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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

Qualifications:

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
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Research on groundwater in the coastal zone

18 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

e 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

grou ndwater 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.

2.

Density dependent groundwater flow

150

Groundwater modelling

system characteristics
parameters

input > /-‘ » output

variables X ’ variables

?

conditions: initial and boundary
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Introduction

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
Deltares: gualbert.oudeessink@deltares.nl

Practicals

* Rotating sharp interface

* Freshwater lens

e Henry’s case

e (Elder’s case)
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Volumes of water on Earth: a scarce product

Water in/fon/above Earth
Liquid fresh water

Freshwater lakes rivers

o 70%
- Water in, on, and above the Earth Glaciel’s, ice CapS,
» # Liquid fresh water D Oceans D pel’mafrOSt
- . Freshwater lakes and rivers L S 5 . Contlnents

| 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
. 2 0-3% _
W saline dice
B fresh W groundwater
O 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)




Groundwater in the coastal zone
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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)




Deltares
Work at Deltares . ;

Ground Water System Analysis
in the coastal zone

Solutions and responses

Groundwater issues in the coastal zone/deltaic areas

climate change:
precipitation and evapotranspiration increase

increasing r
population density

tidal
amplitude

well salinisation

o




Past, before man

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

mixing of seawater
and freshwater

saline and brackish
water intrusion

0 m Present sea level

1st aquifer

\ freshening?

-50 m

The polders in the Nederland

Noordzee Alkmaar  Noordhollands Schermer
Kanaal




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
e Development spatial land use

e Politics, Policy & Watermanagement

Direct anthopogenic influence on groundwater is more important than climate effect

Salt Water Intrusion Meeting, since 1968

10



Salt Water Intrusion Meeting, since 1968

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

i

Themes

e Water systeem analysis
e Monitoring

e Modelling

e Effects

e Solutions

Salt Water Intrusion Meeting (SWIM)

Home || History | Phiosopy || Nextmesting H Proceedings || 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 also 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

[ from

» B Hydrogeolo:
/ I Geological

Greenland (
Denmark

il 1y | [
- Nays fun to meet colleagues
| 2

SWiM from Alphafilm & Kemmunikation on Vimeo

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

increased demand due 10 economic development and population growtn
over-exploitation of water resources, espacially 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-mage environmental change

The main aims of this web site are to be the central and permanent source of infermation for people interested in the SWIM and to increase awareness and provide access of the excellent
work that is presented at the SWIM meetings
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Salt Water Intrusion Meeting (SWIM)

Hame ii History || Ehilosephy “ MNext meeting Droceedngs | 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 &th, 12th, 13th,
15th, 16th, 17th, 18th, 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:

S WWW.swim-site.org

iand, Poland, 2000

penhagel
‘bgelenzang, The Netherlands, 1870
Hannover, Germany, 1968

st 8

For sale (external links)

» Proceedings of the 12th Salt Water Intrusion Meeting, Barcel
« Proceedings of the 8th Salt Water Infrusion Meeting, Hannover,

Salt Water Intrusion Meeting (SWIM)
| Proceeaings | Links | avoumissie |

Home I History I Next meeting

Back to 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 Kawachi C_Uchida, M._Kefi, J Tarhouni, K Kashiwagi Effect of Surface Water Use on Mitigation of GW Salinization in a Semi-Arid Coastal Shallow Aquifer Setiing: A Case Study of
Lower Lebna Watershed, Tunisia

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

A. Saha, WK Lee A Bironne Taisne, V. Babovic, L. Vonhdgen-Peeters, Esther van Baaren, P. Viermeulen, GH.P. Oude 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-Chicana The Influence of the Heterogeneity and Variable Density in Theis and Cooper-Jacob Interpretation of Pumping
Tests: The Case of IMotril-Salobrefia Aquifer (SE Spain)

JLP. Sanchez-Ubeda, M.L. Calvache, Carlos Dugue, M. Lopez-Chicanc Modelling Sea-Aquifer Contact in Salt Water Intrusion Scenarios: Conditions and Possibilities

J P Sanchez-Ubeda M L Calvache Carlos Dugue M Ldpez-Chicano Estimation of Hydraulic Diffusivity Using Tidal-Exiracted Oscillations from Groundwater Head Affected by Tide

Elad Levanon, Eyal Shalev, Yoseph Yechieli Haim Gvirtzman The Mechanism of Groundwater Fluctuations Induced by Sea Tides in Unconfined Aquifers

Bang Li, Hailong Li, Chunmiac Zheng, Kai Xiao_Manhua Lua, 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

Kai Xiao, Hailong Li. Chunmiao Zheng, Yanman Li, Manhua Lua A Preliminary Study on Influence of Seawater-Groundwater Exchange on Nutrient Dynamics in a Tidal Mangrove Swamp
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AD.

Posters

in Daya Bay, China
Ashraf Ahmed, Robert Gantley, Antoifi Abs ihalik The Effect of Cutoff Walls on Saltwater Intrusion in Stratified Coastal Aquifers: An Experimental and Numerical Study
Andrew C. Knight, Leanne K. Morgan, Adrian D. Wermer Offshore Hyd of the Gambier Embayment and the Polential for an Offshore Groundwaler Resource

L Oz Eyal Shalev, Yoseph Yechieli,_Haim Gvirtzman Saltwater Circulation Pattems Within the Freshwater-Saltwater Interface in Coastal Aquifers
Sang Kil Park, Do Hoon Kim, Hong Bum Park The Investigation of Sea Water Intrusion on Opening Estuary Barrage of Nakdong River Using Numerical Simulation Model
Chendgji 8hen, Pei Xin, Chenming Zhang, Ling Li Initiation of Unstable Flow in Salt Marshes

Session 1 - Managing Coastal Groundwater |

G HE Qude
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Location of SWIM studies since 1968
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Introduction SWiI

Introduction

Definition of salt water intrusion

Inflow of saline water into an aquifer which contains
fresh water

submarine
groundwater
discharge

ground surface

14



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)

Introduction

Modes of Salinization due to Sea-Level Rise

Vertical
Infiltration

r—

Source: Cliff Voss _—

_ Lateral
Fresh N ntrusion
Groundwater ™~ Saline
o Groundwater

15



Modes of Salinization due to Sea-Level Rise

Fresh
Groundwater Saline
g Groundwater
Source: CliffVoss

Salinization due to Pumping

Pumping-induced
Salinization

/ \ fresh Water

Source: Cliff Voss

16



Salinisation processes at local scale

Tsitsbtiodin dumdertihe 1 1 1 1 1 1 1t

groundwater recharge
G e e e
oy surface.

u
o

Salt water intrusion groundwater Inundation saline seawater Shallow rainwaterlens

t Q R

lowering phreatic
groundwater due to
!lang reclamation

isplacement
wedge

e
coast line

Upconing low-lying area Upconing extraction Salt water intrusion surface water

Salinization processes in the coastal

zone: combination
SOURCES OF SALTWATER

Infiltration from
tidal marshes, boatbasins, Wellfield Leakage from
estuaries, and bays unprotected canals

Well field

Fresh water

17



Regions with brackish and saline groundwater at shallow and intermediaie depts

iarae.

V o SV V N R T

-50-40-30-20-10 0 10 20 30 40
x (m)

local flow
A system, sediment
filled valley Sea level Predipitation
Low Stand Evaporation

S?UI‘CGZ Ngture 2013

anvan Scorel

20140121




A

COASTAL
ZONE
"ESTUARINE"
ZONE

COASTAL SHELF ZONE

UNCONFINED FRESH
WATER AQUIFER {

ALTITUDE, IM FEET ABDWVE OF EELOW SER LEVEL

Biscayne aquifer, Florida USA: Henry’s case

“ T T T T T T T T
5,000
@ Lend surface .
a Wabar tabls Biscmpme Bay
L] L]
. . H H .

Ll Biscayna aguifar ]
Wl

=
S

ig
B [~ 7/ e
o = !

I

| |
1,750 1500

DISTARCE FROM SHORELINE, [N FEET

EXPLANATION

Line of equal chloride
concentration, in parts
et million

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

Modified from Eohaout {1884}
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Definition of salt water intrusion

Numerical model: Henry’s case

beach

land

depth

CONC: 010.203040506070.808

Definition of salt water intrusion

Numerical model: Henry’s case

coast beach land

100 80
length

CONC: 010.203040506070809
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Sea level rise and salt water intrusion

Effect sealevel rise on groundwater system in coastal zone

coast beach

land

depth
!

