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Legenda

Oppervlaktewater W

—— Spoor

— Snelweg /f’ -

[|Stad
Chloride conc 2005 AD /A}
<50 / & /

50 - 150
[ 150 - 300 "’
[1300- 1.000 T
[11.000 - 2.500 I
[12.500 - 5.000 ‘
[15.000 - 7.500 I

[ 7.500 - 10.000

> 10.000

| Chloride concentratie op -10m N.A.P.

TNO GOE, '07
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gebied waar de chloride concentratie

In de ondergrond zodanig hoog is
dat dichtheidseffecten op de
grondwaterstroming waarschijnlijk

een rol spelen

Drinkwater norm: < 150 mg CI-/|
Oppervlaktewater: 200 mg CI-/|
Noordzee: ~ 16800 mg CI-/I

Stille Oceaan: ~19000 mg CI-/I
Middellandse Zee: ~22000 mg CI-/I
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QOorzaken:

1. Autonome effecten
* bodemdaling
* inpolderingen
* |and onder NAP

2. Menselijk ingrijpen
* peilbeheer
« grondwateronttrekkingen
e van zoet naar zout (VZM, Waterdunen)

3. Klimaatverandering
e zeespiegelstijging
« grondwateraanvulling
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Legenda
Oppervlaktewater OE

—— Spoor

—— Snelweg

bodemdaling WB21 hoog [m]

<06

- 06--05

Il-05--04

Mo04-03

Il-03--02

[J-0,2--01

-0,1-0

[Jo0-0,05

van gas
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Legenda
[mg CI-/l per dag]

Verzilte punten
& 0,00-001
@ 002-0,10

® on-10
. 1,01 - 10,00

. 10,01-30,00

TNO 06, GOE

Legenda
[mg Cl-/l per dag]

Verzoete punten

. -30.51--30.00

. 2009 10,00
@ -989-100
@ -099--010
e 009--001

TNO '08, GOE
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Concept van een kustgebied
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Het grondwater systeem is een poreus medium

Combinatie van sediment en water
Watervoerende pakketten (aquitard): zand
Weerstandbiedend lagen (aquiclude): klei, veen, leem
Confined aquifer, semi-confined aquifer, phreatic aquifer
aquifer - é: """"""" Mm»
Vo - 1 = | =
< ‘ i | [ e -
: // — Hydrogeologic base . Hydrogeologic ba§\e//f\\/ o = poy
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Poreuze media
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De Wet van Darc

De beweging van water door een poreus medium is
grondwaterstroming

Het kan worden beschreven door de bewegingsvergelijking:

De Wet Van Darcy
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I. Wet van Darcy (1856

reference level

Q¢ —4, ro% 0o A geeft roAq)ll%

Q = KA ! l% waarin K= doorlatendheid [L/T]
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K, op K, Op K, (Gp j
: =X — _ - | =4
In drukken: U 1 X d, P d. u o P9
Definitie stijghoogte: ¢=—;; +z < p=pg(p-2)

ground surface (grondoppervlak)
/,/_\ /_\_/\ —
p=druk [M/LT?]
water table (grondwaterspiegel) x=intrinsieke permeabiliteit [L]
2 i A p=dynamische viscositeit [M/LT]
p=dichtheid [M/L3]
i h:pp—g =pressure head g:versnelll_ng [L/T7] o
¢=piezometric head (drukhoogte) k=hydraulische conductiviteit [L/T]
(stijghoogte)
- X

z=elevation head

0o c—oo — A hoc—cq Y e _——. -
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JTG) 4 u oy u 0z
als KiPY =k, dan:
J7
geeft q =k, 99 ——ky% q, = k. op
" OX oy oz
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Heat transport (analogy with solute transport)

Groundwater flow: Darcy

-
piezometric head

N T - ka¢

Heat conduction: Fourier
hot plate: 100 C

ice blocks: O C

Electrodynamics: Ot'\m

variable resistance

s oV

U I I
u oX Jeltares

ZO Jurm ZULL




Darcy’s law

Darcy’s law is only valid in the case of laminar flow:
viz. at relatively low velocities when water particles
move more or less parallel to each other.

In other words, Darcy’s law is valid as long as the
so-called Reynolds number Re (-) does not exceed
some value between 1 and 10:

Re = pgR/u<1-10

where R= hydraulic radius of the pore

Deltares
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The intrinsic permeability « largely depends 6n the size
of the pores through the effective porosity n..

