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Topics of density driven groundwater flow

1. Introduction
- water on earth
- salt water intrusion

- freshwater head
2. Interface between fresh and saline groundwater
- analytical formulae
- upconing example
3. Numerical modelling
- mathematical background
- MOCDENS3D, MODFLOW
- Benchmark problems: Henry, Elder, Hydrocoin, etc.
4. Case-studies
- hypothetical cases
- real cases in the Dutch coastal zone

Introduction

Topics of density driven groundwater flow

1. Introduction salt water intrusion
water on earth

concept of salt water intrusion
freshwater head

compensating measurements

2. Badon Ghyben-Herzberg
- interface between fresh and saline groundwater

- analytical formulations
- upconing example

3. Freshwater head
- hydrostatic pressure
4, Numerical modelling

- mathematical background
- MOCDENS3D, MODFLOW
- benchmark problems: Henry, Elder, Hydrocoin, etc.

5. Case studies

- hypothetical cases
- real 3D cases (a.o in the Dutch coastal zone)

Introduction
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Leading in research on groundwater
in the coastal zone

« 15 years experience in variable-density dependent groundwater flow
and coupled solute transport in the coastal zone

« Incorporating monitoring campaigns results in numerical modeling
tools

< Initiating (inter)national research on new fresh-saline phenomenae:
salty seepage boils and shallow freshwater lenses in saline
environments

« Broad knowledge on creating 3D initial chloride distribution, based
on geostatistics and geophysical data (analyses, VES, borehole
measurements)

e Quantifying effects of climate change and sea level rise on fresh
groundwater resources

« Developing adaptive and mitigative measurements to stop
salinization of the coastal groundwater system (e.g. fresh keeper,
coastal collectors, freshwater storage underground)
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Introduction

The Hydrological Circle

Introduction

Definition of salt water intrusion

Inflow of saline water into an aquifer which
contains fresh water

submarine
groundwater
discharge

ground surface




ALTITUDE, IN FEET ABCWE OF EELOW SER LEVEL

Biscayne aquifer, Florida USA:
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Henry’s case

EXPLANATION
5,000 Line of equal chloride

concentration, in paris
per million

- Bottom of fully cased well
from which water-quality
samples were collected

Modified from Eohout {1868}

Definition of salt water intrusion

depth

coasi

Numerical model: Henry’s case

beach land

CONC: 010.203040506070.808




Definition of salt water intrusion

Numerical model: Henry’s case

coast beach land

100
length

CONC: 010.2030405060.70809

Sea level rise and salt water intrusion

Effect sealevel rise on groundwater system in coastal zone

coast beach land

CONC: 010203040506070.809




Sea level rise and salt water intrusion

Effect sealevel rise on groundwater system in coastal zone

land

CONC: 010203040506070.809

Sea level rise and salt water intrusion

Impact of sea level rise on a coastal groundwater system:

a conceptual model of saltwater intrusion

o Loast ___beach land

depth

180 160 140 120
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length

CONC: 0.10.20.30.4050.60.70.80.9

GOE, 2009
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Impact of sea level rise on a coastal groundwater system:

a conceptual model of saltwater intrusion

beach 7 land
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Areas in the world vulnerable to a rise in sea level
1’1 . A Major river deltas of the world (J.M. Colentnan, 1981)

Introduction

Water on Earth

Some serious developments:

“shortage of drinking water will be one of the biggest problems
of the 21t century”

“in 2025, two third of world population will face shortage of
water”




Introduction

Question:

How much percent of all the water on Earth
Is fresh?:

a. 0.025 %
b.0.1%
c.25%
d. 10 %

Introduction SWI




Introduction

Water on Earth

Total water on Earth Total fresh water on Earth
. 2 0-3% _
msaline mice
m fresh W groundwater
I surface water
69.6%
100%=1350*106 km3 30.1%=10.5*106 km3

Demand for groundwater (now 30%) increases due to:

« increase world population & economical growth
* loss of surface water due to contamination

- great resource: available in large quantities

« still unpolluted (relative to surface water)

(Source: Cheng, 1998)

Introduction

Question:

Demand fresh water per capita per day in the
Netherlands?:

a. 10 litre/day
b. 25 litre/day
c. 100 litre/day
d. 200 litre/day




Water withdrawal

Introduction

W Overd0%
O 20- 40%
O 10-20%
O Under10 %

Water withdrawal as a percentage of water availability - 1995

Tha baundaries shawn da nal im phy oficial

Introduction

Reasons and drawbacks of using groundwater

Advantage:

-no seasonal effects
-high quality

-low storage costs
-large quantities

-no spatial limitations

Disadvantage:
-high extraction costs
-local droughts

-high mineral content
-land subsidence....
-salt water intrusion !

(Source: Cheng, 1998)
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Concept of a coastal area

Situation in the coastal zone

more evapotranspiration in summer
more pregcipitation in winter

PR

land subsidence
risk of uplifting
Holocene aquitard
1 1 flooding salt damage
more seepage_ salt load

coastal erosion

sea level
rise




Land subsidence

Megacity Maximum Date
subsidence [m] commenced
Shanghai 2.80 1921
Tokyo 5.00 1930'’s
Osaka 2.80 1935
Bangkok 1.60 1950's
Tianjin 2.60 1959
Jakarta 0.90 1978
Manila 0.40 1960
Los Angeles 9.00 1930'’s
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Salt in water is a problem for different water
management sectors:

-drinking water:
staste (100-300 mg CI-/1)
elong term health effect
enorm: EC& WHO=150 mg CI-/I (live stock=1500 mg CI-/I)

-industry:
ecorrosion pipes
epreparation food

-irrigation/agriculture:
eproduction crops
esalt damage
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Effects salinisation: salt damage
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Source: Proefstation voor de Akkerbouw en Groenteteelt, Lelystad

Salt damage to crops

Important parameters:
- Chloride concentration in the root zone
- Land use
- Sensitivity crops

Land use Threshold Gradient root
value root zone | zone
(mg CI-/1) =) -
Grass 3606 0.0078 ypq.Thon E cvarcie g hod oo (1)
Potatoes 756 0.0163 | =«
Beet 4831 0.0057 | w
Grains 4831 0.0058 | &
Horticulture 1337 0.0141| =
Orchard (trees) 642 00264 | oz =
a 1000 2000 3000 4000 5000 6000
Bulb 153 0.0182 s

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




Salt damage to crops

Relation between salt concentration and damage to crops

100—
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Chloride concentration mg Cl-/I

Source: MNP, 2005

Soil moisture Irrigation
water

Limi Gradient Limit Gradient
Crop mg/1 CI %/mg/I CI mg/1 CI %/mg/1 CI
Potatoe 756 0.0163 202 0.0610
Grass 3606 0.0078 962 0.0294
Sugar beat 4831 0.0057 1288 0.0212
Cut Corn 815 0.0091 217 0.0343
Grains 4831 0.0058 1288 0.0218
Fruit trees 642 0.0264 171 0.0991
Orchard (trees) | 378 0.1890 101 0.7086
Vegetables 917 0.0158 245 0.0591
Horticulture 1337 0.0141 356 0.0527
Bulbs 153 0.0182 41 0.0683




Introduction

Why is salinisation a pressing problem?

® 50% of world population lives <60 km from coastline
® economic and tourist activities increase
® enormous increase in extraction
® irreversible process
® increase saltwater intrusion problem world-wide:
- upconing
- salt water wedge
- decrease outflow g,
® climate change:
- sealevel rise
- natural groundwater recharge

(—eitraction __ground surface

Introduction

Origin of saline groundwater in the subsoil

Geological causes:

-marine deposits during geological times
-trans- and regressions in coastal areas (deltas)
-salt/brine dome

Anthropogenic causes:

-agriculture/irrigation (salt damage Middle East & Australia)
-upconing under extraction wells throughout the world
-upconing under low-lying areas (e.g. Dutch polders)




5500 v. Chr.

Peat

The Holocene
transgressions

Major impact on
present regional
brackish
groundwater
systems

7500 BP
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Processes that accelerate salt water intrusion:

» Sea level rise
e Land subsidence
« Human activities

Threats for:

edrinking water supply in dunes:
upconing of saline groundwater
decrease of fresh groundwater resources
recharge areas reduction

eagriculture:
salt damage to crops: salt load and seepage

ewater management low-lying areas:
flushing water channels

eecology




Lecture notes and ppt on freshsalt.deltares.nl

1. Density dependent groundwater flow
http://public.deltares.nl/download/attachments/32113595/gwm1.pdf?version=1

system characteristics
parameters

input > /‘ » output

variables X ’ variables

conditions: initial and boundary

2. Groundwater modelling
http://public.deltares.nl/download/attachments/32113595/gwm2.pdf?version=1

oxtacton__ground surface
ground surface

hveaic grounduatr table
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http://public.deltares.nl/display/FRESHSALT/Literature
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Welcome to the homepage of the Salt Water Intrusion Meeting

The Salt Water Intrusion Meeting (SVVIM) has been held in different European countries on 2 biennial basis since 1968 vith an increasing number and diversity of participants. In spite of its name, SWIM is
\\j) not solely restricted to seawater intrusion problems. The mestings are very successful in bringing together people who are interested in saline groundwater issues: well-known specialists, water managers
and students.

Sg; The growing interest among scientists and water managers reflects the increasing relevance of managing saline groundwaters all around the world, especially in densely populated coastal areas. Problems
include

« over-exploitation of water resources, especially in arid and semi-arid areas
+ increased demand due to economic development and papulation growth

« quality dsterioration of the available surface water resources

o insuficient knowledge of the aquifer architecture and processes to design sound managemert rcgrari &3
« climate change and sea level rise

Philosophy of SWIM

The SWIM aims to bring together specialists, exchange ideas and discuss results on saline groundwater problems in a fiiendly and relaxed atmosphere. The meetings have always maintained thei informal character vith
contributions from wel-known scientists mixed with young people giing their first presentation. The ambiance during the meetings of the last 34 years can be characterized as based on personal contacts and good
discussions. There is no SWIM association or so, with memberships and fees: SWIM is carried by persons and institutions in various countries, which have confidence in it and see the usefulness of these meatings.

WWW.SwWim-site.org

o o e - ik~
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The proceedings of the Salt Water Intrusion Meeting

The SWIM proceedings span a period of almost 40 years. The proceedings of the first informal meeting consisted of a few pages in German. Successive meetings all had regular proceedings. They provide an excellent
oveniew of the developments in the research of saline groundwater over the past decades

At the 18th SWIM in Cartagena it was agreed that efforts will be undertaken to make all SWIM proceedings available through the internet. Currently, the proceedings of the 16th and 17th SWIM and the abstracts of the 18th
and 19th SWIM are available from this web site. The proceedings of other meetings wil become available as Soon as they have been digitized

Available for download:

« Abstracts of the 19th Salt Water Intrusion Meeting. Cagliari. taly
« Abstracts of the 1th Salt Water Intrusion Meeting. Cartagena. Spain
o Proceedings of the 17th Salt Water Intrusion Meeting. Delft. The Netherlands

Proceedings of the 16th Salt Water Intrusion Meeting. Walin Island_Poland
Proceedings of the 15th Salt Water Intrusion Meeting, Ghent. Belgium

WwWw.swim-site.org

T e Rioon ~
Salt Water Intrusion Meeting (SWIM)
Home Pniosophy Next meeting Proceedngs Lnks About s ste
Back to all proceedings

Proceedings of the 17th Salt Water Intrusion Meeting, Delft, The Netherlands
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My first density dependent groundwater flow and
solute transport model in 1990!

Saltwater intrusion in the Netherlands

natural
groundwater recharge low-lying
l l l polder area
GITEEE large industrial
HE Sxpraction brackish

infiltration 1 infiltration ______seepage




Saltwater intrusion in the Dutch coastal zone

Position profile through Amsterdam Waterworks, Rijnland
polders and Haarlemmermeer polder

Zandvoort

[ profile
N city

The polder system

A polder is:

a sophisticated system to drain the excess of water
in a low-lying area

sea or river




Upconing example

Geometry, subsoil parameters, boundary conditions

% Sand-dunes
Amsterdam Waterworks -
Sea 8 natural groundwater recharge Rijnland polders Haarlemmermeer polder
0 -0.15m)| 420 mm/year -0.60m -5.50m
Phreatic aquifer k=1G m/day
20 Holpcene aquitardc=4400 d
Ej Extraction points No flow boundary
o rate varies Middle aquifer
< =
= k=20 m/day
o -70
5 Loam layer ¢=800d
2 -9
] Constarit
= piezgmetric
= level k=30 m/day
2
= .
.% Deep aquifer
o No floiv boundary
0 1000 1500 5500 9500 12500
Length of the geohydrologic system, [km]

Saltwater intrusion in the Dutch coastal zone

Grondwater extractions out of the middle aquifer in the sand-dune
area of Amsterdam Waterworks

Stress period:
1 2 !
'Deep groundwater extraction

w

20

15 -fi
10 i

5 !

.................

Extraction [106 m3per yr]

1860 1880 1900 1920 1940 1960 1980 2000
Time in years




Upconing of brackish-saline groundwater
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B ¢,-200y

Stuyfzand, 1993

Saltwater intrusion in the Dutch coastal zone

Salinisation of the groundwater flow system

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

erdam Waterworks-Haarlemmemeerpolder

Time= 1854 AD

£ &0
-
(1]
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§-100
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Saltwater intrusion in the Dutch coastal zone

Salinisation of the groundwater flow system

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

Profile Amsterdam Waterworks-Haarlemmemmeerpolder

Time= 1854 AD

Depth below M.S.L. [m]
N :
o n
=1 =]

=Y
2]
o

5000 T500 10000 12500
Length of the system [m]

Conc: 40 150 300 1000 2500 5000 7500 10000 12500 15000

Compensating measures




Possible solutions to stop salt water intrusion:

Restriction of groundwater extractions through permits
« Co-operation between authorities and water users

» Desalinisation of saline water

Technical countermeasures of salt water intrusion
* six examples

Tools to understand salt water intrusion:

« Monitoring of salinities and piezometric levels

< Numerical modelling of salt water intrusion

Measures to compensate salt water intrusion

* ‘The Fresh Holder

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

« Modifying pumping rates

 Land reclamation in front of the coast

« Creating physical barriers (chrystallisation or biosealing)




Solutions

Solution: The Fresh Holder

Reverse osmosis

i’%; y Ll
E L
== ==

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 filtration technique

Introduction

Countermeasures of salt water intrusion (1)

:| increase of fresh groundwater volume due to countermeasure

q
| Deep-well infiltration| | Land reclamation

new land

----- impervious




Introduction

Countermeasures of salt water intrusion (1)

R 2 X VAV AL et

dunes . I
i shift water divide

water divide — 1 ¢ low-lying
polder area

low-lying

Ian Ider area

Noordzee

Introduction

Countermeasures of salt water intrusion (2)

Saline groundwater extraction Artificial recharge area] recharge
14 i

pool

impervious

______ i1 impervious




Introduction

Countermeasures of salt water intrusion (3)

(EC-project: CRYSTECHSALIN)

Physical barrier

reduced
[Modifying pumping rates ’(};ttéaﬂlon]q*

reducing fresh groundwater volime
hysical barrier _d.
physic rrier

\.stagnant saline groundyvater

impervious impervious

—_ L I I
Salt water wedge L alt water wedge L

Memstill-technology

Principle of Memstill-process

fuel or waste/solar heat
72~ T between 50-100°C

* new, cheap technique

* membrane distillation technigue

* no primary energy

8, N ey
« test sites in Rotterdam and Singapore 87°C 0°C
T
high
Waler
proshuction
o [MR e
RO TEVErse OSmasis
Memstill  Memstill membrane distillation
1.50
1.00 MED
MsE v
TlowI
25°C
050 | == brine
= f\?aier fresh water 28°C
28°C
con- mem-
5 densor brane
1990 2000 2010 2020 array array




Introduction

Badon Ghyben-Herzberg principle (1)

Difference between reality and Badon Ghyben-Herzberg
approximation

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

Badon Ghyben-Herzberg principle

The principle suggests an interface between fresh and saline
groundwater

Analogy: iceberg & saline ocean and granite tectonic plate & basalt base

brdbr b

h oceaan
zoet

H hy

zout




bordbe bl

oceaan

pressure saline groundwater=pressure fresh groundwater

pHg = pr(H +h)g

h=L"F
o

h —_— aH h oceaan

zoet
H hy

brdr b d




h=aH

h=aH
in ocean water a=0.025

h=1m, H=40 m b dbor b

h

zoet

zout

h=aH

h=aH
Mediterranean Sea o=0.028

h=1m, H=35.7 m | A

h

zoet

H hy

zout




Badon Ghyben-Herzberg principle

* gives analytical solutions (see later and lectures)

e educational

e interface is a simple approximation
« dispersion zone <10m

* relative simple geometries

Badon Ghyben-Herzberg principle

What is the case then h#aH?