I A A A |

N \____.////

\\\_,.///
._\\a—-—"////f

v

CONC: 010203040506070.809

Sea level rise and salt water intrusion

Effect sealevel rise on groundwater system in coastal zone

land

-

v

CONC: 010203040506070.809
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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

Deltares
Enabling Deita Uife. ;

CONC: 0.10.20.30.4050.60.70.80.9

GOE, 2009

a conceptual model of saltwater intrusion
0 coast

beach

land

depth

100 180 160

Deltares
‘Enabling Deita Uife ;

CONC: 0.10.20.30.4050.60.70.80.9

Impact of sea level rise on a coastal groundwater system:

GOE, 2009

Salt water intrusion

depth

160 140 120 100

Salt w ater intusion in the coastal zone

length

land

80 60 40 20

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”

23



In 1 liter ocean: about 35 gr salt

—

In 1 liter ocean: about 35 gr salt

24



e

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

{ I

o € €
o L

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

Jan van Scorel
20140121

25



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 5 140
Br’ 65
Positive ions Na* 10600
Mg *? 1270
ca®? 400
K* 380

26



Definition fresh-brackish-saline groundwater

. Chloride concentration
Main type of groundwater

[mg cl /L]
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 gTD D g- O gatio 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 7DS mg/L|
Brine >45 >35.000 n.a.

EOS
Examples of equations of state

Knudsen (1902)

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

Linear (concentration) IR, Dol

Py = 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)+7w
(T.po) — Ff

27



Equation of state (SEAWAT)

ap
Bijx = Ps +Eci,j,k

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]

L —— T T T T T T %8

1000 prmmem—t e ] 1000

1002

1004

1C08

1008

1010 poo 0720 o

Density of water in kg/m?

1012

1014

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

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

EOS

28



Density and viscosity depend on temperature

(10°C-160 °C)

14E-03
1.2E-03 1

1.0E-037-
8.0E-04
6.0E-04 1

4.0E-04 1

2.0E-04 1

Dynamic viscosity p (Pa s)

10 30 50 70 90 110 130 150
Temperature (°Celcius)

Density p (kg/ms)

1000

EOS

9801

96017

9401

9207

90017

880
10

30 50 70 90 110 130 150

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

5 1600 = Equation (2.3)

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

10° 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

30



A fresh-keeper for Noard Burgum
The new future for a salinated well field?

2500
=)
h
g 2000 se57 50
el
s o2
™ 1500
e
€
8 &
g 1000
o y=4.1319x - 190.94
3 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 B06D1114 and BO6D1087 in between 23-sept-2009 and 9-o0kt-2010 were plotted.

Electrical Conductivity [mS/cm)

EC-Chloride

100

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

10

10

100 1000 10000
Chloride concentration [mg Cl /L]

100000
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Salt in water is a problem

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
J precipitation

f

saline seepage

Important parameter:
Chloride concentration root zone
Land use
Sensitivity crops

depth (m BGL)

o

e MP3-B
=
=
\\:m
T
\
B mix -

T T
0 10 20 30 40

T T T T T
0 10 20 30 40

EC (mScm™) EC (mScm™)
B MP4-B B MP5-B
£ .
S, Somgz, D
= T
-\-Dm/x -
= ==
Bimix \ B |

.

S
0 10 20 30 40
EC (mScm™)

0 10 20 30 40
EC (mScm™)
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Salt damage to crops
Important parameters:
— Chloride concentration in the root zone
— Land use
— Sensitivity crops
Land use Threshold value | Gradient root
root zone zone
(mg CI-/1) ¢ —
Grass 3606 0.0078 ,m_sm“-ﬁm—m;mﬂgmmw
Potatoes 756 0.0163 | &
Beet 4831 0.0057 | w
Grains 4831 0.0058 | w-
Horticulture 1337 0.0141|
Orchard (trees) 642 0.0264 e e
Bulb 153 0.0182 e
Source: Roest et al., 2003 en Haskoning source: MNP, 2005

Salt damage to crops

Gras®
4
1 1 1
4000 5000 6000

Chloride concentration mg CI-/I b
Source: MNP, 2005




Soil moisture Irrigation water

Limi Gradient 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
® 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:
- sealevelrise
- natural groundwater recharge

backwater effect (—edraction __ground surtace

=
river  displacement="1

Q == sk
P e

er botton,  displa




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

36



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

37



1500 litres of water
per kg refined sugar

38



.' = 140 litres of water

10 litres of water
for 1 sheet of Ad-paper

39



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
) morethand0% [ from 20 % to 10 %
from 40 % t0 20 % [ less than 10 %

40



Population growth 1990-2025

Population 2025%,
<1000

_
_
_
-3
[
-

-

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

Staticwater level (m)

1984

Time (yyyy)
1988 1992 1996 2000 2004 2008

2012

2.5m/year

Dhaka, BD

© (2nd aquifer) SWL, where well < 200m

 (3rdaquifer) SWL, where well > 200m

Abs.Elev. of GW level, m

Elev. of GW level in aquifer n,!

o

Ay

&

AN
15

> 1m/yr

KN
&

rl:
S

|V
N Mekong, VN

Jan-94 Oct-96 Jul-99 Apr-02 Jan-05 Oct-07 Jul-10
Time

a

Depth of piezometric level
below ground surface (m.)

Bang Pli, Southeastern Bangkok

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996
20

1008 Year

25

Settiement (1m)
4

PD (112m)
NB (207M) i (156m)

85 2.5m/yr

i Bangkok, Vietnam

™
3
Land subsidence from
1978 (mm)

Drawdown relative to groundwater level in 1980, metres

Murcia, Spanje

1 985

2000
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Megacity

Shanghai
Tokyo
Osaka
Bangkok
Tianjin
Jakarta
Manila

Los Angeles

Land subsidence

Maximum Date
subsidence [m] commenced
2.80 1921

5.00 1930’s

2.80 1935

1.60 1950’s

2.60 1959

0.90 1978

0.40 1960

9.00 1930’s

Land subsidence San Joachim Valley,

~ (52years) San Francisco
~17.3cmly —

CA, USA

9 m since 1930s

betw
1925-1977s

Los Angeles
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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):

« Qil/gas extraction (usually relatively deep)

« Groundwater extraction (usually moderately deep)

. Drainage of soils = oxidation of peat, soil compaction

Why discriminating between human-induced and natural processes?
« Magnitude
. 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

1900 1525 1950 1975 2000 2025
1
_ = A A
°'-TE._ — = 234 ral Tokyo
\ e 45m!
-1 = —
\ NG| [
_z g
. N - S
E 3
E -3 \ @
| ]
[ & 5
Nl
. I
— AbsoluteSLR  —— Bangkck — Manfla
= HoChiMinh City —— West Metherlands
— Jakarta — Toyo

Regional distribution of Holocene Sea-level Changes

30 1 E
12 m m, m_ m_y
o o o P o 0 H—————
ERE R g 1~ g
30 2 -+ 3] 4 5 5
008y BP T TT T T a \I,I T |nl llllll
1000 yr B 1000 yr B *1000 y 8P 1000 y B8P

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
Bt A Maijor river deltas of the world (J.M. Colenﬁan, 1981)

The Netherlands: low-lying lands

Sea level rise: +2m |v 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 IJssel

North Sea

first aquifer

From fresh water outflow to salt water inflow

streams in the lowlands  swampy lands

Historical subsidence of the A 1000 AD
ground surface in Holland prmitvely drained
B
igging  dike wndmill
channels building drainage drai:age polder polder
+2.5m = c
13t century
outflow
+0.9m
) _t e D
[ Tidal tide ﬁ %
| b
s _fILctuat on polder; 0ezem deep polder boezem 4o
Jevel - 0.7m E
risd of mpaLSTA="[= f || tow 17t century
4 T = tide D4 pumping station o]
), o
I, 1F_2 > R 2540 m betow
B (B land 3.0m = a mean sea level 19th century
intrusion
s I
1000 AD 1200 1400 1600 1800 2000 BEFORE CREATION POLDERS AFTER CREATION POLDERS
digging  dike windmill mechanical X i
channels _building drainage drainage L infiltration seepage infitcation seepag¥
m— Ground surface = 7 x M ¥

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
e

e
Prydz bay

Post et al., Nature, 2013

Freshening due
to:

Righ gradients
atevel rise

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

Peltier, Science, 1994

40

80

2118 A6 2.9 B 8 0

B 120 —
Inundated (kyr BP) 20 40 6 100 120 140

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

Jakarta

New Jersey Greenland

Width: 96 km Width: 48 km Width: 12 km
Thickness: 0.23 km Thickness: 1.5 km Thickness: 0.27 km
Porosity: 0.2 Parosity; 0.03 Porosity: 0.3

Volume: 4.4 km? km Volume: 2.2 km? km-! Volume: 1.0 km? k!

o .

