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Introduction

Curriculum Vitae

< Delft University of Technology, Civil Engineering: till 1997
Ph.D.-thesis: Impact of sea level rise on groundwater flow regimes

e Utrecht University, Earth Sciences: till 2002

e Free University of Amsterdam, Earth Sciences: till 2004

e Deltares
e Utrecht University (Associate Professor): from 2014

Quialifications:

e  Groundwater resources management

e  Density-dependent groundwater flow and coupled solute transport
e  Salt water intrusion in coastal aquifers

e Assessment of climate change on groundwater resources

e Numerical Modeling

e Teaching and training

http://freshsalt.deltares.nl
Deltares: gualbert.oudeessink@deltares.nl




Colleagues at Deltares
Groundwater in the Coastal Zone
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Bangkok, Chao Phraya delta Irrawaddy, Myanf Jurong island, Singapore Mekong Delta, Vietnam Red River, Viefnam s

Research on groundwater in the coastal zone

e 20 years experience in modelling variable-density dependent
groundwater flow and coupled solute transport in the coastal zone

< Incorporating monitoring campaigns results in numerical modeling
tools

« Research on new fresh-saline phenomenae: salty seepage boils and
shallow freshwater lenses in saline environments

« Knowledge on creating 3D initial chloride distribution, based on
geostatistics and geophysical data (analyses, VES, borehole measures,
AEM)

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

= Developing adaptive and mitigative measures to stop salinizationin
the coastal groundwater system (e.g. ASR, MAR: fresh keeper, coastal
collectors, freshwater storage underground)




Lecture notes, practicals and ppt on freshsalt.deltares.nl

1. Density dependent groundwater flow

2. Groundwater modelling

system characteristics
parameters

input _,‘ » output
variables /K’ variables

conditions: initial and boundary

Practicals numeriacl modelling

e PMWIN
e SEAWAT
e (Cases:

—  Rotating sharp interface
—  Freshwater lens
- Henry’s case
—  (Elder’s case)
e Setup practicals:
- work in small groups of two persons
—  short report of findings (make screenshots)
—  deliver within one week after finish last lectures

http://freshsalt.deltares.nl

Introduction

Deltares: gualbert.oudeessink@deltares.nl
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Volumes of water on Earth: a scarce product

Water in/fon/above Earth
Liquid fresh water

Freshwater lakes rivers

30%

o 70%
- Water in, on, and above the Earth Glaciers, ice Caps,
. # Liquid fresh water D Oceans D permafrost
e . Freshwater lakes and rivers . Continents

| Liquid water

Source: Perlman, USGS; Shiklomanov, 1993

Water Energy Food Nexus
Global water scarcity

All water All lakes and
On earth rivers

-

Saltwater 97%, Fresh water 3%
Fresh'water: Frozen 70%, Groundwater 29%, Surface water < 1%




Introduction

Water on Earth

Total water on Earth Total fresh water on Earth
0.3%

mice
W groundwater
Jsurface water

W saline
W fresh

100%=1350*106 km?3 30.1%=10.5*108 km?

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)

Groundwater in the coastal zone

SroUnaWater reenarge Natural groundwater recharge f
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Introduction

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 (Badon Ghyben-Herzberg)
— upconing example
3. Numerical modelling
— mathematical background
— Benchmark problems: Henry, Elder, Hydrocoin, etc.
4. Case-studies
— hypothetical cases
— 2D, 3Dcases
— real cases (Dutch coastal zone)

Enabling Delta Life

Work at Deltares

Ground Water System Analysis
in the coastal zone

Monitoring Analytical
water system formulae

\"

Solutions and responses




Groundwater issues in the coastal zone/deltaic areas

climate change:
precipitation and evapotranspiration increase

incraasing r
population density

tidal
amplitude

Past, before man

lagoonal channel and basal
North Sea eolian dunes  deposits tidel flat deposits peat peat

mixing of seawater

saline and brackish
and freshwater

water intrusion

0 m Present sea level

1st aquifer

\ freshening?

7 -50m




Groundwater in the future

We have to cope which...:

We have to cope which...:
Groundwater extractions

Development energy use/production (heat-cold)
Climate change

e Land subsidence
e Development spatial land use

« Politics, Policy & Watermanagement

Direct anthopogenic influence on groundwater is more important than climate effect

10



Salt Water Intrusion Meeting, since 1968

Salt Water Intrusion Meeting, since 1968

v_. http://www.swim-site.org/
i

Themes

e Water systeem analysis
Monitoring

Modelling

Effects

Solutions

11



Salt Water Intrusion Meeting (SWIM)

Home || History | Philosophy || Next mesting H Procesdings H Links

Welcome to the homepage of the Salt Water Intrusion Meeting

The Salt Water Intrusion IMeeting (SWIM) conference series has been held in different countries on a biennial basis since 1965, Althougn the main facus
has fraditionally been on seawater infrusion, contrioutions related to saline groundwater more broadly are alse considered. The meetings are attended by @
a multidisciplinary group of people with a wide variety of expertise, including chemisiry, engineering, geology, geophysics, mathematics, physics, and

management W

Hydrogeolo
@eulolmal
Greenland (
Dwmirk

SWiM from Alphafilm & Kemmunikation on Vimeo.

The long-ived success of the conference series reflects the relevance of managing saline groundwater problems around ihe woerld, especially in densely populated coastal areas. These
include:

« increased demand due to economic development and population growtn
over-exploitation of water resources, especially in arid and semi-arid areas - -
« contamination and quality deterioration of water resources

characterization of groundwater systems and movement of saline groundwater . - .
+ management and prevention of salinization
« natural and man-made environmental change

The main aims of this web site are to be the central and permanent source of information for people interested in the SWIM and to increase awareness and provide access of the excellent
work that is presented at the SWIM meetings

Salt Water Intrusion Meeting (SWIM)

Home |i History || Shilosephy H Mext mesting ” Procecdngs “ Links

The proceedings of the Salt Water Intrusion Meeting

The SWIM proceedings span a period of aimost 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 overview of the developments in the research of saline groundwater over the past decades.

At the 13th 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 Gth, 12th, 13th,
15th, 16th, 17th, 1&th, 19th, 20th, and 21st SWIM and the abstracts of the 15th SWIM are available from this web site. The proceedings of other meetings will become available as soon as
they have been digitized Some hardcopies of proceedings can still be ordered from various publishers. Links to these are provided on this page.

Available for download:

24th SWIM, Cairns, Australia, 2016

o i

ena_Spain 2004 H H
S e WWW.SWIM-Site.or
17th SWIM, Delft, The Netherlands, 2002 . .