1. still dynamic situation

2. occurrence resistance layer

3. natural groundwater recharge not constant
4. relative density difference a is not ok

5. occurrence shallow bedrock

6. groundwater extractions




Analytical solutions

Analytical solutions

See lecture notes Density dependent groundwater flow (p. 29-48)

2
20 year

http://public.deltares.nl/display/FRESHSALT/Literature




Unconfined aquifer (1D situation)

IR

ground surface

groundwater table
reference level=mean sea level

interface

Unconfined aquifer (1D situation)

() Darcy q=—k(H+h)D
dx
(1) Continuity dq= fdx

() BGH h=aH




Unconfined aquifer (1D situation)

dg= fdx integration g= fx+C1

gives
-k(H +h)ﬁ= fx+C1
dx
_ dH
h=aH — —k(H +aH)ad—: fx+C1
X

fx+C1

HdH = ——dx
ka(l+ o)

Unconfined aquifer (1D situation)
fx+C1

HdH = ————adx
ka(l+ )

integration
gives

Lo — 2 ¢ —Clx+C2

2 ka(l+a)

\/—1fx2—2C1x+2C2
H= |—2

ka(l+a)




Unconfined aquifer (1D situation)

o —1 fx* -2C1x+2C2
- ka(l+a)

h=aH

q= fx+C1

Example 1: Elongated island

H — 2 fx* -Clx+C2
- ka(L+ )

Natural groundwater recharge f

I T A Boundary conditions

Groun d surface Xx=0: q= 0—>Cl1=0
7 /B h ™ Sea

P

[ x=05B:H=0—C2= fB?/8
Saline

groundw ater —X




Example of analytical solutions (I)

[ | Depth of fresh-saline interface H

ground surface

2 2
’ :\/f(O.ZSB —x?)

ka(l+a)
h=aH
Maximal thickness lens Volume lens
1 f 1
Ho ==B.[———— V==rl+a)H,Bn,
2 \ka(l+a) 4

volume of waterin lens 7neB [(1+a)
Characteristic time T = - =
inflow of water 8 kfa

Lecture notes p. 32

Example of analytical solutions (I)

[ | Depth of fresh-saline interface H

ground surface

S a1 B=2000m, f =0.001m/day

k =10m/day, o = 0.025
ne=0.35

Maximal thickness lens Volume lens (wrong in lectures notes)

H__ =625m hmx =1.56m V =35203m°*/m’

35203

days = 48.2years

Characteristic time 1 =

Lecture notes p. 32




Example 2: salt water wedge

o —; X —Clx+C2
- ka(l+a)
Natural groundwater recharge f Boundary conditions
| I JWI | l% |

| o, X=010=Q—>Go=~TW - Cl=qo

Xx=0:H=0—->C2=0
d, H Fresh groundwater
q
Saline ) D Length of salt water wedge
groundwater
X

e “impervious X= L H = D

Salt water wedge L

Example of analytical solutions (ll)

A ]
T V\érounsu?face = _T_\/_ (q_)2 _é D2(1+ OC)OC

impervious h = aH

Salt water wedge L

Example:

W =3000m, f =0.001m/day,« =0.020,k = 20m/day, D =50m
L=175.1m

Lecture notes p. 33




Confined aquifer (1D situation)

ground surface

interface

Confined aquifer (1D situation)

() Darcy q=—-kH ﬁ
dx

() Continuity J = Qo

() BGH h=a(H +A)




Confined aquifer (1D situation)

dh
dx b

HdH = -2 dx
Kot

integration
gives
1 0X
“p2=%,c
2 ka

H :\/— 29X | o¢

ko

Example 3: salt water wedge confined aquifer

H = \/— 200X | 2
Koo

—_ Srundsurface Boundary condition

— S x=0:H=0—->C=0

H
Saline Fresh groundwater D [oR 2q0X
groundwater Kk — H =_.|—
‘- impervious ka

Salt water wedge L
X

Length of salt water wedgeX =L :H =D
kD*«
2Q0

L=




Example of analytical solutions (llI)

ground surface  L€NQGth of salt water wedge

B ,_ 2qoX
- ka

| =
D [H fresh groundwater 9%
k D™
I

impervious L ==

Salt water wedge L 2qo

Example:

W =2000m, f =0.001m/day, o = 0.025,k = 25m/day, D = 40m
L =250m

Lecture notes p. 35-36

Outflow face (Submarine Groundwater Discharge)

Outflow
face
—

Actual interface




Outflow face (Submarine Groundwater Discharge)

v Xp
/< Fresh groundwater
H,
4
H D
Saline
groundwater k a
impervious
o Qo
Xo = Ho= Glover (1959)
2ka kot
Example:

x,= F*L/(2ka) = 0.001m/d*20000m/(2*20*0.025) = 20m (only!)

Note: no resistance layer offshore

Outflow face (Submarine Groundwater Discharge)

Embayment Scale
é_____ up to~10km
e "
Ffesh o

B .-'7@.H_Hh

&

Fresh Groundwater
~5-50m

Groundwater

Not to scale




Outflow face (Submarine Groundwater Discharge)

X (m)

—_—>
T

[0)

=

L

[S)

o

8 =

©

.M¢

(=

>

2

o <
—_—
T
—_—>

ground surface

xtraction

e




See the lectures for more cases

ground surface

T
h h,
A~ 1B | impervious
fresh
H Qo
k D P —
|mperviou‘§‘
X salt water wedge L !
a) b)
Natural groundwater recharge f N atural groundwacter recharge f

111!

Freshw ater

PR
I-U"dsu"a

Upconing processes




Introduction

Upconing of saline groundwater

Under an extraction well Under a low-lying polder area

lowering water level
! due to reclamation!

extraction  ground surface
oy

- phireatic water table

«Upconing: undesired situation

-~
fresh groundwater

« movement of saline groundwater to extraction wells

e increase in salinity (>150-200 mg CI-/1)

* 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 polder

Examples of analytical solutions (1V)

Upconing of saline groundwater under an extraction well

tQ

Pf fresh

Lecture notes p. 44




Examples of analytical solutions (1V)

Upconing of saline groundwater under an extraction well

o 2rak,d [(1+ R2)Y2  [(1+492 + R2)12
B ﬁff_zl"'z V- ak,
d ky 2ned

Dagan & Bear, 1968, J. Hydraul. Res 6, 1563-1573

Lecture notes p. 44

Upconing of salt under an extraction

Opwelling van brak grondwater onder een onttrekking van 40 m3fuur

Time= 0.0 jaar

conc.

18630
15000
12500
10000
7500
5000
2600
1000
Joo
150
40




Upconing under a low-lying polder (Groot-Mijdrecht)

verlaging freatische
grondwaterstand
; door drooglfggmg

2 [diepte m -N.A.P.]

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tijd=1872 AD

-30
-40
-60
-80 Gonc
12500
100 10000
7500
5000
-120 4000
26m0
1000
140 o
a0n
100

-160

2000 4000 8000 3000
lengte in het systeem [m]

TNO-BO, GOE, 06

Upconing under a low-lying polder (Groot-Mijdrecht)

verlaging freatische
grondwaterstand
; door drooglfggmg

2 [diepte m -N.A.P.]

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tijd=1872 AD

-30
-40
-60
-80 Gonc
12500
100 10000
7500
5000
-120 4000
26m0
1000
140 o
a0n
_160 100

2000 4000 8000 3000
lengte in het systeem [m]

TNO-BO, GOE, 06




Upconing under a low-lying polder (Groot-Mijdrecht)

Groot-Mijdrecht

Time= 0.0 yr

20
40
60
80

>100

120
140
-160
-180

100 200 300 400 500 600 70O 800 900
X

Conc.: 100 300 500 1000 2500 4000 5000 7500 10000 12500

Upconing under a low-lying polder (Groot-Mijdrecht)

Groot-Mijdrecht

Time= 0.0 yr

20
40
60
80

>100

120
140
-160
-180

100 200 300 400 500 600 70O 800 900
X

Conc.: 100 300 500 1000 2500 4000 5000 7500 10000 12500




Fresh-salt interface (150 mg Cl-/1)

[ J<ioom

[ ]100-200 m

1 200-300 m

I 300-400 m

I 400-500 m

B 500 m

>inversion (fresh under salt)

Availability of fresh groundwater

[ J<ioom

[ ]100-200 m

1 200-300 m

I 200-400 m

I 400-500 m

B 500 m

>inversion (salt above fresh)

(O Pumping stations
with salinisation

@ Pumping stations
closed

™ due to salinisation

N —3 (20%=100 stations)




Different risks of upconing saline groundwater

No risk Very low risk

Very low risk Q

Lowrisk Q

o 19 hge 1@ oion 19

¥ L Tile e
VES, monster & bgm _ \\

TYPE e
VES o
maonster ﬂ‘hl{ o’
boorgatmeting 1""-':" . *
L]

rivier

b e ]
.

a® ol
® @




Chilotide concentraties in Nederdand

) ('d'IU'N 'UJI] awlaa

[

CONC: 50 150 300 1000 2500 5000 7500 10000 12500 15000

THO/FK&G OE, "06

Animation 3D Chloride concentration

Chloride concentratie in 3D [mg CIH1] %\
X

530000

N s ! 52000 7500
5000

3000

-5 2000
1000

100 sl-.l-.h, . 4 0’

120000 [ . 50

1BOUOOX 170000

20

180000

190000




Upconing in Flevoland

. Risk depends on:
Initial position interface

Resistance layers
Existance inversion

Extraction rate and scheme

B ioh risk
- Low risk

Very low risk

Freshwater head ¢,




@) (b) (c)

point water fresh water environmental
head head head
A oy Water table
- Reference datum
h
e B
Z P9 g Pg Z
Which one
B il i is useful?

Post, Kooi and Simmons, 2007, Ground Water

position of observation heads in position
well
17 2| 3
fresh I 1
brackish 1 2 Z)
\
saline 1 3 “2

reference level




ground surface

y
Iﬁ h h ¢
.y — kd —— |~ f
+1_Z..T_.. i N M
refereh¢e level
fresh
= P densit
f ensity ¢S’_
/Zobs
brackish =
position of obsgr ann
saline Pg =i

P :L"'Z
P9

1. Groundwater with different densities can be compared
2. Fictive parameter

3. Hydrologists like to use heads instead of pressures

4. Pressure sometimes better

5. Confusing (heads not perpendicular to streamlines)




Freshwater head ¢,

h, = h
P
¢, =h; +2
0 e.g..
¢f = ht7y p=1025kg/m3
P h=10m
U $=10.25m

Freshwater head ¢, : horizontal flow?

density

reference level

AX




Freshwater head ¢, : vertical flow?

T+ referer}lce level

P,

277277772777 77

semi-pervious layer N N2

Freshwater head ¢,

T+ ]l reference level ||
bg=1.0m 1 Le=1.5m
Z, ) .

z, A p,=1000 kg/m
-31— N B h, T
40— V4
w0 LGP

aquitard . M

"o— p,=1010 kg/m®

density
—>

p(2)




Special case: hydrostatic pressure: q,=0

no vertical flow

K.P+9 (a‘ﬁf N P~ Ps J

puo\ oz Pr
0:(%+mj
oz Jo
o =—L— 52
O

bho=d1 -2 (z2-20)
o

v do=g+ 2 (a2)
o

Hydrostatic boundary condition at the sea

Water level=+Om MSL

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 — 4, =0.1875+0.025*5m =0.3125m

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

Az=10m

p =1025kg/m3 —
#:s =0.50+0.025*(5m +5m) = 0.75m

Az=10m

P~ P

f

P =0+ (A7)




Hydrostatic boundary condition at the sea

Water level=+Om MSL

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

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

p =1025kg/m3 —
¢, =0.075+0.010*2.5m +0.025*2.5m = 0.1625m

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

Az=5m

Az=10m

p =1025kg/m3 —
¢ =0.35+0.025*(5m +5m) = 0.60m

Az=10m

P~ P

f

Prr =0+ (A7)

NHI fresh-salt: 2D profile freshwater head

+10m Sea dunes Haarlemmermeer




Case 2: Development of a freshwater lens

Natural groundwater recharge f

ound surface

Saline

groundwater —> impervious
|

Evolution lens

27379e-005y

-50

-100

-150 ]

0 2000 4000 6000 8000 10000




Evolution lens

27379e-005y

-50

-100

_1500 2000 4000 6000 8000 10000

Evolution freshwater head

27379%-005y

-50

-100

_1500 2000 4000 6000 8000 10000




Evolution freshwater head

27379%-005y

-50

-100

-150

0 2000 4000 6000 8000 10000

Az=10m p=1000 kg/m3 pl& S5m

Az=10m p=1000 kg/m3 p2 § 15m

Az=10m p=1000 kg/m3

p3

! 25m

No flow




Az=iom | PTHO0Skg/m3 o1 § 5m

Az=10m

Flow or no flow? (if pzhydrostatic than flow)

Calculate to freshwater head!

Az=10m p=1005 kg/m3 p1& Sm

Az=10m

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




1. Determine hydrostatic pressure and frwhead

Az=iom | PTHO0Skg/m3 p1§ 5m
p,=p,gh=1005*10*5=50250 N/m?

¢¢1=P1/pgg+2,=30.025m

Az=10m

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

2. Determine pressure p in well and frwhead

h;
Az=10m p=1005 kg/m3 plu S,l

p.=p;gh;=1005*10*5=50250 N/m?
Of1=P1/psgt2,=30.025m

Az=10m

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




Comparison H

Az=iom | PTHO0Skg/m3 p1§ 5m

Hydrostatic: ¢£=30.025m
In tube: ¢05,=30.025m

Az=10m

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

What would be the water level in the tube if hydrostatic?

I | |

5cm lower 14.8cm lower

=1 ki
Az=10m p=1005 kg/m3 pl& 5m

h,=p,/p,9=50250/(1005*10)=5.00m

Az=10m




bore-log density kg/m

land surface _ nnininin

+4 1t
1 roundwater table o
b T“.?"“'?eference level o
¥

! |

) |

-0 |-y fitter 1 i
[ ¢=+1.00m )
A4 i
7_ aquitard 1 1
4 ¢=500 days 1
2] fiter 2 i
< 9=+314m ::

ii

i

-30 (WY filter 3 "
-] 9=+314m '

-34 (= !
7_ aquitard 2 [N

2 4 ¢=2000 days N
o [ fitfer g ) |
c N
Y ¢=-042m &

; i

! 1

i

|

! |

2

" 11

L i

0 [ B filter 5 §
' ¢=-042m *

i

Take home message

In coastal area (with fresh-brackish-saline
groundwater), always measure head and Electrical
Conductivity (EC)

Convert EC to density
Determine freshwater head with lecture notes and
ppt

Determine flow




Close relation between
chloride concentration and Electrical Conductivity

2000

<1800 |y =0.3108 - 170.03

5 1600 | 7 2

1400 | R°=0.978

—1200

= 1000

S 800 , P

> 600

=l

S 400 ’/,/’/ ;

< 200 >
0 I I I I I I
0 1000 2000 3000 4000 5000 6000 7000

EC [microSicm]

EOS
Examples of equations of state

Knudsen (1902)

Ps ) =1000+0.8054S —0.0065(T — 4 +0.2214S)’

[o]
Linear (concentration) Sk 5, SRAV RS

Pcc) = Ps [1+ a C—'] where a=relative density difference

S|
Linear (temperature)

Py = Pt [1-B(T-T")]

Exponential (temperature, pressure, salt)

p _ p e—a(T—To)"‘ﬁ(p—po)‘*‘ﬂO
(T.po) — Ff

p = p[1+ (1.850 — 4.100° + 44.500°)]




Modelling

salt water intrusion
density dependent groundwater flow

modelling

Why mathematical modelling anyway?

A model is only a schematisation of the reality!




modelling

Why mathematical modelling anyway?
+:

cheaper than scale models

analysis of very complex systems is possible

a model can be used as a database

to increase knowledge about a system (water balances)

e simplification of the reality

e only a tool, no purpose on itself

e garbage in=garbage out: (field)data important

» perfect fit measurement and simulation is suspicious

modelling

Numerical modelling variable density flow

Type:
« sharp interface models
« solute transport models

State of the art:
« three-dimensional
« solute transport
* transient




modelling

Solute transport models

Combine
the groundwater flow equation
and
the advection-dispersion equation
by means of
an equation of state

modelling
Solute transport equation
Partial differential equation (PDE):
dE_B|p @) & (CVi)+(C_C)W—RdAC
ot 0x OX; | OX; n,
change dispersion advection source/sink decay

in concentration diffusion

D,=hydrodynamic dispersion [L2T]
R ~retardation factor [-]
A=decay-term [T]




Solute transport equation: column test (I):

Pollutant distribution at +=0

top
~Pollutant aquifer
bottom
—>x .
A Direction of flow
¢ |Liconcentration C
i
i
; >
x=0 Distance x

modelling

Solute transport equation: column test (I1):

Pollutant distribution at t >0

Advection
A
C

Advection+diffusion
A
C

\_
P

C

Advection+diffusion+dispersion
A

xV

xV

modelling




modelling

Solute transport equation: column test (I111):

Advection+diffusion+dispersion+retardation(linear isothermal)

c —
i retardation
! .
x=vt /R X
Advection+diffusion+dispersion+retardation+decay
C 1
x=vt /R X

modelling

Hydrodynamic dispersion

hydrodynamic dispersion

mechanical dispersion+ diffusion

mechanical dispersion:
tensor
velocity dependant

diffusion:
molecular process
solutes spread due to concentration differences




modelling

Mechanical dispersion

Differences in velocity  Differences in velocity Differences in velocity
in the pore due to variation in due to variation in
pore-dimension velocity direction

modelling

Solute transport equation: diffusion (I)

diffusion is a slow process: diffusion equation

only 1D-diffusion means: R ~1, V=0, A=0 and W=0
oC 0*C

=~ _-D -

ot 0z

similarity with non-steady state groundwater flow equation

o¢ 0%¢ TAt
a et e
. NAt TAt
¢ =+ S + w(@t& —2¢; + ¢it—1)
Cr=ClDn (Cy-2ei+el)  2<os
Az

Az®




Solute transport equation: diffusion (11)

modelling

2
e e . oC 0°C
diffusion is a slow process: diffusion equation — =D >
ot 0z
16000 ?

5 ]( TN Time (year)

o 12000 3o —=—0

£ i // —+500

s LL% —=—5000

£ 8000 20000

: =

® ﬁ = 80000

2 =

= 4000 M4 | —=— 175000

) 5’/

S —e— 220000
—— 350000

0 ; ‘
0 50 100 150 200
Depth (m)
modelling

Solute transport equation: diffusion (111)

Animation as a function of 350.000 years

Depth z [m]
= = =
L. n [=) ~ (4] [\
(=] L] o L] o ¢t
T T T

=

~1

[+
T

n
o
(=]

0yr

4000

8000

1 1
12000

Concentration [mg CI-{I]

1 1
16000




MOCDENS3D

Groundwater flow equation (MODFLOW, 1988)
Darcy

. __Kp19 09 " __Kpi90b  K.pi9(0¢  p-p
g pox pooy " po oz p
Continuity [
3
x : buoyancy
Freshwater head -
s -2 4
P9

Advection-dispersion equation (MOC3D, 1996)

_Viac  SWEC-O)I_ ;¢
Rf axi an

. 0C
IJ(’ixj

oC_ 1 0

ot anaTi

Equation of state: relation density & concentration

pi,j,k:pf (l+ﬁci,j,k)

EOS
Examples of equations of state

Knudsen (1902)

Ps ) =1000+0.8054S —0.0065(T — 4 +0.2214S)’

[o]
Linear (concentration) UGS B8, Sl e

Pcc) = Ps [1+ a C—'] where a=relative density difference

S|
Linear (temperature)

Py = Pt [1-B(T-T")]

Exponential (temperature, pressure, salt)

p _ p e—a(T—To)"‘ﬁ(p—po)ﬂ/w
(T.po) — Ff

p = p[1+ (1.850 — 4.100° + 44.500°)]




Close relation between
chloride concentration and Electrical Conductivity

2000
=1800
S 1600

0 1000 2000 3000 4000 5000 6000 7000
EC [microS/cm]

EC-Chloride

1000

—— van Wirdum (2004)

——— NITG (1992): 100mg HCO3
100 NITG (1992): 800mg HCO3

—— Hevoland analyses (2008)

EC [mS/cm]
=
o

10 100 1000 10000 100000
Chloride concentratie [mg CI-/]




EOS

Density depends on salinity and temperature

Temperature T ['C]

Density of water in kg/m?

