc.
(mgl)

Figure 5 The Noordplas polder with both tigaleo
channel and the surface water concentration
described(De Louw et al., 2014)

To lower the salt concentrations the water
authority decided to heighten the surface
water levels ir2007 desge the complaintsof
local farmers (Omroep West, 200The water
level change did nostop the saline seepage,
therefore, more researclon saline seepage
was done at the polden 2010(De Louw et
al., 2010) In 2017 the drinking water company
Dunea started the research for the potential

£

of drinking water productiorhere (Zwolsman,
2017).

2.1.2 MiddelburgTempel polder

The Middelburgfempel polder is a low lying
polder between Gouda and Boskoofhe
Middelburg polder was reclaimed in 1861
(HHR, 1978a) and the Tempel polder was
reclaimed in 1875 (HHR, 1978b). The
combinedpolder has a depth betweet8 and
-5.6 NAP (AHN, 2018). The polder experiences
land subsidence, a large salt load and it suffers
from hydraulic soil failure (HHR, 2018). These
disadvantages are expected to increasih
future soil subsidenceThe provine of Zuid
Holland in cooperation with the water
authority came up with the plan to flood the
polder partly. However this plan turned out to
have a negativehydrologicinfluence on the
surroundings of the polder (TNO, 2006). Field
research is done to comepuwith a water
managemenplan for the future (HHR, 2018).

2.13 Zuidplas polder

The Zuidplas polder is a low lying polder
between Gouda and Rotterdam. The polder
was LakeZuidplas until it was reclaimed
between 1828and 1839 Knoester, 2010)The
polder B the deepest polder of the
Netherlands with an elevation of 6.76 m
below NAP. The polder is part of the water
authority: Hoogheemraadschap van Schieland
en de Krimpenerwaard (HSK). The polder
pumps water into the Hollandse IJssel and into
the Gouwe before it enters the area of the
water authority of Rijnland. Within the polder,
the seepage flux and hydraulic soil failure
cause problems in the south and eastern parts
of the polder (Westera, Casimi & Kwadijk,
2006).
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2.1.4 Zoetermeerskleerpolder

The Zotermeerse Meerpolder is the oldest
reclaimed lake of the Netherlands, it was
reclaimed in1614 andhas an area of 540
hectare. (Schultz, 1992The polder is located
between Leiden and Zoetermeeihe polder
is mainly used as grassland.

2.1.5 GrootMijdrecht polder

The GrootMijdrecht polder is asouth of
Amsterdamin the provinceUtrecht (figure 4.
The poldelis reclaimedn 1877(Schultz, 1992)
and has an average depth obm NAP
(Hoekwater, 1901). According to the Zuid
Holland model, no freshwater vtume is
present in the polder. In 2012 the province of
South Holland, decided to flood the polder
partly to stop the salinization and soil

2.2. Approachandmodels

Within this esearch three models were used
to estimate the effect of the groundwater
extractions.

2.2.1 ZuidHolland ModelPZHmodel)

The ZuieHolland model iswithin this study
used to calculate the gebydrologic effects of
the groundwater extractions. The PZhkbdel
takes into account  variabldensity
groundwater flow modeland coupled salt
transport for the Dutch province ofZuid
Holland(Minnema et al., 2004)Thevariable
density groundwater flow moduleonsiders
the REgional Gdwdrologic Information
System (REGIS) of TINO'G. The model is
stationary for flow and transient for salt
transport and is calibrated with hydraulic
heads from the period 1993002. The model
is bult to calculate the effects on the different
aquifers and does, therefore, not include a top
layer (Minnema et al., 2004)Representes,
functions which describe therelationship

£

subsidence in the polder. The flooded part is
changed into a nature area
(Natuurmonumenten, n.d.).

