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

• Utrecht University, Earth Sciences: till 2002
• Free University of Amsterdam, Earth Sciences: till 2004
• Deltares
• Utrecht University (Associate Professor): from 2014

Qualifications:
• Groundwater resources management
• Density-dependent groundwater flow and coupled solute transport
• Salt water intrusion in coastal aquifers
• Assessment of climate change on groundwater resources
• Numerical Modeling
• Teaching and training

Deltares: gualbert.oudeessink@deltares.nl
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Research on groundwater in the coastal zone

• 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)

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

• Developing adaptive and mitigative measures to stop salinization in
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
http://publicwiki.deltares.nl/download/attachments/22183944/gwm2.pdf?version=1&modificationDate=1268

945548000

2. Groundwater modelling
http://publicwiki.deltares.nl/download/attachments/22183944/gwm1.pdf?version=1&modificationDate=1268

750652000

http://publicwiki.deltares.nl/display/FRESHSALT/Upload



• PMWIN
• SEAWAT
• Cases:

– Rotating sharp interface
– Freshwater lens
– Henry’s case
– (Elder’s case)

• Setup practicals:
– try to work together in teams, e.g. of two persons
– short report of findings (make screenshots)
– deliver within two weeks after finish last SWI lectures

Deltares: gualbert.oudeessink@deltares.nl

Practicals numerical modelling
Introduction

http://freshsalt.deltares.nl



• Rotating sharp interface

• Freshwater lens

• Henry’s case

• (Elder’s case)

Practicals
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Volumes of water on Earth: a scarce product

Fresh, continents

97%

3%

Salt, oceans

70%

30%

Glaciers, ice caps,
permafrost
Liquid water

Source: Perlman, USGS; Shiklomanov, 1993
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Water Energy Food Nexus
Global water scarcity

All water
On earth

All lakes and
rivers

Fresh water is a scarce resource…

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



Water on Earth

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)

saline
fresh

ice
groundwater
surface water

97.5% 69.6%

30.1%

0.3%

Total water on Earth Total fresh water on Earth

100%=1350*106 km3 30.1%=10.5*106 km3

(Source: Cheng, 1998)

Introduction



Groundwater in the coastal zone
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500 million people in the first 5km
from the coastline



Topics of density driven groundwater flow

Introduction

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, 3D cases
– real cases (Dutch coastal zone)



Ground Water System Analysis
in the coastal zone

Monitoring
water system

Numerical
modeling

Analytical
formulae

Solutions and responses

Stakeholders
participation

Work at Deltares



Groundwater issues in the coastal zone/deltaic areas



Past, before man
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The polders in the Nederland

Jan van Scorel
20140121



Groundwater in the future
We have to cope which…:

• We have to cope which…:
• Groundwater extractions

• Development energy use/production (heat-cold)

• Climate change

• Land subsidence
• Development spatial land use
• Politics, Policy & Watermanagement

Direct anthopogenic influence on groundwater is more important than climate effect



Salt Water Intrusion Meeting, since 1968



Salt Water Intrusion Meeting, since 1968

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

Themes
• Water systeem analysis
• Monitoring
• Modelling
• Effects
• Solutions



www.swim-site.org



uuq8nejhwww.swim-site.org



www.swim-site.org



Location of SWIM studies since 1968



Location of SWIM studies since 1968



Introduction SWI



Inflow of saline water into an aquifer which contains
fresh water

Introduction

Definition of salt water intrusion



Origin of saline groundwater in the subsoil

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

Geological causes:

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

Anthropogenic causes:

Introduction



Modes of Salinization due to Sea-Level Rise

Source: Cliff Voss



Modes of Salinization due to Sea-Level Rise

Source: Cliff Voss



Salinization due to Pumping

Source: Cliff Voss



Salinisation processes at local scale

Upconing low-lying area

Shallow rainwaterlens

Upconing extraction Salt water intrusion surface water

Salt water intrusion groundwater Inundation saline seawater



Salinization processes in the coastal
zone: combination

GEUS





Grondwater in het kustgebied

Source: Nature, 2013





Biscayne aquifer, Florida USA: Henry’s case



Definition of salt water intrusion

Numerical model: Henry’s case



Definition of salt water intrusion

Numerical model: Henry’s case



Sea level rise and salt water intrusion



Sea level rise and salt water intrusion



Sea level rise and salt water intrusion

extraction

extraction
upconing



Types of extraction systems



Salt water intrusion





Water on Earth

Some serious developments:

“shortage of drinking water will be one of the biggest problems of the 21th

century”

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

Introduction



In 1 liter ocean: about 35 gr salt



In 1 liter ocean: about 35 gr salt



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



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



Definition fresh-brackish-saline groundwater



Examples of equations of state

Knudsen (1902)
2
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Equation of state (SEAWAT)
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e.g.:
1. conc=35 TDS g/l: DRHODC=0.7143
2. conc=19000 mg Cl-/l: DRHODC=0.001316

(as 1025=1000+0.001316*19000)
3.  conc=1: DRHODC=25 (example practicals)



Density depends on salinity and temperature

Knudsen (1902)2
)( )2214.04(0065.08054.01000 STSS,T +--+=r

EOS



Density and viscosity depend on temperature
(10oC-160 oC)

EOS





Close relation between
chloride concentration and Electrical Conductivity

( / ) ( / ) 0.305 137wCl mg L EC S cmm- = × -



106 μS/cm = 103 mS/cm = 1 S/cm
1 μS/cm = 100 μS/m

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

the ratio Cl- over TDS equal to ~0.554, under stable
normal seawater environments

Close relation between
chloride concentration and Electrical Conductivity





EC-Chloride



Salt in water is a problem

Jan van Scorel
20140121

Crop damage
Vulnerable nature

Drinking
water

salty water freshwater



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

-industry:
•corrosion pipes
•preparation food

-irrigation/agriculture:
•production crops
•salt damage

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

Introduction

salty water fresh water



Effects salinisation: salt damage

Source: Proefstation voor de Akkerbouw en Groenteteelt, Lelystad

salty water fresh water



Salt-resistant crops
precipitation

saline seepage

Sprinkling

Important parameter:
Chloride concentration root zone
Land use
Sensitivity crops



Salt damage to crops
Important parameters:

– Chloride concentration in the root zone
– Land use
– Sensitivity crops

Land use Threshold value
root zone
(mg Cl-/l)

Gradient  root
zone
(-)

Grass 3606 0.0078

Potatoes 756 0.0163

Beet 4831 0.0057

Grains 4831 0.0058

Horticulture 1337 0.0141

Orchard (trees) 642 0.0264

Bulb 153 0.0182
Source: Roest et al., 2003 en Haskoning

Source: MNP, 2005



Salt damage to crops

Source: MNP, 2005

Chloride concentration mg Cl-/l

Relation between salt concentration and damage to crops



Soil moisture Irrigation water

Limi Gradient Limit Gradient

Crop mg/l Cl %/mg/l Cl mg/l Cl %/mg/l Cl

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



Why is salinisation a pressing problem?
Introduction

• 30% of world population lives <100 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 q0• climate change:
- sea level rise
- natural groundwater recharge



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

•agriculture:
salt damage to crops: salt load and seepage

•water management low-lying areas:
flushing water channels

•ecology

Introduction



2500 litres of water
for 1 cotton shirt



The water footprint of products

1 kg wheat 1 m3 water

1 kg rice 3 m3 water

1 kg milk 1 m3 water

1 kg cheese 5 m3 water

1 kg pork 5 m3 water

1 kg beef 15 m3 water

[Hoekstra & Chapagain, 2008]

global averages



40 litres of water
for 1 slice of bread



1500 litres of water
per kg refined sugar



2400 litres of water
for 1 hamburger



= 140 litres of water



10 litres of water
for 1 sheet of A4-paper



Question:

Introduction

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



Population growth 1990-2025

Global 15 x 15 Minute Grids of the Downscaled Population Based on the SRES B2 Scenario, 1990 and
2025 (~28*28km2 at equator)

2025

1990



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 !