Temperature T ['C]
Accurate for T<15 °C and for CI<'1.1 %

Psty =1000+0.8054S —0.0065(T —4 + 0.2214S)?  Knudsen (1902)

EOS
Density and viscosity depend on temperature
(10°C-160 °C)
= 1.4E-03 1000
& 12E-031 S SO
X 10803y S od N
‘G 8.0E-04 \xg
‘§ 6.0E-04 1 £ 240
9 ] 710k A
g 4.0E-04 8
S 20E-041 EUC R
O
0 T T T T T T T 880 T T T T T T T
10 30 50 70 90 110 130 150 10 30 50 70 90 110 130 150

Temperature (°Celcius) Temperature (°Celcius)




MOCDENSZ3D is based on MODFLOW

MOCDENS3D

a modular 3D finite-difference ground-water flow model

(M.G. McDonald & A.W. Harbaugh, from 1983 on)

e USGS, ‘public domain’

e non steady state

e heterogeneous porous medium

e anisotropy

e coupled to reactive solute transport
MOC3 (Konikow et al, 1996)
MT3D, MT3DMS (Zheng, 1990)
RT3D
PHT3D (Prommer, 2004)

e easy to use due to numerous Graphical User Interfaces (GUI's)
PMW!IN, GMS, Visual Modflow, Argus One, Groundwater Vistas, etc.

Nomenclature MODFLOW element [i,j,k]

column (j)

row (i) ——
‘)/Layer ) ncoL Y

— Ar

AX j

NRO‘VV/ / row direction

—— column direction

l layer direction

MODFLOW

Az
NLAY

Av,




MODFLOW

MODFLOW: start with water balance of one element [i,j,k]

|
—==A" ~TA
| 771 / i
. 4
1.J; : ,/ : / : "/ ij+k
1 1 17
Az 71 ;,Ir
Z |7 A
| | 7 L i
/
/'Vf,j.ki / ij.k+ Ax7
le— Ay —l

MODFLOW

Continuity equation (I)

In - Out = Storage
z(kﬂ)i ) +g( ﬂ)—w=sﬂ
OX ox) oy\ Yoy) oz 0z ot

_g Ad
.G =8 v AV




MOCDENS3D

Continuity equation (11)

_ . Qext,i,j,k
ZQi:SSA_¢AV - ‘ ‘ -AX ) Qi
At AT re

: / Az
- Qij-1/2.k |
In = positive — b L - _GTQijrzk

Qi a2k Qi ok T Qiwzjk T Quarvz i + Qi jkwz Qi jkiarz + Qe
t t+At

BENY
At

Qir12jk L2Z

=SS,

MOCDENS3D
Flow equation (Darcy’s Law)
element i,j-1,k elementi,j,k
! !
P | P | 4. Q =surface*q= surface*kg—¢
! JRPS —— X
AZ 2R PoY. } R Ay
// 9”. j-1/2,k Ay/
. ‘ /7
l—ax —]
¢i,j-1,k —¢i,j,k
Qijvak = ki,j—1/2,k Ay AZT

Qi,j—l/z,k = CRi,j—l/2,k(¢i,j—1,k _¢i,j,k)
ki,j—llz,k Ay Az

Ax is the conductance [L%/T]

where CR; ), =




MOCDENS3D

Density dependent vertical flow equation

b =

K,P:9( 09y PP Q, = surface*q,
puo\ oz Pr

a —
= surface*k{ﬂ+ S J

2 P

z z az pf

¢ i, j.k= _¢ i,
Qi kw2 = Ki jrewr2 AXAY( S 1Az s BUOY, ;12
Qijxan= CVi,j,k-1/2(¢f,i,j,k-1 — @ikt BUOYi,j,k—lleZ)
(Pi ikt Pijx) 2= Py
Pt

where BUOY, ;, 4/, :[ ] =buoyancy term [-]

ki,j,k—llz AXAy

=conductance [L%/
o [L2/T]

Whel’e CVi,j,kfl/Z =

MOCDENS3D

Density dependent groundwater flow equation

Qi,j—l/z,k = CRi,j—l/2,k(¢f,i,j—1,k _¢f,i,j,k) . . Qextern

i /l—' Qijk-1/2
Qi,j+l/2,k = CRi,j+1/2,k(¢f,i,j+1,k _¢f,i,j,k)) k‘JA/ | o jﬂlz’j'k
)

Qivzjuk =CCivz s i =P — =

_ Qij-1/2,k
Qi+l/2,j,k _CCi+l/2,j,k( fli+l,j.k _¢f,i,j,k — !

gL _G1Qijrrk

by
1 -
Qi+1/2k L=

TQi,j,k+1l2

Qi,j,k—l/z = CVi,j,k—l/2(¢f,i,j,k—l _¢f,i,j,k + BUOYi,j,k—l/ZAVk—llz
Qi,j,k+l/2 = CVi,j,k+1/2(¢f,i,j,k+1 _¢f,i,j,k - BUOYi,j,k+1/2AVk+1/2

Qi a2k Qi ok ¥ Qiwzjk ¥ Quarvz i + Qi jkcwz Qi jkiarz + Qe

t tAL
=SS, D i Priik AV
' At




MOCDENS3D

The term Q,, , ik

Takes into account all external sources

Rewriting the term:

t+At
Qextijk = Prjx® i,+j,k+ Q'iik

MOCDENS3D

Thé variable density groundwater flow equation

Qiivak T Qijivon T Qivzju T Quiarzjn Qi jkcarz + Qiisara + Qe j

t t+At
:Ssi'j'k ¢f,l,j,k ¢f,l,j,k AV
and: At
Qe ji = Pi,j,k¢tf+,iA,tj,k+Qli,j,k
gives:

CVi,j,k—1/2¢th,rié;,k—1 + CCifllz,j,k ¢tf+,iA)1,j,k + CRi,jfllz,k ¢;+,ié;—1,k
+ (_ CVi,j,k—llz_ CCi—llz,j,k - CRi,j—llz,k - CRi,j+112,k - CCi+112,j,k - CVi,j,k+112 + HCOFi,j,k )¢tf+|A;k
+CRi,j+112,k ¢tffié}+l,k +CCi+112,j,k ¢tf+,iA+11,j,k + CVi,j,k+1/z¢tf+,iﬁ,k+1 = RHSi,j,k
with :
HCOF, ;, =P, ;, —SC1 ;, /(At)
RHSi,j,k = _Q‘i,j,k _SC1i,j,k¢tf ,i,j,k/(At)
= CV’,j,k—l/Z BUOYi,j,k—l/ZAVk—J./Z + CVi,j,k+1/2 BUOYi,j,k+1/2AVk+1/2

SCY, ;, =SS, AV

ijk




MOCDENS3D

Equation of state

. +p ) 2—
BUOYi,j,k—l/Z :[(Pl,,,k—uz Pu,;,k) P J
Pt
ps—p: G ik
e 1+—
pl,J,k pf( pf CS J
or

Pijk = Pt (1+ﬁci,j,k)

modelling

Some existing 3D codes which simulate variable
density groundwater flow in porous media:

HST3D (Kipp, "86) SWICHA (Huyakorn et al., "87)
METROPOL (Sauter, '87) SWIFT (Ward, "91)

FEFLOW (Diersch, "'94) FAST-C 3D (Holzbecher, 98)
MVAEM (Strack, "95) MODFLOW+MT3D96 (Gerven, "98)
D3F (Wittum et al., "98) SEAWAT (Guo & Bennett, 98)

MOCDENS3D (Oude Essink, "98) SUTRA (beta-version, Voss, ‘02)




Restrictions 3D salt water intrusion modelling
in 2011

*the data problem:
-not enough hydrogeological data available
-e.g. the initial density distribution
-especially important issue in data-poor countries

&

gdelling tran '-S oA YIS cins: computer only

*the uter problem:

godc 50\\))t Léﬁ(lgh costs
comp

e
way
*the ical dlspereif‘"b gey sof

\S
-nurjer 0\\)'(—\ siwon is large in case of coarse grid

DO NOT DO THIS AT HOME (IF YOU HAVE NOT ENOUGH DATA)

Number of cells: 3D cases with MOCDENS3D

"16@\. yine

32-64 bit
limit

Number of active

Q\QN\ 1597 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Time




Different model cell sizes to consider several phenomena

Sub-local: fingering, salty sand boils :::--"“-- —emEr e e ez

Sri Lanka (Tsunami 2004), Zandmotor m “
cell size=1cm-1m ;

Local: rainwaterlenses, heat-cold
Tholen, Schouwen-Duiveland
cell size=5-25m

Regional:
Zeeland, Gujarat/India, Philippines
cell size=100m

National: salt load
Goal: Zuid-Holland, NHI
To take largest cell size possible to !l $126=250m-1km
accurately model relevant salinisation
processes

Modelling effect climate change on

Modelling: Tresh Salt.nu;n.l.l.n.cluun.tn.r

« variable-dens P LAl qonisiands L
* 3D, non-steady 20 Toal o —
* groundwater flow
« coupled solute transport Noord-Holland
62K
1250m

Code: 1999
MOCDENS3D (MODFLOW family) land
similar to SEAWAT |
1 Zuid-Holland
Assessing effects: 5.9

: ®]Rotterdam | 250m
« autonomous salinisation g%, 2084
* sea level rise ‘w% Zeeland
» changing recharge pattern ‘(: v\wf\mﬁ ph
* land subsidence 2010

« changing extraction rates 025 50 75 100 km
* adaption measures

Name project
Number of cells
Size of cell
Date of release




Fields of application of fresh-saline groundwater
models

» Water system analysis in brackish-saline environments (salt loads, salt
boils, freshwater lenses)

1o

* Quantifying effects of climate change & sea level rise
« Drinking water issues: upconing saline groundwater under extraction wells

 Developing measurements to stop salinization groundwater systems (e.g.
fresh keeper, coastal collectors, freshwater storage underground)

* Impact of the disasters as tsunamis on fresh groundwater resources

» Submarine Groundwater Discharge (marine water pollution, Harmful Algae)

A good initial density distribution is essential

« Because groundwater and solute transport are coupled, the
density influences grondwater velocities

» Numerous density measurements are necessary to get a
reliable 3D density matrix




‘Procedure’ to improve initial density distribution

* Implement all chloride data
— Analyses, Borehole, VES, Airborne techniques (HEM, SkyTem)
— Better old then nothing
— Better VES then nothing

* Interpolate and extrapolate
— Sea = easy (salt)
— Inland = fresh?

» Start with simulation (10/20/30 years) with
mol.diffusion*1000 to smooth out artificial densities

Numerical dispersion and oscillation

Concentration Concentration
Overshooting

C

Exact solution C

Numerical dispersion

_/

Numerical dispersion o Oscillation b@i,er‘szc;ting *
oC 0°C DAt DAt
=D Ci =Cl+——(Cl, —2Ct +C!,) <05

Az®




3D problems

Numerical dispersion problem (1)

To solve the advection-dispersion equation, standard
finite difference and element techniques should consider

the following spatial discretisation criterion:

Peclet number Pe <2 to 4

VAX
where: Peg =——
h
\% = effective velocity [L/T]
AX =dimension grid cell [L]
D, = hydrodynamic dispersion [L2/T]

3D problems

Numerical dispersion problem (11)

For advection dominant grondwater flow, the
Peclet number can be rewritten as:

AX<2a, to 4o,

where o, = longitudinal dispersivity [L]

What does that mean?

If o is small, then AX should be small too!!




3D problems

Numerical dispersion problem (I111)

Now follows an transient salt water intrusion case
to demonstrate why in many coastal aquifers the

longitudinal dispersivity o, [L] should be small

problems

Effect of o, on the salinisation of the aquifer (I)

Position profile through Amsterdam Waterworks, Rijnland
polders and Haarlemmermeer polder

Zandvoort e ]

[ profile
N city




problems

Effect of a, on the salinisation of the aquifer (11)

Grondwater extractions out of the middle aquifer in the sand-dune
area of Amsterdam Waterworks

Stress period:
1 2 !
'Deep groundwater extraction

w

20

[uny
a1

(8)]

-

.
I

.................

Extraction [106 m3per yr]
(=Y
o

1860 1880 1900 1920 1940 1960 1980 2000
Time in years

problems

Effect of a, on the salinisation of the aquifer (111)

a=1m
Initial situation: 154 years ago

Profile Amsterdam Waterworks-Haarlemmermmeerpolder

extractions

long. disp.=1 m Time= 0.0 yr

Depth below M.S.L. [m]
8 1
fan]

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

T 7 T T
Gonc: 40 150 300 1000 2500 5000 7500 10000 12500 15000




problems

Effect of o, on the salinisation of the aquifer (1V)

o, =10 m
Initial situation: 154 years ago

Profile Amsterdam Waterworks-Haarlemmermmeerpolder

extractions

long. disp.=10 m Time= 0.0 yr

Depth below M.S.L. [m]
= n
fan] fan]

—
on
o

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

T 7 T T
Gonc: 40 150 300 1000 2500 5000 7500 10000 12500 15000

variable density)|

Difficulties with variable density groundwater flow

* Initial density distribution (effects on velocity field) !

* Velocities freshwater lens at the outflow face near the sea
e Boundary conditions (especially concentration boundaries)

e Choice of element size

e Length of flow time step to recalculate groundwater flow




problems

Outflow face at the coast is difficult to model

natural recharge
l l l l l outflow face

Flow converges and thus velocities are very high at the outflow face

This is numerically difficult to handle

3D problems

A good initial density distribution is essential

» Because groundwater and solute transport are coupled, the
density influences grondwater velocities

» Numerous density measurements are necessary to get a
reliable 3D density matrix




‘Procedure’ to improve initial density distribution

Implement all chloride data
- Analyses, Borehole, VES

- Better old then nothing

- Better VES then nothing

Interpolate and extrapolate
- Sea = easy (salt)
- Inland = fresh?

Start with simulation (10/20/30 years) with

mol.diffusion*1000 to smooth out artificial

densities

Monitoring salt in groundwater

* Why monitoring?

— Mapping salt concentrations in the groundwater

— Detection of trends (upconing near pum
— System and process knowledge
— Input for a groundwater model

e Methods: %)
1. Direct: water sample available
2. Indirect: conductance of the subsoil @

Source: V. Post, 2007

Pumping stations
with salinisation
Pumping stations

closed
due to salinisation




Monitoring salt in groundwater: Direct methods

Method

Advantage

Disadvantage

1. Observation well

*High accuracy
«Detection trends

«Costly

«Point measurement

2. Well screens in
observation well

*High accuracy
«Detection trends
«High vertical resolution

«Costly

3. Sediment sample
(extraction milliliters of
water)

*High accuracy
«High vertical resolution

*Very costly and time

consuming

Direct methods 1 and 2

Source: V. Post, 2007

Monitoring salt in groundwater: Indirect methods

Indirect methods measure the conductance of:

1. The groundwater

AND

2. The soil

High conductance:
saline groundwater

Low conductance:
fresh groundwater

High conductance:
clay, sand

Low conductance:
coarse sand, gravel

Hence information about the lithology (sand, clay etc) is needed!