2.1.6 Dune areas

The Dutch dunes are found on the west coast
of the Netherlands (figure 4) and form a
natural barrier against flooding from the sea.
During the Subatlanticum (900 BGpresent)
sea transgression occurred argand ofold
dunes was eroded and tr@irrentduneswere
formed (Wilderom & Burger, 1984). The new
dunes are higher than the old dunes. The dune
area is characterized by both fresh water from
precipitation and saline water from the North
Sea Freshwater is stored in the dunes for
drinking water production ¥ the drinking
water companies of Dunea and Waternet.

between spatial variation and model
parameters (Valstar, 2001) are used to
calibrate the model. With theuse of these
representes, the transmissivity of the
aquifersand hydraulic resistance of aquitards
are estimated (figure 6). The measured
hydraulic heads are corrected for density
differencesto fresh water head¢Minnema et
al., 2004). To calculate the groundwater flux
water these fresh water heads density
equivalent water headsare used. The mean
squared error between the measured and
modeledvalues is 0.17 mThesalt transport
moduleis based on density differences caused
by variation in the chloride concentrations.

The model is constructed with the
MOCDENS3D code, whidonsidersdensity
variatiors within the flow calculationgOude
Essink, 1998 The model existef 5,920,000
cells of 250 ratres by 250 metres, located in
370 rows, 400 columnsand 40 layers. The
upper 20 layers have a thickness ofmgtres
while the lower 20 layers have a thickness of
10 metres The transport of salt isnodeled
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with 8 particles per grid cell. The model
predicts theflow based on different chlorl
concentrationgMinnema et al., 2004)

Within this research the extraction and
injection wells are placed within théZH
model. The model was run from 2000 until
2100 to givean estimation of the effects of
the groundwater extractions and injections.
To calculate the concentration and fluxes of
the injection the following formulas are used.
In which Qs are the fluxes ofthe extraction
and injection [E/T], Cis the cacentration of
the extraction andnjection [M/V].

S von: § QA0 RADE
WE LSRR 5P TR P

Deltares
s

0 Q& 0E68PYQME L QL @
50 6é6 @g G

The efficiency of R@ystems is expressed in
recovery. The atio between the extracted
groundwater and the final product (demi
water) is between 50% and 85% (Puretec
Industrial Water, 2018). Within the COASTAR
project, a recoery of 50% isassumed The
concentration of the extraction is influenced
by the concentrabn of the injection,
therefore, iteration is necessary. To improve
the resultsduring this researctone iteration
stepis done.

Y
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Tegelen / Belfelt
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Figure6: The geohydrology as within the Ztiblland model (REGIS) (Minnema et al., 2004).
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2.2.2 WAOR model

The Waer Allocation and Optimisation
Rijnland (WAOR) model is used éstimate
agricultural damages per scenandgthin the
water authority of RijnlandThe WAOR is an
dzLIRIF 6 SR @OSNEAZ2Y 27
model (Stuyt et al., 2013)It is anExcelbased
model for the area of Rijnland. The model
generates a water balance foa selected
number of subregions of the area. The

Deltares

s

direction between the polders. Within this

research the model will be used with the old

KWA (mixed water inlet), which means that
water from both Bodegraven and Goudan

0 K e wsedNFed ol 2K yivill Noduséddifotite 0

chloride concentration of the Hollandse IJssel
becomegoo high. The WAOR wasim with no
climate scenarios andwater reduction
methods. Also the pumping costs at the water

updated  instrument
Hydrologisch model

uses Landétij
(LHM) dataof the

inlet of Gouda were niotaken into account in
this research.In figure 7 the setup of the

growing seasn for different years, which
includes meteorologicatlata (Verkaik et al.,
2010) The WAOR model can be used to
indicate the effect of certain actions on the
water system ofvater authority ofRijnland.

The improvement of the WAOR compared to
the EEO is the implementation of climate
models and water reduction options (Erkelens,
2016). It is possible to run the model with the
old and new KWA which changes the flux

WAOR model is shown when the water inlet
of Gouda is usedThe WAOR needs as input
variables the boil and drainage concentration
and the boil, drainage and infiltration flag
Boils aresmall vents with high discharge rates
and therefoe cause a strong uponing of
deeper and more saline groundwatgiDe
Louw et al., 2011)

B Aalsmeer - :
I Boskoop

[ Bollenstrook

Il Ouingebied

7] Haarlemmemeer

] Nieuwkoopse plassen

[ Noordplas. M-Tempelpolder, ea
I Overige polders

Bl Z. Veenpolders

Figure 7. The boezem of the water authority of Rijnland with the deep Noorslpldempel and
Haarlemmermeer polders arttie low salttoleranceareas of Aalsmeer, Boskoop and the Bollenstr(sikiyt et
al., 2012)The waer balance is based on the situation with only water intake from Gouda.
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The drainage seepage flux consists both of
diffuse seepage and seepage through paleo
channels. This flux is together with the
infiltration flux calculated by the PZidodel.