16th SWIM, Wolin isiand, P

1st M, Hannover Germany, 1368

For sale (external links)

« Proceedings of the 12th Salt Water Intrusion Meeting, Barcelona, S
« Proceedings of the 8th Salt Water Infrusion Meeting, Hannove

12



Salt Water Intrusion Meeting (SWIM)
Home History Mext meeting Proceedings Links About this site

Back & all proceedings

Proceedings of the 24th Salt Water Intrusion Meeting, Cairns, Australia, 2016

WWW.SWim-site.org

S Fatema A Marandi, C. Schuth Seawater Intrusion of the Coastal Groundwater: A Case Study in Cox's Bazar, Bangladesh

A _Kaw Uchida, M. Kefi, J Tarhouni, K Kashiwagi Effect of Surface Water Use on Mitigation of GW Salinization in a Semi-Arid Coastal Shallow Aquifer Setting: A Case Study of
Lower Lebna Watershed, Tunisia

D Vandevelde Increasing the Availability of Freshwater for Agriculture by Improving Local Hydro(geo)iogical Conditions

Elnaiem A Luc Lebbe, F_Sadooni, Hamad Al 8aad Potential Influence of Climate Change and Anthropogenic Effects, on Groundwater Resources in the Northern Groundwater
Frovince, Qatar

J. van Engelen, G.H.P. Oude Essinl

Preface

AD

Posters

esh Groundwater Reserves in 40 Major Deltas Under Global Change
Bernhard Siemon, Esther van Baaren, W Jogst Delsman, Jan Gunnink, Marios Karaoulis, Perry G.B. de Louw, G.H.P. Qude Essink, Pieter Pauw, Annika Steuer HEM
Survey in Zeeland (NL) to Delineate the 3D Groun ter Salinity Distribution - Pilot Study: Canal Zone Gent-Termeuzen
Kees-Jan van der Made, Frans Schaars,_Michel Groen ph | Field for Characterizing Sea Water Intrusion
Kouping Chen, Jiu Jimmy Jiao Hydrochemical Evolution of Groundwater in a Coastal Reclaimed Land in Shenzhen, China
Georg J. Hoube llem Jan Zaadnoordijk, Klaus Hinsby, Lars Troldborg Water Supply on the Frisian Islands, North Sea
Victoria Trglavenik, C. Robinson, Dean Morr Darren White, Viviane Paquin, Kela Weber f Tides, ‘Waves and Precipitation on Groundwater Flow Dynamics on Sable Island
Canada
Berry G.B. de Louw, Guus Heselmans, Vincent Klap, Corstiaan Kempenaar, Edvard Ahlrichs, Jean-Pierre van Wesemael, Joost Delsman In Search for a Salt Tolerant Potato to Reduce the
Freshwater Demand in Saline Coasial Areas
Yongcheol Kim,_Heesung_Yoon, Gi-Pyo Kim Case Study on an Effective Method for Monitoring Temperal Change in the Freshwater-Saltwater Interface Location and Freshwater Lens
Thickness
Jason A Thomann, Leanne K Morgan, Tony Miller_Adrian D Werner Vulnerability of Offshore Fresh Groundwater to Anthropogenic Impacts: Investigation Using Analytic and Numerical
Modeliing Techniques
A Saha, WK lee A Bironne-Taisne, V. Babovic, L. Monhdgen-Peeters, Esther van Baaren, P Vermeulen, GH.P. Qude Essink, J R Valstar, G. de Lange, R M. Hoogendoorn, 8. Gon
Utilization of Reclaimed Island as Groundwater Reservoir
M.L. Calvache, J.P. Sanchez-Ubeda, Carlos Dugue, M. Lopez-Chicano The Influence of the Heterogeneity and Variable Density in Theis and Cooper-Jacob Interpretation of Pumping
Tests: The Case of Motril-Salobrefia Aguifer (SE Spain)
J.P. Sanchez-Ubeda, M.L. Calvache, Carlos Dugue, M. Lopez-Chicane Modelling Sea-Aguifer Contact in Salt Water Intrusion Scenarios: Conditions and Possibilities
J.P. Sanchez-Ubeda, ML Calvache, Carlos Duque, Lopez-Chicano Estimation of Hydraulic Diffusivity Using Tidal-Extracted Oscillations from Groundwater Head Affected by Tide
Elad Levanon, Eyal Shalev, Yoseph Yechieli Haim Gvirtzman The Mechanism of Groundwal luctuations Induced by Sea Tides in Uncol d Aguifers
Gang Li, Hailong Li, Chunmiao Zheng, Kai Xiao, Manhu. j0, Meng Zhang A Comparative Study of Two Transects at Dan'ao River's Estuary in Daya Bay, China
Xuejing Wang, Hailong Li, Chunmiao Zheng Seasonal Distribution of Radium Isotopes and Submarine Groundwater Discharge in Laizhou Bay, China

ong Li. Chunmiao Zheng, Yanman Li, Manhua Luo A Preliminary Study on influence of Seawater-Groundwater Exchange on Nutrient Dynamics in a Tidal Mangrove Swamp
in Daya Bay, China
Ashraf Ahmed, Robert Gan he Effect of Cutoff Walls on Saltwater Intrusion in Stratified Coasf quifers: An Experimental and Numerical Study
Andrew C. Knight, Leanne K. Morgan, Adrian D. \Werner Offshore Hyd of the Gambier Embayment and the P al for an Offshore Groundwaler Resource
L Cz Eyal Shalev, Yoseph Yechieli_Haim Gvirtzman Saltwater Circulation Patiel ithin the Freshwater-Saltwater Interface in Coastal Aquifers
Sang Kil Park, Do Hoon Kim, Hong Bum Park The Investigation of Sea Water Inf ing Estuary Barrage of Nakdong River Using Numerical Simulation Model
Chengji Shen, Pei Xin, Chenming Zhang, Ling Li Initiation of Unstable Flow in Salt Marshes

ntoifi Abdouihali

Session 1 - Managing Coastal Groundwater |

G H.P Qude Essink Fresh Groundwater Resources in Deltaic Areas Under Climaf

Location of SWIM studies since 1968

Legend

® Locations of SWIM studies since 1968
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Location of SWIM studies since 1968
5 ! ¢ 7

Introduction SWI
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Introduction

Definition of salt water intrusion

Inflow of saline water into an aquifer which contains
fresh water

submarine
groundwater
discharge

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)

15



Modes of Salinization due to Sea-Level Rise

Vertical
Infiltration

~ Lateral
Fresh N ntrusion
Groundwater ™ Saline

Groundwater

Modes of Salinization due to Sea-Level Rise

Fresh
Groundwater

Saline
Groundwater

16



Salinization due to Pumping

l'k

Pre-

J |

eXjstj
Xisting Saltwate,

Ce

Source: Cliff Voss

Salinisation processes at local scale

mertibe 111 11 1 1t
groundwater recharge "

N S S S e

ground surface
e

extration

Salt water intrusion groundwater Inundation saline seawater Shallow rainwaterlens

tQ

lowering phreatic
groundwater due to
!land reclamation |

backwater effect
sea level rise

isplacemen]

ge—
coast line

Upconing low-lying area Upconing extraction Salt water intrusion surface water
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Salinization processes in the coastal

zone: combination
SOURCES OF SALTWATER

Infiltration from
tidal marshes, boat basins, Well field Leakage from
estuaries, and bays

Well field

Fresh water

Regions with brackish and saline groundwater at shallow and intermediate depts

18
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ALTITUDE, IN FEET ABCWE OF EELOW SER LEVEL

Biscayne aquifer, Florida USA: Henry’s case

T T I T ! I T T EXFLANATION
- F000 Line of equal chloride
——m 1 concentration, in parts
Biscayme Bay et million
a = Wakar table =
. : L Bottom of fully cased well
L Biscayna aguifar = from which water-quality
samples were collected
w - Modified from Eohout {1568}
1l by -
s .
ol éi‘ {3 *
: o 2
A
wp ) P . :
—— - Basa of Biscayne aquiter _
12 1 1 | 1 1 | 1 1
1,150 140 1250 1,000 5 500 =0 [ 240 510

DISTARCE FROM SHORELINE, [N FEET

Definition of salt water intrusion

Numerical model: Henry’s case

coast beach land

CONC: 010.203040506070.808

20



Definition of salt water intrusion

Numerical model: Henry’s case

coast beach

land

depth

100 80
length

CONC: 010.203040506070809

Sea level rise and salt water intrusion

Effect sealevel rise on groundwater system in coastal zone

coast beach land

!