Source: V. Post, 2007




Monitoring salt in groundwater: Indirect methods

Method Advantages Disadvantages
1. Electrical conductance | ¢High resolution (3D) «Time consuming
measurements «Depth ~200 m

2. Electromagnetic Fast eLimited vertical
measurements resolution

Sensitive for
underground conductors
(pipes)

3. Satellites «Suitable for large areas | *Small vertical resolution
*Low accuracy

Source: V. Post, 2007

Method used at Deltares

Number of measurements bottom Holocene top layer :
direct methods and Vertical Electric Soundings (VES)

Combination of;
* Direct measurements
* Electrical conductance

600000

measurements 1550000
¢ Surface (VES)
* Borehole 1500000
1 >
450000
f ] CONC
£ 400000 15000
1 12500
] 10000
. 1 7500
350000 5000
1 2500
1000
1 300
150
NO, 2005, GOE - 300000 50
0 50000 100000 150000 200000 250000

Source: Oude Essink et al (2005)




Electrical conductance measurements

1. Measuring:

— Inside a borehole
— From surface level
— From the air

Source: TNO

Source: V. Post, 2007

Electrical conductance measurements

1. Measuring:
— Inside a borehole

— From surface level (depth ~ 200 m)
— From the air

Source: Vitens

Source: V. Post, 2007




Electrical conductance measurements

1. Measuring:
— Inside a borehole
— From surface level
— From the air

Source: V. Post, 2007

Monitoring salt in groundwater: Indirect methods

« Electrical conductance measurements
ps = resistance subsoil & groundwater
P Pw p, = resistance groundwater

F =formation factor

Lithology F

Gravel with sand 7

Coarse sand 5

Sand with silt 2-3

Clay 1-3* F varies with the resistance
peat 1* } of the groundwater

If the lithology is known AND the measurement is in an aquifer
- p,, can be calculated

VES measurements are used in combination with borehole logging

Source: Oude Essink, 2005




Result: chloride concentration bottom Holocene toplayer

» Software Geological Survey of the
Netherlands (TNO) is used to determine the
salt concentration of the groundwater in the
measurements

1 7 500- 10000
T 10.00- 12500
I 12500 - 15000
15 000- 23600

<all other values>

« Inter- and extrapolation is used to make a
continuous field

¢ 2D Result is an combination of:
1. Direct measurements (3500)
2. Electrical conductance in boreholes
(2000)
3. Vertical Electric Sounding (VES)
Source: Oude Essink, 2005 measurements (10.000)

Sikorsky S-768
D-HBGR
1T RN
e S =2 DGPS
video camera ’
radar
gamma-ray spectrometer altimeter

primary field

secondary field 4
EM recelver \ ——DGPS
y A XY s,
S - E‘ CILT LTy ‘j 7 //
S ) / v P ¥ "’/
magnetometer, AT —*EM transmitter
laser altimeter

30-40m

base station

conductor




T-EC probe

O The Interreg IVB ﬁ. =
Py North Sea Region

Programme W provinsje fryslin
WETTERSKIP h
S‘:HMI FRYSLAN provizciefryslin g

TEC fieldwork

Altitude measurements

O The Interreg IVB ﬁ. =
Py North Sea Region

Programme % provinsje fryslin
CLIWAT ) w i;igtzﬁ' P provincie fryslin g,

CUIMATE & WATER




Monitoring network in our P|Iot Area Zeeland
|:]HEMarea

crnss section Fig. 2
© CVES

W TEC-probe

* ECPT

»  GW-sampling ] ‘
| |infitraton ; Tk G 7. e
|:[ seepage. e : I g ‘

; A 4 E - K = 5 4

- CLIWAT

o CLIMATE & WATER

Bundesanstalt fur
B n Geowissenschaften|
- und Rohstoffe
GEOZENTRUM HANNOVER

A 0 10 Kilometers ' Up to local approach

Example: Assessing effect of climate change on salt water intrusion

Monitoring: Source: Oude Essink, 2009

* piezometric head and solute concentration
¢ TEC probes, CVES
« online

TEC probe

Verziltingsonderzoek Provinci




Site 11: from infiltration to seepage

Locl-1m 4 RN O

Loc 31-100m

Loc 2-150m
CVES line i
Loc 3-200m

Zandige kreekrug

N e Lioc 32-300mB ™ (1 A

verh==0imESireaminalliHIE100%

Factors controlling fresh-salt interface

‘ Precipitation surplus ‘

l l 1 l l l l l lSurfacewater Ilevell‘

phreatic
ditch [/ ‘oyrfdwaterfev, %
Drainage
Comp. cover
Layer (k,d,S) /
Important factors: / S %
-natural grw recharge + Seepagl:;e mt\e nsity / T
-geology : 7 N
-distance between ditches CREereguton |
-water levele ditches f 1 T| Salinity of groundwater
-capacity drainage system .
seepage of saline groundwater

f f f f




Lens characteristics

D —
Cliin
o~ o~
10
R
& *Drmix co] =
< O " W g g
3z 7] : mix | e © o
% Bmi)-:A < <
T T T T T T T
o - 0 5 10 15 0 5 10 15
Cl (g cl (g
<t _| Climax
1

[
0 5 10 15
Cl (g/l)

Louw, P.G.B., de, Eeman, S., Siemon, B., Voortman, B.R., Gunnink, J., Baaren, E.S., van and
G.H.P. Oude Essink, Shallow rainwater lenses in deltaic areas with saline seepage, Hydrol.
Earth Syst. Sci. Discuss., 8, 7657-7707, 2011.

Results from ECPT’s (soundings)

<«— kwelgebied «—» overgang «— infiltratie ———

R L : : [ RARRERAR =t . . Phrenowanwam i Fasss

Loc 1! ob31 ™ ci3. Loc3: Loc4

~ Mmix

ECPT = electrical cone penetration test




CVES

CVES: continuous vertical eletrical sounding

Uistance (m)
Renesse, line 1, Inverted Resistivities (Back Projection Inversion, lteration 4, RMS=41%)
o ditch (EC = 12300 uS/cm)

SN ‘“‘!‘T, [. e

Depth (m NAP)|

15 . " Y { - ; £ : : :

30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210
Distance (m)

300150100 75 50 30 20 156 10 7 & 3 2 1 ) .

] == === == C|=3000 mg/l interface (estimated)

Resistivity (Ohm-m) ?? upconing of saline water expected

elevation (m m.s.l)

Seepage / infiltration determines
thickness rainwaterlens
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Helicopter-EM data for mapping fresh-saline
groundwater
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Thickness rainwater lens (D,,,) by HEM
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Comparison monitoring data with model results
a) N c) Cl-quth profilesm i

Average modelled Cl-conc meh - gt
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Rainwater lens thickness (D= average position mixing zone)

mapped with HEM

0 1w 1 N9

Bundesanstait fir

Geowssenschaften

GEOZENTRUM HANNOVER

Rainwater lens thickness (D= average position mixing zone)

mapped with HEM

0 1w 1 N

Bundesanstalt fir
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Modelling:

« variable-density
* 3D, non-steady
» groundwater flow & coupled solute transport
* model cell size: 5*5m?

I | B

1s

il | H
E

T

Code:
MOCDENS3D

Assessing effects:

* autonomous salinisation

* sea level rise

* changing recharge pattern
* (adaption measures)

Local approach: simulated Cl-conc. with different

W+ 2100 + sea
level rise

o

100 500 3000 5000 7500 10000 14000 green iS tOO Salty
to grow fresh crops




Salty boils

Louw, P.G.B., de, Oude Essink, G.H.P., Stuyfzand, P.J., Zee, van der, SEEA.T.M,,
2010, Upward groundwater flow in boils as the dominant mechanism of salinization
in deep polders, The Netherlands, J. Hydrol. 394, 494-506.

Upward groundwater seepage in a deep polder and
paleochannel belts as preferential flow paths

Deep polder Peat land

Confining layer
(clay, peat)

Upper aquifer
Paleochannel belt (sand) (sand)

Phreatic level 77T Hydraulic head upper aquifer




(Burried)

Paleochannel belts

Preferential seepage via boils

Deep polder Peat land

Paleochannel belt (sand)

Phreatic level = Hydraulic head upper aquifer

Confining layer
(clay, peat)

Upper aquifer
(sand)




Preferential saline seepage via boils

Preferential saline seepage via boils




Holocene

Three types of upward groundwater seepage

deep polder peat land i‘\eva(lcn
% Paleochannel seepage Diffuse seepage Boil seepage °
Cl-conc seepage:
(Polder Noordplas)
 Diffuse :
g
: 100 mg/I
 Paleochannel :
600 mg/I
-  Boils:
flow direction aquifer
|:| aquitard 1100 mg/l
e [ seepage flux < 7 Ea:ecchannel
) elt
]
N 7100 ~ isoline chloride @ boil
conoentation (e From: De Louw et al., 2010, JHydr.







Continuous T and EC monitoring e

of surface water while sailing

Haarlemmermeer
Polder

Surface water level

T, EC sensor, GPS

BOIL

Ditch bottom

,,,,,,

T and EC measurements in surface
water (canal)

4000 T 20
Boils / Boil —=—Cl-conc (mg/l)
Temp (Celclius

3500 ’ P )

. T 19

Boils

3000 l
2500
2000 1

Chloride (mg/l)

?i Z‘a !
1500 + i 73

1000
Surface water flow direction
E— T15
500
0 T T T T T T T T T T 14
2750 3000 3250 3500 3750 4000 4250 4500 4750 5000 5250 5500

Distance (m)

Temperatuur (C)




Mapped boils
and Cl-conc.
surface water

Boils

©  Cl=500-2000 mgl
O  CI>2000 mg/l

Cl-conc surface water

0-300 mg/l
300-600 mg/l
=== 600-1000 mg/I
> 1000 mg/l

LARS technology (TNO Industry):
Thermal Infra-red

e Altitude: 0-150 m
e Temp-detection using Thermal Infra Red
sensors (only surface !) )




Thermal infra-red results (blue is cold, red is

warm)
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Zone with boils

Ditch




modelling

Examples of variable-density groundwater flow

* Rotating immiscible interface

e Henry's problem

 Evolution freshwater lens

e Hydrocoin

« Salt water pocket

e Broad 14 Basin, North Sea

e Heat transport: Elder and Rayleigh=4000

e 5 Dutch 3D cases

e Freshwater lenses

e Effect of Tsunami on groundwater resources

Rotating immiscible interfaces

Conclusion:

To check the variable-density component of your code,

this immiscible interface benchmark can be used.

cases




Case 1: Vertical interface between fresh and saline

groundwater

Parameters

Initial concen

bouyancy

3
H
i
H

015 BV




Depth z (m)

Vertical interface

0.5 1.0
Distance x (m)

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

= =on=0m
D,=0 m”/s

depth z [m]

Effect of the number of cells on the shear flow at

the interface at t=0

o0 analytical 00
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Vertical interface

Fresh-saline vertical interface

160*80 cells

Time= 0 min

£
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x[m] G.0ude Essink 03

Vertical interface

Fresh-saline vertical interface

160*80 cells

Time= 0 min

£

=10

1

x[m]

G.0Oude Essink '03




Rotating immiscible interfaces

Rotating movement of three immiscible fluids

Rotd: 300+20 eells, no hydrodynamic dispersion modelled

x[m]

GOE

cases

Rotating immiscible interfaces

Rotating movement of three immiscible fluids

Rotd: 300+20 eells, no hydrodynamic dispersion modelled

x[m]

GOE

cases




Rotating

immiscible interfaces (asymmetric)

20

Rotating movement of three immiscible fluids (asymmetric case)

Buot: 30030 cells, no hydrodymarie dispersion, braskish=1003 kgim® Time= 0 day

x[m]

GOE

cases

Rotating immiscible interfaces (asymmetric)

20

-20

Rotating movement of three immiscible fluids (asymmetric case)

Buot: 30030 cells, no hydrodymarie dispersion, braskish=1003 kgim® Time= 0 day

150
x[m]

GOE

Bakker, M., Oude Essink, G.H.P. & Langevin, C. 2004. The rotating movement of three immiscible fluids, J. of Hydrology 287, 270-278
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Rotating interfaces with dispersion o, =0.5m

20

Rotating movement of three miscible fluids (long disp a,=0.5m)

Rot: 300490 oe s, with hydrodymamic dispemion, hrackish=1012 5 kghn® Time= 0 da

x[m]

GOE

cases

Rotating interfaces with dispersion o, =0.5m

20

Rotating movement of three miscible fluids (long disp a,=0.5m)

Rot: 300490 oe s, with hydrodymamic dispemion, hrackish=1012 5 kghn® Time= 0 da

x[m]

GOE

cases




Rotating interfaces with dispersion o, =5m

20

Rotating movement of three miscible fluids (long disp a;=5m)

Buotés: 30030 ce s, with hydrodynarade dispewsion, brackish=1012.5kgie®  Time= 0 day

x[m]
GOE

cases

Rotating interfaces with dispersion o, =5m

20

Rotating movement of three miscible fluids (long disp a;=5m)

Buotés: 30030 ce s, with hydrodynarade dispewsion, brackish=1012.5kgie®  Time= 0 day

x[m]

GOE

cases




Salt water pocket in a fresh environment

Grid convergence

Time step

cases

Salt water pocket in a fresh environment (1)
Effect of discretisation on a ‘salt lake problem’

Saline pocket in fresh groundwater: fingering process

10%5 cells

Time= 0 min

z[m]

oaf
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x[m]




Salt water pocket in a fresh environment (1)
Effect of discretisation on a ‘salt lake problem’

Saline pocket in fresh groundwater: fingering process

10%5 cells

Time= 0 min

o0zF

z [m]

oaf

04F

T T TR T N N TN [T T T T NN T N N N AT T |
_0'50 0z 04 06 0.8 1
x[m]

cases

Salt water pocket in a fresh environment (11)
Effect of discretisation

Saline pocket in fresh groundwater: fingering process
40%20 cells

Time= 0 min

z[m]

x[m]

cases




Salt water pocket in a fresh environment (11)
Effect of discretisation

Saline pocket in fresh groundwater: fingering process
40%20 cells

Time= 0 min

z[m]

x[m]

cases

Salt water pocket in a fresh environment (111)
Effect of discretisation

Saline pocket in fresh groundwater: fingering process
80*40 cells

Time= 0 min

z[m]

x[m]

cases




Salt water pocket in a fresh environment (111)
Effect of discretisation

Saline pocket in fresh groundwater: fingering process
80*40 cells

Time= 0 min

x[m]

cases

Salt water pocket in a fresh environment (1V)
Effect of discretisation

Saline pocket in fresh groundwater: fingering process

320*160 cells

Time= 0 min

z[m]

cases




Salt water pocket in a fresh environment (1V)

Effect of discretisation

320*160 cells

z[m]

Saline pocket in fresh groundwater: fingering process

Time= 0 min

cases

Salt water pocket in a fresh environment (V)

Effect of discretisation

Saline pocket in fresh groundwater: fingering process

10*5 cells

Time= 0 min

x[m]

Saline pocket in fresh groundwater: fingering process
40%20 cells

Time= 0 min

x[m]

Saline pocket in fresh groundwater: fingering process
80*40 cells

Time= 0 min

04 06
x[m]

Saline pocket in fresh groundwater: fingering process
320*160 cells

Time= 0 min

x[m]

cases




cases

Salt water pocket in a fresh environment (V1)

Conclusion:

 For some physical processes, a large number of cells is necessary

 Check always grid convergence!

Evolution of a freshwater lens

natural recharge

ST




Question:

How long does it take before the volume of a

freshwater lens is filled?:

3. 2 years T = specific time scale

. 25 years

c. 100 years T =time period beforethe lens has
d. 500 years reached 95% of its final form

In the Netherlands: T = 75-200 jaar,

depends on:

* width dune area

« natural groundwater recharge
« hydraulic conductivity soil

cases

Concept: evolution freshwater lens (not Griend!)

Evolution of a freshwaterlens

Natural groundwater

Time= 0.0 yr
recharge 1mmiday

-20

-40

-B0

-80

Depth [m-M.S.L.]

2000

4000 5000
Length in system [m]

5000




Concept: evolution freshwater lens (not Griend!)

Evolution of a freshwaterlens

Natural groundwater

Time= 0.0 yr
recharge 1mmiday

-20

-40

3
W &
=
E.—BD
=
2
n—WDD
-120
140
2000 4000 G000 aoon
Length in system [m]
The island of Griend
Issues:

1. Small island moves ~7.5m per year to the east

2. Effect on the volume of the freshwater lens:
» Can a lens be developed?
« What is the thickness of the lens?




Movement of De Griend and creation of the lens

z
Movement of the island of Griend (Friesland) through the Waddenzee Eq
S

¥ .Smfjaar to the east

Time= 0.00 yr

-10
-20
-30
-40
-a0
-60
=70

[w] wpdap

1 15

length fkm ]
Concentration [TDS myg/l]

S000 10000 45000 20000 25000 20000 THO-BO, GOE, '06

Movement of De Griend and creation of the lens

z
Movement of the island of Griend (Friesland) through the Waddenzee Eq
S

¥ .Smfjaar to the east

Time= 0.00 yr

[w] wpdap

1 15
length fkm ]

Concentration [TDS myg/l]

S000 10000 45000 20000 25000 20000 THO-BO, GOE, '06




Case 2: Development of a freshwater lens

Natural groundwater recharge f

Saline
groundwater

ound surface

impervious

Case 2: Development of a freshwater lens

Natural groundwater recharge f

round surface

Saline

groundwater S imperios
Parameters
Layers 15 Kior 20 m/d
Rows 1 T 200 m/d
Columns 100 Anisotropy K, /K .. 10
AX 100 m ne 0.35
Ay 10m alL Om
Az 10m ol om
Stress periods 10 recharge 360 mm/y
Initial concentration 35000 mg/I Recharge concentration 0 mg/l
bouyancy 0.025




Evolution lens

27379e-005y
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Evolution lens
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Evolution freshwater head

27379%-005y
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Henry’s problem (1964)

no-flovr boundary gz—":o gzﬂ=pg constant salt&water head
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3 x/d a_;=0 c_‘)zE:pg no-flow boundary

cases

Henry’s problem

&, O ‘
no-flow boundary 5-=0 -=pg constant saltwater head
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Henry’s problem

Henry's problem: sea water intrusion in coastal aquifers

0 disp.coeff.=0.0066 cmis Time= 0.0 min

0.5

z [m]

0 05 1 15 2
x [m]

GConc. 005 01 025 04 05 06 075 09 085

G, Qude E ssink, 03

cases

Henry’s problem

Don't use the Henry problem as a variable-density benchmark,

because even with a constant density model, the results

are more or less the samel!

cases




cases

Hydrocoin:
disposal of high-level nuclear waste

groundwater movement near salt domes
Gorleben salt dome, Germany

=10° Pa

Lodlidd P=0Pa,

0

Depth z (m)

300

0 300 600 ; 900
constant concentration boundary DS ETED 2% ()

cases

Hydrocoin:
groundwater movement near salt domes

p=10°Pa

LIbdld )

0

Depth z (m)

w
o
(=]

900

300 i 600
constant concentration boundary

o

Distance x (m)

Salt fract:

0.20




Broad 14 Basin, North Sea

cases

Geofluids'03, with L. Bouw

500 =

-1000

Deqth of systerm [m]

1500

-2000

Fluid flow at the northem Broad Fourteens Basin

i T Time

0.YR

a 10000

20000 30000 40000

Length in system [m)]

50000

]
60000 70000

FE00 10000 19000  S0000 150000 200000

Gong. 200 500 000 5000

Bouw, L. & Oude Essink, G.H.P. 2003. Development of a freshwater lens in the inverted Broad
Fourteens Basin, Netherlands offshore, J. of Geochemical Exploration (78-79), 321-325.