-200 | i 3000
~400 | | 1000 16
£00

-LDg0

=
80 40 0 40 80 120 160 [——0% = i
-3,000

Distance (km)
1
istance (am)
Florida

Width: 110 km e
Nantucket
Widlth: 80 km

3

Destance (k)

Thickness: 0.3 km
Porosity: 0.3

Volume: 8.9 km? km-! Thickness: 0.3 km
Porosity: 0.2
S Volurne; 4.8 km? km!
uriname ippslan
Width: 55 km = . \%‘\gfﬁ ?2dkm
Thickness: 0.38 km  ||E Thickness: 0.95 km
s = ness: N
Porosity: 03 |5 Porosity: 015 B3
— s Volume: 6.3k kv 2 Volume: 3.1 km? k!
Distance {km) cod ol 1| T3 & O 9, 00, 150200 =
E ’ Distance (ko) E
g §
2 400 ]
g g
& 600 e
80 40 O 40 80 Distance (k)
Distance (km)

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




Present processes

natural
groundwater recharge low-lying
1 l l polder area
s large industrial
T 1 extraction

brackish

infiltration? infiltration _____ seepage

The Dutch groundwater system under stress

Future changes

more evapotranspiration in summer
more precipitation in winter

EEEEE

rise

land subsidence
: risk of uplifting
coastal erosion Holocene aquitard
sea level 1 1 flooding salt damagabrackish

salt load ge -

Saltwater intrusion in the Netherlands

natural
groundwater recharge low-lying
l l l polder area
G large industrial
! 4 fraction brackish
infiltratio !t infiltration ______seepage
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Saltwater intrusion in the Dutch coastal zone

Position profile through Amsterdam Waterworks, Rijnland
polders and Haarlemmermeer polder

— I
Haarlem J

Zandvoort

Railway ~ Ringvaart

Cruquius /
>

Hoofddorp|

\!\\
A

I Haarlemmermeer
Hilfegom / polder
3 4 5km

[ profile
Il city

The polder system

A polder is:

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

high L= e

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 . . . Holpbcene aquitardc=4400 d

g- Extraction points No flow boundary
o rate varies Middle aquifer
< =
= k=20 m/day
o -70
5 Loam layer ¢=800d
2 -9
] Constarit
= piezgmeitric
= level k=30 m/day
2
- .
.% Deep aquifer
o No flow 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 ' 3 !4 5 &7 8 ' 9 !
8 'Deep groundwater extraction | ' i ! :
™ : : i ! ! : :
£ 15 - S o R promeeieeeedee e e Sesmsececees
© 1 o 8 H I 1 5 1 5
ST S e = SR R (P SR -
A 8T T S

I . . . 1 [ 1 .
g o il i : TR E L
ui 1860 1880 1900 1920 1940 1960 1980 2000

Time in years
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Upconing of brackish-saline groundwater

25¢
20 North Sea e ::f,':;ﬂ;-
NAP g0
T
20 — SR
40 —
60 —
80 —
100 — .
fresh /
120 = g ey e R, ol i P4
Geby 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-Haarlemmemmeerpolder

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

-80

-100

Depth below MS.L. [m]

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

o

25 s0km

Legend —d
Depth brackish-saline interface
.-
s
[s--10
[J-0-25
[ -2s5-50
[ 50--100
[ -100- 200
B 200--300
I - 300

1000 mg C1-/
ground surface)

800 n. Chr.

Based on:
« Analyses
* VES

30327 « 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
GROUNDWATER?
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Palaeogeographical development

1850 AD

5500 BC
o

— =

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,

o -
s
i
/coaty Lake
i Amsterdam Wssel

=20 m MSL

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

pol
Haarlemmermeer
polder

Horstermeer

Coastiine
B

B
i-ﬂ

| @ IRREO00DANEN

Model transect

Delsmanet al., HESS, 2013
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polder
Horstermeer

B >20mMSL

B 15-20mMSL
BN 10-15mMSL
3 5-10mMsL
3 25-5mMsSL
[ 0-25mMsL
[ 25-0mBSL
3 5-25mBSL
3 10-5mBSL
B 15-10mBSL
N 20-15mBSL
N >20mBsL

S

Coastline

Model transect

2 -100
=
£
= -150
2
3
-200
-250

-300

E Peat

100 105

- Urban area M Clay
3 silty, fine sand

110

3 sand
E=3 Undifferentiated

115 120
x-coordinate [km]

EEE Maassluis formation

125

Ml Aquiclude (Tertiary)

135 140

=
H
E
:
§

timo fky AD)

% 410

Time-slice 1: 6500 BC - 4500 BC
Sea lovel ise, inarly from 22 to 8 m BSL
Maximum transgression extent reached

- Tidal area develops over Plistocen surface,
“basal” peat deposits laft mostly intact

- Sutace drainage.

Time-slice 2: 4500 BG - 3300 BC
Sea level fiss, linearly from 8 to & m BSL

- Dpen system wilh slrong marine influence

- Depasition of marine clay and sand

- Peal extent expands.

Time-sice 3: 3300 BC - 2100 BC
- Sea lovel at 3.5 m BSL
- Closed system, freshening of interland
- Poat davolopment buhind barriors

peat elevation 3 m BSL

Time-slice d: 2100 BC - 700 BC
- Sea lovel a1 2 m BSL
Peat davelopment accelerates,
peat domes rise 10 1 m MSL

Time-slice 5: 700 BC - 500 AD
- Sea lovel at 1 m BSL

Peat elovation 1.5 m MSL
- River Vecht system develops (0.7 m BSL)

Time-slice 6 500 AD - 1500 AD
- Sea lovel at 1 m BSL
Maximal peat slevation: 2 m MSL
- "Young dunes* deveiop,
coastal dunes rise to 12 m MSL

Time-slice 7: 1500 AD - 1850 AD
- Sea lovel at 0.3 m BSL
- Rapid degradation of peat cue 1o peat sxtraction
a0d anthropogenic drainage (0 m MSL)
- Frash water lakos dovelop
Water level river Vecht 0.05 m BSL.

Time-slice 8; 1850 AD - 1900 AD
Sea lovel a1 0.1 m BSL

- Reclamation of Haarlemmermaer (1852 AD)
and Horstermeer (1882 AD}
Anihropogenic drainage through canals and diches

Time-slice 9: 1900 AD - 1950 AD
- Sea lovel at 0.05 BSL

- Subsurface drains introduced

- Groundwater {over-) abstraction in coastal dunes

Time-slice 10: 1950 AD - 2010 AD
- Present-day siluation
Sea lovel a1 0 MSL
- Groundwater abstraction in ice-pushed ridge
Groundwater abstraction in coastal dunas decreasad

— Model transect
173 Present coastline
Water coursa.

= Sea

Tidal flats
B Sait marsh
Dune area (high)
Dune area (low)

=]

Beach barrier WS Embanked area
Peat B Reclaimed area
Fresh water lake BB Urban area
Floodplain B Pigisiocene deposits
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oF T T
Time-slice 1: 6500 BC - 4500 BC
_5 | - 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
_20 UL L
= —
2
-5} =
£ Time-slice 10: 1950 AD - 2010 AD
—10 - T - Present-day situation
2 - Sea level at 0 MSL
-15-1 21 - Groundwater abstraction in ice-pushed ridge
time [ky AD] @ ZOGOIAD - Groundwater abstraction in coastal dunes decreased
ol 1

-6 -4 -2 0 2

— Model transect | Tidal flats ~"] Beach barrier Y]
I~ Present coastline B Salt marsh Bl Peat @]

Water course Dune area (high) ] Fresh water lake —=
0 Sea | Dune area (low) 774 Floodplain i

Embanked area
Reclaimed area
Urban area
Pleistocene deposits

depth [m MsL]

sea level [m MSL]

Development saline groundwater

; a1, 2014, pa constal saitwater
Model time: 6500 BC

an application to the Nethertands.

depth [m MSL]

Direct age |

depth [m MSL]

Chloride

" Origin
. H . L L ’ ;
%0 100 110 120 130 140 110 120 130 140
x-coordinate [km] x-coordinate [km)
Timeslice 1: 6500 BC - 4500 BC Chloride Direct age origin
| . 0-0.15¢L =3 7.5-10.0 . Sea
1 1 ot . o
i | - Sea level rise, linearly from 22 to 8 m BSL 0.15-0.30 =9 10.0-125 10 = Transgression
E i ' - Maximum transgression extent reached 030-1.0 = 125-15.0 107 £ Maassluis
I ! - Tidal area develops over Pleistocene surface, = 10-25 - 1509/l 5 W Recharge
B a # "basal" peat deposits left mostly intact £ 25-50 — Sealevel 10 Recharge
1 b it i D50-75 3 Aquitard o, == Marshiands
HE T - Surface drainage it AL 0y Surface water
6 5 4 3 2 1 0 1 2 -
year [ky AD] 3 mitial

Delsman et al., HESSD, 2013
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Model versus

measurements =)
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depth [m MSL]

x-coordinate [km]

. .
5 . o
o L 4 L
a ' Il
=
£
B o
£ o :
= .
3 . X
3
2 .
s ¥
- .
. © s coastal dunes
. o o inland area
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Model versus measurements

—50
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£ -100
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0.15 - 0.30
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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

borbr bl

h oceaan
zoet

zout

oceaan
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pressure saline groundwater=pressure fresh groundwater

psHg = pr(H +h)g

h=L"F
o

brdr b d

h oceaan

h - a H zoet
H by

h=aH

h=oH
in ocean water a=0.025

h=1m, H=40 m b dbor 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: (0 i 0 i,

h oceaan
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
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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

o ks~ w b

groundwater extractions

Analytical solutions
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Analytical solutions