-
7

N e A

TS A A Y

\\____.///
N =

TN

CONC: 010203040506070.809
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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 goast ___ beach

land

120 100 80 60 40
length

Deltares

emsonaite S | EENEEEN |
5 CONC: 0.10.20.30.4050.60.7 0.80.9

GOE, 2009

Impact of sea level rise on a coastal groundwater system:

a conceptual model of saltwater intrusion

land

o [coast beach

180 160 140 120 80 60

100
length

Deltares

oo B | EENEEEN |
5 CONC: 0.10.20.30.4050.60.7 0.80.9

GOE, 2009
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Types of extraction systems

Salt water intrusion

Salt w ater intusion in the coastal zone

land

depth

B0 40 20
length

CONG: 010.203040506070808
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Water on Earth

Some serious developments:

Introduction

“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”

24



In 1 liter ocean: about 35 gr salt

—

In 1 liter ocean: about 35 gr salt

—

25



L8

In 1 liter Dead Sea water (Jordan/Israel) : about 280 gr salt

.

In 1 liter drinking water: about 0.15 gr salt is allowed

Jan van Scorel
20140121

26



Grass can grow well in water with a salt content equal to
about 6.5 gr salt in 1 liter water

Fresh-brackish-saline groundwater

Negative ions cl 19000
50,7 2700
HCO 3 140
Br~ 65
Positive ions Na* 10600
Mg * 1270
o 400
K* 380

27



Definition fresh-brackish-saline groundwater

oligohaline 0-5
oligohaline-fresh 5-30
fresh 30-150
fresh-brackish 150 -300
brackish 300 - 1000
brackish-saline 1000 - 10.000
saline 10.000 - 20.000
hyperhaline or brine 220.000
pe g b, a O ate
Non-saline or fresh water <0.7 <500 Drinking and irrigation water
Slightly saline 0.7-2 500-1.500 Irrigation water
Moderately saline 2-10 1.500-7.000 Primary drainage water and groundwater
Highly saline 10-25[ 7.000-15.000 Secondary drainage water and groundwater
Very highly saline 25-45| 15.000-35.000 Seawater is about 35000 TDS mg/L|
Brine >45 >35.000 n.a.

Examples of equations of state

Knudsen (1902)

EOS

sty =1000+0.8054S —0.0065(T —4+0.2214S)°

Linear (concentration)

T<15 °C, S<20 ppt

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

Linear (temperature)

S

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

Exponential (temperature, pressure, salt)

P pw) = Pi€

—a(T=Ty)+B(p—py)+y@

28



Equation of state (SEAWAT)

ap
Bijx = P+ +Eci,j,k

e.g.:

1. conc=35 TDS g/I: DRHODC=0.7143

2. conc=19000 mg CI-/I: DRHODC=0.001316
(as 1025=1000+0.001316*19000)

3. conc=1: DRHODC=25 (example practicals)

Density depends on salinity and temperature

Temperature T [*C]
5 10 15

a8

Density of water in kg/m?

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

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

EOS

29



Density and viscosity depend on temperature

(10°C-160 °C)

EOS

— 1000
\%]
o
Q—, Fep) P2 100 R G
= €
:E\ E 960. .................................
<8 ~
S Q gaQrrrrrrrrrrrn e NG
2]
H £
] g V1o B R R R LR E LT
§ 3
§ olo/0ly R
b
0 — 880 ———
10 30 50 70 90 110 130 150 10 30 50 70 90 110 130 150
Temperature (°Celcius) Temperature (°Celcius)
Salinity (ppt)
more than 37
37
36
35
34
less than 34

© Copyright 2010. University of Waikato. All Rights Reserved. www.sciencelearn.org.nz
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Close relation between
chloride concentration and Electrical Conductivity

2000

1800 + measures Flevoland, NL
§ 1600 = Equation (2.3)
b=
E 1400
=
© 1200
<
g 1000
£ 800
8
o 600
=
S 400
]
200
*
0
0 1000 2000 3000 4000 5000 6000 7000

Electrical Conductivity [uS/cm]

Cl(mg/L)=EC,(uS/cm)-0.305-137

Close relation between
chloride concentration and Electrical Conductivity

108 uS/cm =108 mS/cm =1 S/cm
1 uS/cm =100 uS/m

ocean water:
~19000 mg CI-/L or ~34555 mg TDS/L
~5S/m or ~48 mS/cm

the ratio CI- over TDS equal to ~0.554, under stable
normal seawater environments
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A fresh-keeper for Noard Burgum
The new future for a salinated well field?

2500
=)
h
g 2000 se57 50
el
8 "
™ 1500
e
€
8 &
g 1000
o y=4.1319x - 190.94
A R?=0.9728
5 500
= # Samples
(W]
0
] 100 200 300 400 500 600
Electric conductivity at 12.5 Celsius [mS/m]

Appendix figure 11: Relation between the electric conductivity and the chloride concentration. For this relation samples
from observation well B0O6D1114 and BO6D1087 in between 23-sept-2009 and 9-0kt-2010 were plotted.

100

EC-Chloride

—_
o

——van Wirdum (2004)
NITG (1992): 100mg HC03'
NITG (1992): 800mg HC03'
——Flevoland analyses (2008)

—_

Electrical Conductivity [mS/cm]

%

10

100 1000 10000 100000
Chloride concentration [mg Cl /L]
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Salt in water is a problem

| Drinking
water

Introduction

Salt in water is a problem for different water
management sectors:

-drinking water:
taste (100-300 mg CI-/I)
<long term health effect
enorm: EC& WHO=150 mg Cl/I (live stock=1500 mg CI-/l)

-industry:
ecorrosion pipes
epreparation food

-irrigation/agriculture:
eproduction crops
esalt damage




Effects salinisation: salt damage

[t

-

Source: Proefstation voor de Akkerbouw en Groenteteelt, Lelystad

Salt-resistant crops

- - . o ° MP2-B =] ° MP3-B
J precipitation k. :
we=° Dy 2
K S 1 D
transpiratie f g u\;‘:\.\ \\TI
. . E o B - - B -
Sprinkling s \ """
l A
l iy —_water T T T T T T T
| 0 10 20 30 40 0 10 20 30 40
EC (mScm™) EC (mScm™)
g
E o o MP4-B o o MP5-B
g -%DM_ &}-52, D i
- e Do - e T
k. -\-I N
B ‘\-\ B -X'\
saline seepage ~ m/- ~ ”-\
Important parameter: ] \ ™ i
Chloride concentration root zone . . 1
Land use — Y
e . 0 10 20 30 40 0 10 20 30 40
Sensitivity crops EC (mS cm™) EC (mS cm™)
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Salt damage to crops

Important parameters:
— Chloride concentrationin the root zone

— Land use
— Sensitivity crops
Land use Threshold value | Gradient root
root zone zone
(mg CI-/1) ©) T
Grass 3606 0.0078 e Y s e i )
Potatoes 756 0.0163
Beet 4831 0.0057
Grains 4831 0.0058
Horticulture 1337 0.0141
Orchard (trees) 642 00264 | ol T wEe
o 1000 2000 3000 4000 5000 6000
Bulb 153 0.0182 e
Source: MNP, 2005

Source: Roest et al., 2003 en Haskoning

Salt damage to crops .