Hydrocoin: effect of boundary condition (1)
supply of brine through advection and hydrodynamic dispersion

Hydrocoin, level 1, case 5
0 —

0 300 400 500
distance [m]

600

Time= 0.0 yr

00 800 800

recirculation type

cases




cases

Hydrocoin: effect of boundary condition (1)
supply of brine through advection and hydrodynamic dispersion

Hydrocoin, level 1, case 5 Time= 0.0 yr

900
distance [m]

recirculation type

cases

Hydrocoin: effect of boundary condition (11)
supply of brine through only hydrodynamic dispersion

Hydrocoin, level 1, case 5 Time= 0.0 yr
0 —

distance [m]

swept-forward type




cases

Hydrocoin: effect of boundary condition (11)
supply of brine through only hydrodynamic dispersion

Hydrocoin, level 1, case 5 Time= 0.0 yr
300

0 100 200 300 400 500
distance [m]

swept-forward type

mass of brine (*1000 kg/m’)

Hydrocoin: difference recirculation vs swept forward

1200 T T T T T T T T T 0.3 T T T T T T T
y I A y 4 i i i y ! T E T T I I y
1000 . ; . - q i i i i c i ! ! ! ' '
' ' ' S ' \ I | | ' \
B T R EE R
s 1 [ 1 I 1 1
600 § ! ! | retirculation ty%
a0 Sl s R
> ' ! ' ! ! , !
200 & ! I i | | g |
(3 o o H L LT " swept-forward type
| | I | i I 1 i I
0 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900
a. time (year) b. distance x (m)
total mass of brine brine conc at depth=200m

Lecture notes, p. 86-91




Hydrocoin: effect of vertical grid

size

£ £
g g
'[ 45 by 25 elements 100 years 45 by 30 elements 100 years:
H H
& H
oF  most distant position of o | mostdistant position of
St  0.05brine mass fraction S f 005 brine mass fraction
e e o —
£0 100 200 300 400 500 600 700 800 9000 100 200 300 400 60 700 800 900
H g
H 8
“F 45 by 50 elements 100 yearsi ° [ 45 py 75 elements 100 years
9 o

8

8
o °
S most distant position of ° most distant position of

0.05 brine mass fraction 0.05 brine mass fraction
° = o
o 10 200 0 40 &0 &0 700 WO %00 100 200 300 400 500 600 700 800 900
8 8
“| 45 by 150 elements 100 years| ° 145 by 300 elements 100 years
g 3
8 8
H 8
8 most distant position of 8 most distant position of
i 0.05 brine mass fraction . 0.05 brine mass fraction
o '/ °
o 100 200 300 400 500 600 700 800 900 O 100 200 300 400 500 600 700 800 900
Salt concentration as brine mass fraction:
EHNRERRRY Ry BN Nl BN H Bl i
0.05 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
cases

Hydrocoin: effect of vertical discretization (111)

more vertical cells give better solution

Hydrocoin, level 1, case 5
457300 cells: effect of vertical discretization

200

250

depth [m]
— [
(9] [
== =)

00

50

distance [m]

Time= 0.00 yr

0 100 200 300 400 500 600 700 800 900

5 Oude Essink '035

like the swept-forward type




cases

Hydrocoin: effect of vertical discretization (111)

more vertical cells give better solution

Hydrocoin, level 1, case 5

457300 cells: effect of vertical discretization

Time= 0.00 yr

200

250

[~
=
=]

depth [m]
o
==

100

50

OO 100 200 300 400 500 600 700 800 900
distance [m]

5 Oude Essink '035

like the swept-forward type

Analogy physical processes

Heat transport (analogy with solute transport)

Groundwater flow: Darcy

piezom:{'r'ic head

N a=—+2

OX

Heat conduction: Fourier ‘
hot plate: 100" € ice blocks: 0 €

Electrodynamics: Olhm

variable resistance]

cases




Heat transport

Conduction and convection of heat

— g thermal conductivity [Joule/(msOC)]
e + r]epcf
OX Ze = NeAqig + (L= N) Agiig
heat conduction convection
flux  (Fourier)  (Fluid flow)
continuity equation o
specific heat capacity [Joule/(kg C)]
oh el .
—& =pC E P'C'= N, PC g + (L= N¢) Psgiia Coonia

cases

Analogy solute and heat transport

Solute: advection-dispersion equation

oC _ o D, oCc| o (Cvi)+(c:—c)'w
ot 0ox OX;

- OX; n

e

Heat: convection-conduction equation

_6Tqi +I

0T _ 0 _
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Heat transport
Analogy heat and solute transport

Heat transport
Convection-conduction equation
8T _ 0| A 0T |_ e 914,
PEae o Niox; Pt
Equation of state: relation density & temperature

Pijk=Ps T 50)

Analogy between solute and heat transport

Solute Heat

C T

Rd 1+ (1_ ne)pscs
nep Cf

nA,+1-n)A

Dm e’ e ( E) S
nep Cf

A 0

Heat transport

Energy storage in geothermal reservoirs

15 20 25 30

=)
]
n
m
Q
o
n
-
[=]
-
']

=]
=1
1]

t=150 days t=210 days

Temperature (degrees Celcius):




Elder p

It is originally a heat transport problem

roblem (1)

cases

Phases:

Stable growth diffusive boundary layer
Development flow cells embedded

in boundary layer

Emergence of disturbances that grow
into fingers

Convection of heat occurs when:
Rayleigh number > 4?2

Elder, J. Fluid Mech. 32, 69-96, 1968

Elder problem (I11)

Anology composition and heat

Composition Heat
[0 C=1, p=1200 kg/m? p=0Pa 300 800
0 T ¥ > Sesaaad)
T=0, p=1000 kg/m®
£ S
E initial condition: C,=0 initial condition: T,=0 2
g B
= by no-flow &
k- no-flow
—0 A= 3 =1, p= 3
150 C=0, p=1000 kg/m \ T=1, p=800 kg/m” | 150
0 300 Distance x (m)600 p=0Pa Distance x (m) p=0 Pa

Lecture notes, p. 91-96




Elder problem (111)

Development of convection cells (Rayleigh number=400)

cases

depth 2 [m]

o
=

-14a0

Elder problem: heated from below

0 160780 elements, ime step=30 days

Time= 0.00 yr

i
=

500 600

200 200

length x [m]

400

Elder problem (111)

Development of convection cells (Rayleigh number=400)

cases

depth 2 [m]

o
=

-14a0

Elder problem: heated from below

Time= 0.00 yr

0 160780 elements, ime step=30 days

i
=

200 200

length x [m]

400 500 600




Heat transport (Rayleigh number=4000)

z [m]

150

Heat transport: conduction and convection
Rayleigh humber=4000

Time= 0.0 yr

ection

600

% [m]

cases




Impact of the 26-12-04 Tsunami
on groundwater systems

Sri Lanka
Some days after December 26t, 2004

Impact of the 26-12-04 Tsunami
on groundwater systems

Impression of relevant salinisation processes by conceptual
models of salt water intrusion in coastal aquifers:

1. Fingering processes in the subsoil
2. Evolution of a freshwater lens after flooding by sea water

3. Freshwater lens in a coastal aquifer with a brackish lagoon

Next step:
quantifying processes in real situations, using topographic and
hydrogeological data, and ending up with vulnerability maps




Concept 1: Fingering processes in the

subsoil
Case Sri Lanka: lagoon setting fingering processes
sandy ridge sandy ridge
abstractlon ground surface —> abstraction ground surface

fin_qers lagoon

shoreline

—I0 Iagoon ““phregtic >
¥ groun ater table '
- res ndwater )////
\ upconing fi}
brackish \_/ \

saline groundwater saline groundwater

IGRAC, GOE/WWdL ‘05

Before the Tsunami After the Tsunami

Concept 1: Fingering processes in the subsoil

Saltwater pocket in a fresh environment: fingering process

At=10 sec

ey Time= 0.0 min

y [m]

Total Dissolved Solids

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

0.0

x [m] IGRAC, GOEWvdL 05




Concept 1: Fingering processes in the subsoil

Saltwater pocket in a fresh environment: fingering process

At=10 sec
2.0

Time= 0.0 min

y [m]

Total Dissolved Solids

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

0.0 1.0
x [m] IGRAC, GOEWvdL 05

Concept 1: Fingering processes in the subsoil

Saltwaterpocket in a fresh environment: fingering process

At=10 sec
2.0 Time= 0.0 hour

y[m]

Total Dissolved Solids
[mg/]

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

00 10 [hydraulic cond.=8.64 mfd]
X [m] IGRAC, GOE WwdL 05




Concept 1: Fingering processes in the subsoil

Saltwaterpocket in a fresh environment: fingering process

At=10 sec
2.0 Time= 0.0 hour

y[m]

Total Dissolved Solids
[mg/]

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

00 10 [hydraulic cond.=8.64 mfd]
X [m] IGRAC, GOE WwdL 05

Concept 1: Fingering processes in the subsoil

Saltwater pocketin a fresh envirenment: fingering process

AFE40 sec
20 Time= 0.0 hour

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

Total Dissolved Solids
[mg/1]

y [m]
(-]

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

Medium sandy porous medium
0o 1.0 [hydraulic cond.=8.64 m/d]

% [m] THO, Dude Essink'07




Concept 1: Fingering processes in the subsoil

Saltwater pocketin a fresh envirenment: fingering process

AE40 s8¢
0

2. Time= 0.0 hour

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

Total Dissolved Solids
[mg/1]

y [m]

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

Medium sandy porous medium
0o 1.0 [hydraulic cond.=8.64 m/d]

% [m] THO, Dude Essink'07

Concept 1: Fingering processes in the subsoil

Rates of salinization of free convection
in high-permeability sediments
Time= 0.0 yr

40
=160
nz=760
cells
80
E
= Seealso
e PhO.-thesis
o V. Post (2004)
= -120 Cong|
0.9
0.8
0.7
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-200
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6. Oude Essink o3 IStance Ml Rayleigh no=6000




Concept 1: Fingering processes in the subsoil

Rates of salinization of free convection
in high-permeability sediments
Time= 0.0 yr
40
:'nFﬂill
=760
cells
80
E
= See also
e PhO.-thesis
) V. Post(2004)
T 120
Conc,
0.9
0.8
0.7
:
0.4
0.3
0.2
0.1
-200
20 40 60 80
6. Oude Essink o3 iStance ] Rayleigh no=6000

Concept 2: Evolution of a freshwater lens

after flooding
rv Abstraction [—> Abstraction
A

¥
1

fresh
brackish

brackish

saline groundwater saline groundwater

1. Before the Tsunami 2. Just before the Tsunami:
Lowering of sea- and lagoonwater level

Well overflows
\7 Submerged well

A
~—> brackish ~—> / brackish
saline groundwater saline groundwater
3. Just before the Tsunami: 4. During the Tsunami: Flooding of island,

Subsurface pressure wave precedes surface wave mixing of water due to sudden pressure changes

i Abstraction
" Rainfall
Abstraction
[ R R AR’
’—jL ﬁ-l ....... B
? ,‘Freshlbracﬁlsh
brackish brackish
saline groundwater saline groundwater
5. After the Tsunami 6. After the Tsunami

Freshwater mixed with brackish water Recharge by rainfall replaces brackish water




Concept 2: Evolution of a freshwater lens
after flooding

Effect of Tsunami on a freshwater lens

At Time=0 yrs: 1. increase of head of 3 m

2. duration 2 hours Maldives setting

Natural groundw ater recharge
seasonal variation Time= -3.72 yr

Cone.

15000
12500
10000
7500
5000
2500
1000
300
150
50

Depth [m]

250 500 750 1000
Length [m]
1GRAC, GOF MWl '05

Concept 2: Evolution of a freshwater lens
after flooding

Effect of Tsunami on a freshwater lens

At Time=0 yrs: 1. increase of head of 3 m
2. duration 2 hours

Natural groundw ater recharge
seasonal variation Time= -3.72 yr

Maldives setting

Depth [m]

Cone.

15000
12500
10000
7500
5000
2500
1000
300
150
50

250 500 750 1000
Length [m]

IGRAC, GOE MWAnll, 'D5




Concept 2: Evolution of a freshwater lens
after flooding

t of Tsunami on a freshwater lens

0 yrs: 1. ncrease of head of 3 m Impact of the 2004 Tsumani on the salt concentration in a
B o Haides freshwater lens
atural groundwater recharge
seasonalvaraton Tsunami characteristics: height 3 m, duration 2 hours

- = A, 0.35m -MSL,
g 16600 x=350m
9 B.1.16m-MSL,
g x=350m
S C. 1.85m-MsL,
'ﬁ x=350m
5 Moot B NN = D). 1.15m-MSL,
§ ST \ 4 . X=400m
g ' —E 235m-MSL,
g x=500m
5 ——F.3%m-MsL,

400 500 600 700  80C 3 4 ‘ : : ‘ ‘ x=500m

Length [m] .

Time (years)

Concept 3: Freshwater lens in a coastal aquifer
with a brackish lagoon

Case Sri Lanka: lagoon setting

sandy ridge sandy ridge
|—' abstraction ground surfac abstraction ground surfac
lagoon Sl fingers  jagoon

retreat

Before the Tsunami After the Tsunami




Concept 3: Freshwater lens in a coastal aquifer
with a brackish lagoon

Salt water intrusion in coastal aquifer, Sri Lanka

Before Tsunami: Time=-1.00 yr

o sea sandyridge lagoon hinterdand
5
-10
% Conc.
£ 16 15000
] 12500
10000
20 7500
4000
2500
1000
-26 500
150
50
-30 .
0 1000 2000 3000 4000 5000

length [m]

IGRAC, GOEAWL, '05

Concept 3: Freshwater lens in a coastal aquifer
with a brackish lagoon

Salt water intrusion in coastal aquifer, Sri Lanka

Before Tsunami: Time=-1.00 yr

o sea sandyridge lagoon hintedand
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Concept 3: Freshwater lens in a coastal aquifer

with a brackish lagoon

er intrusion in coastal aquil

sandy ridge

500 2000 2500
length [m]

Impact of the 2004 Tsumani on the salt concentration in a
coastal groundwater system, Sri Lanka

Tsunami characteristics: height 3 m, duration 2 hours

00

0o

Wl
\

Solute concentration (mg Cl-/l)
w
[=]
P

——A. 0.7m-MSL,
x=1987.5m

B. 4.9m-MSL,
x=1987.5m

——C. 0.3m-MSL,
x=2112.5m

——D. 0.3m-MSL,
Xx=2237.5m

;
ho—
04 01 06 11 16 21 26 31 36 41 46

Time (years)

Effect sea level rise




Effects of sea level rise on groundwater
resources in deltaic areas

1. Increase of salt water intrusion

2. Increase of upconing under groundwater extraction
wells

3. Increase of piezometric head

4. Increase of seepage and salt load to the surface water
system

5. Risk of instable Holocene aquitards

6. [Decrease of fresh groundwater reservoirs due to
decrease in natural groundwater recharge]

Effects of sea level rise on groundwater
resources in deltaic areas

2 Areas in the world vulnerable to a rise in sea level F
e i A Maijor river deltas of the world (J.M. Coleman, 1981)

Digital Elevation Model (DEM)




Effect of sea level rise:
Analytical approach for zone of influence in deltaic areas

Sea level rise )
{ —?¢—~ - . Ad Deltaic zone
R

" hydraulic résistance

"D thickness aquifer .

. hydraulic conductivity

A¢(X):¢be_m « Zone of influence is equal to sqrt(kDc)

e At x=32, only 5% of sea level rise is
A =~'kDc detactable

Effect of sea level rise:
Case 1 with Dutch subsoil parameters
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Effect of sea level rise:

Case 2 with Dutch subsoil parameters

kD =5000 m2/day
¢ = 5000 day
A = 5000 m
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Case 3 with Dutch subsoil parameters
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Climate change is HOT!

Past and future sea level rise in the Netherlands

Zeespiegel kust Nederland
0. 5 ten opzichie van NAP
— Jaargemiddelde

1900 1920 1840 1960 1380 2000 2020
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sea level with respect to M.S.L.
2
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Implementing new KNM106 climate scenarios

2100 | G G+ W w+  |c cr
Worldwide temperature rise in 2050 +1°C +1°C +2°C +2°C +3°C +3°C
Worldwide temperature rise in 2100 +2°C +2°C +4°C +4°C +6°C +6°C
Change in airstream pattern Western no yes no yes no yes

Europa
Winter Average temperature +1,8°C | +2,3°C | +3,6°C| +4,6°C| +5,4°C | +6,9°C
Coldest winter day each year | +2,1°C | +2,9°C | +4,2°C | +5,8°C | +6,3°C | +7,8°C
Average precipitation 7% 14% 14% 28% 21% 42%
Summer | Average temperature +1,7°C | +2,8°C | +3,4°C| +5,6°C| +5,1°C | +8,4°C
Hottest summer day each +2,1°C | +3,8°C | +4,2°C| +7,6°C| +6,3°C | +114°
year C
Average precipitation 6% -19% 12% -38% 18% -57%
Sea Igvel Absolute rise (cm) 35-60 35-60 40-85 | 40-85 | 45-110| 45-110

rise

Introduction

Effect of a relative sea level rise (1):

Deep aquifer

Natural groundwater recharge Natural groundwater recharge

CUETTT L]

level AX
A ise |1 e+
freshwater lens

freshwater lens

decrease of fresh

impervious impervious




Introduction

Effect of a relative sea level rise (2):

Shallow aquifer

Natural groundwater recharge Natural groundwater recharge
e
retreat
AX
sea ke 3

level ’\ ‘
rlse T i m e — = ]

freshwater lens freshwater lens

~— ~—

salt water wedge salt water wedge

Introduction

Effect of a relative sea level rise (3):

Shallow aquifer

Natural groundwater recharge Natural groundwater recharge

L T RERE

level ’ ‘

low-lying : low-lying
/% polder m polder

freshwater lens

inflow of saline
groundwater




2D Profile and effect sea level rise

Verzilting van het regionale gronciwater systeem door autonome processen

(geen zeespiegelstijging) Tijd= 1990 AD
Rijnland H aal meer W Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen
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Diepte [m -N.A.P.]