A commonly-used equation is that of Kozeny-Carmen to
clearly demonstrate the relation between k and n,;:

Kozeny-Carmen: k=cd? n3/(l - ne)? [m 2]

where c=coefficient depending on pore structure [-]
d=main grain size [L]
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Soil k (m/s) K (m?)
Unconsolidated deposits

Clay <10°° <107Y
Sandy clay 107°-1078 10716-10-15
Silt 10-8-1077 10-15-10-14
Peat 107°-1077 10716-10714
Very fine sand 1076-107° 10713-107%2
Fine sand 107°-104 10-12-1011
Coarse sand 1074-1073 1071110710
Sand with gravel 1073-1072 10710-107°
Gravel >1072 >10°°
Rocks

Unfractured rocks <107° <1071/
Sandstone 10710-1076 10717-10713
Limestone & dolomite 1079-1076 10716-10713
Fractured rocks 10-8-104 10715-10711
Permeable basalt 1077-1072 10714-107°
Karst limestone 1076-1072 10713-107°




Hvdraulic conductivity of more layers

A

Horizontal hydraulic conductivity b.
K, = Z K, b_I
t

b, Arithmic mean (parallel)

v

Vertical hydraulic conductivity

‘ = btb_
J

Harmonic mean (serial)

v
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Stoftransport
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Solute transport equation

Partial differential equation (PDE):

R, 2C_ 0| p |2 oy CCIW ¢ e
ot 0oX OX; | OX; n,
change dispersion advection  source/sink  decay

in concentration diffusion

D,=hydrodynamic dispersion [L?T"]
R,=retardation factor [-]
A=decay-term [T-]
Deltares
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Solute transport equation: column test

Pollutant distribution at t=0

~Pollutant aquifer
——» X —>
A Direction of flow

concentration C

top

bottom

x=0

28 juni 2011
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Solute transport equation: column test (11):

Pollutant distribution at t >0
ﬁdvection

C

X=vt X
ﬁ\dvection+diffusion

C

XV

Advection+diffusion+dispersion
A
C

ISelta res
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Solute transport equation: column test

-
-
[ ]

AAdvection+diffus.ion+dispersion+retardation(linear isothermal)

C < . >
/\mtardatlon
é >
x=vt /R X
AAdvection+diffusion+dispersion+ retardation+decay
C |
x=vt /R X

Deltares

28 juni 2011



Hvdrodynamic dispersion

hydrodynamic dispersion

mechanical dispersion+ diffusion

mechamical dispersion:
tensor (2D, 3D)
snelheidsafhankelijk

diffusion:
moleculair proces
stoffen verspreiden door concentratieverschillen
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1000

1002

1004

1006

1008

1010

Density of water in kg/m?

1012

1014

10186

Pis) =1000+0.80545 —0.0065(T ~4+0.2214)"  knudgep (302}

|
4
7 |
P ———————————————————T T - e — = = = = ]
| |
____..—-—l"'-
F - - SOt - - - - - - - = o T~ —
___________ O
0.2% Cl | :——-————""""""——
P —————— e
| __ o3zl L :_——_--_—:':":"_""_'—:-:
___________‘____________‘;__;‘——-—_’_
0.4% Cl ‘ -
o S———
| _ _ g5Zmocl - _ L ____ —

Temperature T ['C]
Accurate for T<15 °C and for CI<1.1 %
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Dynamic viscosity p (Pas)

10 30 50 70 90 110 130 150

Temperature (°Celcius)
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Density p (kg/mS)

980 1

960 1

9401

9207

9007

880
10

30

50 70

90 110 130 150

Temperature (“Celcius)
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Concepten van zoutwater intrusie
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Badon Ghyben-Herzberc rinci"i\"e

Principe veronderstelt scherp grensvlak tussen zoet en zout grondwater

Analogie: ijsberg & zoute oceaan en graniet tectonische plaat en basalt base

h=oH: if «=0.025
h=1m H=40m

28 juni 2011
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druk zout grondwater = druk zoet grondwater

pHg = pr(H +h)g

h=L"F Y
Jo,

bordrbor

h —_— aH . h oceaan
- zoet

H hy

zout
28 juni 2011



h=aH
in ocean water a.=0.025

B=1 . H=A0 bbb

oceaan
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h=oH
Mediterranean Sea o.=0.028

h=1m, H=35.7 m i (i i { i 1 i

oceaan

Deltares
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Klassieke definitie zoutwaterintrusie

Horizontale instroming van zout grondwater in een
watervoerend pakket dat zoet grondwater bevat

Deltares
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SN
S

Badon Ghyben-Herzberg principle

Difference between reality and Badon Ghyben-Herzberg approximation

concept: mixing zone in reality  concept: interface between fresh
and saline groundwater

Deltares
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i | 1 | | 1 I 1 I EXPLANATION
= =G0 = Line of equal chloride
ap f= Land surface = =4

_‘\\_‘_ concentration, in parts
Biscayne Bay per million
f Viakar tahls

- i W _P
. [ - = K . Bottom of fully casad well
L] = H . H
& = Biscayna aguifar fram which water-quality
samples were collected
u I:I':] —— Modified from Kohaut | 18964}

MALTITUDE, 1M FEET ABDVE DR BELOWVY SE&A LEVEL

DISTARCE FROM SHORELINE, IN FEET
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~_ Henry’'s problem (1964

no-flow boundary gz_ﬂ=n %Zﬂ=pg constant saltg\ater head

1.0;