The aveage concentration oflayer 1 2.5
until -7.5 m NAPjs calculated for the drainage
flux, while theaverage concentration aohodel
layer 8 (-37.5 until-42.5 m NAP)s calculated
for the boil flux These values were taken since
they give similar values fothe Noordplas
polder asDe Louw, et al., (2011).

The boil flux isiot implemented in the model.
To estimate the boil fluxhe approach of
Ekenset al.,, 2018was used starting with a
derivative ofs | NJO & @déndriks|; 2810):

) 5
GiQogust - g T

In which 0 0 is the vertical hydraulic
conductiviy of the confining layer [L/T§ is
the area of the polder fl, Qis the thickness
of the confinig layer [L] whilé(y is the
phreaticwater levelof the poder [L] anc dis
the hydraulic head of the aquifer below the
confining layer [LJ0 U'Qando are properties
of the area, which remain constarit this
approach. Brmula 4 can, therefore, be
rewritten.  the seepage flux is directly
proportional tothe change in head difference:

0i QB8R '@ -
biQonp @ -a p

This formula can be used to estimate the
seepage flux of a boilThe hydraulic heads are
calculatedby the PZHmodel and differ per
scerario. The phreatic water level is kept
constant by the water authorities and is
estimated with thelowest water level map
(figure 8. Data of thereference boil flux is
only available for the Noordplas poldébe
Louw, et al.,, 2011)yand the polder Groot
Mijdrecht aadnoordijk, et al., 2009)
Therefore, thereferenceseepage flux per boil
in the Noordplas is useds considered
representative for the boil fluxes ithe other
deep polder areasThe boil flux per boil is
multiplied by the area with a risk dfydraulic
soil failure(0) to obtain the total seepage flux
for the polder(0 @ ¢ "Qd 1) asind@¥&mula 6

0 @é Q& N £ DEEFANO pd [0
Where | is the hydraulic soil failure risk]
Hydraulic soil failure iIRSF Ay $oBs ot a
grain contact inthe ground as a consequence
of water overpressure; in thecase of a
cohesive covering soilayer, this leads to
uplifting and crackingin the case of a non
cohesivea 2 A t
concept is furher explained in section 2.3.
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Lowest water level per level field within the province of South-Holland

Groot-
Mijdrecht
polder

Zoetermeerse

Meerpolder * Noordplas polder

+  Middelburg-
Tempel
polder

Zuidplas polder

Figure 8 The lowest maintained water leveif) map of the province of ZuiHolland, with the research areas
marked.The mapis generated with data from the water authoritie$ Rijnland, De Stichtse Rijnlanden, Amstel
Gooi en Vecht, Schieland & Krimpenerwaard, Hollandse RelttDelfland.
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2.2.3. Landelijk Hydrologisch Model (LHM)

The LHM is used in this research to calculate
the phreatic water level decline. The LHM
developed by the researchsdtitutes Deltares
and Alterra with the cooperation of
Rijkswaterstaat and the water boards (De
Lange etfal., 2014)lt consists of five different
models: the distribution network, the regional
sub-catchments, the local surface waters, the
unsaturated »ne and the groundwater

system(figure 9. The LHM is used for national
modelbased solutions to surface water and
groundwater issues and therefor# is a good
way to characterize polders in the Netherlands
(De Lange et al., 2014

1. Water supply
COE -

2 Water demand for Agriculture
high Tow

3 Evapotranspiration

" & Groundwoter seapage to sub-catchments
risn
$— 5. Drainage flux to surfacewaters
Aqunard
6. Flux ocross upper aquitard
7. Head

[l ol

Figure 9 A visualisatio of the LHM model (De
Lange et al., 2014).