Verzilting van het regionale grondwater systeem door autonome processen

{geen zeespiegelstijging) Tijd= 1990 AD
Rijnland Haaemmermeer Westeinder Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen
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Verzilting van het regionale grondwater systeem door autonome processen
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Verzilting van het regionale gronciwater systeem door autonome processen
(zeespiegelstijging=60cm per eeuw) Tijd= 1990 AD

Rijnland H aal meer W Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen
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To get an idea about the possible future effects of sea level
rise and climate change in your delta ...

evaluate of the past water management in the Dutch delta

Salt water intrusion in the Netherlands
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The ‘low-lying’ lands: Netherlands

53°

520

51°

The city of Delft

, highest poin:
—_— W mMSL

5° 6

Case study: The Netherlands

The Dutch coastal zone is already theathened by sea
level rise and land subsidence for many centuries

Intensive water management system

Coping with salt water intrusion
problems since 1950's




The ‘low-lying’ lands: Netherlands

The facts:

« a deltaic area with 3 rivers: Meuse, Scheldt & Rhine

« 25% of land surface is lying below mean sea level

« 65 % would be flooded regularly if there were no dunes and dikes

« 8 million people would be endangered

The Great Flooding in february 1953

Combination of high tide and heavy storm:

-1853 casualties
-2000 km?2 flooded




Infrastructure to protect our low-lying land from
flooding

River flooding in 1995

Combination of heavy rains upstream the catchment
& short retention time




Dike collapse 2003

Combination of peat dike instability and very dry summer

Estimated water management costs
‘to keep our feet dry’

Costs up till 2050 in billion euros:

rivers: upper part 5.7
rivers: lower part 5.6
low-lands 1.7
coastal zone 8.0
infrastructure 3.5
purchase of ground 2.0
----- +

26.5 billion euros




Dutch setting

Salt water intrusion in the Netherlands

Present ground surface in the Netherlands




The Holocene
transgressions

Major impact on
present regional
brackish
groundwater
systems

7500 BP

5500 v. Chr.

The Holocene
transgressions

Maximum transgression

5850 BP

3850 v. Chr.




The Holocene
transgressions

4750 BP

2750 v. Chr.

The Holocene
transgressions

2500 BP

500 v. Chr.




50 n. Chr.

The Holocene
transgressions

50 AD (Roman time)

800 n. Chr.

The Holocene
transgressions

800 AD




Legend
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Salinisation of the Dutch subsurface

Physical transport processes:

« advective: e.g. trans- and regressions

« dispersive: mixing with marine deposits

« diffusive: e.g. 1Jsselmeer lake

« chemical: solution, precipitation, ion-exchange

Anthropogenic causes:

« land subsidence

« polder level lowering

« groundwater extractions

Future developments (climate change):
* sea level rise
« changes in recharge

Dutch setting

Abrupt land subsidence

Dutch setting

position polders:

Germany

Belgium

0 25 50 75 100 km
) highest point:
O+322 mM.S.L.

I < -4mmMs.L. ’ Beemster 1608-1612
O 4--2 7 Wormer 1625-1626
C]-2-0 [y p Schermer 1633-1635

/ Purmer 1618-1622

Haarlemmermeer polder
1850-1852

Wieringermeer polder
~1930

Flevo polders 1950-60s




Land reclamation si.nced—go%gﬁ_
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Development of the Dutch ‘Polder’ Landscape

streams in the lowlands  swampy lands

~1000 AD

primitively drained

13 century

boezem
deep polder

17t century

pumping station

2.5-4.0 m below
mean sea level

19t century




From fresh water outflow to salt water inflow

Historical subsidence of the ground surface in Holland

Causes:

e Autonomous processes
e Land subsidence
e Abrupt land reclamation

e Climate change
e Sealevel rise
e Change in net recharge

digging  dike windmill mechanical
channels building drainage drainagp
-
A 2 'i‘ .
+ \ +0.9 m
[ et====|  high
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=== Ground surface

Land subsidence
related to M.S.L.

THE NETHERLANDS

Vertical movements of NAP benchmarks
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o

50 100 kim
——
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Land subsidence

up to 1 m per century

The polder system

A land below the sea with an excess of water needs..

a sophisticated drainage system




Many agricultural plots with
different water levels

The polder system throughout the season

e

The polder system




The polder system

Bulb farms at the landside of the sand dunes




Salt damage in 1976 (very dry year)

[ ]<5%
[_]5-10
[ 10-18
[ 15-20%

niet in i
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genomen

Salt damage [percentage] in
potential crop-production

Atlas van Nederland, deel 15 Water, 1986

Drought damage in 1976 (very dry year)
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‘Wetting’ damage

Crop damage due to a

reduction in groundwater

extraction in the dune

area

Normal situation

Impacts

Now focus on groundwater...

North Sea Coastal
dunes

Deep Peat
polder lands

Fresh water
lake

Brackish/saline

< Peaticlay layer
" Flow line

. Phreatic surface




Present situation

Fresh-salt interface (150 mg Cl-/1)

[ l<i00m

[ ]100-200 m

[ 200-300 m

[ 300-400 m

I 400-500 m

B -500 m

>inversion (fresh under salt)

Impacts

Availability of fresh groundwater

[ J<ioom

[ ]100-200 m

1 200-300 m

I 200-400 m

I 400-500 m

B 500 m

>inversion (salt above fresh)

(O Pumping stations
with salinisation

@ Pumping stations
closed

™ due to salinisation

N —3 (20%=100 stations)




Upconing of saline groundwater under extraction well

fQ

o fresh

Threats

Upconing of salt under an extraction

Time= 0.0 jaar

Opwelling van brak grondwater onder een onttrekking van 40 m3fuur

conc.

18630
15000
12500
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7500
5000
2600
1000
Joo
150
40




Threats to water management

due to climate change:

Short term threats:
-flooding
-dike collapse
-drought

asks for operational water management

Long term threats:
-salt water intrusion
-land subsidence
-smaller fresh groundwater resources

asks for strategic water management

Dutch setting

Past and future sea level rise in the Netherlands
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Numerical variable density models at Deltares

Characteristics: NHI fresh-salt/CliWat anden .
. . el e

» variable-density groundwater 250m &5 = =

« fresh, brackish and saline Texel

230K
50:0

* 3D, non-steady Noord-HoIIan(;'

« coupled solute transport ein

Code (MODFLOW family): Rijnland

MOCDENS3D 2501

SEAWAT Y Zuid-Holland

Assessing effects: .
« autonomous salinisation

* sea level rise

« changing recharge pattern
» land subsidence 0 25 50 75 100 km
» changing extraction rates -
« adaption measures

‘DO NOT DO THIS AT HOME! (DATA
PROBLEM)

Number of cells: 3D cases with MOCDENS3D \ _
«6@ saline
. .
=
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©
S
®
o)
S ’ :
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=3 s | ot
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Time




Modelling effect sea level rise on salt water intrusion

2D models

2 cilanden
Ph.D.thesis &6“% =
http://repository.tudelft.nl /

SWIM16
1996

0 25 50 75 100 km

Modelling effect sea level rise on salt water intrusion

3D models MNP
aeh gilandel,

N4

Texel

Noord-Holland ‘ /*,\i
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<

Den ka 4
pE=== '&' “#}Rotterdam
= 1

1
1Zeeland
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Modelling effect sea level rise on salt water intrusion

3D models MNP sanden
on eilan >
SWIM @ ; =
Texel
SWIM16
Noord-Holland

TiPM, 2001

0 25 50 75 100 km

Modelling effect sea level rise on salt water intrusion

3D models MNP
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Recent model study for the whole Netherlands
on the effect of sea level rise of water
management (1)

Using the national subsoil parametrisation
- REGIS V2
Top geological system from +10m up to -280m M.S.L.
31 modellayers with thicknesses: 2*5m; 10*2m; 8*5m en
11*20m
cellsize 1000x1000m (coarse)

000 100000 150000 200000 250000
00200000 250000 |1yo copr O S0000 100000 150000 200000 230000

THO, GOE ‘07

Lo, Goe or X THO, GOE 17

Recent model study for the whole Netherlands
on the effect of sea level rise of water
management (2)

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

Chioride concentraties in Nederland
ISV\ Chloride concentratie op <10 m N.A.P. Initiele situatie
A
X
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Recent model study for the whole Netherlands
on the effect of sea level rise of water
management (3)

» Variable-density 3D groundwater flow model and coupled

solute transport

— 10 scenario’s, including extreme sea level rise
— including land subsidence estimates

Piezometric head (m) Time=2005 AD 1]_ ‘
[ ] ¥

INO_GOE 0L X

A

‘ Seepage (-) / Infiltration (+) mm/day

Land subsidence 2050 [ Time=2005 AT

A 550000

% i ty
¢ ] 4soom

£ T 400000
i 2
1
05

300000 Ei

100000 150000 200000 250000

Results: zone of influence 1m sea level rise

Effect of sea level rise:
Zone of influence in the groundwater system x

Sea level rise=1m
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difference in head
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350000 0.6
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Salinisation over the period 2000-2050

MNP : Effect zeespiegelstijging NL (0m)
-11m N.A.P.

pll Time= 2005 AD
600000
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Salinisation subsoil at Om sea level rise in 2050

MNP: Effect zeespiegelstijging NL (Om)
11mN.AP.

Time= 2050 AD
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Salinisation subsoil at 2m sea level rise in 2050

MNP: Effect zeespiegelstijging NL {(2m)
11m N.AP.

Time= 2080 AD
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Salinisation subsoil at 4m sea level rise in 2050

MNP: Effect zeespiegelstijging NL {4m)
11m N.AP.
i Time= 2050 AD
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Salty wells

Seepage and infiltration situation around deep polders

| ‘ clay/sand

first aquifer




Risk of instable Holocene aquitards (1)

clay/peat

/

base peat

Deklaag

first aquifer

4 * seepagefinfiltration e piezometric head in aquifer

‘ thickness aquitard

groundwater level

Creeks cross the e

. : T
Holocene aquitard in 0 ]
Zuid-Holland | ‘




‘Wells (weak spots in Holocene layer);

Temperature measurements

80 100
afstand (m)




Simulation of salt groundwater towards wells
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Risk of instable Holocene aquitards (2)
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Quantification hydrogeological impacts
rise

804116425 ol boisontl plans a3

of sea level

antatey
Concenration chnges i th o ey 3¢ 3 e

Province of Zuid-Holland, salinisation of the subsoil
ez 75 mNAP, 04D

Situation at 2100 AD with sea level rise of 0.5m/century,

Including land subsidence at Zuid-Holland (max 1.0m/century)

Texel
Increase seepage (%) +22
Increase salt load (%) +46
Hinge area: from infiltration +3
to seepage (% land surface)

Zuid-Holland
+4

+34

+5

Modelling effect sea level rise on salt water intrusion

3D models MNP anden
2.8M eon eital >
num bgr cells | 500m &&sf =
grid size Texelp=—=4"
230K

Noord-HoIIandz
62K "i |
1250m

Zuid-Holland
5.9M




3D modelling

Characteristics 3D Cases (1): geometry & subsaoil

Case Kop van Texel Wieringer- Rijnland

Noord-Holland meerpolder
total land surface [km?] 2150 130 200 1100
L,*L, modelled area [km] 65*51 20*29 23*27 52*60
depth system [m -N.A.P] 290 302 385 190
aquifer hydr.cond. [m/d] 5-70 5-30 15-40 12-70
aquitard hydr.cond. [m/d] 0.12-0.001 0.01-1 0.012-0.056 2.5E-4-0.8
porosity 0.35 0.25 0.25
anisotropy [k,/K,] 0.4 0.25 0.1
long. dispersivity oy [m]** 2 2 1
# head&conc. observations | not applicable* 95 1632
characteristics not applicable* | |A¢|=0.24 m |A$]=0.34 m| |A$p|=0.60 m
head calibration 6=0.77 m c=0.21m 6=0.77 m
* calibration with seepage & salt load in polders
“*molecular diffusion=10-° m2/s; trans. disp.=1/10 long. disp.

3D modelling

Characteristics 3D Cases (11): model parameters

Case Kop van Texel Wieringer- Rijnland
Noord-Holland meerpolder | (=391 EM RAM)
horizontal cell size [m] 1250*1250 250*250 200*200 250*250
vertical cell size [m] 10 1.5 to 20 2to 70 5 to 10
total # active cells ~40.000 ~126.000 ~312.000 ~1.200.000
# cells 41*52*29 80*116*23 116*136*22 209*241*24
# particles per cell 27 8 8 8
total time [yr] 1000 500 50 500

convergence head criterion= 105/104 m

flow time step At=1 year




Model of the island of Texel

Texel

Characteristics of the island of Texel (1)

*Tourist island in summer time

-2.5 0.0km

sLand surface: 130 km?2

5.0

Polder areas:
1. Eijerland
2. Waal en Burg
3. Dijkmanshuizen
w4, Hendrik polder

Sand-dune area at western side

s ‘De Slufter is a tidal salt-marsh

cand-dune 3 0q

B North Sea surrounds the island
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Texel: present 3D chloride distribution

Texel case: chloride concentration [mg CI'/1]

Time=2000 AD

Conc.

18630
S 15000
12500
/ {# 10000
~20000 7500
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2500
1000
300
150
50
0

Texel

Texel: reference case=autonomous development

. Texel case: 80*116*25 cells: horizontal plane: layer=3
Time= 0 yr

distance [km]

Concentration changes in the top system as a function of time GOE

Texel




Texel: effect of sea level rise on salt load
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Texel: effect of sea level rise=0.5 m/century

Salt load changes inthe top system

| 807116725 cells

Time= Oyr after2000 AD

Salt load
[k halyr’
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Texel: change in salt load of the four polders

Texel
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Model of the Province of Zuid-Holland




Case study: Province of Zuid-Holland

European water framework directive
““in 2015, state of all groundwaters and surface waters must be good**

Identification of all fresh groundwater bodies in the province
How fast is the salinisation process?

More seepage, more salt load?

Land subsidence

45000 55000 65000 75000 85000 95000 105000 115000 125000 135000
1 L 1 1 L 1 1 L 1 1

2050
Land subsidence
B <-0.50

[-05--04
2] [ J-04--03
£ [ ]-03--02
=
4 [C]-02--01
o
g B -01-00
hi - land rising

Source:
RIZA

55000 65000 75000 85000 95000 105000 115000 125000 135000 145000




Location of the Province of Zuid-Holland

o

o]

53° f

resent study S
rovince of "~
uid-Holland

52°

517

Numerical model description

« variable-density groundwater flow

 coupled solute transport

« MOCDENS3D

e area: 100km * 92.5km * 300m depth

* 400 *370 cells, 40 layers

* ~4 million active cells

 uses most accurate Dutch 3D subsurface
schematization available

* 9 aquifers and aquitards

e uses 5772 chloride concentration measurements




Position and name of aquitards
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3D interpolation of chloride-concentration

Choride concentration measurements in Province Zuid-
Holland, used in 3D-density matrix
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3D

interpolation of chloride-concentration

Histogram: depth Chloride measurements
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Present freshwater volume

27 billion m3

36% fresh, 14% brackish, 50% saline

Results: Chloride conc. in 200 yrs

Province of Zuid-Holland, salinisation of the subsail

layer=2, -7.5 mN.AP. Time=2000 AD
= =

475000

Cone.
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,,

50000 75000 100000 125000

TNO-NITG, GOE '04




Results: Chloride conc. in 200 yrs

Province of Zuid-Holland, salinisation of the subsail
row=70 Time=2000 AD
50|
A00f
E [
59_-150;
@ |
o [
200}
2501
:I L P MR M
50000 75000 100000 125000
X [km

Results: freshwater head and seepage at 2000 AD

Time=2000AD 7 Y

seepage

Province of Zuid-Holland, salinisation of the subsoil
layer=2, -7.5 mN.AP. Time=2000 AD

depth [n NAP]

475000

450000

425000

Seepage at -7.5m N.AP. [mmvd] e




Results: Salt load in 200 yrs

Province of Zuid-Helland, salinisation of the subsoil

layer=2, -7.5 m N.A.P. Time=2000 AD
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L e oA réﬁ%‘.’f .
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Effect sea level rise, change in natural groundwater
recharge and land subsidence on freshwater head

in aquifer

Some regional modelling results




Freshwater head at -12.5

M.S.L.

Legenda
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Difference in freshwater headon op -12.5 N.A.P.: W scenarios

Legend

difference in head (m)
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Difference in freshwater headon op -12.5 N.A.P.: W scenarios
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Salinisation/freshening Netherlands?: Present situation

Legend
mg Cl/I
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Salinisation/freshening Netherlands?: Autonomous processes
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Salinisation/freshening Netherlands?: climate change

Legend
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Rainwater lens

Rainwater lenses in an agricultural setting

Shallow dynamic freshwater bodies flowing upon brackish-
saline groundwater

—density dependent
—-dynamics: seasonal & long-year

Salinisation of the phreatic groundwater in
B Zeeland ARX,

Position of brackish-saline interface




Salinisation of the phreatic groundwater in Zeeland

Dynamic rainwater lenses floating on saline groundwater

L thickness rainwater lens varies due to
Situatie in de winter neerslagoverschot X .
N 1 | l | l 1 l the dynamics in seasonal and long-year
natural groundwater recharge

stijghoogte 1ste watervoerend pakket

) Situatie in de zomer neerslagtekort

A A IS

freatische

7 ?tTjghoogw 1ste watervoerend pakket
peil

waterloop freati

Factors controlling fresh-salt interface

fituItionlinV\T“tetPrevcipitation surplus|l l l l

v v v v

piezometric head first aquifer | Surface water level |

Comp. cover
Layer (k,d,S)

Important factors:

-natural groundwater SEHPEE I EEIY

recharge I
-geology J
-distance between ditches
-water levele ditches

-capacity drainage system

Salinity of groundwater




Salinisation surface water
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Salinisation surface water

VERZILTINGSKAART VAN HET POLDERWATER su m mer t| me

IN DE PROVINCIE ZEELAND

|

VERZILTINGSKAART VAN HET POLDERWATER

o vicibice 7 A v{i nter time

Problem definition dynamic
freshwater lenses

Salt in the agricultural plots originates from:
» surface water system (irrigation water)
e groundwater system (salt load to the root zone)

The salinisation will increase due to:
e sea level rise

e climate change

e water level management




How to tackle the problem?