0.5;
c=0

il

z/id Yﬂ.
2.0

vewuaires
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Numerical model: Henry’s case

coast beach land

100 s | IS ﬂ

180 160 140 120 100 80 60 40 20
length
B | [ [ R

CONC: 01020304050607080.9

ZOU JUrm ZUI L
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Numerical model: Henry’s case

coast beach land

80 60 40 20
length

180 160 140 120

Pl N
CONC: Hz OL 0.4 05 01.6 0.‘7 05 Delta fes

ZU JUTTT ZUIl



Effect sea level rise on groundwater system in coastal zone

coast beach land

180 160 140 120 100 80 60 40 20

CONC: 01020304050607080.9

ZU JUTTT ZUIl
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Effect sea level rise on groundwater system in coastal zone

coast beach land

180 160 140 120 100 80 60 40 20

CONC: 01020304050607080.9

ZU JUTTT ZUIl
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Impact of sea level rise on a coastal groundwater system:

a conceptual model of saltwater intrusion

0 cpast beach land

200pF

40 F

depth

180 160 140 120 100 80 60 40 20
length

CONC: 010.2030405060.70.809
GOE, 2008

28 juni 2011

Impact of sea level rise on a coastal groundwater system:

a conceptual model of saltwater intrusion

0 coast

beach ’ - land

180 160 140 120 100 30 60 40 20

Deltares

Enabling Delta Life 7

CONC: 010.2030405060.70.809
GOE, 2008




Klimaatverandering en zeespiegelstijging
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Wat komt er allemaal op ons af?

« Klimaatverandering
e Grondwaterwinning

* Ontwikkeling energiegebruik/productie
 Bodemdaling

e Ontwikkeling ruimtegebruik
e Politiek, Beleld & Waterbeheer

Directe invloed door de mens op het grondwater is belangrijker dan klimaateffect

Deltares



ucntsiromings-
patronen

Wereld-
temperatuur
in 2050

t.o.v. 1990

Gematigd 1°C temperatuurstijging op aarde in 2050 ten opzichte van 1990
geen verandering in luchtstromingspatronen in West Europa

G+ GCematigd+  1°C temperatuurstijging op aarde in 2050 ten opzichte van 1990
+winters zachter en natter door meer westenwind
+zomers warmer en droger door meer oostenwind

2°C temperatuurstijging op aarde in 2050 ten opzichte van 1990
geen verandering in luchtstromingspatronen in West Europa

2°C temperatuurstijging op aarde in 2050 ten opzichte van 1990
+ winters zachter en natter door meer westenwind
+zomers warmer en droger door meer oostenwind

Bron: Van der Hurk DElta res

et al. (2006)



Het Nederlandse grondwatersysteem

natuurlijke
grondwater aanvulling

b

laaggelegen poldergebied

duinen

T 1

infiltratie brakke brakke
Noordzee I 1 kwel kwel

Peilverlagingen in het verleden

Hol .
\ e hebben grondwaterstromingen

N naar het binnenland veroorzaakt




Het Nederlandse grondwatersysteem staat onder druke

Present processes

natural
groundwater recharge low-lying
l l l polder area
dunes large industrial
1 q
1 extraction brackish
Noordzee infiltration® _infiltration seepage

28 juni 2011

Future changes

more evapotranspiration in summer

|

more precipitation in winter

IR A

land subsidence
risk of uplifting

coastal erosion Holocene aquitard

sea level
rise

1 1 flooding

salt damage
higher brakke
more seepage salt load seepage

[l



[551Lf C U 1: A € I o, i'\/ C S5Cd I"'\/ "I l'i C

Deep aquifer

Natural groundwater recharge Natural groundwater recharge

l l 1 l 1 l l l l j rereat
Sea retreat
level ~ AX AX

N

freshwater lens

decrease of fresh
undwater v

—
—~

freshwater lens

iImpervious

Impervious

Deltares

28 juni 2011



Effect of a relative sea level rise (2):

Shallow aquifer

Natural groundwater recharge

e

freshwater lens

-~

K 7

salt water wedge

28 juni 2011

Natural groundwater recharge

e L l

freshwater lens

N
salt water wedge
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Effect of a relative sea level rise (3):

Shallow aquifer

Natural groundwater recharge Natural groundwater recharge

TR L T

level ' ‘
rise

low-lying low-lying

: " o—
f -

D Cm0 S SIS o S SIE C D S E O SO ST C e Cmmemmmmmmmmem————— L T

=TT
v -
e

inflow of saline
groundwater

Deltares
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Effecten voor het oppervlaktewater systeem en de landbouw

Deltares
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Gevolgen verzilting grondwater:

e Zoutschade gewassen

e Zoutbelasting vanuit het
grondwater naar het
oppervlaktewater

o [Verzilting ontrrekkingputten]

28 juni 2011

Bron: Proefstation voor de Akkerbouw en Groenteteelt, Lelystad
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Gevolgen verzilting: zoutschade aan gewassen bij
wortelzone

Belangrijke parameters:
» Chloride concentratie bij wortelzone
« Landgebruik
« Gevoeligheid gewassen

Landgebruik Drempel- Helling Gewasopbrengst

waarde wortelzone prijspeil 2050

wortelzone ) (Euro/ha)

(mg CI-/l)