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

R Tt
X saltwater wedge L

150 300 450 600m
20 year

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

Unconfined aquifer (1D situation)

el P ] 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 = - X
ka(l+ o)
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Unconfined aquifer (1D situation)

HdH = -—*FCL g

ka(1+a)

integration
gives

Lo _ -5 ¢ —Clx+C2

2 ka(l+a)

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

Unconfined aquifer (1D situation)

L _ [~ f-2C1x+2c2
ka(l+ o)

h=aH

q= fx+C1
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Example 1: Elongated island

— fx* —2C1x+2C?2
H = q= fx+C1

ka(1+ )

Natural groundwater recharge f

Boundary conditions

D&omdwm[ x=0:g=0—->C1=0

Freshwater lens X:OSB H 209C2: fBZ/S

Saline
groundw ater X

Example of analytical solutions ()

ground surface

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

2 2
’ :Jf(O.ZSB ~x%)

ka(l+a)
h=aH
Maximal thickness lens Volume lens
1 f 1
Hmax:_B —_— V:_”(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

73



Example of analytical solutions ()

FErdl

Depth of fresh-saline interface H

ground surface

; 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,, =62.5m 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 1= b+ Cl

kKae(l+a)

Natural groundwater recharge f

| | ' jw' ‘ l | Boundary conditions

‘ Ground surface. X=01q=C]O—)C]O=—fW—)C1:qo

Xx=0:H=0—-5C2=0
g, H Fresh groundwater
: a D Length of salt water wedge
Saline K ——
groundwaig

e “impervious X= L H = D

Salt water wedge L
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Example of analytical solutions (II)

1 REME ‘ I L:_%_\/_(%)Z—EDZ(1+OC)OC

ground surface f f

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
1200
1000
800
600
400
200

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

w
<}

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

TR

interface

Confined aquifer (1D situation)

() Darcy q=—-kH ﬁ
dx

(I Continuity { = (o

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

dh
dx b

HdH = -2 g
ket

integration gives

EH2=EK+C

2 ka

H = \/— 20X, oc
ka

Example 3: salt water wedge confined aquifer

H =\/— 299X | o¢

Koo

Ground surtace Boyundary condition

7 s Xx=0:H=0—->C=0

H Fresh groundwater q 2
Saline D QoX
groundwater Kk H = .|
i ka

impervious
Salt water wedge L
X

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

L=




Example of analytical solutions (llI)

ground surface  L€NQGth of salt water wedge

_ | 2Qox
ko

s
k D kD?a

impervious L ==

Salt water wedge L 2qo

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)

Actual interface
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Outflow face (Submarine Groundwater Discharge)

Fresh groundwater

9
H D

Saline

groundwater k a

impervious
go 0
Xo = Ho=——Glover (1959)
2k ko

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

ﬁ:_v up to ~10 km
T

Fresh Groundwater
~5-50 m

Not to scale

Groundwater
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Outflow face (Submarine Groundwater Discharge)

%

—>
=
@
©
(V] c
= 3
©
.Mw¢ =3
o
S
5 S
Q9
s
S [ o
5 o
° ©
.
= o< ©
E 5
X — »
<
) N
\\ 7711111144 R ¢
\\a\
VAAAAAAAA LA A4 440 h b,
\\\1\\1\\\\\\\\\\\\; dd b
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See the lectures for more cases

ground surface

T
h h,
2B | impervious
fresh
ok D <
|mperviou‘§‘

+ X salt water wedge L !

a) b;
) Natural groulndwater rejharge f ) l\jaluraj groulndwalter relch arg‘e f
l R
- ound surfa ound surface
- ca ’ﬂ\h

Upconing processes
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Introduction

Upconing of saline groundwater

Under an extraction well Under a low-lying polder area

IIowering 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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Examples of analytical solutions (1V)

Upconing of saline groundwater under an extraction well

o Q 1 1
z(r,t) = —_ — :
" 2makyd | (14 RHV2 - [(14+)2 + R21/2
R’ _ LEI f’ll? - ’ _ ¥ ;l‘:
~dk, T 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 m3/uur

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

I 5 &

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tijd=1872 AD

-20
-40
& 60
<
Z
£ -80 Caone
2 12500
E‘-WOO 10000
3, 7500
N 5000
=120 4000
2500
e
300
160 100

0 6000 8000
systeem [m]

2000

4001
lengte inhet

TNO-BO, GOE, 06

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

verlaging freatische
grondwaterstand
; door drooglfggmg

I 5 &

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tijd=1872 AD

-20
-40
.80
<
=z
£ -80 Canc
2 12500
E‘-WOO 10000
5, 7500
N 5000
=120 4000
2500
i
300
160 100

000 4000 6000 8000
lengte inhet systeem [m]
TNO-EO, GOE, 06
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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-/I)

[ 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

[ ]100-200m

[ ]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

No risk Q Very low risk Q . Very low risk Q

High risk B 3 High risk

Animation 3D Chloride concentration

z
. . A

Chloride concentratie in 3D [mg CIH1] E\

X
0
540000
25
530000

N 5 52000 7500
5000
3000
-75 2000
1000
300
-100 150

130000, o 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 dr{
cycle cycle
D OO0— =t
Yvy

Dune Filtradion

=iy

g FIEY

i: Infileration Pond

Recharge releases

Sand dam
Underground Dam

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)
R ld \ N~
o %

#X w s
Dry wells Recharge weirs, Rainwater
releases harvesting
N Runoff harvesting
-,
| £ % %
™

Source: Dillon, 2005




INCr
Technical

measures

to

compensate

Salt """ impervious T impervious
|Saline groundwater extraction ]Artificial recharge area\ . recharge

water 19 i pool

intrusion

impervious =00 4+—Ft-—— i impervious

Physical barrier

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

impervious impervious

Salt water wedge L

Salt water wedge L

Land reclamation
The Zandmotor: effects at the hinterland?
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The Zandmotor: effects at the hinterland?

The Zandmotor

storage extra
fresh water?

N R 2K 2 )

dunes i
water divide 1 1 low-lying
polder area
Noordzee

land reclamatiol

LAy ALty tundt

shift water divide
1 1 low-lying
polder area
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Development of the Sand Motor

5 years

20 years

December 2013

A

2km
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The Coastal Collector

groundwater recharge

A

ground surface

TNCrease of Iresh grounawater volume due o countermeasure

q,
Technical Deep-well infiltration 1 Lond reclamaton

new land

measures

to

Compensate

Salt __________ impervious
[spitte [Artificial recharge area recharge

Watel’ pool

intrusion

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 Ul

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

—/ Calnterac: Brackish Optimization
brackish seepage groundwater freshwater
Temporary storage  exploitation ~ extraction
Counteract g fresh water .

‘ salinisation

Fresh

Brackish

Saline
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Introduction

Countermeasures of salt water intrusion

(EC-project: CRYSTECHSALIN)
reduced

Modifying pumping rates E;(ttéaction a. Physical barrier

Salt water we?ig_e L

reducing fresh groundwater volume
hysical barrier _d.
phy e

\..stagnant saline groundyvater

impervious — =
P alt water wedge L

impervious

g
Technical ‘
new land
measures
to
compensate
Salt “““ impervious = +———-----!
|Saline groundwater extraction
water 1%
intrusion

TNCrease of Iresh grounawater volume due o countermeasure

impervious

impervious

reduced

[Modifying pumping ratesE:tt;acmniq" 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
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Starring

Local solution fresh groundwater supply

-

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

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

Aquifer Storage and Recovery in the coastal zone

Goal:

(‘ Increase fresh groundwater resources in saline seepage areas in the|

©O-FREH southwestern part of the Dutch Delta

Methods:

extraction in times of droughts

Wi

o Reses for a regional fresh water supply

mmmmmmm

The Freshmaker Drains2Buffer

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

www.go-fresh.info

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

KWR o ZE Many small local solutions together can be enough
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http://www.go-fresh.info/

Problem statement

» Crop damage southwestern part of the
Netherlands

* Fresh groundwater below creek ridges

ntwerp
srussel
Belgium

Case study: Water Farm

Y rs00km B

North Sea

)/ dunes

sssssss

« 3km2area

« 8farms
NGBS * 4 arable farming
L‘iﬁi‘;‘;”m‘};“ Slan « 2 horticulture
Figure 3 o 2 fruit

* start case study 2010

sea | dunes polder
fresh seepage creek deposit  precipitation
from dunes with fresh surplus
Y groundwater
i -/ \} \_, = .
| fresh groundwater I ]\)&/] '/I N
\ " brackish/ \V%a ’K J [\

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]
[Jo-05
Elos5-1
-2
E2-3

0 50100 200 Meters’