Relation between salt concentration and damage to crops

!

Schade bij overschrijding gehesl grosiseizoan (%)

100—
m_
m_
Al
20— Grass
i /;\;/‘
1 = T T T | 1
0 1000 2000 3000 4000 5000 6000
Chloride concentration mg CI-/I b
Source: MNP, 2005




Soil moisture

Limi

Gradient

Irrigation water

Limit Gradient

Crop mg/1 Cl %/mg/1Cl mg/1 Cl %/mg/1Cl
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?

® 30% of world population lives <100 km from coastline

® cconomic 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:
- sealevelrise
- natural groundwater recharge

extraction___ground surface

36



Introduction

Processes that accelerate salt water intrusion:

« Sea level rise
» Land subsidence
* Human activities

Threats for:

=drinking 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

37



The water footprint of products

1 kg wheat
1 kg rice

1 kg milk
1 kg cheese
1 kg pork

1 kg beef

1 m3 water
3 m3 water
1 m3 water
5 m3 water

5 m3 water

15 m3 water

slice ot bread

38



1500 litres of water
per kg refined sugar

39



b' = 140 litres of water

10 litres of water
for 1 sheet of Ad-paper

40



Introduction

Question:

Demand fresh water per capita per day?:

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

Water withdrawal as % of total available water

‘Water withdrawal as a percentage of total available water
) more than 40 % ) from 20 % to 10 %
from 40 % t020 % [ less than 10 %

41



Population 1990, |

Population 2025%,
<1000

_
_
—_
-
[
-

-

Global 15 x 15 Minute Grids of the Downscaled Population Based on the SRES B2 Scenario, 1990 and
2025 (~28*28kmz2 at equator)

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 !
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Serious overexploitation coastal aquifers worldwide

Time (yyyy) a Bang Pli, Southeastern Bangkok
019811 - i e 000 2008 2008 i 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 Year
20 0
10 . 25 50
N . - E 30 Settlement (1m) 100 p
= . . = E
£ Soe e 08 ® 8
s 30 EE 40 PD (112m) 20 EE
3 H E
= 2.5m/year ] Do
g 2 g 3 NB (207m} NL (156m) %0 25
E 25 g 30 2
&2 50 . -1 'g
g =
8 3 55 2.5m/yr 350
“ . Dhaka, BD 5 y 3
Q8 g 400
70 | @ (2ndaquifer) SWL, where well < 200m & Bangkok Vletnam 480
© (3rdaquifer) SWL, where well > 200m 70 ! 500

Elev. of GW level in aquifer n,? g
TE,’ 5 R E
E v\-\-\‘ 1m/yr § .
g \‘\\ |
E»ls n % L
< Mekong, VN $ 2y

jan94 okt96 jul99 apr-02 jan05 okt07 jul-10 E ” . . e N\
Time Murcia, Spanje
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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

Land subsidence San Joachim Valley,
CA, USA

9 m since 1930s

betw
1925-1977s

~ (52years) San Francisco
~17.3cm/y .

Los Angeles
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What causes the land to subside?

Natural causes (geological processes):

o Loading of the earth’s crust by ice sheets, sediment (delta’s), the
ocean/sea

o Compaction of older sediments after sedimentation

Anthropogenic causes (human-induced processes):

o Qil/gas extraction (usually relatively deep)

o Groundwater extraction (usually moderately deep)

o Drainage of soils = oxidation of peat, soil compaction

Why discriminating between human-induced and natural processes?
o Magnitude
o Cooping strategy (mitigation versus adaptation)
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Newly made road level Abandon well head

Impacts

. Previous Road
Subsidence of level
original road

level

Sinking delta cities

Relative sea level rise = Absolute sea level rise + Subsidence

Subsidence
6 - 100 mm/year
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Examples of some major coastal cities

The subsidence issue is underestimated

1500 1925 1950 1975 2000 2025

& _ | A A
'T‘m RSL Tokyo

— S

\ S8 45m!
_1 _‘
2 \ \ o

N

subsidence

2 =
k]
\
i ) PR,
. |
— Absolute SLR  —— Bangkok —— Hanila
=—— HoChiMinhCity —— West Metherlands
— Jakara — TOWyo

Regional distribution of Holocene Sea-level Changes

™
E 1 3
12 m m m_ m_
o o ] ] o o H
1900 B0 Ty ] 2 " 3 4:; 4 Iy 5
“1000yr BP “wrTrrrrrr]l] rrrrrr a L § ,I T n| llllll
1000y P 1000 yr BF “1000 yr 8P 1000 yr 8P

Source: Pirazzoli, P.A. & Pluet, J., 1991. World Atlas of Holocene Sea-level Changes. Elsevier Oceanography
Series, Vol. 58
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Areas vulnerable to sea level rise

Areas in the world vulnerable to a rise in sea level
G A Major river deltas of the world (J.M. Colenﬁan, 1981)

The Netherlands: low-lying lands

Sea level rise: +2m Jv Europe N_America S _Amer

http://flood firetree.net

Bangladesh 20130327
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Saline seepage leads to:

< Salinization and eutrophication of surface waters
« Salinization of shallow groundwater
< Salinization of root zone (crop damage)

Deep seepage polders
dunes ' ') }

phreatic Peat lands
aquifer dike Lake lJssel

North Sea

first aquifer

From fresh water outflow to salt water inflow

streams in the low lands  swampy lands

Historical subsidence of the A
. ~1000 AD
ground surface in Holland primitvely drained
B
igoing  dike windmill
channels building drainage drainage polder polder
+2.5m = c
13t century
outflow
+0.9m
" high D
il tide
tevel - 07m E
risq of mpan ST = f low 17t century
4 T tide D4 pumping station 5]
) g
|et——T" 1F_2 e R 2540 m betow
R |t i 30m= tar mean sea level 19th century
intrusion
3 | |
1000AD 1200 1400 1600 1800 2000 BEFORE CREATION POLDERS AFTER CREATION POLDERS
digging  dike windmill mechanical . i infitration
channels building drainage drainage L |nﬁ|trat|o: s seepage infi seepags
s Ground surface - 3

no seepage, onlylittle infiltration

Bangladesh 201303:
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World map of topography and bathymetry showing known
occurrences of fresh and brackish offshore groundwater

BMB basin
=

i:: nd
S
[P | &

Niger delta

3 s
N :

i

e 100 .
\ { .
SN
§ " [ Gippsiand |
PENPIE !