Relatie tussen zoutgehalte en opbrengstschade landbouwgewassen
gras 3606 0.0078 1080 1. Schade b overschriding gehes! grosisizoen (%4
aardappelen 756 0.0163 4240 i
bieten 4831 0.0057 2640
granen 4831 0.0058 880
glastuinbouw 1337 0.0141 17850
boomgaard 642 0.0264 11900
bollen 153 0.0182 26000 | o W0 200 W 40 sm 6o
Zoutgehale (mg CY)

Bron: Roest et al., 2003 en Haskoning Bron: MNP, 2005

Deltares
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Modelleren zoet-zout grondwater
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Sub-local: fingering, zoute wellen
Sri Lanka (Tsunami 2004), De Zandmotor
modelschaal=1cm-1m

Local: regenwaterlenzen, WKO,
Tholen, Schouwen-Duiveland

modelschaal=5-25m

Regionaal:
Zeeland, Gujarat/India, Philippines
modelschaal=100m

Nationaal: salt load s
Zuid-Holland, NHI 5[ [
modelschaal=250m-1km ‘

[T ]
gPIREREEG

Deltafes
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Numerieke computer modellen:

ROTZOOI IN = ROTZOOI UIT

echter...

* steeds betere 3D geologische opbouw (REGIS Il, Geotop)
* steeds betere 3D initiéle dichtheidsverdeling

» steeds betere concepten

* Steeds betere ijkings technieken

* steeds nauwkeuriger (snellere computers, meer geheugen)

Deltares
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Modelling effe

Modelling:

« variable-density S RAl

e 3D, non-steady S

e groundwater flow

» coupled solute transport Noord-Holland
Code:

MOCDENS3D (MODFLOW family)
similar to SEAWAT

Assessing effects:

e autonomous salinisation

» sea level rise

» changing recharge pattern
* land subsidence
« changing extraction rates 025 50 75 100 km Name project

- adaption measures il e

Date of release
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Opkegeling van zout grondwater

onder een onttrekkingsput

Deltares
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Opkegeling van zout grondwater onder een onttrekkingsput .

------------------------------------------------------
- -
________

-~ -

28 juni 2011 Lec uree nlbteg [g 9§



Upconing of saline groundwater

Under an extraction well Under a low-lying area

lowering water level
'due to reclamation!
Q ________________

—<sextraction grou nd surface

| {(Upconing: undesired situation

\
fresh groundwater

 movement of saline groundwater to extraction wells

e increase in salinity (>150-200 mg CI-/l)

* lowering of the piezometric head (leads to land subsidence:
e.g. Los Angeles: 9 m in the 1930’s)

‘Solutions’: reduce extraction rate, abandon well, inundate pﬂ@"lta res

28 juni 2011



Upconing under a low-lying polder

verlaging freatische
grondwaterstand
i door dmng!!egglng !

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tija=1872 AD
=20
=40
o _gQ
<
<
£ -80 canc.
o 12500
2 00 10000
T, 7500
M 5000
120 4000
2500
o
300
-1BD 100
2000 4000 EO00 2000
lengte in het systeem [m]
TNO-BO, GOE, '06
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Upconing under a low-lying polder

verlaging freatische
grondwaterstand
i door dmng!!egglng !

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tija=1872 AD
=20
=40
o _gQ
<
<
£ -80 canc.
o 12500
2 00 10000
T, 7500
M 5000
120 4000
2500
o
300
-1BD 100
2000 4000 EO00 2000
lengte in het systeem [m]
TNO-BO, GOE, '06
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ii‘§‘\\‘ -
N =

Availability of fresh groundwater for drikin wate

<100 m

100-200 m

200-300 m

300-400 m

I 400-500 m
I >500 m

//// >inversion (salt above fresh)

(O Pumping stations
with salinisation

@ Pumping stations
closed
due to salinisation
(20%=100 stations)

mcheS
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Different risks of upconing saline groundwater

Very low risk

Very low risk

Low risk risk Q

High risk salinisation

taQ

ares



Technische maatregelen

Deltares
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Measures to compensate salt water intrusion

* ‘The Fresh Holder’

e Extraction of saline/brackish groundwater
 Infiltration of fresh surface water

e Modifying pumping rates

e Land reclamation in front of the coast

e Creating physical barriers (chrystallisation or biosealing)

Deltares
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Solution: The Fresh Holder

Reverse osmosis

— [T
?

)

KIWA

Upconing can be prevented by the extraction of brackish groundwater

This brackish groundwater can be transformed to water of

agricultural water quality by using the membrane filtratiorbec ique
eltdres
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increase of fresh groundwater volume due to countermeasure

Land reclamation

Deep-well infiltration

-
.-

. ——---= impervious

Deltares
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Saline groundwater extraction

1a.