—

Creek ridges

1200 AD; before land reclamation current situation

bank deposits

tidal creek a

tidal creek deposits

land subsidence

s

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

wop-s

woror

Creekridge Infiltration System

Infiltration tubes
Potatoes

M saline water (011 Clay
Bl Frcsh (ground) water Pl sand

Eresh (ground) water after

Apples
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. i(

Concept of CARD and pilot layout /;‘ o5
Artificial recharge Controlled drainage ‘\i?" _(C
Collector  orock'*" ‘g}#fm - ;:

""""""""" & well ditch &

Tidal creek deposits Semi-confining layer

150 m

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

(VANAV o ko N

.y

W,

Installation of drainage and monitoring
network

= measul locaf
— CVES transect

controlled level drainage |y

— 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" EChuk

CPT* Lithology and ECy

CVES* EChun

SMD* EChun

¢ a. Schlumberger, The Netherlands (type ‘ Diver *) -

. b. Deltares, The Netherlands @ measurenl location
— CVES transect #

* C. FUgrO, The Netherlands controlled level drainage |y €0 ¢

¢ d. ABEM, Sweden — fresh water ditch "\ A
= brackish water ditch R

e. Imageau, France

& GRO
ezimaGeau I

Key field observations (1)

* Fresh groundwater up to -12 m NAP
360 m
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Key field observations (2)

* Freshening up to 2m

-4
— Sep 2013
al — Dec2013 |
— Feb 2014
— Mar 2014
-8 — May 2014
T
S S
Z .10
E ...................................
N

-12

thin,low permeable layer

=2 60 5 10 15 20 25 30 35 40 45

EC groundwater mS/cm

Subsurface Monitoring Device (SMD): Monitoring salinities

ECbulk(mSl cm)

ezimaGeau  =me
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Key field observations (3)

» Groundwater levels and precipitation

P (mm/d)
8 8

2
o o

infiltration period
un PR | aimed level

e _/‘\,\Jf*w RN

-0.5

surface

m

|
M
=)

Modeling

creek ridge

200 400 600 800 1000 1200 1400

surface elevation — x (m)
(cm NAP) (_>200 et

5 .::G. 040 3 model domain

[ Jo-4

[ J40-80

[ 80-120

B 120 - 160

109



Influence of infiltration

0. no infiltration 0.0 infiltration
—
o -90.5 -0.5
<
z -1.0 W"\ -1.0
z -1.5 -1.5
-2.0 -2.0

NAP)

z(

(V] 20 40 60 80 100 0 20 40 60 80 100
- -6
- -8
-10 -10
-12 -12
-14 -14
-16 -16
-18 -18
=0 o 40 6 80 100 2° 20 40 60 80 100

’ t (weeks) t (weeks)

Singapore Jurong Island

Aquifer Storage and Recovery
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, iz 'g'ellng_andsgﬁg Assessmen‘tﬁtud"
-~ Monitoring and Modelllng e

SEAWAf module‘irﬁMQD
3D fresh-brackish-salt distribution groundwater

Transformation of Jurong Island

Reclamation Phasing

Area Enlarged

#t In 1980s, 7 islands were
reclaimed individually to a
total land area of 991 ha.
(1960s was 118 ha).

#t Full-scale reclamation
began from 1995 to form
Jurong Island.

# Phases 1, 2, 3a completed
in 1999; Phases 3b and 4
was completed in 2009.

#t Current land area about
2960 ha.

BN Qriginad iclande
. Reclamation completed in 1999
s Reclamation completed in 2009
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Boreholes

By eyt v

S

s 2

7

SubSoil Model

Coral

Land Fill

Surface layer

Jurong Formation

Clay layer

Silt layer

112



IMOD-SEAWAT Jurong Island Singapore

Fresh water lens 5 years after construction artificial island

@
2

@
=

&

w
8

"
=3

3

Mm3 fresh groundwater

o

0 &

Available fresh groundwater Jurong Island

— < 150 mg CI {drinking water quality)
<1000 mg CIN (quality agriculture)

10 15 20

Time (years) after construction island

Animation scavenger wells

depth [m MSL]

Development freshwater lens: scenario 1B

Time=2010.03 AD
Scavanger wells

3000 x 3500 4000

-

CONC: 015 03 05 1 15 5 10
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Development freshwater lens Jurong island

[sw wl ydap

(1 g CI-/L interface)

01503 05 1 15 S5 10

[Asw w] yydap

(1 g CI-/L interface)

01503 05 1 15 5§ 10
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elevation (m MSL)

Example NL.

Salt resistant crops on salty boils

Ask Perry de Louw for details

Cl-conc se

(Polder Noordplas)
Diffuse:

Paleochannel : 600 mg/I

Boils :

epage:

100 mg/I

1100 mg/I

ICRe&

-4 v
-25m Bl T 1om 25m

5 Boil2 ~ o

-6

-7

-8 Holocene

confining layer
-9 -
10 4 !
/\ { Upper aquifer

T

T T T T T T
10 20 30 40 50 60
distance (m)

Me

Deltares
’s

TN
,é’\ S\,?
o5 &
/ &;\J;/ J/\
s
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Modelling

salt water intrusion
density dependent groundwater flow

modelling

Why mathematical modelling anyway?

A model is only a schematisation of the reality!
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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 atool, 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
e transient
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3D numerical models groundwater coastal zone

Nile delta, Egypt

s N Pacific island Vlaanderen, Belgium 4

Kulna area, Bangladesh —, — Niger delta

Irrawaddy, Myanfnag Red River, Vietnam w-w: i¢  Friesland, the Netherlands

Florida, USA

modelling

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

SEAWAT (Guo & Bennett, 98) SWICHA (Huyakornetal., '87)
METROPOL (Sauter, '87) SWIFT (Ward, '91)

FEFLOW (Diersch, '94) FAST-C 3D (Holzbecher, 98)
MVAEM (Strack, '95) MODFLOW+MT3D96 (Gerven, ‘98)
D3F (Wittumet al., '98) HST3D (Kipp, '86)

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

HydroGeoSphere (Therrien, ‘92)
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Restrictions 3D salt water intrusion modelling

®the data problem:
-not enough hydrogeological data available
-e.g. the initial density distribution

-especially important issue in data-poor countries

®the computer problem:
-modelling transient 3D systems: computer only

good enough at high costs

®the numerical dispersion problem:

-numerical dispersion is large in case of coarse grid

Restrictions 3D salt water intrusion modelling
now

®the data problem:
-not enough hydrogeological data available
-e.g. the initial density distribution

-especially important issue in data-poor countries

®the ter problem: er
delling trar““jS o Bits COf‘l;mputer only
ian
50\\/‘“0}3 nigh costs
! : : . S
*the niymefical dispersion Dokt soWe'

. . S . .
-nunyeri 50\\“'\0“ Nis iarge in case of coarse grid
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variable density
Stability criteria for solute transport equation (1)

1. Neumann criterion:

D_At. D,At, D_A
xx25_|_ W2 + 77 Zts SOS
AX Ay AZ

At, < 05
Dxx DW Dzz
2 + 2 + 2
AX®  Ay® Az

variable density

Stability criteria for solute transport equation (I1)

2. Mixing criterion:

n.b*
At <= LI ."J’k
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
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variable density

Stability criteria for solute transport equation (II1)

3. Courant criterion:

0<g<=~1
AX
Vx,max i Vy max ° V

Modelling fresh-salt groundwater on different scales

Sub-local: fingering, salty sand boils
Sri Lanka (Tsunami 2004),
Zandmotor

cell size=1cm-1m

“1
=

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

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

National: salt load
Bangladesh, Zuid-Holland, NHI
cell size=250m-2km

Goal:
To take largest cell size possible to accurately model relevant salinisation processes

121



Number of cells: 3D cases with MOCDENS3D

__50.0
450
40.0
35.0 1
30.0 1-
250 1
200 1-
15.0 -
10.0 4

5.0 -

Number of active

elements (in millions

Time

gew%:f? 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

164 bit
it

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

Modelling effect climate change on fresh-salt groundwater

Modelling:

* variable-density

* 3D, non-steady

* groundwater flow

* coupled solute transport

Code:
MOCDENS3D (MODFLOW family)
similar to SEAWAT

Assessing effects:

* autonomous salinisation

* sea levelrise

« changing recharge pattern
* land subsidence

» changing extraction rates
« adaption measures

NHI freshsalt
20.6M

250m
2010

Noord-Holland

62K
1250m
1999

Den Haa

ée“\s\ands
Texel $°<3 = =
230K e
250

/fi

59M

®]Rotterdam | 250m
d | 2004
Zeeland
| 100m
2010

025 50 75 100 km

Zuid-Holland

Name project
Number of cells
Size of cell
Date of release
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Fields of application of fresh-saline groundwater models

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

¢ 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)

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
= Boundary conditions (especially concentration boundaries)
e Choice of element size

e Length of flow time step to recalculate groundwater flow
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problems

Outflow face at the coast is difficult to model

' nalturail relcharge outflow face

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

This is numerically difficult to handle

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
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‘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

YT TR
VES, monster & bgm

TYPE

.