. _"-‘,

» . Perth basin -
Pe aF

e 1
Frydz bay

Post et al., Nature, 2013

Freshening due
to:
Righ gradients

Glacial

Genesis
and preservation

Interglacial

Salinisation due to:
marine transgression
and vertical inflow of
saline surface water

Source: Nature, 2013
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Possible locations of offshore (submarine) groundwater

Legend
ne_10m_bathymetry_K_200
I re_10m_bathymetry_L_0

Coastal zone cases around the world
Occurrence related to dynamic sea-levels and coastlines

Exposed continental shelves Peltier, Science, 1994

40

80

R 120 v
Inundated (kyr BP) 50 40 B TR

Linsley, Nature, 1996
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Global overview of inferred key metrics and cross sections
of well-characterised vast meteoric groundwater reserves

Jakarta
Widthz 12 km

Greenland
Width: 48 km
Thickness: 1.5 km
Farosity: 0.03
Volume: 2.2 km# km-!

80 40 0 40 80 120 160 0% %

New Jersey
Width: 96 km
Thickness: 0.23 km
Poraosity: 0.2

Volume: 4.4 km? km

Porosity: 0.3

Elevation (m)

Elavation (m)

-0 0 10

Destance (k)

Thickness: 0.27 km

Volume: 1.0 km? k!

Distance (km) ! )
-100 Q0 100
Distance (km)
Florida

Width: 110 km ?

Thickness: 0.3 km Nantucket

Porosity: 0.3 Width: 80 km

Volume: 8.9 km? km-! Thickness: 0.3 km
Porosity: 0.2

Volurne; 4.8 km? km-!

E Suriname Ippsl

: i 55 b b R

= Thickness: 0.38 km i 5

T P 03 Thickr 095 km 5
i arosity: 0. Porosi 15

) 6.3 k = :
Valurme: 6.3 km? k! Volume: 3.1 km? kart

Elevation {m)
&

0 30 60 90
Distance {km)

T " 0 50 100 150 200
! Distance (k)

an (m)

Elevat

80 40 0 40 80 Distance (k)
Distance (km)

My first density dependent groundwater flow and
solute transport model in 1990!

53



The Dutch groundwater system under stress

Present processes Future changes

more evapotranspiration in summer
more precipitation in winter

natural
groundwater recharge low-lying l l l l l l l
polder area
| l l land subsidence
p risk of uplifting
dupes large industrial coastal erosion  yolocene aquitard
Tt extraction sea level 1 1 flooding ! salt damagab

brackish rise

salt load

rackish

seepage

Saltwater intrusion in the Netherlands

natural
groundwater recharge low-lying
1 l 1 polder area
Cmes large industrial
1 [ R
1 exgraction brackish
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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

(x

high -~

sea or river
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Upconing example

Geometry, subsoil parameters, boundary conditions

z 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

£ 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

-170

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:

=L 2 L3 9 !
& |IDeep groundwater extraction '

E 15 fiefeeeeeees L R ] R e L
© T . i

S 10 fheebeeed e

= Lot E P

ST O S SSUSRNE [FOOUO) SOUIS SO JO0S N .o s I SO

g | 5 1

= — Z Z : : Z ; .
L 1860 1880 1900 1920 1940 1960 1980 2000

Time in years
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Upconing of brackish-saline groundwater

(—onttreiking maaiveld

25C yooriem-
2 mermeer

7 1850
7852

e

fresh / 4
brockish /’

120 = g c-1y S
esdy salt
il ~ Gei0y
EA c,-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

2rdam Waterworks-Haarlemmemeerpolder

Time= 1854 AD

ipconing
polder

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

Conc: 40 150 300 1000 2500 5000 7500 10000 12500 15000
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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 surface of the Haarlemmermeer polder

Profile Amsterdam Waterworks-Haarlemmermeerpolder

Time= 1854 AD

Depth below M.S.L. [m]
h N ,
o f4a]
=1 o

-
[4.]
o

5000 7500 10000 12500
Length of the system [m]

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

Palaeo hydrogeological modelling

Palaeo-modeling salt water intrusion during the
Holocene: an application to the Netherlands

J.R. Delsman, K. Hu-a-ng, P.C. Vos, P.G.B. de
Louw, G.H.P. Oude Essink and M.F.P. Bierkens
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ransgression

800 n. Chr.

800 AD

025 s0um

Legend

-
s
s--10
[J-0-25
[ -2s5-50
[ 50--100
[ -100- 200
B 200--300
I - 300

c
(m -gpdtin,

Depth brackish-saline interface

30327

Based on:
« Analyses
* VES

« Borehole measurement

The Holocene
transgressions

Major impact on
present regional
brackish
groundwater
systems

7500 BP

5500 v. Chr.
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CAN WE PREDICT THE PRESENT
SALT DISTRIBUTION IN
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Palaeogeographical development

5500 BC ) 100 AD 1850 AD

@

Maximal transgression Peat development Reclaimed land, polder

Delsman, J.R., Hu-a-ng, K.R.M., Vos, P.C., De Louw, P.G.B., Oude Essink, G.H.P., Stuyfzand, P.J. and Bierkens, M.F.P. 2013, Palaeo-modeling
of coastal salt water intrusion during the Holocene: an application to the Netherlands, Hydrol. Earth Syst. Sci. Discuss., 10, 13707-13742

Atlas NL in het Holoceen (Vos et al, 2011)

Occurrence of salt under the polder
Haarlemmermeer
Model profile Zandvoort - Hoofddorp — Hilversum
Palaeogeographical development (Vos et al, 2011)
6500 BC - 2010 AD
marine transgression

» Peat development, peat degradation, drainage,

B - 20 mMsL
El 15-20mMsL
Lake BN 10-15mMSL
Amsterdam lssel 0 5-10mMsL
... [ 25-5mMsL
. = o—z.szus.
C-: [J 25-0mBSL
polder [ 5-25mBSL
Haarlemmermeer e ; [ 10-5mBSL
e N e

& Bl -20mBSL

£ £5 Coastine
\‘ \‘_ﬂ — Mode! transect

N

Delsmanet al., HESS, 2013




polder
Haarlemmermeer

ek polder
Horstermeer

>20m MSL
15-20 m MSL
10-15mMSL
5-10 mMSL
25-5mMSL
0-2.5mMSL
25-0mBSL
5-25mBSL
10-5mBSL
15-10mBSL
20-15mBSL
>20m BSL

Coaslline

Y T TR T )

Model transect

depth [m MSL]

B Clay 3 sand

[ Silty, finesand E=3 Undifferentiated

100 105 110 115 120 125
x-coordinate [km]

Bl Maassluis formation
Hm Aquiclude (Tertiary)

130 135 140

z

=

E

-10) 3
H

ity A0} §

6 -4 -2 0

- Tidal araa develops over

- Surface drainage

Time-slice 1: 6500 BC - 4500 BC
- Sea leval fise, inearty from 22 10 & m BSL

- Maximum transgression extent raached
Pleistocans surtace,
“basal” paat deposits lefl mostly intact

- Peat axtent expands

Time-slice 2: 4500 BC - 3300 BC
- Sea lavel rise, linearly from 8 10 5 m BSL

- Open system with strong marine influence.
- Deposition of marine clay and sand

- Sea lovel a1 3.5 m BSL

peat slevation 3 m BSL

Time-slice 3: 3300 BC - 2100 BC

- Closad system, ireshening of hinterland
- Peal development behind bariers,

- Sea level at 2 m B!