Introduction



Serious overexploitation coastal aquifers worldwide

Murcia, Spanje

Bangkok, Vietnam
Dhaka, BD
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Groundwater overexploitation in Mekong Delta

Aquaculture (shrimp farms) need an enormous quantity of
fresh groundwater

shrimp farms



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
San Francisco

Los Angeles

9 m
land
subsidence
between
1925-1977
(52 years)
~ 17.3 cm/y



What causes the land to subside?
Natural causes (geological processes):
� Loading of the earth’s crust by ice sheets, sediment (delta’s), the

ocean/sea
� Compaction of older sediments after sedimentation

Anthropogenic causes (human-induced processes):
� Oil/gas extraction (usually relatively deep)
� Groundwater extraction (usually moderately deep)
� Drainage of soils Þ oxidation of peat, soil compaction

Why discriminating between human-induced and natural processes?
� Magnitude
� Cooping strategy (mitigation versus adaptation)





Impacts



Sinking delta cities
Relative sea level rise = Absolute sea level rise + Subsidence



The subsidence issue is underestimated

RSL Tokyo
4,5 m!
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Examples of some major coastal cities



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

Regional distribution of Holocene Sea-level Changes



Areas vulnerable to sea level rise



Bangladesh 20130327

http://flood.firetree.net

~50km

The Netherlands: low-lying lands



Saline seepage leads to:

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



Bangladesh 20130327

+2.5m =
outflow

-3.0m =
intrusion

Historical subsidence of the
ground surface in Holland

Ground surface

~1000 AD

13th century

17th century

19th century

From fresh water outflow to salt water inflow



10 juni 2013

http://flood.firetree.net

Mississippi, USA

Nederland

Mekong deltaBangladesh

Jakarta, Indonesia

Myanmar, Ayeyarwady
Jakarta, Indonesia

Nile delta, Egypt



~100km

Po Delta, Italia

Mexico, Yucatan



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

Post et al., Nature, 2013



Genesis
and preservation

Source: Nature, 2013

Freshening due
to:
high gradients
low sea level rise

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



Possible locations of offshore (submarine) groundwater



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

Peltier, Science, 1994Exposed continental shelves

Linsley, Nature, 1996

Inundated (kyr BP)



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



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



Bangladesh 20130327

Present processes Future changes

The Dutch groundwater system under stress



Saltwater intrusion in the Netherlands



Saltwater intrusion in the Dutch coastal zone

Position profile through Amsterdam Waterworks, Rijnland
polders and Haarlemmermeer polder

Zandvoort
Haarlem

Hoofddorp

Hillegom

Haarlemmermeer
polder

1 2 3 4 5 km0

profile

Sand-dunes

Specific

North Sea

Cruquius

Amsterdam

Waterworks

RingvaartRailway

city
profile



The polder system
A polder is:

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

high

low

sea or river



Geometry, subsoil parameters, boundary conditions
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Saltwater intrusion in the Dutch coastal zone

Grondwater extractions out of the middle aquifer in the sand-dune
area of Amsterdam Waterworks
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Upconing of brackish-saline groundwater

Stuyfzand, 1993

?



Saltwater intrusion in the Dutch coastal zone

fingering
upconing
wells

salt inclusion

upconing
polder

sea

dunes

polder



Saltwater intrusion in the Dutch coastal zone



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



Bangladesh 20130327

Based on:
• Analyses
• VES
• Borehole measurement

5850 BP
Max
transgression

800 AD



The Holocene
transgressions

Major impact on
present regional
brackish
groundwater
systems

7500 BP

Peat

Salt marches

Sand



CAN WE PREDICT THE PRESENT
SALT DISTRIBUTION IN

GROUNDWATER?





Palaeogeographical development

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

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



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,

reclamation

Delsman et al., HESS, 2013









Development saline groundwater
in the Holocene

Delsman et al., HESSD, 2013



Model versus
measurements



Origin
source





Model versus measurements