Field measurements at parcels
- fresh-brackish-salt interface at local
scale using T-EC-probe and later
CVES and ERT
- groundwater level and quality
- surface water level and quality

Modelling
- density dependent groundwater flow
- two different scales:
= regional scale: transect perpendicular at coast
= |ocal scale: parcel between two ditches

Use field measurements to understand the
process

&
3

Level relative to ditchlevel (cm)

0 20 40 60 80 100 120 140 160
Distance (m)
Profiel Gondvater Bakem Zaigehalte
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TEC-probe Monitoring campaign 2005-2009

Verziltingsonderzoek Provincie Zeeland

@ Perceel 1 keer gemeten
® Perceel 2 keer gemeten r /

© Perceel meerdere keren gemeten ,
0 5 10 20 <’ i
——————————km Meetcampagne regenwaterlenzen op landhguwpergelen

Measuring and monitoring thickness freshwater
lens with a T-EC probe
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Real recharge data used

jan 1995- april 2005
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« TEC

» sampling
« EM31
 CVES

s HEM

« ECPT

Numerical models (2D and 3D)

=3

Fossi Creek ridge

SN ANGNEED I RRREEOENE e

ocobooooooocoTeoRRORRB0

@ Lot 300

EC locatie loc?

|
‘\‘

EC locatie locs.




Local 3D model of the agricultural plot

LT A g v
Modelling: s A

« variable-density ‘ : \
* 3D, non-steady

» groundwater flow & coupled solute transport
* model cell size: 5*5m?

Legend
AHN (m NAP)
075100

Code:
MOCDENS3D

Assessing effects:

* autonomous salinisation

* sea level rise

* changing recharge pattern
* (adaption measures)

Comparison model with EM31, CVES, profiles

o measured
— modeled

X : Cl-concentration (mg/l)
Y : depth (m)
0 20 co
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Comparison 3D model and CVES

CVES

Site 11 - Renesse
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North-WWest
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Climate change scenario (dry): model result

To be continued...

e Implementing more realisations of 3D geology and initial
3D fresh-saline
- Analyse the differences

e Running climate change scenarios (on national and
regional level)
- Effect on surface water (salt load)
- Effect on root zone (rainwater lenses)
- Effect on freshwater volumes (drinking water)

e Compare model results of different scales and give
recommendations




Model the dynamics of fresh-brackish-
salt interface

Regenwaterlens Wetterskip Fryslan

2015.0 AD
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Model the dynamics of fresh-brackish-
salt interface
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Thickness of the lens and salt load to
surface water varies

Thickness rainwater lens

(m)
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Conclusions (salinisation Dutch aquifers):

«Salinisation in the Netherlands is a non-stationary process

*Three physical processes threaten the Dutch aquifers:

—autonomous development

-land subsidence

-sea level rise

eIncrease in seepage and salt load can be severe during the

coming 50/100 years

Modelling techniques are available to assess possible effects




Recommendations (salinisation Dutch aquifers):

*Number of quality measurements should be

increased

*Feasibility study is necessary to implement potential

technical measures to compensate salt water intrusion

International

» Philippines (submarie groundwater discharge)
* Gujarat, India (evaluation anti-swi measures)
» Maldives (effect dec 2004 Tsunami)




What is Submarine Groundwater Discharge
(SGD)?
any flow of water out across the sea floor

LAND

FRESH
GROUNDWATER

SUBMARINE DISCHARGE
OF FRESH GROUNDWA

SHALLOW AQUIFER

SEA WATER

DEEP SEDIMENTS

Burnett et al,

Why study SGD?

Nutrients are transported from land to sea via SGD pathway

Precipitation

Evaporation

Symbols: IAN.umces.edu




Why study SGD?

Nutrients are transported from land to sea via SGD pathway

Evaporation

Symbols: IAN.umces.edu

submarine

groundwater

ground surface]
discharge, I, S -

Philippines

Submarine Groundwater Discharge

T T |
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Guijarat, India

Learning from the Salinity Ingress Prevention Measures in the
Coastal Area of Gujarat

Checkdam Gujarat India: Kodinar salinisation case . .

Monsoon Checkdam

Dry season (oct-jun)

I g 4500m, surface areas=2000-m2

Pool

depth (max 2.5m)

Gonc 50 150 300 1000 2500 5000 7500 10000 12500 15000




Hydrogeology, 2D profile
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Topography, elevation

Elevation
( meters asl)

[1-25
[J25-50
[150-75
[175-100
100- 125
[ 125- 150
I 150- 175
B 175 - 200
B 200 - 225
B 225 - 250
River
[] Model area
[ Taluka

a 5 10Km
S S

Concept Checkdam

Monsoon  Checkdam

Dry season (oct-jun)

length=500-4500m, surface areas=2000-m2




Concept Pond

surface areas=2000m2

A
v

depth (max 2.5m)

Concept Percolation tank

number of wells per village: ?




Freshwater head

Gujarat India: Kodinar salinisation case . |
X

Time=2000.08 AD
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Salinity

Gujarat India: Kodinar salinisation case . |
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Average TDS concentration

4100,0

3900,0
——Scnl

3700,0
—Scn2

3500,0 Scn3
3300,0 | Scn4

Scnb
3100,0 4 —— Scn6

TDS concentration (mg/l)

2900,0 | Scn7

2700,0 T T T T T T T T T |
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055

Scnl. Reference case

Scn2. Reference case without artificial recharge

Scn3. Business as usual - increase in population, increase in abstraction

Scn4. Business to the max (agricultural production and increase abstraction in summer)
Scn5. Reference case plus industrial zone development (increase of industr. abstraction)
Scn6. Drought scenario - climate change, sea level rise

Scn7. Reference case plus water saving measures

Conclusions (modelling of variable-density flow)

« Don't use the Henry problem to test your variable-density code

« Use enough cells to model the Hydrocoin and Elder problem

For modelling 3D systems:

« Remember the Peclet discretisation limitation for cell sizes
(unless you're using the method of characteristics!)

« Longitudinal dispersivity should not be too large (e.g. <10m)

 It's important to derive a very accurate density distribution
(as that significantly effects the velocity field!)

« Watch out for numerical problems at the outflow face to the sea




Challenges for the future

e Improve the 3D density matrix, e.g. by more types of measurements

« Implement effect of climate change and sea level rise on coastal
aquifers

« Optimalisation of (ground)water management in coastal aquifers by
using 3D variable-density flow models

« Improve calibration of 3D models by using transient data of solute
concentrations

« Incorporate reactive multicomponent solute transport

Leading in research on groundwater in the coastal
zone

« 15 years experience in variable-density dependent groundwater flow and
coupled solute transport in the coastal zone

« Incorporating monitoring campaigns results in numerical modeling tools

« Initiating (inter)national research on new fresh-saline phenomenae: salty
seepage boils and thin freshwater lenses in saline environments

« Broad knowledge on creating 3D initial chloride distribution, based on
geostatistics and geophysical data (analyses, VES, borehole measurements)

* Quantifying effects of climate change and sea level rise on fresh
groundwater resources

« Developing adaptive and mitigative measurements to stop salinization of the
coastal groundwater system (e.g. fresh keeper, coastal collectors,
freshwater storage underground)




Model of the Kop van Noord-Holland,

The Netherlands

Oude Essink, G. H. P. 2001. Saltwater intrusion in 3D large-scale aquifers: a Dutch case.
Phys. & Chem. of the Earth 26(4): 337-344.




Noord-Holland

Characteristics of the Kop van Noord-Holland (1)

— Subsoil parameters: Numerical parameters:
=1 mm/d k=10-70 m/d AXx=1250m Ay=1250m Az=10m
p=1000 kg/m3 claye,2=500-10000 d| | n=41 n, =52 n,=29
ps=1025 kg/m®  Ciayers=83 d At=1yr conv. crit.=10°m
n,=0.35 a,=2m 27 particles per element
Op=0ry=0.2 m

constant__

1Jsselmeer.

Boundary conditions:
constant head in all polders

inactive elements

saline constant recharge in dunes
groundwater hydrostatic pressure at sea side
|
>
L,=51.25 km TiPM, 2001

Noord-Holland

Kop van Noord-Holland (11)
Reference case=autonomous development
Change in concentration in the top system during 1000 years

Distance [km]

Chloride concentration [mg CI/I]:
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Kop van Noord-Holland (111)
Sea level rise case=0.50 m/century

Change in concentration in the top system during 1000 years

Noord-Holland

,.2990 AD No SLR . ,.2990 AD SLR=0.5 m/c

Distance [kn]

T T T T
20 30 40 20 30

Chloride congtiaﬁ?gfleoﬁlf"rﬂg Clin: PSS (B

0 40 150 300 1000 2500 5000 7500 1000015000

Model of the Wetterskip of Fryslan




Wetterskip Fryslan

e Zoutverdeling - Huidige en toekomstige situatie (+30jaar)
» Effect zeespiegelstijging en bodemdaling door zoutwinning

Zoet-zout grondwatermodel Profiel Sexbierum

Effect zeespiegelstijging

Tijel=0.08 jr
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-20

E -40
[
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2 15000
8 .60 12500
10000
7500
5000
2500
-80 1000
500
300
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Sl 2000 4000 6000 8000
Wetterskip Frysian Lengte [m]

TNO '05, GOE/PdL

Model of the Wieringermeer polder
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Wieringermeer

Characteristics of the Wieringermeer polder

0 18 16 14

Waddenzee

lJsselmeer

2 4 6 8 10 12 14 16

|+ Land surface polder: ~200 km?2

L « Reclaimed from the sea in the 1930’s

| « Geometrical units:
- WM1-WM4 Wieringermeer polder

W1-W6 Wieringen
AP1+2 Anna Palowna polder
WW1 Wieringerwaard

| l:lGl Groet polder

|« Waddenzee: tidal salt marsh/innersea
+ 1Jsselmeer freshwater lake
i (before 1932 innersea)

11 polder units in studied area

18 20 22 km

Present phreatic water

a

Wieringermeer

level

o
Waddenzee

6

12 10 8

26 24 22 20 18 16 14

14 16

lJsselmeer

18 20

Freshwater head
[m M.S.L]

-inf
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-6.0
-5.0
-4.0
-3.0
-2.0
-1.0
0.0

1.0

4.0

5.0

9.0

inf

22 km
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fat-8mN.A.P

Waddenzee

lJsselmeer

8 10 12 14 16 18 20 22km

Wieringermeer

Calculated present seepage and infiltration

seepage infiltration
[mm/day]
-11.00

-4.00
seepage

-2.00
upward

-1.00
flow

-0.50
-0.25
-0.10
0.00
0.10
0.25
1.00

8.00

Calculated present salt load

at -8 m N.A.P.

Waddenzee

lJsselmeer

8 10 12 14 16 18 20 22 Km

Wieringermeer

salt load
[kg/hal/yr]:

-70000
-10000

T salt load

-500 -
seepage

*

Cl-conc

o

500

2500

5000

10000

20000

75000

220000




Wieringermeer

Calibration characteristics (l1): freshwater head

modellayer
* 4

- ¢ & o6 mHB o =®H p »
©

16
17
18
19
20
21
— perfect fit

computed freshwater head [m]

® © O » o o o

measured freshwater head [m]

Wieringermeer

Calibration characteristics (I1): concentration

18000 — perfect fit
.4
< 16000 .5
(®) 4 6
© 14000 . 7
£ -8
.E’ 12000 .9
= + 10
< 10000
- .1
© 8000 13
3 14
6000
8 - 15
3 4000 © 16
£ ° 17
S 2000 -~ 18
° 19
O © 20
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 | . 21

measured concentration [mg Cl-/I]




Wieringermeer
Two future scenarios (during 50 years):

I Reference case
-present mean sea level
-autonomous development

Il Sea level rise case
-relative sea level rise of 0.75 m/century

Interest is focused on:
A. Change in concentration in top layer
B. Change in seepage in the polder

C. Change in salt load in the polder

Wieringermeer

Wieringermeer: reference case
Change in concentration in the top system during 50 years

Layer4=-5.5m M.S.L,

Concentration [mg CI/l]
0 5000
50 7500

50 7500
150 10000
150 10000
300 12500
300 12500
1000 15000

1000 . 15000
2500 19000
2500
5000




Wieringermeer
Wieringermeer: reference case
Change in salt load in the top system during 50 years

2000 AD 2050

Waddenzee

Waddenzee

IJsselmeer

IJsselmeer

Salt load [kg/halyr]:

-75000 -2500 -500 -100 0 2500 5000 10000 25000 50000 100000 350000

Model of the Waterboard Rijnland




3D Case: effect measurements
Waterboard Rijnland

Waterboard Rijnland

MNP

Noord-Holland

Hhrs
Rijnland

0 25 50 75 100 km

15 10
N "

20
.\

55 50 45 40 35 30
N ’ ' ’ : .\

60

Rijnland

Characteristics of the Waterboard Rijnland

1Tmuiden

Den Haag

" elft

<
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0""‘1‘
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Woerden

25

f
30 35

t
40

45

t
50

 Land surface: ~1100 km2

e Geometrical units:
mmm 1. Waterboard of Rijnland

2. Haarlemmermeerpolder
3. Open Water
4. Sea

5. Remaining land
s 6. Polder Groot-Mijdrecht

« 550 polder units in Water Board

=position of extraction

=rate of extraction [10¢ m3/yr]
=aquifer from which water
is extracted




Rijnland

Present chloride concentration in the top layer

o

row=72 .

row=1228
[t}
m

Q
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50

55

60

Concentration [mg CI'/I]

0 5000
50 7500
. 50 7500
150 10000
. 150 . 10000
300 12500
. 300 . 12500
1000 15000
. 1000 15000
2500 19000
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Based on 6921 density points
in the system, deduced from
the National Groundwater
Model NAGROM

Rijnland

Present chloride concentration at -95 m N.A.P.
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Concentration [mg CI'/I]
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Rijnland

Present chloride concentration at -175 m N.A.P.
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Present chloride concentration in row
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Computed present phreatic water level

-12.5 m N.AP.

Freshwater head [m]

Rijnland
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Calibration characteristics: head
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Calculated present seepage and infiltration

Q

-10 m N.A.P. seepage infiltration

Rijnland

© [mm/day]
-10.0
o
-2.00 seepage
(I
-1.00 -
o upward
-0.50 flow
0 _
N
-0-25 Some values:
Q.
@ -0.10
o Haarlem. polder:
@7 0.00 -0.51 mm/d
h oD Groot-Mijdrecht:
o 4 5o -2.85 mm/d
o 0.50 GWA:
~+0.59 mm/d
L, 1.00
)
DZH:
o . em 10.0 ~+0.62 mm/d
5 10 15
Rijnland
Calculated present salt load
o L L L
salt load
-10 m N.A.P. [kg/halyr]:
i -120000
o] salt load
i -5000 -
(G}
i -1000 seepage
87 *
Cl-conc

30 25
L N

35
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iyr I -100
o

100

1000

2500

5000
10000
25000

60000

Some values:

Haarlem. polder:
62900 ton Cl/jr

Groot-Mijdrecht:
47100 ton Cl/jr




Rijnland

Four future scenarios (during 500 years):

I. Reference case
-to determine autonomous salt water intrusion

1. Climate change case:
-sea level rise of 0.9 m/century
-increase of natural recharge in dunes with 6%
-decrease of groundwater extraction in some sand-dunes
-land subsidence in polder area: 0.3 and 1.0 m/century

111. Compensating measures

Rijnland
Rijnland model: I. reference case (conc., 500 yr)

Rijnland case: reference case
Autonomous development layer=1
1]

Time= 0vyr

20
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55

cor b b b b
0 g M0 15 20 25 30 3% 40 45 =0
distance [km]

Cohcentration changes in the top systemn GOE

60




Rijnland
Rijnland model: Il. climate change case (conc., 500 yr)

Rijnland model: climate change scenario
Autonomous development, sea level rise and land subsidence
L layer=1] Time= 0 yr

20

25

a0

distance k]

35

Gone.
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123500
10000
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35
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Cohcentration changes in the top systemn GOE
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Rijnland
Rijnland model : Il. climate change case (seepage, 500 yr)

Rijnland model: climate change scenario

including amtonomo us development, sea level rise and land subsid
Time= Oyr

0

20

g 30 Seepage [mmvday]

-04
-0.25
-0.5

ZlEJ -0.75
A
-1.5
2

50 Ao

10

¥ [km]
Seepage changes at-10 mN.A.P.




Rijnland
Rijnland model: 11. climate change case (salt load, 500 yr)

Rijnland model: climate change scenario
including awtono o us development, sea level rise smsiderl:e

‘ r

Time= Oyr

Salt load [ke/ha'yr]

E0000
235000
10000
S000
2500
1000
100
i}
-100
-1000
-5000
-120000

X [kn]
Saltload changes at -10 m N.A.P.

Solutions

Possible measures to compensate salt water
intrusion

1. Land reclamation in front of the coast

2. Inundation of low-lying polders

3. Extraction of saline/brackish groundwater
4. Infiltration of fresh surface water

5. Creating physical barriers




1. Rijnland model: land reclamation case

Rijnland

1. Land reclamation in front of the coast

depth [m N.AP ]

-40

do
o

-120

-160

Rijnland model (row 72): land reclamation in front of the coast

land

reclamation Time= 0yr

arlemme|
pelder

10 20 30 40 50
distance [km]

Conc.:. 50 150 300 1000 2500 5000 7500 10000 12500 15000

G. Oude E ssink, '03




Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder

Calculated present phreatic water head
Reference present situation Inundatlon polder

5

35 30 25 20 15 10

50 55 50 45 40

5 10 15 20 25

Freshwater head [m]

5.0 3.0

Rijnland
2. Rijnland model : Inundation Haarlemmermeerpolder
Calculated seepage and infiltration on -10 m M.S.L.