Tima-slice 4: 2100 BC - 700 BC
SL

- Poat developmont accelorates,
peat domes fisa to 1 m MSL

- Sealevel at 1 mBSL
- Peal slovation 1.5 m MSL

Time-slice 5: 700 BC - 500 AD

- River Vecht system develops (0.7 m BSL)

- Sea level at 1 m B

- "Young dunes” develop,

Time-slice 6: 500 AD - 1500 AD
- Maximal poat slevation: 2 m MSL.

coastal dunes fisé o 12 m MSL

- Sea level a 0.3 m BSL

Time-slice 7: 1500 AD - 1850 AD

- Rapid degradation of peal due 10 peat extraction
‘and anthropogenic drainage (0 m MSL)

- Fresh waler lakes dovelop

- Water lavel river Vecht 0.05 m BSL

- Sealovel at0.1 m BSL

Time-stice &: 1850 AD - 1900 AD

Reclamation of Haaremmermeer {1852 AD)
and Horstermeer (1882 AD)

ind ditch

- Sea level at 0.05 BSL.

Time-slice 9: 1900 AD - 1950 AD

- Subsurface drains introduced
- Groundwaler {over-} abstraction in coastal dunes

Time-slice 10: 1950 AD - 2010 AD

- Groundwater absiraction n ice-pushed ridge

— Model transect Tidal fits Beach barmer L
173 Present coastine Salt marsh == peat [

Water course Dune area (high) [ Fresh water lake [=H
= Sea == Dunearea (low) €2 Fioodplain L]

Embanked area
Reclaimed area
Urban area
Pleistocene deposits
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-5

-10

=15

-20

Time-slice 1: 6500 BC - 4500 BC

- Sea level rise, linearly from 22 to 8 m BSL

- Maximum transgression extent reached

- Tidal area develops over Pleistocene surface,
"basal" peat deposits left mostly intact

- Surface drainage

sea level [m MSL]

time [ky AD]

L L 1

Time-slice 10: 1950 AD - 2010 AD

- Present-day situation

- Sea level at 0 MSL

- Groundwater abstraction in ice-pushed ridge

- Groundwater abstraction in coastal dunes decreased

I
)
-6 -4 -2 0 2

— Model transect ] Tidal flats [=7] Beach barrier KX Embanked area

I3 Present coastline =R Salt marsh BN Peat B Reclaimed area
Water course Dune area (high) 71 Fresh water lake =5 Urban area

[ Sea 1 Dune area (low) FZ2  Floodplain EE8  Pleistocene deposits

depth [m MSL]

L
g
8

L
I
2

Development saline groundwater

etal, 2014, P intrusion

Model time: 6500 BC

an agpiication to the Netheriands

-200

-250

sea level [m MsL]

depth [m MSL]

Direct age

depth [m MsL]

Chloride Origin 7
Y .
% 100 110 120 130 140 100 110 120 130 140
x-coordinate [km] x-coordinate [km]
Timeslice 1: 6500 BC - 4500 BC Chioride Direct age Origin
1 . 0-015g/ =3 7.5-10.0 B Sea
1 ! ! 1 . .
[ i1 - Sea level rise, linearly from 22 to 8 m BSL BN 0.15-030 @B 10.0-125 10° B Transgression
[ o - Maximum transgression extent reached 0.30-1.0 . 125-150 100 3 Maassluis
Lo L. - Tidal area develops over Pleistocene surface, =3 1.0-25 >15.09L 5 - Recharge
voF o2 ok "basal" peat deposits left mostly intact = 25-50 — sea level 10 fm Recharge
L L I M - Surface drainage 3 50-75 =3 Aquitard 100 Marshlands

5 5 4 3 2 1 0 1 2
year [ky AD]

=3 Surface water
£ Initial

Delsman et al., HESSD, 2013
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Modeled head (m MSL]
o

Model versus
measurements

@ o coastal dunes
* o inland area
1:1 line

T RMSE=14(0.7)

0
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10
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e L
g) 2000 AD
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x-coordinate [km]

140

x-coordinate [km]
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Marshlands

m
(.|
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= |
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[ Surface water
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depth [m MSL]

x-coordinate [km] x-coordinate [km]

Modeled head [m MSL]
o

& o coastal dunes
e o inland area

L:1line
RMSE = 1.4(0.7)

)
Measured head [m MSL]

Model versus measurements

0

—50 jin )
= |

— =]
d —100 =
= (=]
.E. i o}
o]

£ -150 _ . e
= o

—200
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Sharp interface between
fresh and saline groundwater

Introduction

Badon Ghyben-Herzberg principle

Difference between reality and Badon Ghyben-Herzberg approximation

concept: mixing zone in reality  concept: interface between fresh
and saline groundwater
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Badon Ghijben-Herzberg principle

The principle suggests an interface between fresh and saline groundwater

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

brbr bl

h oceaan
zoet

zout

oceaan

borbr b
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pressure saline groundwater=pressure fresh groundwater

psHg = pr(H +h)g

h=L"Fy
o

brdr b d

— h oceaan

h - a H zoet
H hy

h=aH

h=oH
in ocean water a=0.025

h=1m, H=40 m bordbor b

h oceaan
zoet

H hy

zout
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h=aH

h=oH
Mediterranean Sea a=0.028

h=1m, H=35.7 m l 4 i: 1 i 0 i,

h oceaan
zoet

H hy

zout

Badon Ghyben-Herzberg principle

« gives analytical solutions (see later and lectures)

= educational

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

« relative simple geometries
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Badon Ghyben-Herzberg principle

What is the case then hzaH?

still dynamic situation

occurrence resistance layer

natural groundwater recharge not constant
relative density difference a is not ok
occurrence shallow bedrock

ok~ bk

groundwater extractions

Analytical solutions
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Analytical solutions

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

s00m
20 year

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

Unconfined aquifer (1D situation)

|1 L] e

ground surface

groundwater table
reference level=mean sea level

interface
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Unconfined aquifer (1D situation)

() Darcy q=-k(H+ h)ﬁ
dx
(1) Continuity dq= fdx

() BGH h=aH

Unconfined aquifer (1D situation)

dg = fdx integration g= fx+C1

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

fx+C1

HdH = -
ka(l+a)
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Unconfined aquifer (1D situation)
fx+C1

HdH = ———adx
ka(1+a)

integration
gives

Lo — 2 ¢ —Clx+C2

2 ka(l+a)

L _ |- pe-2C1x+2C2
ka(l+ o)

Unconfined aquifer (1D situation)

L _ [~ f¢-2C1x+2c2
ka(l+a)

h=aH

q= fx+C1
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Example 1: Elongated island

H — — fx* = 2C1x+2C2 ClL
kar(1+a) a=nhe

Natural groundwater recharge f

l j ll j l Boundary conditions

Groundsurface[ X = O : q — O - Cl: O
[or— " x=05B:H=0->C2= fB?/8

Saline
groundw ater X

Example of analytical solutions (1)

l l l l l l Depth of fresh-saline interface H
ground surface
b _ |f(025B —x%)
ka(l+a)
h=aH
Maximal thickness lens Volume lens
1 f 1
Hmax:_B I V:_ﬂ(l+a)HmaxBne
2 \ka(l+a) 4

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

Lecture notes p. 32
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Example of analytical solutions ()

l ‘ l l l l Depth of fresh-saline interface H

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 = 35203m3/m’

35203

Characteristic time 1 =

days = 48.2years

Lecture notes p. 32

Example 2: salt water wedge

2
H:\/‘ fx? —2C1x+2C2 9= fx+CL

ka(l+ )