VES g
manster !}‘ | l i
boorgatmeting
P stad

L]

rivier

L)

at ol @ 1§
.

autline nedetland

f TPTgSh e T 0,0 0
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Chloride concentraties in Nederdand

=

Cd'v'N -w) adag
B -
g B

&
=

CONC: 50 150 300 1000 2500 5000 7500 10000 12500 15000 |THO/FK&G OE,'06

600000

Mapping brackish-saline interface Zeeland

Combining different types of data sources:

Data type Characteristics | # Data Determined
of measurement

Accuracy depth
of interfaces

Major inversions,
(1D chloride profile).

Groundwater 0D in situ 721 Chloride concentration Depends on positions of

Samples screens

Geo-electrical 1D in situ 149 1D chloride profile, Depth +1m

borehole logs fresh-brackish and brackish-
saline interface, Inversions.

Electrical CPT 1D in situ (max. 71 Borehole log +1m

depth 50 m)

VES 1D from surface 1113 Depth brackish-saline +20% of depth

interface,

EM34 1D from surface 3251 Depth brackish-saline ranges of 7.5, 15 or 30
interface m (accuracy
decreases with depth)
Groundwater 0D in situ 716 Depth brackish-saline a range depending
Abstractions interface on screen depth

126



Mapping brackish-saline interface

Legend
Electrical CPT (example)
CVES survey sites
[ filled tidal channels
Depth brackish-saline interface
meres below surface level
<5
[ 5-10
=1 10-15
[ 11520
[ 20-25
[ 25-50
I 50-100
. >100

T

Mapping brackish-saline interface

Combining different types of data sources

South-West

North-East

Holocene

Depth metres below sealevel (m NAP)
1

Pleistocene

Profile distance (km)

Geology Measurements Interpretation
sand [
Long Normal well log resistivity (Ohm-m) _——brackish-saline groundwater interface
— Y
—— pEQL @61 chloride water sample (mg/l) __—— fresh-brackish

f Plei:
EDCHEEIED :[ EM34: depth range brackish-saline interface
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Use variable-density groundwater flow modelling

Why a model?
- variation in ground surface directly affects fresh-saline disribution

g - . = i o -

Legend

AHN {m NAF)
I o7s-100
I 00075
[ ozs-0s0
[ Jooo-ozs
[ ]o025-000

[ |os0-n2s

. [ o7s-0s0

- [ o0-ars

: N EEEEN

B 150 --125

| BEEEEE]

| RO
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Modelling:

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

Code:
MOCDENS3D

Assessing effects:

* autonomous salinisation

* sea levelrise

* changing recharge pattern
* (adaption measures)

Local approach: simulated Cl-conc. with different
CC-scenarios

o

W+ 2100 + sear
level rise

100 500 3000 5000 7500 10000 14000 green iS tOO Salty
to grow fresh crops
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Use variable-density groundwater flow modelling

Why a model?

- variation in ground surface directly affects fresh-saline disribution

o
4

_I Chloride

sample ?

Chloride sample

30m

250m
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Chloride
sample

30m

250m

Using flow model for better interpolate chloride

seepage infiltration seepage seepage infiltration seepage

Chloride
sample

Chloride sample

3D fresh-saline groundwater distribution

Deltares

Enabling Delta Life

Fresh-brackish-saline distribution groundwater M
Zeeland 2
2000 AD
X
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Regional groundwater model:

From chloride measurements to a 3D distribution

results at - 6.5 m msl

Step 1: Step 2: Step 3:

interpolating data: including interfaces model result 2010:
Groundwater samples *  Mapped fresh-brackish * Model as interpolator
Geo-electrical borehole logs «  Mapped brackish-salt
(C)VES, EM, electrical CPT

EWRMP 201511

modelling

Examples of variable-density groundwater flow

« Rotating immiscible interface

= Henry’s problem

« Evolution freshwater lens

« Hydrocoin

« Salt water pocket

» Broad 14 Basin, North Sea

» Heat transport: Elder and Rayleigh=4000

« 5 Dutch 3D cases

 Freshwater lenses

» Effect of Tsunami on groundwater resources
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Case 1: Vertical interface between fresh and saline

groundwater

P

S

1.0

Parameters

w
«©
Q| e
£l
2|8
o
— | 0 - | E|E
| |+d|o|lo|o
<
~
5
2
4
>
<Y
o
=
=1
o
sl 1.2
5
2 < 4 =
X || S| =
=
>
1S
o
=
3
£ £ ™
[Te) [Te) [Te)
N N 2 la
o o|lS|E|la|lw|=|S
N|ld|F|o|d|o|-d|o|o
=
2
®
=
wv
3|8
S| o
= | €
%) s |s|d
= oo |8
msm Q=S
Y] a8 [
> - LIS | S
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Vertical interface

no-flow

O AAAAAAQAAAA,O,Q,Q,Q,AA&AAAAAAAQg'AAA,a,AAAAAAAAAAAAA.A. - S ubsoil p arameters:
-3
k=10" m/s
n.=0.10
o =0y~ an=0 m
D,=0 m”/s

Depth z (m)

o
o

0 0.5 1.0
Distance x (m)

depth z [m]

Effect of the number of cells on the shear flow at
the interface at t=0

0.0 analytical 00
¥ : ——— r —— T o
|=== analytical I f_‘ ~ == _|:: ™ \ _—‘analytlcall T — i
e 10by 5'0 T T-o T i | ¢ 10by & o gt ]
0.1 1= 20 by10"‘\ |‘\\ ’\‘\ . LR 20by 10~ 7 ! | T |
[+ 40by20' S o [ A '§ 1 é F e 40by20 oo A
0.2 = —86by40-— - - - _\,_ [R— .‘*_ ‘ N 0.2 = ‘.sg.bym_ P A
|~ 160 by 80! ) $ < | - 160by 80 oo ]
A I . } %0_3__‘__.___._ I
\ X o C LT T
B l - " ] r 1 1 1 1 1 1 T
0.4 —- - - - - g d 1 0.4 — - = - = 5 - - - - B T B
F 1A E anquhcll ' ' ' ' -
0.5 . L & 0.5 Lok siamho P N P B
1.0 1.5 2.5 -5 -4 -3 -2 -1 Q 1 2 3 4 5
shear flow Av, [*10* m/s] horizontal velocity v, [*10* nm/s]
k Ps — P+ k Ps— P 1
f niZ
AV, =—| —— vV, =—| —=———|=Intan| —
Ne Py n, 04 P s 2D
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Vertical interface

Fresh-saline vertical interface

160*80 cells

E

=10

x[m]

Time=

0 min

1

G.0Oude Essink '03

Vertical interface

Fresh-saline vertical interface

160*80 cells

£

=10

x[m]

Time=

0 min

1

G.Oude Essink '03
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The effect of numerical solvers on
the salt transport

Examples

EWRMP 201511

BB Advection Package (MT3DMS) |- ) B8 Advection Package MTa0Ms) V] O C ozt
Solution Scheme }Finite Difference Methad Solution Scheme
“Weinhtina Scheme JUpstream weighting Weinhting Scheme JUpstream weighting _]
Fariicle Trackine [Hybrid 15t order Euler and 4th order Fu ~ Farticle Trackine |Hyhric 15t arder Euler and 4th order Ru ~ |
Simulation Parameters | Simulation Parameters
i [0.78 Max. number of total moving particles (MXPART) 100000
Courant nurnber (PERCEL) 0.75
Concentration weighting factar (WD) 0.5
Megligible relative concentration gradient (DCEPS) 0,00001
Advection Package (MT3DMS;
- el ) TVD Pattern for initial placerment of padicles (NPLANE) 2
Solution Scheme MNo. of particles per cell in case of DCCELL<=DCEPS (NI|4
e - MNo. of particles per cell in case of DCCELL>DCEPS (NP |15
eIt Scha JUpstream weighting —] inimum number of particles allowed per cell (MPMIN) |2
Particle Tracking JHybrid 1st order Euler and 4th DrderF\uJ Maximum number of particles allowed per cell (NPMAX) |15
Simulation Parameters
Courant numher (FERCEL) [0.75
0K Cancel Help
0K Cancel Help
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Default parameters solvers

(B8 Advection Packsge uraoms) - NIV oC =)

'm Advection Package (MT3DMS) H M OC : )

Solution Scheme

Weighting Scheme JUpstream weighting _]
Particle Trackina JHybrid 1starder Euler and 4th DrderRuL]

Solution Scheme: |5l

Waithting Scheme JUpstream weighting _]
Particle Trackino JHybrid 1starder Euler and 4th DrderRuL]

Simulation Parameters

Simulation Parameters

Courant number (PERCEL) 0.75 Max. number of total moving particles (MXPART) inogoo -~
Concentration weighting factar (WD) 0.5 Courant numher (FERCEL) 0.75 [
MNegligible relative concentration gradient (DCEPS) 0.00001 Concentration weighting factor (WD) 05

Fattern for placement of paticles for sink cells (NLSINK) |0 Negligible relative concentration gradient (DCEFS) 0.00001

MNao. of particles used to approximate sink cells (NPSIMNK |15 Fattern for initial placement of particles (NPLANE) 2

0K Cancel Help

More information:

Mo. of particles per cell in case of DCCELL<=DCEPS (MI|4
Mo. of particles per cell in case of DCCELL>DCEPRS (NP |15
Minimurm nurmber of particles allowed per cell (NPMIN) |2
Waximum number of particles allowed per call (MPMAX) |15
Pattern for placement of patticles for sink cells (MLSINK) |0
articles used to approximale sink cells (NP3
elative concentration gradient (DCHMOC)

L0001 -

0K 1 Cancel I Help

Zheng, C., & Wang, P. (1999). MT3DMS: A modular three-dimensional multispeces transport model for simulation of
advection, dispersion, and chemical reactions of contaminants in groundwater systems. Technical report, Waterways

Experiment Station, US Army Corps of Engineers.