Reference: present situation Inundation polder

35 30 25 20 15 10

40

45

60 55

o) 5 10

Seepage [mm/day]: Seepage [mmiday]:

100 20 -1.0 050 025 010 000 0.10 025 050 10 100 4@0 20 -10 050 -025 010 000 0110 025 050 10 100




Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder
Calculated salt load on -10 m M.S.L.
Reference: present situation Inundation polder

(=]

«© ©
Salt load |i/ha/iearl: Salt load |ki/haliear|

120000 -5000 1000 100 0 100 1000 2500 5000 10000 25000 60000 120000 -5000 1000 100 0 100 1000 2500 5000 10000 25000 60000

Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder

Rijnland model: inundation Haarnemmermeer polder
0 including autonomous development, sea level rise and land subsidence

_?' Time= 0 yr

Seepage [mm/day]

-0.10
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-0.50
075
-1.00
-1:50
-200
-10.00

10 20 30 40 50
X [lem]

Seepage changes at -10 m N.A.P. TNO-NITG, G. Oude E ssink, '03




Rijnland

2. Rijnland model: Inundation Haarlemmermeerpolder

0
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40

§0

60 k
0 10 30 50
 [km]

-100
-1000
-5000
-120000

Rijnland model: inundation Haarlemmermeer polder

including autonomous development, sea levelrise and land subsidence
j‘ | Time= 0yr

Salt load [kgha/yr]

G0000
25000
10000
5000
2500
1000
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Salt load changes at-10 m N.A.P. TNO-NITG, G. Oude Essink, 03

Rijnland

2. Rijnland model: Inundation Haarl.polder (conc, 500 jr)

Haardemmermeer
older

brackis
40 seepage

&
o

-120

depth [m N.A.P ]

-160

20 30
distance [km]

Conc.: &0 150 300 1000 2500 S000 TS00 10000 12500 15000

Rijnland model (row72): Inundation Haarlemmermeer polder

Time= 0yr

G. Oude E ssink, ‘03




4. Injection of fresh water (conc, 1000 yr)

Salinisation of the groundwater flow system
The change in salt content in the subsuiface

due to fresh water injection
and a sea level rise of 0.6 m per century

Profile Amsterdam Waterworks-polder Groot-Midrecht

HaaH. meer
polder Time after 1990 AD

25 Time= 0.0 yr
E 50
|
o
= 75
=
o
£-100
I=
S
a-125

160 R, .

10000 20000 30000 40000 50000
Length of the system [m]
N [ 7T 7 7 T T

Conc.: 40 150 300 1000 2000 5000 7500 10000 12500 15000

5. Physical barrier (conc, 1000 yr)

Salinisation of a groundwater flow system
The change in salt content in the subsuiface

due to a physical barrier in the deep coastal aquifer
and a sea level rise of 0.6 m per century

Profile Amsterdam Waterworks-polder Groot-Mijdrecht

HaaH. meer
polder Time after 1990 AD

-25 Time= 0.0 yr
E 50
-
o
= 75
=
o
£-100
I=
S
a-125

160 R, .

10000 20000 30000 40000 50000
Length of the system [m]
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Conc.: 40 150 300 1000 2000 5000 7500 10000 12500 15000




5. Physical barrier (conc, 1000 yr)

Salinisation of the groundwater flow system
The change in salt content in the subsuiface

due to a physical barrier in the deep coastal aquifer
and a sea level rise of 0.6 m per century

Profile Amsterdam Waterworks-polder Groot-Midrecht

HaaH. meer
polder Time after 1990 AD
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E 50
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160 R, .

10000 20000 30000 40000 50000
Length of the system [m]
| [ I D

Conc.: 40 150 300 1000 2000 5000 7500 10000 12500 15000

MOCDENS3D

MOCDENSS3D is similar to SEAWAT




modelling

MOCDENS3D

non-steady 3D variable-density groundwater flow

 Genesis present salt-fresh distribution
« Upconing of saline groundwater under extraction wells

« Effects of land subsidence and climate change on groundwater systems

MOCDENS3D

MOCDENS3D

MOCDENS3D = MOC3D (Konikow et al., 1996)
but adapted for density differences

« density dependent groundwater flow
- motion: Darcy
- continuity: mass balance

« solute transport

- advection

- hydrodynamic dispersion: mixing of solutes
« fresh, brackish and saline groundwater

« relation between density & concentration




Solving the solute transport equetion

MOC particle tracking

MOCDENS3D

Characteristics MOCDENS3D:

« integration of MODFLOW and MOC3D
« finite difference method for groundwater flow

« method of characteristics (particle tracking) for
solute transport
e transient flow of groundwater

Advantage MOCDENS3D:

no numerical problems if grid Peclet numbers are high

large-scale geometries with limited number of elements
are no problem




MODFLOW

Method of Characteristics (MOC)

Solve the advection-dispersion equation (ADE)
with the Method of Characteristics

oC _ 0 D, oc| @ (Cvi)+(c:—c)'w
ot 0x OX; | OX; n

e

Lagrangian approach:

Splitting up the advection part and the dispersion/source part:
eadvection by means of a particle tracking technique
edispersion/source by means of the finite difference method

variable density

Length flow time step

NOT EQUAL TO SOLUTE TIME STEP!

Stability criteria for solute transport equation (I)
1. Neumann criterion:
D At, D, At D_At
xx25_|_ W25_|_ ZZZSSO.S
AX Ay Az

At, < 05
D, D, D

XX Y4

_|_
AX®  Ay? AP




variable density

Stability criteria for solute transport equation (I1)

2. Mixing criterion:

n.b*
At < B LIS
Qi ix

Change in concentration in element is not allowed to
be larger than the difference between the present
concentration in the element and the concentration
in the source

variable density

Stability criteria for solute transport equation (111)

3. Courant criterion:

0<€<=~1
AX

Ats Svg Ats < éAy Ats < gAZ
X, max Vy,max V




MOC3D

Advantage of the MOC approach by splitting
up the advection-dispersion equation

It is difficult to solve the whole advection-dispersion
equation in one step, because the so-called Peclet-number
is high in most groundwater flow/solute transport
problems.

The Peclet number stands for the ratio between
advection and dispersion

MOC3D

Procedure of MOC: advective transport by particle tracking

ePlace a number of particles in each element

<Determine the effective velocity of each particle by
(bi)linear interpolation of the velocity field which is
derived from MODFLOW

*Move particles during one solute time step At

solute

eAverage values of all particles in an element to one node value

Calculate the change in concentration in all nodes due to
advective transport

<Add this result to dispersive/source changes of solute transport




MOC3D

Steps in MOC-procedure

1. Determine concentration gradients at old timestep k-1
2. Move particles to model advective transport
3. Concentration of particles to concentration in element node

4. Determine concentration gradients on new timestep k*

5. Determine concentration in element node after advective,
dispersive/source transport on timestep k

Konikow and Bredehoeft, 1978

MOC3D

Causes of errors in MOC-procedure

1. Concentration gradients

2. Average from particles to node element, and visa versa

3. Concentration of sources/sinks to entire element

4. Empty elements

5. No-flow boundary: reflection in boundary




Reflection in boundary
i-1 i i+l
r)o—flow boundary

ter of gria
center of grid ce
j-1 - .
flow line \F‘: k n
I N
] Az . 5

MOC3D

@ particle on previous location

il computed location of particle
W corrected location of particle
[ A\ 3
MOC3D
AN | ] ]
ags . - . * . (] ] * (]
Stability criteria (111)
—_» -—» -—> —»
3. Courant criterium o N
v v v
* Node element * ¢ ¢ : y
+ Particle - x T * 4> x —I»
\ Velocity direction i N i
\Movement particles * *
L) l L] l L] \ . | .
0<€<=~1 \ v
gAX A A
Z
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Courant criterion: places where timestep is smaller than 40 days
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MODFLOW




MODFLOW

Boundary conditions in MODFLOW (1)
Example of a system with three types of boundary conditions

area where heads vary with time aquifer boundary

[ [ T )
Numeric model area of<constant head

MODFLOW

Boundary conditions in MODFLOW
(i

For a constant head condition: I1BOUND<O
For a no flow condition: IBOUND=0
For a variable head: IBOUND>0O




MODFLOW

Packages in MODFLOW

Well package

River package
Recharge package
Drain package
Evaporation package
General head package

S

MODFLOW

1. Well package

Qwell = Qi,j,k

Example: an extraction of 10 m3 per day should be inserted

in an element as:

t+At '
Qext,i,j,k = Piyjyk(b i,j,k+Q ik
Qext,i,j,k =-10 (in = positive)

Q' =-10




WEL

2503 0 AUXTLIARY CON
2503 ITMP (NWELLS)
1.360
1.360
1.360
1.360
1.360
1.360
1.360

RRRRRR
RPRRRRRR
NoOoOAWNR

Number of Wells for this stress period

[eNeoNeoNoNoNoNa]

[cNoNeNoNeoNoNa]

CBCALLOCATE MXWELL , IWELBD

-1
-1
-1
GHB
5 0 AUXILIARY CONC CBCALLOCATE MXGHB, IGHBBD
5 I1TMP (NGHB)
1 3 1 5.000 10.0 100.0
1 3 2 5.000 10.0 100.0
1 3 3 5.000 10.0 100.0
1 3 4 5.000 10.0 100.0
1 3 5 5.000 10.0 100.0
number of ghb cells
-1
5 ITMP (NGHB)
1 3 1 2.500 10.0 100.0
1 3 2 2.500 10.0 100.0
1 3 3 2.500 10.0 100.0
1 3 4  2.500 10.0 100.0
number of ghb cells
1 3 5 2.500 10.0 100.0

-1




MODFLOW
2. River package (1)

river loses water river gains water

1 ¢riv 1 ¢riv r

element i,j,k element i,j,k

_ ¢riv _¢i,j,k
Quy = KLW T]

Qriv = %(¢riv _¢i,j,k) N Qriv = Criv (¢riv _¢i,j,k)

MODFLOW
2. River package (11)

Qv =Chy (¢riv _¢i,j,k)

Example: the river conductance C,;, is 20 m2/day and the

ri
rivel level=3 m, than this package should be inserted in an

element as:
Quxtijk = F)i,j,k(b:jrj%li_i_Qli,j,k
Qext,i,j,k = 20(3_¢i,j,k)

Qi;x=60 and B, =-20




MODFLOW

2. River package (111)
Determine the conductance of the river in one element:

W=width of the riverbed

L=length of r.

K=hydraulic copd
of riverpt

KLW

where Criv = is the

conductance [L?/T] of the river

MODFLOW

2. River package (1V)
Leakage to the groundwater system

| Pui |

M
_RBOT

PAVAITANAN

element i,j,k

Special case:

if ¢i‘j’k<RBOT, then Qriv = Criv (¢riv - RBOT)




2. River package (V)

head ¢ in element i,j,k (L)

4., <RBOT  RBOT<Y;;, <}y,

¢|‘j‘k>¢ riv

River

S
(]
=
S
D
£
oy
‘T
)
River stage
1 —
elevation of the bottom g
Z. . of theriver.hed RBQT. - - - - 5,
c
‘©
o
-

Into the aquifer

Leakage through river bed

MODFLOW

Out of the aquifer

RIV

RRRRR

wWwwww

0

number of river cells

-1

RRRRR

5

wWwwww

number of river cells

-1

aswWN PR

aswWN R

AUXILIARY CONC CBCALLOCATE MXRIV, IWELBD
ITMP (NRIVERS)

2.00
2.00
2.00
2.00
2.00

ITMP (NRIVERS)

2.00
2.00
2.00
2.00
2.00

10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00
10.00 -2.00 100.00




3. Recharge package

Q... = IAXAy

MODFLOW

4. Drain nackaane

ern = Cdrn (¢i,j,k - d)

MODFLOW

=

(@]
a

drain

=
i
o

Special case:
i ¢« <d than ern =0

Drain

drain elevation

head ¢ in element i,j,k (L)

element i j,k

leakage rate=0

leakage rate

No leakage into drajn

Leakage into drain

Leakage into a drain




DRN

5 0  AUXILIARY CONC CBCALLOCATE MXDRAIN, IDRNBD
5 ITMP (NDRAIN)

1 3 1 -1.000 10.0  100.0

1 3 2 -1.000 10.0  100.0

1 3 3 -1.000 10.0  100.0

1 3 4 -1.000 10.0  100.0

1 3 5 -1.000 10.0  100.0

number of drainage cells

-1

5 ITMP (NDRAIN)

1 3 1 -1.000 10.0  100.0
1 3 2 -1.000 10.0  100.0
1 3 3 -1.000 10.0  100.0
1 3 4 -1.000 10.0  100.0
1 3 5 -1.000 10.0  100.0

number of drainage cells
-1

5. Evapotranspiration package

Evapotranspiration |MaximumET rate

- _ =
< | SURFzET surface elevation _ _J ______. &
= N ©
c
E ajis
X 4=
5 w e
e L= .. EXEL=extinction elevation | ¢
= ()
2
o L ET rate=0

Evapotranspiration (ET)

MODFLOW




MODFLOW

6. General head boundary package

Qgro = Cynn (¢ghb — Pk ) h -

elementi,j,k

gl

General head boundary

1
sloje=conductance between
element and boundary

head ¢ in element i,j,k (L)

Flow into the element | Flow out of the element

Flow to a general head boundary

MOCDENS3D

(name).bas
(name).bcf
(name).moc

(name).sip ‘

densin.dat

necessary files

MOCDENS3D
2 name- files

fresh water heads

(name).wel
- concentrations

(name).riv
velocities

optional files

(name).drn

(name).ghb




1 (name).bas-file

2 (name).bcft-file

3 (name).moc-file
4 (name).wel-file

5 (name).riv-file

6 (name).drn-file

7 (name).ghb-file

8 (name).sip-file

9 densin.dat-file
10 (name).nam-files

INFILE.NAM

List 16 flow.out
BAS 95 test.bas
BCF 11 test.bcf
SIP 19 test.sip
WEL 66 test.wel
CONC 33 test_moc.nam

TEST_MOC.NAM

clst 94 test.out
moc 96 test.moc
oba 45 test.oba
data 44 test.obs




BAS

basic grid example

NLAY NROW NCOL NPER ITMUNI
4 50 50 4 4
FREE
0 1 5 IAPART, ISTRT
95 1(5012) 3 ; 1BOUND 1
-1-1-1-1-1-1-1-1-1-1-1-1-1-1 .. NCOL
NROW
Repeated for every layer
9999.00 ; HNOFLO
95 1(50F7.2) 1 ; HEAD 1

4.50 4.50 4.50 4.50 .. NCOL
NROW
Repeated for every layer
100.00 10 1 PERLEN, NSTP,TSMULTI
100.00 10 1 PERLEN, NSTP,TSMULTI
100.00 10 1 PERLEN, NSTP,TSMULTI
100.00 10 1 PERLEN, NSTP,TSMULTI
BCF

1 00.000.000 1SS, IBCFBD BCF Input

000 O LAYCON
1 TRPY
20.0 DELR
20.0 DELC

10.000 TRAN 1
0.0020 VERT/THCK 1
0.500 TRAN 2
0.0020 VERT/THCK 2

15.000 TRAN 3
0.0300 VERT/THCK 3

25.000 TRAN 4

[cNeoNeoloNoNoNoNoNoNe]




BCF

1 0 0.000.000 1SS, IBCFBD BCF Input
0 00O LAYCON
0 1 TRPY
0 20.0 DELR
0 20.0 DELC
11 1.0 (50F6.2) 1 ; TRAN 1

10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 .. NCOL

NROW
11 1.0 (50F7.4) 1 ; VERT/THCK 1
0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 .. NCOL

NROW
Repeated for every layer

BCF

0 0 0.000.000 1SS, IBCFBD BCF Input
0 00O LAYCON
1 TRPY
20.0 DELR
20.0 DELC
0.002000 SF 1
10.000 TRAN 1
0.0020 VERT/THCK 1
0.005000 SF 2
0.500 TRAN 2
0.0020 VERT/THCK 2
0.000100 SF 3
15.000 TRAN 3
0.0300 VERT/THCK 3
0.000100 SF 4
25.000 TRAN 4

[eNeoNeoNoNoNoNoNooNoNoNoNoNa]




BCF

0 0 0.000.000 1SS, IBCFBD BCF Input
0 00O LAYCON
0 1 TRPY
0 20.0 DELR
0 20.0 DELC
11 1.000000 (50F9.6) 1 ; SF1

0.002000 0.002000 0.002000 0.002000 0.002000 0.002000 0.002000 0.002000 .. NCOL

NROW
11 1.0 (50F6.2) 1 ; TRAN 1
10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 .. NCOL

NROW
11 1.0 (50F7.4) 1 ; VERT/THCK 1
0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 0.0020 .. NCOL

NROW
Repeated for every layer

MODFLOW

Time indication MODFLOW

ITMUNI=1: seconde
ITMUNI=2: minute
ITMUNI=3: hour
ITMUNI=4: day
ITMUNI=5: year




Flow time step and solute time step

Ar=tlow time step=1 vear determination of a
new velocity field

determination of a
new velocity field

TERa

determination of a new solute
concentration in each particle

At =solute time step=1/6 year
depends on stability criteria

* veloceity field remains constant during 1 year
* solute concentration changes during each solute time step

MOC (1/2)
moc basic grid example
1 4 1 50 1 50 ISLAY1 [ISLAY2 [ISROW1 ISROW2
0 0 O NODISP DECAY  DIFFUSION
0 8 NPMAX  NPTPND
0.6 0.05 2 CELDIS FZERO INTRPL
0 3 0 8 0 8 -1 NPNTCL ICONFM .. IVELF
-9999 CNOFLOW
96 1.0(50F9.2) 1 ; CONC 1
0.00 0.00 0.00 0.00 0.00 0.00 0.00 .. NCOL
NROW
Repeated for every layer
1 NZONES
-1 0.0
0 1 ; 1GENPT 1
0 1 ; 1GENPT 2
0 1 ; 1GENPT 3
0 1 ; 1GENPT 4
0 0.50 ; ALONG
0 0.050 ; ATRANH
0 0.005 ; ATRANV
0 1.000 RF1
0 5.0 THICK 1
0 0.38 POR 1
0 5.0 THICK 2




MOC (2/2)

Repeated for every layer

1 NZONES
-1 0.0
0 1 ; IGENPT 1
0 1 ; IGENPT 2
0 1 ; IGENPT 3
0 1 ; IGENPT 4
0 0.50 ; ALONG
0 0.050 ; ATRANH
0 0.005 ; ATRANV
0 1.000 RF1
0 5.0 THICK 1
0 0.38 POR 1
0 5.0 THICK 2
0 0.38 POR 2
0 5.0 THICK 3
0 0.38 POR 3
0 5.0 THICK 4
0 0.38 POR 4
DENSIN.DAT
30000.0 0.020 CONCD DVCONC
0.0 32.5 175 500 1000 2700 CONC.COLORS FOR FILM-OPTION

5000 7500 10000 15000 20000 27000 CONC.COLORS FOR FILM-OPTION