K e T Tt e
st T et

Artificial recharge area

28 juni 2011

penmnnnnt e e =

_____

recharge
pool

impervious
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Countermeasures of salt water intrusio

(EC-project: CRYSTECHSALIN)

reduced

Modifying pumping rates ?;ttéaﬂiontqe Physical barrier

| ——

reducing fresh groundwater volume

physical barrier 0,
<

stagnant saline groundwater

impervious

. — = — = impervious
Salt water wedge L

Salt water wedge L

Deltares

28 juni 2011



VRN 2 2R A AL adt b bl

dunes - G
: shift water divide
water divide — 1 1 ow:lying v 1 low-lying
pOIder area Iand reCIamatlo ) 1 polder area

Noordzee

Deltares

28 juni 2011



Voorbeelden zoet-zout grondwater

Deltares
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Evolution of a freshwater lens

natural recharge

RN

Deltares
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evelopment @
. A

Natural groundwater recharge f

AR

Sea

- Freshwater |

Deltares
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Zoetwaterlens duingebied: anal tisché”vereli'kin‘

[ I Depth of fresh-saline interface H

’ _\/f(o.2552—x2)
\ ka(l+a)

h=aH

peltares
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N
S0

Zoetwaterlens duingebied: analytische vergelijking

[ I Depth of fresh-saline interface H

ground surface

~ B B =2000m, f =0.001m/day

k =10m/day, ¢ = 0.025
Ne =0.35

Maximal thickness lens Volume lens (wrong in lectures notes)

H, . =62.5m, hmx =1.56m V =35203m3/m'

35203

days = 48.2years

Characteristic time T=

peltares
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Depth [m-M.S.L]

1
[R8]
=

I
=

(]
=

oo
=

—
-
]

=120

-140

Evolution of a freshwater lens

Matural groundw ater
recharge Tmm/iday

2000 4000 OO0

Length in system [m]

Time= 0.0 yr

000

28 juni 2011

T = karakteristieke
tijdschaal

T = tijdsduur voordat lens
95% van zijn uiteindelijke
vorm heeft

In Nederland: T = 75-200 jaar,

afhankelijk van:

* breedte duingebied

* neerslag

» doorlatendheid bodem

Deltares



Depth [m-M.S.L]

1
[R8]
=

I
=

(]
=

oo
=

—
-
]

=120

-140

Evolution of a freshwater lens

Matural groundw ater
recharge Tmm/iday

2000 4000 OO0

Length in system [m]

Time= 0.0 yr

000
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T = karakteristieke
tijdschaal

T = tijdsduur voordat lens
95% van zijn uiteindelijke
vorm heeft

In Nederland: T = 75-200 jaar,

afhankelijk van:

* breedte duingebied

* neerslag

» doorlatendheid bodem
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1. Het kleine eiland beweegt ~7.5m per jaar naar het oosten

2. Effect op de zoetwatervoorraad:
. Kan er een zoetwater lens ontwikkelen?
e Watis de dikte van de lens?

Friesland

Sneeki

% % Heerenved
O

N

Eyefaltl 10,1717 km

°""""G00éle'

Pointer  53°15:




Beweqing van De Griend en de creatie van de lens

_ Z -

Movement of the island of Griend {Friesland) through the Waddenzee
X

15 mfjaarto the east .
Time= 0.00 yr

1 15 9 0

length fum |
Concentration [TDS mg1]

1 [ [ [ N

S000 10000 13000 20000 25000 30000 THO-BO, GOE, 06

tares



Beweqing van De Griend en de creatie van de lens

_ il -

Movement of the island of Griend (F riesland) through the Waddenzee
X

7.5m/fjaarto the east ]
Time= 0.00 yr

1 15 5 I

length fem ]
Concentration [TDS mgf]

[ T [ [

5000 10000 15000 20000 25000 30000 THO-BO, GOE, 16

tares



Vertical interface between fresh and Salié roundwater

Subsoil parameters:
k=10" m/s
n.=0.10

o =0~ an=0 m

D_=0 m’/s

Depth z (m)

0 0.5 1.0
Distance x (m)
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E 025

-0.5

Fresh-saline vertical interface

160*80 cells

x [m]

Time= 0 min

0.75 1
G.0Oude Essink 03
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Fresh-saline vertical interface

160*80 cells
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Time= 0 min
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Saline pocket in fresh groundwater: fingering process

40%20 cells

Time= 0 min
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Saline pocket in fresh groundwater: fingering process

40%20 cells

Time= 0 min
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Saline pocket in fresh groundwater: fingering process

320*160 cells

Time= 0 min
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Saline pocket in fresh groundwater: fingering process

320*160 cells

Time= 0 min

28 juni 2011
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2.0

y [m]

0.0

Saltwater pocketin a fresh environment: fihgering process

AE40 sac
Time= 0.0 hour

very low-pemnmeable layers (k=0.000864m/d)

Total Dissolved Solids
[my/

34650
33250
29750
26250
21000
17500
14000
750

5250

1750

Medium sandy porous medium
1.0 [hydraulic cond.=8.64 m/d]

% [m] THD, Dude Essink'07
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2.0

y [m]

0.0

Saltwater pocketin a fresh environment: fihgering process

AE40 sac
Time= 0.0 hour

very low-pemnmeable layers (k=0.000864m/d)

Total Dissolved Solids
[my/

34650
33250
29750
26250
21000
17500
14000
750

5250

1750

Medium sandy porous medium
1.0 [hydraulic cond.=8.64 m/d]

% [m] THD, Dude Essink'07
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20

15

10

-10

-15

20

Rotating movement of three immiscible fluids (asymmetric case)