The groundwater model uses a grid of
250*250metre cells and is based on REG\S.
advantage compared to the PZhbdel is that
within the water calculations boils are taken
into accountand phreatic water levsl are
calculated Howevera significantdisadvantage
compared to the PZrhodel is that tle model
does not correct for density differences
between fresh and salt water (Erkens et al.,
2018). Within this study, the modelruns one
time with the maximum extra@ns per polder
for a period of 10 years (199806) It is used
to estimate the maximum phreatic
groundwater level decline.

Deltares

s

2.2.4Sakeholder analysis

Within this research a literature study is done
to analyse the interests, concerns and
responsibiliies for everyinvolvedstakeholder.
The goal of this analysis is to optimize the
scenarios so the positive effects for the
stakeholders are optimized and the negative
effects are diminished.

2.3 Theory
The groundwater extractions are expected to
lower the gepage flux and let water percolate
deeper into the subsoil, reducing the
salinization processSalinization is measured
in salt load. The formula of Oude Essink & Van
Baaren (2009) is used:

Yo 6 on @0 i 'QQn [7]

The salt load SI [ML%T] of a polder is
cakulated by multiplying the seepage flux
through the confining layeb i QNAT] with
the concentration below the confining layer
0 &N "M/V]. To indicate the effect of the
fresh water availability the volumes of fresh
water (<150 mgl* C), brackish water
(between 150 and 100@ngi* C) and saline
water (> 1000ngl* C) are calculated.

To estimate if the extracted water is

influenced by the injected water, the travel

time between the extraction and injection

wells is calculated using this formula:

vos s QL

Yoi wu-Q& ()
La

In which"Yo | &i® thedtravel time [T]Q1 is

the thickness of the resistance layer [L] and v
is theeffectivevelocity in the adirection [L/T].

The hydraulicheads are expected to faknd,

therefore, both the seepage flux as the
hydraulic soil failure risk is expected to
decline. Hydraulic soil failure is the working

19



NS

Universiteit Utrecht

mechanism for the creation of boilsFor
calculatinghydraulic soil failureisk index the
approach of Ekens et al, (2018) was used
Boils occur when the hydraulic heads are
higher than the phreatic water level and if the
pressure heads in the first aquifer are larger
than the gravity pressure of th confining
layer.

The formula used for hydraulic soil failure is
(Oldhoff, 2013):

P EETQ QO
BREER I

Q 0 p T

In whichy G©¢ & 2dr "Q0 are the wet
volumetric weight of the confining layeand

£

the groundwate [L*M]. The index numbet
has a&cording to theNEN6740a critical value
of 1.1. Alower index number creates a risk of
hydraulic soifailure (Kremer et al., 2001Jhe
depth of the confining layer is defined by
locations wherever th top layer has a
resistance [c] of 500 days or more. The
approachonly uses soil pressure and water
pressure, so no soil cohesion is taken into
account. Therefore,no distinguish between
the difference between heave, uplifting and
crackingsmade (Erkens et aJ 2018).
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3. Results.
3.1 Autonomousainization.

Within in this subchapter the autonomous
salinization process is explained, within this
research the autonomous salinization process
is referred to as 000n Appendix Bll figures
are available in larger formads well a time
seriesof the autonomous salinizatiom steps

of 25 yearsinfigure 10the seepage fluxes are
shown for the investigated area.The

investigateddeep poldersare surrounded by
higher polders. Within these higher areas
infiltration occurs, while in the deep polders
seepa@ occurs. The water authority keeps the
phreatic water levels constant within polders,
so the seepage and infiltration fluxes are not
changed in reference situation between 2000
and 2100.

Figure 10 The seepage values of the research area stengtantbetween 2000 and 2100.

The infiltration flux brings fresh water into the
subsoil. Therefore, a low chloride
concentration is visiblen infiltration areas
and seepage areas close to infiltration areas
Seepageareas further from the infiltration
areas bing saline water from a deepeaquifer

to the surface. The autonomous salinization

process between 2000 and 2100 shows an
increase in chloride concentration in the deep
polders, while the freshwateis concentrated

in or close to infiltration areaigure 11).

Figure 11 The concentrations of the research area increase between 2000 and 2100.
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