Natural groundwater recharge f

l l ' jw' ‘ l ' Boundary conditions

‘ Ground surface. X=01q=QO—)QO=—fW—)C1:qo

Xx=0:H=0—->C2=0
4, H Fresh groundwater
: a D Length of salt water wedge
Saline K ——
groundwater
X
%}‘

“impervious X= L H = D

Salt water wedge L
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Example of analytical solutions (II)

d surf
groun SUT f f

TLELEEEE T g [T, ko
— L=———\/—(T) ——D*(L+a)a

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

Length of the salt water wedge as a function of a.
recharge and b. hydraulic conductivity

1600 300
1400 354
1200
1000 200
800 150
600 100
400
200 50

Length salt water wedge [m]
Length salt water wedge [m]

0 1 2 3 0 10 20 30
Recharge [mm/d] Hydraulic coductivity [m/d]

the dots resample with the example mentioned above
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Confined aquifer (1D situation)

ground surface

=~~~ groundwater table

T

interface

Confined aquifer (1D situation)

() Darcy q=-kH @
dx

(I) Continuity { = (o

() BGH h=a(H +A)
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Confined aquifer (1D situation)

dh
dx b

HdH = -1 dx
ket

integration gives

EH2=QK+C
ka

H = \/— 24X, oc
ka

Example 3: salt water wedge confined aquifer

H = \/— 24X, oc
Kot

Ground surtace Boyundary condition

/7

x=0:H=0—->C=0

H Fresh groundwater q 2
Saline D QoX
groundwater Kk H = .l
‘- impervious ka

Salt water wedge L
X

Length of salt water wedge X=L:H =D
kD’
200

L=
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Example of analytical solutions (lll)

ground surface  L€NQGth of salt water wedge
. : B / 200X
ka
p et
k__|D kD%cr

impervious L ==

Salt water wedge L 2q0

Example:

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

Lecture notes p. 35-36

Outflow face (Submarine Groundwater Discharge)

Outflow
face
—

Actual interface
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Outflow face (Submarine Groundwater Discharge)

Fresh groundwater
9
H D
Saline
groundwater k a
impervious
o o
Xo Ho=

= =\ | 1959
Ky ko Glover ( )

Example:
Xo= 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

up to ~10 km

Fresh Groundwater

~5-50m

Saline
Groundwater

Not to scale
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Outflow face (Submarine Groundwater Discharge)

%

—>
©
?
< 5
[0} C
s ]
T &
.m. o))
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| T
[0]
2
s
o)
c c
> .0
o k3]
% > < ©
£ n
X ‘Amc
<—
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i A @
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See the lectures for more cases

ground surface

——Th
h h,
2B | impervious
fresh
H H
k D -l
|mperviou‘§‘
+ X salt water wedge L !
a) b)
Natural groundwater recharge f N atural groundwacter recharge f

P
I-stw'a

llll

Freshw ater

Upconing processes
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Introduction

Upconing of saline groundwater

Under an extraction well Under a low-lying polder area

lowering water level
due to reclamation!

«Upconing: undesired situation

-~
fresh groundwater

- movement of saline groundwater to extraction wells

« 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
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3m,

15m

5m

Situation Jurong Island: pilot extraction well

+5mM.SL. Q=3 liter/sec

PN W A OO

displacement interface [m]

o

0 50 100 150 200 250 300 350
time [day]

» Distance between well screen and initial interface: 5m

» Rapid upconing of interface, depending on extraction rate

* No saline groundwater in extraction well with scenario 1 I/s
¢ Good set-up for testing system

3m,

15m

5m

Situation Jurong Island: pilot extraction well: d=10m!

+5m M.S.L. t Q=3 liter/sec

1l/s

L

0 50 100 150 200 250 300 350
time [day]

o P N W M OO O

displacement interface [m]

« Distance between well screen and initial interface: not 5 but 10m
* No saline groundwater in extraction well with all three scenarios
¢ Lessinteresting for testing system
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Examples of analytical solutions (1V)

Upconing of saline groundwater under an extraction well

~(,. t) _ Q ]- _ ].
C 2maked (14 R2)V2 0 [(14 )2 + R
R = ’_£IZ .," _ .ak: ;
d ky 2n.d

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

verlaging freatische
grondwaterstand
; door drooglfggmg

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

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

-20
-40
60
-80 Canc
12600
=100 10000
7500
5000
=120 4000
2500
1000
-140 00
300
160 100

Tijd=1872 AD

000 4000 6000 8000
lengte inhet systeem [m]

TNO-BO, GOE, 06

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

verlaging freatische
grondwaterstand
; door drooglfggmg

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

-160

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tijd=1872 AD

-20
-40
-60
-80 Canc
12600
=100 10000
7500
5000
=120 4000
2500
1000
-140 00
300
100

2000 4000 6000 8000
lengte inhet 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
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Fresh-salt interface (150 mg CI-/1)

[ J<100m

[ ]100-200m

[ ]200-300m

[ 300-400 m

I 400-500 m

B 500 m

>inversion (fresh under salt)

Availability of fresh groundwater

[ l<icom

[ ]100-200 m

[ ]200-300m

[ 300-400 m

I 400-500 m

B 500 m

>inversion (salt above fresh)

(O Pumping stations
with salinisation

@ Pumping stations
closed
due to salinisation
(20%=100 stations)
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Different risks of upconing saline groundwater

Very low risk Q Very low risk Q

High risk Q

. !-_l_igh risk _sali ation

Animation 3D Chloride concentration

z
. . A

Chloride concentratie in 3D [mg CIH1] E\

X
0
540000
25
530000

N 50 52000 7500
5000
3000
-15 2000
1000
300
-100 150

180000, o0 50

150000 20

160000
X 70000 466000 o
190000
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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

Compensating measures
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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

e ‘The Fresh Holder’

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

« Modifying pumping rates

< Land reclamation in front of the coast

e Creating physical barriers (chrystallisation or biosealing)
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Aquifer Storage and Recovery
“potential to be a major contribution to UN Millennium Goals for Water Supply”

STP wet dl'{
cycle cycle
Ooo— e~
22

Dune Filtradion

-
Bank Filtration ==} o

; YIEY

Sand dam Recharge releases
Underground Dam

i: o Infileration Pond o

Aquifer Storage and Recovery / Managed Aquifer Recharge

“potential to be a major contribution to UN Millennium Goals for Water Supply”

Aquifer storage and Infiltration ponds,  Aquifer storage, transport
recovery (ASR) galleries and recovery (ASTR)
N x R ~

£ %

t I
~

’ i
k L1}

Dry wells Recharge weirs, Rainwater
releases harvesting
R Runoff harvesting
y 1Y
1 ra o %
2%

Source: Dillon, 2005
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InCrease Of Tresh groundwater volume due 1o countermeasure

Technical

measures

to

compensate

Salt impervious T impervious
|Saline groundwater extraction Artificial recharge area . recharge

water 19. pool

intrusion

—————— impervious

i impervious
reduced g
[Modifying pumping ratesE:tt;a“W"I e

Physical barrier

impervious impervious

Salt water wedge L

Salt water wedge L

Land reclamation
The Zandmotor: effects at the hinterland?




TR CLAS T AL PRV T8 PR AR




The Zandmotor: effects at the hinterland?

The Zandmotor

storage extra
fresh water?