Rotd: 30020 cells, no hydrodynamie dispersion, brackish=1005 kgfm® Time= 0 day

S0

100 150

X [m]

200 250

GOE

J. Hydrology, 2004
nr. 287, pp. 270-278

Pelta res
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Rotating movement of three immiscible fluids (asymmetric case)

Rotd: 30020 cells, no hydrodynamie dispersion, brackish=1005 kgfm® Time= 0 day

S0

100 150

X [m]

200 250

GOE

J. Hydrology, 2004
nr. 287, pp. 270-278
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Mijn eerste zoet-zout model
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Positie profiel Duingebied Waternet, Rijnland polders
en Haarlemmermeer polder

Zandvoort

Railway Haarlem

Cruquius

1 profile
I city
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Grondwater onttrekkingen uit het middelste watervoerend
pakket uit het duingebied Waternet

Stress period:

S L 2 . 3 !'4! 5 w7 8 ' 9 '
2 |IDeep groundwater exiraction | ! i ! |
SRR oo rIJ. --------- Feomeczzaszeea=xy
LOO | | I | | |

0 J L O S L e R SR
= | : T '

S 5 - P R . R R r‘1,, ..............................
3 i . o

% 0 : : : — e —— - ;
Ll 1860 1880 1900 1920 1940 1960 1980 2000

Time in years

o I.IClLUICS
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Zoutwater intrusie in het Nederlandse kuébebied

Salinisation of the groundwater flow system

caused due to groundwater extractions and lowering
of the ground surface of the Haarlemmermeer polder

rrdlam Waterworks-Haarlemmemmeerpolder

Time= 1854 AD

2500 5000 7500 10000 12500
Length of the system [m]
BN | [ [ [ [ [ [

Conc. 40 150 300 1000 2500 5000 7500 10000 12500 15000 res




Zoutwater intrusie in het Nederlandse kustqgebied

Salinisation of the groundwater flow system

caused due to groundwater extractions and lowering
of the ground surface of the Haarlemmermeer polder

Profile Amsterdam Waterworks-Haarlemmemeerpolder

Time= 18564 AD

én
S

epth below MS.L. [m]
IN
o
]

0.150
2500 5000 7500 10000 12500
Length of the system [m]
B | [ 7T [ T [T T

Conc.. 40 150 300 1000 2500 5000 7500 10000 12500 15000
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Opkegeling van brak-zout grondwater, voorbeeld
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N

l—-pnn’tlrekking maa_iveld

i |
[ aeaacimoon

“eatisch grondwater

Zandvoort -
Haarlemmermeer

24H  24H 2K 24H
w B
20 + e 25¢ ;
North Sea 1 :gcr;;f:en;
NAP - < 1850
~1852
20 — S i s
40 —
2
60 — /
80 - i sl
T .-.: ///////////////’
100 — N %\ /
\ {ﬂ » ~\§§‘\\ fres'h ' /
120 — c=1y -.._"”.::\___\-\-\“Ear'_-brackrsh /
- " 7850 o o L e e e =
Goby salt
ur'r? - 640y
HE ¢-200y

Stuyfzand, ‘93
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Grondwateronttrekkingen in het kustgebied
veroorzaken opkegeling van brak-zout
grondwater
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Initiele zoet-zout verdeling
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Database kustgebied: positie Cl--observatie filters
Data: DINO-Qua
» 17500 Chloride-metingen

* Diepte (m) Aantal
mv- -5 4135
-5 -10 1095
-10 -25 5287
-25 50 3678
-50 -75 1438
-75 -100 760

-100 -200 982

-200 -300 110

> -300 16

Maximaal 64 metingen in 1 put

sLangste tijdreeks in 1 filter: 72 jaar

*Eerste meting op 2 jan 1853

eAantal tijdreeksen

(minimaal twee metingenJn een filter)
2126 (gehele gebied) fjeﬂj(] fes



Chloride concentraties in Zuid-HoIIanc‘\i\‘,k ~6000 me?ineﬁ |

Histogram
250 100.%
= Frequency T 90%
—— Cumulative %
200 + 1 80.%
1T 70.%

150 + + 60.%

Frequentie
|_\
a1 o
o o o
| |
l l
e R
o P DN W b O1
5 99 O o0
XXX

Tijdstip van meting
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Histogram

100.%
90.%
80.% -
70.%
60.%
50.%
40.% -
30.%
20.%
10.% -

HE Frequency
—— Cumulative %

Y0 -

© D @ AN
NN NN
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VU D
v P AP

Diepte meting (m N.A.P

~6000 metingen

160

140

120

100

80

60
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Enkele regionale studies

Flevoland ™" b

Delfland

['dw'Nw] exdaig

nodelgebied van DSM-Delft

<

"'y N W erdaip
>
=

100000
X 120000
2000 AD 140000
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metingen chlorideconcentratie,
* put met chloridemeting—_ <.

* VES
° monster
* boorgatmeting

28 juni 2011

Legend
Electrical CPT (example)
CVES survey sites

7 filled tidal channels

Depth brackish-saline interface

metres below surface level

<5

[ 5-10

[ 110-15

[11520

[ 20-25

I 25-50

I 50-100

I >100

P
e~ A




2000 AD

420000

410000

400000

390000
p

15000
12500
10000
7500
5000
4000
3000
2000
1000
500

370000

360000

1Ifés




Modelling effe

Modelling:

« variable-density S RAl

e 3D, non-steady S

e groundwater flow

» coupled solute transport Noord-Holland
Code:

MOCDENS3D (MODFLOW family)
similar to SEAWAT

Assessing effects:

e autonomous salinisation

» sea level rise

» changing recharge pattern
* land subsidence
« changing extraction rates 025 50 75 100 km Name project

- adaption measures il e

Date of release

28 juni 2011



rlands Is

65000 chloride measuremenst since 1854

REGIS Regional Geohydrogeological Information System (tops bottoms layers)

G eologie volgens RE G IS, gediscretiseerd voor

f 1 i 1 1 1
— ——— ——

.’II.‘

i L i
150000 200000 250000

i

300000

' 4:30000
' 400000
280

350000

' E000a0

v

B,

S00a0

I~ =50

oo
[}

130
E

200

300 [ !

L

0 0000 100000 150000

THO, GOE "07

200000

230000

350000

Mijuni 2011
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.
- ()
HU-T AllU

Province of Zuid-Holland, salinisation of the subsoil Zoet, brak en zout grondwater (chloride verdeling mg CI-/1)

 Land subsidence Ioaed: T8 AR b\

e Sea level rise

* Change in recharge
Aﬂi‘d o,

_ _ ) o pal
Ralldatat . a0 0 bendiRRL
SR -

450000

<
-
)
=]
=3
=]
S

"'y N W erdaip

100000 300
X 120000 150
2000 AD 140000

|
difference in head (m)

- A ﬂ\\\, / Hydrogeologic base )
// | | <-05
> ‘W Time=2000 AD E\ [ ]-05--04

NHI fresh-salt/Cliwat
48M

x [ | 04--03
| 02--02
| -o2--01
B oo
i . oo
500000
~ I B 0102
il 475000 - 0.2-03
II P o3-04 N
Fl i
| | >0 ). -
2

N : W+&2mazss - ref: stijghoogte [m]
stouoh v:% %'NAP, T=20?§;

125000

250m o
7

LW,

Noord-HoIIant}
62K

1250m

b ubd bbb oo ws

Zuid-Holland
5.9M
250m

depth [ N.AP]
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539486 UZ-units

data on: ;ﬂs{;]nr}‘lainlsur:face water unii%
i , it ocal surface water units,
ol characteriatios 60000 weir level units
.crop characteristi Sataom:
.water level

-hydraulic capacities _
-water management practices

N .

MODREOW

250 x 250 m,
1300 x 1200 x 4 cells
geohydrologic model REGIS

Deltares
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Using the national subsoil parametrisation

4 layers based on REGIS and NHI

31 model layers with varying thicknesses: 2*5m; 10*2m; 8*5m en 11*20m
cellsize 250x250m

Using the national 3D salt concentration in groundwater
Fresh-saline REGIS: ~65000 measuring points (analyses, VES, Borehole)

+10m Sea  dunes Haarlemmermeer

B o
B oo 1000
B oo o0

resn-saltCliWat
28M gon cllanden

w
= =

250m 5
Texel
230K]
0

Noord-Holland
2K

Wieringerra
13 4
1250m 20fm
Rijnland f=y Al

1.2 - J
250, Cn

Zuid-Holland
5.9M

250m

18.8M
Zeeland
100m
0 25 50 75 100 km

Fresh-brackish-saline distribution in the subsoil

Ei—t————y/}

i - wl wdap

rcohcentratie op -10 m N.A.P. Initiele situatie

[ so0- 1000

250- 500 VES, monster & bgm

TYPE

VES

monster

D-250

+  boorgatmeting

Grens Zuid-Holland

outline nederland

[0 st

600000

Sa0000

S00000

=
450000

400000

30000

300000

= ®E0M

15000
12500
10000
7500
5000
2500
1000
300
150
50

100000 150000 200000 250000
X

30000




3D model Zeeland

maaiveld (m tov NAP)
-<5
I 52
—EE
-
[ ]1-0s
[ Jos-o
[ Jo-os
[ Jos-1
.-
I - 5

RESIDUEN PRIOR ZEELANDMODEL,
ZOUTCORRECTIE VERDISCONTEERD IN

mgClA
R
B 50150
I 150 - 300
I 00 - 500
[ |so0-7o0
[ |roo-1000
[ ]1000-1500
[ ]1500-3000
[ ] 3000 - sooo
[ 5000 - 7000
[ rooo - 10000
B - oom

*Cels 100*100 m?

«Calibrated

*Top modellayers 0.5 m thickness

sImproved 3D initial fresh saline field

©  analysis
©  borehore meas.