VAL LA VAV ALT LAl
o unes lowivin shift water divide .
water divide 1 1 P0|de'yafga land reclamatiol ! 1 p::;v;yal:ga

Noordzee




Development of the Sand Motor

5 years

20 years

December 2013
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The Coastal Collector

groundwater recharge

A

ground surface

TNCrease of Iresh grounawater volume due o countermeasure

q
Technical ‘
new land
measures
to
Compensate
Salt _________ impervious
[Spurie [Artificial recharge area| recharge
water .
intrusion

impervious

————— i impervious

reduced g
[Modifying pumping ratesE:tt;amO"I e

Physical barrier

impervious impervious

Salt water wedge L Salt water wedge L
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Solutions

Solution: The Fresh Holder

Reverse osmosis

A U 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

COASTAR: COastal Aquifer STorage And Recovery

Increase fresh
groundwater resources

——y /4 Counteract Brackish Optimization
brackish seepage groundwater  freshwater
Temporary storage exploitation  extraction
Counteract fresh water
' salinisation \ ‘\ \

Fresh

Brackish

Saline
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Introduction

Countermeasures of salt water intrusion

(EC-project: CRYSTECHSALIN)
reduced

Physical barrier

\ Modifying pumping rates \?;ttéaﬂioniq*

alt water we?igfeiL

physical barrier 9.
G
stagnant saline groundyvater
Y& g [¢]

impervious impervious

I A
alt water wedge L

Technical
measures
to
compensate
salt

water
intrusion

TNCrease of Iresh grounawater volume due o countermeasure

g
Deep-well infiltration 1 Land reclamation

new land

----- impervious ] impervious

|Saline groundwater extraction
19.

impervious

impervious

reduced g
[Modifying pumping ratesE:tt;a“W"I 8

Physical barrier

impervious impervious

Salt water wedge L Salt water wedge L
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Base idea

Many local solutions for fresh groundwater
supply can have regional impact

Starring

solution fresh groundwater supply

100



Starring

Local solution fresh groundwater supply

P

Starring

climate and global change
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Starring

climate and global change

Solutions and responses

Local solution fresh

climate and global change
groundwater supply
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What should be the response?

Many local solutions fresh climate and global change
groundwater supply

b¢
g ' hO\NCaSe ;i g

Many local solutions for fresh groundwater
supply can have regional impact!
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-upscaling local cases to regional strategy
-assess economical feasibility

-increase impact: communicate our showcases
-working together

e

- mi,iml =g
Forne,
<

Aquifer Storage and Recovery in the coastal zone

Goal: www.go-fresh.info

(‘ f— Increase fresh groundwater resources in saline seepage areas in the
southwestern part of the Dutch Delta

Methods:

3 pilot studies: infiltration of fresh water in times of water excess and

extraction in times of droughts

wy o WR o mE Many small local solutions together can be enough
L e for a regional fresh water supply

mmmmmmm

The Freshmaker Drains2Buffer

Creekridge Infiltration Test

Increase fresh water in creek Increase fresh water Maintain fresh water volume
ridge by injection of fresh volume in creek ridge by in shallow rainwater lenses by
surface water and passive infiltration via smart deep controlled
extraction of saline groundwater  drainage drainage
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Problem statement

» Crop damage southwestern part of the
Netherlands

* Fresh groundwater below creek ridges

ntwerp

Brussel

Belgium

v

L

&

Case study: Water Farm

North Sea .~

« 3km2area

» 8farms
NS * 4 arable farming
l.t 5km 2 horticulture
Figure 3 e 2 fruit

« start case study 2010 |

sea | Eiuneksn“( polder
/ " fresh seepage creek deposit  precipitation
- from dunes with fresh surplus
' T grourldwater
'\ fresh groundwater I e [\}\L/T A m—
i y i

| <3

brackish/ > )
saline groundwater
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¢ codesign measures farmers
e communication to outside world

Researchers: scenario analysis

Lowering of fresh-salt interface
due to the raised ditch level scenario

Legend
Lowering of interface [m]

0 50100 200 Meters’

—

Creek ridges

1200 AD; before land reclamation current situation

bank deposits

tidal creek a

tidal creek deposits

land subsidence

"y ditch

<10 m

~10-40 m

~100-1000 m ~100-1000 m
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Measure

» Controlled level drainage
* Increase groundwater level

controlled level drainage infiltration
collecng =Lt hF---=--cccccmccaaa
= :
] .‘ﬂ drainage 3
/| level 3

woF-oL

200m

Creekridge Infiltration System

Infiltration tubes
Potatoes Apples

Pumping device

Potatoes

. Saline water - Clay
M Fresh (ground) water FIF sand

Fresh (ground) water after measure
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Concept of CARD and pilot layout /.f“ K
Artificial rechar: Controlled drainage ";/ e
) Collector ~ Drackish gg;ha )
""""""""" & well :‘I:';:" &

Im

Semi-confining layer

150 m

collection . HEE Legend

Extent CARD system

mmm=  Location of the cross section
show in a

e Fresh water ditch

wmmmm= Brackish/saline water ditch
% Artificial recharge
- Controlled drainage

ZUL(UDLD:

Installation of drainage and monitoring
network

= measurement locaf
— CVES transect
controlled level drainage A

— fresh water ditch
— brackish water ditch

various types of field measurements
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Different types of field measurements applied

Measurement type Purpose

Pressure transducers® Groundwater levels
Sampling using ECy20
piezometer nest

SLIMFLEX®
CPT®
CVES¢
SMD°®

ECpuik
Lithology and ECy,,

Cbulk
Ecbulk

a. Schlumberger, The Netherlands (type ‘ Diver *)
b. Deltares, The Netherlands

c. Fugro, The Netherlands

d. ABEM, Sweden

e. Imageau, France

*»imaGeau

-'iuil!n

Key field observations (1)

* Fresh groundwater up to -12 m NAP

360 m

ER-CPT 1
o

ECms/em
]

2 (m Nap)
L L
s & o

109



Key field observations (2)

* Freshening up to 2m

-4

— Sep 2013
— Dec 2013
— Feb 2014
— Mar 2014
— May 2014

z (m NAP)

thin,low permeable layer

5 10 15 20 25 30 35 40 45
EC groundwater mS/cm

Subsurface Monitoring Device (SMD): Monitoring salinities

ezimaGeau  =mt

ECbulk(mSl cm)
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Key field observations (3)

» Groundwater levels and precipitation

B
=]

P (mm/d)
S

(=]

1
o
n o

infiltration period

-1.0

m-surface

I_LSJ\\/\k"W.'JWMI

| aimed level

-2.0

) B) 3 b >
\0“1’0 Pog"'o 0&“1'0‘» os"'bos {,ev"p pot L

Modeling

surface elevation —
(cm NAP)
B 140 - 40
I <0-0 3 model domain
[ Jo-4

[ J40-80

[ 80-120

B 120 - 160

creek ridge

200 400 600 800 1000 1200 1400

x (m)
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h (m NAP)

- no infiltration oib> infiltration

-0.5 -0.5
_1.0W -1.0

-1.5 -1.5

2% 20 a0 60 80 100 2% 20 40 60 80 100

z (m NAP)

Influence of infiltration

20 40 60 80 40 60
t (weeks) t (weeks)

80

Singapore Jurong Island

Aquifer Storage and Recovery
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