- stad

rivier

outline nederland

ZOET-
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= SR, £ 2o adiEN

o ] e R
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Chloride distribution in groundwater in Zeeland, the Netherdands [mg/l]
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Freshwater head sea level +1m

NHI fresh-salt/Cliwat anden .
48M ac%' = =

250m

1250m
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Assessing climate change effect on freshwater lenses

r torot

“|| piezometric head first aquifer
level
water phreatic
anne g * gfouridwate)

Monitoring:
*Geology
*TEC-probe
«Sampling (head & conc)
*EM31
*CVES
*HEM

=

Groundwater modeling AN

_Verzittingsonderzoek Provincie Zecland

? l.
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Zoetwaterstijghoogte

Deltares



There are three common ways to define heéd

(a) (b) (c)
point water fresh water environmental
head head head
4 L Water table
oy g o
| s = S, Reference datum
P
z | pg z,
Which one
T =T Is useful?

28 juni 2011

Post, Kooi and Simmons, 209, grl)mmg



Zoetwaterstijghooqgte

« Vergelijken grondwater met verschillende dichtheden
* Fictieve parameter

* In plaats van drukken

 Verwarrend (zoetwaterstijghoogte staat loodrecht op stroomlijnen)

Deltares
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Hvdrostatic boundary condition at thé\ea

Water level=+Om MSL
N

Y

Az=5m p =1025kg/m3 — ¢,, =0m+0.025*2.5m = 0.0625m

Az=5m p =1025kg/m3 — ¢., =0.0625+0.025*5m = 0.1875m

Az=5m p =1025kg/m3 — ¢, =0.1875+0.025*5m = 0.3125m

0 =1025kg/m3 —

¢., =0.3125+0.025*(2.5m +5m) = 0.50m
p =1025kg/m3

—

¢.s =0.50+0.025*(5m +5m) =0.75m

Az=10m

Az=10m

P~ Ps
i, =Py + (Az)
P Deltares
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Hyvdrostatic boundary condition at an estuar
Water level=+Om MSL
—

Y

Az=5m p=1010kg/m3 — ¢,, =0m+0.010*2.5m = 0.025m

Az=5m p=1010kg/m3 — ¢, , =0.025+0.010*5m = 0.075m

0 =1025kg/m3 —
é., =0.075+0.010*2.5m +0.025* 2.5m = 0.1625m

0 =1025kg/m3 —

¢., =0.1625+0.025*(2.5m +5m) = 0.35m
p =1025kg/m3

—_—

$;5 = 0.35+0.025* (5m +5m) = 0.60m

Az=5m

Az=10m

Az=10m

P~ Ps
i, =Py + (Az)
P Deltares
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No flow
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Flow or no flow? (if p#Zhydrostatic than flow)

Calculate to freshwater head!

28 juni 2011
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1. Determine hydrostatic pressure (and freshwater head f;)
2. Determine pressure p in well! (and freshwater head f;)

Deltares
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1. Determine hvdrostatic pressure and frwhead

adl

1. Determine hydrostatic pressure (and freshwater head f;)
2. Determine pressure p in well! (and freshwater head f;)

Deltares
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adl

1. Determine hydrostatic pressure (and freshwater head f;)
2. Determine pressure p in well! (and freshwater head f;)

Deltares
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Comparison

adl

Conclusion: freshwater head not equal, so vertical
upward flow!

Deltares
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Hvdrostatic pressure: g.=0

_szf(.l[@qﬁf +p—pr

q, =
H 0z Ps
O:(ﬁqﬁf +p—pfj
0z O
o =—L P 57
Io

dro = dr — X (22-20)
Pr

+ Go=¢t P (Az)
& Deltares



Elder problem (1)

Phases:
™~ 1. Stable growth diffusive boundary layer
2. Development flow cells embedded

in boundary layer

3. Emergence of disturbances that grow
into fingers

Convection of heat occurs when:
Rayleigh number > 4x?

e, 3. Fuia mecn. D ELLOLRS



Anology composition and heat

Composition

C=1, 1200 kg/m?
ST

initial condition: C_=0

Depth z (m)

C=0, p=1000 kg/m>

0 300 _ 600 ,—
Distance x (m) p

-
43}
o

28 juni 2011

7=0, p=1000 kg/m*

initial condition: 7,=0

Depth z (m)

=1, p=800 kg/m* [ 1

50
Distance x (m) =0 Pa
Deltares

Lecture notes, p. 91-96



Development of convection cells (Rayleigh number=400)

Elder problem: heated from below

0 16080 elements, ime step=30 days Time= 0.00 yr

-4l

depth z [m]

-100

_15DD 100 200 200 400 a00 kOO

length x [m] ES




Development of convection cells (Rayleigh number=400)

Elder problem: heated from below

0 16080 elements, ime step=30 days Time= 0.00 yr

-4l

depth z [m]

-100

_15DD 100 200 200 400 a00 kOO

length x [m] ES




Heat transport: conduction and convection
Time= 0.0 wr

0 Rayleigh humber=4000

2 [m]

0 600




. In kustgebieden kunnen dichtheidsverschillen een belangrijke rol

spelen

. Autonome proces heeft een grotere invioed op de verzilting van

Nederland dan klimaatverandering

. Het verschil tussen de gevolgen van de klimaatscenario’s is klein

voor het grondwater systeem
. Regenwaterlenzen zijn kwetsbare systemen

. Te weinig metingen kwaliteit in het kustgebied

Deltares
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