1 particle per cell

Fle tabe Options e

1.-2405356 [770.1.18 " 2D Visuakzation

FoifeConcentiienoCcoy

B[+ 0]a|a] ®fe|m[E = pmms
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ULTIMATE

- Lo O )

£ VERTINT_SEAWAT_2.9MS5 - Processing Modow

e
ESROR O
O

Simulation Time: o]
[Period:7 ; Step 60 : Tine:7200

| 2] Column_«| o
[

1. 1.831%04 1.1.23 |[2D Visualeaton Solute Concentralion [MT3DMSL. Species:1
f

MMOC, NPLANE=0

) VERTINT_SEAWAT_2 PMS - Processing Modflow " —— -

File Value Options Help

R e G R G Er e
E ’TM ¢ BE I‘y [i [i [Ferodt7 : Step:0 : Time: 7200

[F Advection Package (MT3DMS)

Solution Scheme:
Weinhting Scheme: [Upstieam weighting =l
Patticle Tracking Algorthm: [Hybrid 15t order Euler and #h order Runge-Kultz ~ |
Simulation Parameters
Courant number [PERCEL] 0,75
Cancentration weighting factar (WD) 05
Negligible relative concentration gradient [DCEPS) 0000071
Pattern for placement of particles for sink cells MLSINK] 1]
Mo. of particles used to approsimate sink cells [NPSINK] 15
ok | Caed | Heb |

1, 1,-9,983E-03 1,1,29 2D Visualization ISolute Cancentration [MT3DMS); S pecies: 1
| = o T S e ) oo e e e ———— i |
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MMOC, NPLANE=10

) VERTINT_SEAWAT 2 PMS - Processing Modflow -

File Value Options Help

R e G R G Er e
E’TM ¢ BE |‘y [i [i [Ferodt7 : Step:0 : Time: 7200

[ Advection Package (MT3DMS)

Solution Scheme: [ I
Weinhting Scheme: [Upstieam weighting =l
Patticle Tracking Algorthm: [Hybrid 15t order Euler and #h order Runge-Kultz + |
Simulation Parameters
Courant number [PERCEL] 0,75
Cancentation weighting factar (WD) 05
Negligible relative concentration gradient [DCEPS) 0000071
Pattem for placement of particles for sink cells MLSINK] 10
Mo. of particles used to approsimate sink cells [NPSINK] |15
0K Cancel Help
[~ 1, 1432602 | 21,27 |DViudieaion [Sokie Concentialion [MT3DMS]; 5 pecies 1
[ P2 R e Wi e e R PR e e — ™

HMOC

& P Wotie W —— - — - T y

Fie vale Qptons b

e ’Tm &) o |E[m e ‘:n\umvﬂj%’m

5 Advection Package (MT3DMS)

Solution Scheme,

Weighting Scheme: [Upstieam weighting =l

Paticle Tracking Algorthm: |Hybrid 1st order Euler and 4th order Runge-Kutte |

Simulation Parameters

Max. number of tatal moving particles [M<PART] 100000
Courant number (PERCEL) 075
Caoncentration weighting factor fwD] 05
Negligible relative concentration gradient [DCEPS] 000001
Pattern for initial placement of particles [NPLANE) 2

No. of particles per cellin case of DCCELL<=DCEPS (MPL) |4
No. of particles per cellin case of DECELL>DCEPS INPH) |15

Minimum number of particles allowed per cell NPMIN] 2
Masimum rumber of particles allowed per cell (NPMA) 15
Pattem for placement of particles for sink cells [NLSINK] 1]
No. of patticles used to appiosimate sink cells (NPSINK) |15
Critical relative concentration gradient [DCHMOC) 0.0001
[1]:8 Cancel Help

[~ 0 cowE0s [ 1115 pDVesshon
—

139



Finite Difference Method

) VERTINT_SEAWAT_2 PM5 - Processing Modflow o

Eile Value Options Help

0.0 118 [2D Visuslation fSolute Concentration MT3DMS1. Species:1

e | e ol ] s
E’TM @ ¢ BE \‘y i i \Peun;7,srep-sn,we7znn

5 Advection Package (MT3DMS)

| 72 R W T W W 1 Wy e e r—

S olution Scheme: [
Weighting S cheme: |Upstieam weighting =l
Patticle Tracking Algorttim: [Hybnd Tst order Euler and 4th order Funge-Kutle - |
Simulation Parameters
Courant number (FERCEL) 10,75
[1]:8 Cancel Help

MOC

9 VERTINTOO36M5 - Procesing Moston T e

R el WSS

Fle Yalue Qptons _Help

EF@ ala| @ e|m[E 2o L nmmgq’%ﬁmmgﬁ

0 [ 1.1.17 oD Visusleation

5 Advection Package (MT3DMS)

Solution §cheme,

Weighting Scheme: [Upstieam weighting =l

Paticle Tracking algorthm: [Hybrid Tst order Euler and 4th order Runge-Kutte |

Simulation Parametsrs

Max. number of tatal maving particles [M<PART) 100000
Courant number (PERCEL) 075
Concentration weighting factor (WD) o5
Negligible relative concentration gradient [DCEPS] 000001
Pattern for initial placement of particles [NPLANE) 2

No. of particles per cellin case of DCCELL<=DCEPS (MPL) |4
No. of particles per cellin cage of DECELL>DCEPS [NPH) |15

Hinimum number of particles allowed per cell NPMIN] 2
M axirurn number of particles allowed per cell MPMAX] 15
[1]:8 Cancel Help
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05 proccssing Wocon T T T — ~— — T T o

Fle Yalue Qptons _Help

[+ olala] ¢/ ¢m=

Layer_+J.+] Fow__<|+| Colurmr_1].+] Simison Tin
— i Poro S50 Tirs 7200

[F Advection Package (MT3DMS)

Solution Scheme,

Welghting Scheme: [Uipstream weighting =

Patticle Tracking Algorthm: |Hybrid 15t order Euler and #h order Runge-Kultz ~ |

Simulation Parametsrs

Max. number of total moving particles [M=PART] 100000
Caurant rumber [PERCEL) 75
Caoncentration weighting factar [wWD] 153
Negligible relative concentration gradient [DCEPS) 0,00001
Pattern for initial placement of particles [NPLANE] 2

No. of particles per cell in case of DCCELL<=DCEPS [NPL] |4
Mo. of particles per cell in case of DECELL>DCEPS [NPH] |15

Minimum number of particles allowed per cel (NPMIN] 18
M aximurn number of particles allowed per cell [NPMAK) 75
0K Cancel Help

| 0 i-asw [ 17113 pDVesshon
o

cases

Rotating immiscible interfaces

Rotating movement of three immiscible fluids

Rotd: 300+20 eells, no hydrodynamic dispersion modelled

x[m]

GOE
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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)

Rotating movement of three immiscible fluids (asymmetric case)

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

20

x[m]

GOE

cases
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Rotating immiscible interfaces (asymmetric)

20

220

Rotating movement of three immiscible fluids (asymmetric case)

Buotd: 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 of three i

fluids, J. of Hydrology 287, 270-278

cases

Rotating interfaces with dispersion o, =0.5m

20

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

Bt 5: 300#80 cells, with hydrodymaraie dispe sion, brarkish=1012.5kgim’ Time= 0 da

x[m]

GOE

cases
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Rotating interfaces with dispersion o, =0.5m

20

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

Bt 5: 300#80 cells, with hydrodymaraie dispe sion, brarkish=1012.5kgim’ Time= 0 da

x[m]

GOE

cases

Rotating interfaces with dispersion o, =5m

20

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

Rotts: 300490 oe s, with hydrodymamic dispesion, hrackish=1012 kg’ Time= 0 day

x[m]

GOE

cases
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cases

Rotating interfaces with dispersion o, =5m

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

Rotts: 300490 oe s, with hydrodymamic dispesion, hrackish=1012 kg’ Time= 0 day

20

x[m]

GOE

cases

Rotating immiscible interfaces

Conclusion:

To check the variable-density component of your code,
this immiscible interface benchmark can be used.
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Salt water pocket in a fresh environment

Grid convergence

Time step

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

01F

o0zF

,Z[m]

04F

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

cases
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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]

o3l

04F

0z 04 06 0.8
x[m]

_0.5’\||\||\||\||\||||||\\|||
0

1

cases

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

Saline packet in fresh groundwater: fingering process
40*20 cells

Time= 0 min

z[m]

x[m]

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

Saline packet 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
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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 (1V)
Effect of discretisation

Saline pocket in fresh groundwater: fingering process

320*160 cells

Time= 0 min

z[m]

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

Saline pocket in fresh groundwater: fingering process

320*160 cells

Time= 0 min

cases

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

10*5 cells

L
02

Saline pocket in fresh groundwater: fingering process

Time= 0 min

x[m]

8040 cells

x[m]

Saline pocket in fresh groundwater: fingering process

Time= 0 min

Saline pocket in fresh groundwater: fingering process

40%20 cells

Time= 0 min

04 06
x[m]

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

Time= 0 min

x[m]

cases
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Effect of size model cell on physical process

0.0 05 1.0 X . : .
60 min 60 min 60 min
Total Dissolved Solutes [mg/l]:

< >

0~ 3500
0 1750 5250 8750 14000 . 17500 21000 26250 29750 33250 34650
1750 B8l 5250 8750 14000 17500 21000 26250 29750 33250 34850 35000

Size of cell has a large effect on modelling result!

Effect of size model cell on physical process

E E
2] 9
o o

0.5 m,

1.0
60 min

0.5 mo
0.5 mo
05 mo

0.0 0.5 1.0 0.0 1.0 0.0 05 10
60 min 60 min 60 min

Total Dissolved Solutes [mg/l]:

< >

0~ 3500

0 1750 5250 8750 14000 . 17500 21000 26250 29750 33250 34650
1750 B8l 5250 8750 14000 17500 21000 26250 29750 33250 34850 35000

X=LOUSY models for predicting exact number of salt water fingers
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E
o
S

Effect of size model cell on physical process

E
©
| - | -
0.0 0.5 1.0 0.0 05 1.0 0.0 05 1.0
£ 60min £ 60min £ 60 min
© © 0
| - | | -
0.0 05 1.0 0.0 . 1.0 00 05 10
60 min 60 min 60 min
Total Dissolved Solutes [mg/l]:
< >
0~ 3500
0 1750 5250 8750 14000 . 17500 21000 26250 29750 33250 34650
14000 17500 21000 26250 29750 33250 34650 35000

1750 B8 5250 8750

BUT: all models are GOOD for predicting the moment of touching the base!

cases

Salt water pocket in a fresh environment (VI)

Conclusion:

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

« Check always grid convergence!
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Different model scales: 5, 10, 25m2

Different model scales

Which one is good enough?
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Upscaling issues: upconing under ditch

Concantration, tima = 10000 ¢

_ Cell size: 0.5m
.. Saltload: 3000 kg/d

w== 1 Cellsize: 10m
.. Saltload: 1750 kg/d

o o " Cel size: 50m
- Salt load: 2000 kg/d

a,=0.01m

Evolution of a freshwater lens

natural recharge

NEREN
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cases

Question:

How long does it take before the volume of a
freshwater lens is filled?:

a. S years T = specific time scale

b. 25 years

c. 100 years T = time period before the 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

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 5000
Length in system [m]
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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.]

aly}

=120

2000 4000 5000 5000
Length in system [m]

Evolution freshwater lens

Evolution of a freshwater lens

Time= 0.00 yr

L DL BLBLELE BLELEUN MELELE RLBLEL LR LR

0 2000 4000 6000 8000 10000
X

[ [ ]

03500 7000 10500 14000 17500 21000 24500 28000 31500
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Evolution freshwater lens: no density effects

Evolution of a freshwater lens

No density effect, only solute transport
Time= 0.00 yr

20 F
a0 f
0
-80

-100 |

-120 F

-140

0 2000 4000 6000 8000 10000
X

03500 7000 10500 14000 17500 21000 24500 28000 31500

Case 2: Development of a freshwater lens

Natural groundwater recharge f

round surface

Sea

Ps
k
Saline .
groundwater —» impervious
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Evolution lens

27379-005y 10°
0
-50
-100
-150
0 2000 4000 6000 8000 10000

Evolution freshwater head

27379005y

-50

-100

_1500 2000 4000 G000 2000 10000
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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 alens be developed?
« What is the thickness of the lens?

Movement of De Griend and creation of the lens

z

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

¥.5mdjaar to the east )
Time= 0.00 yr

[w] wpdap

1 1.5
length [km]

Concentration [TDS mg/I]

S000 10000 45000 20000 25000 20000 THO-BO, GOE, '06
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Movement of De Griend and creation of the lens

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

¥.5mdjaar to the east )
Time= 0.00 yr

[w] wpdap

1 1.5
length [km]

Concentration [TDS mg/I]

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

Case 2: Development of a freshwater lens

Natural groundwater recharge f

round surface

Sea

Ps
k
Saline .
groundwater —» impervious
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Case 2: Development of a freshwater lens

Natural groundwater recharge f

Sea
Tz e —

Parameters
Layers 15 Khor 20m/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

MOCDENS3D, no disp, 16part

. FWLENS1.PMS5 - Processing Modflow &

value Options Help

Simulation Time:

Tl

Lager  «| »JRow < »f Coumn o of
EI FM @ b m & |7y [1 50 [Peiiod 25 ; Step10: Time:82181

]

[
E0042
Bistart| 23 @ @ » B Tokal Commander 6.5 -... | (3] Micrasoft PawerPoint

I 20 Visuaization

[5 olute Concentiation (MOC3D1

| £ FLenst.pms - Processi...|[ ) FwLENS 1L.PMS - Proce... M @aa g 1518
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MOCDENS3D, no disp, 4part
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Henry’s problem (1964)

de

no-flow boundary 5

=0 gz‘Lpg

cases

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 06 075 089 085

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
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cases

Hydrocoin:

disposal of high-level nuclear waste
groundwater movement near salt domes
Gorleben salt dome, Germany

_ 5
P=10"Pa 4, p=1000 kg/m®
=0P
Llidld P=0Pa,

0

Depth z (m)

300,

0 300 600 ; 900
constant concentration boundary Distance x (m)

cases

Hydrocoin:
groundwater movement near salt domes

—10°
=0 P
bblddl %

0

Depth z (m)

0 300 600 pigtance x (m)9%0

constant concentration boundary

Salt fract:

.D._ZD R
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Broad 14 Basin, North Sea

Fluid flow at the northem Broad Fourteens Basin

—
i . Time= 0.YR

én

=1

=1
T

Deqth of systerm [m]
g

1500

|
-2000
0 10000 20000 30000 40000 50000 60000 70000
Length in system [m)]
Gong. 200 500 000 5000 FE00 10000 19000  S0000 150000 200000

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

cases

Geofluids'03, with L. Bouw

Hydrocoin: effect of boundary condition (1)

supply of brine through advection and hydrodynamic dispersion

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

0 100 200 300 400 500 600 900
distance [m]

recirculation type

cases
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cases

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

Hydrocoin, level 1, case 5 Time= 0.0 yr
00

0 500 900
distance [m]

recirculation type

cases

Hydrocoin: effect of boundary condition (I1)
supply of brine through only hydrodynamic dispersion

Hydrocoin, level 1, case 5 Time= 0.0 yr

1 T

0 100 200 300 400 500
distance [m]

swept-forward type
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cases

Hydrocoin: effect of boundary condition (I1)
supply of brine through only hydrodynamic dispersion

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

0 _ L=
0 100 200 30
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 03 T T T T T T T
1000 c I |
S
800 £
®
600 g
8
400 °
2
200 kst
. o
o ; } ; } | ; | ; ; 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) . distance x (m)
total mass of brine brine conc at depth=200m

Lecture notes, p. 86-91
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Hydrocoin: effect of vertical grid size

H H

“F 45 by 25 elements 100 years] © | 45 by 30 elements 100 years:
o o

g g

g §

of most distant position of o | most distant position of

° 0.05 brine mass fraction -] 0.05 brine mass fraction

e R e ] ]
% 100 200 300 40 500 600 700 e  900g0 100 200 300 400 w0 700 s00 900
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. .

g H

« H

o
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8 8
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3 3
8 8
H 8
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o 100 200 300 400 S50 €00 700 800 900 O 100 200 300 400 500 600 700 800 900

Salt concentration as brine mass fraction:

oo [lon Clon M5 EHox MG M W2 HC H W0

Recirculation 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

200

depth [m]
o
==

100

50

0 100 200 300 400 500 600 700 800 900
distance [m]

5 Oude Essink '035

like the swept-forward type

172



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

depth [m]
=) o
== ==

[&,]
=]

0 200 300 400 500 600 700 800 900
distance [m]

5 Oude Essink '035

like the swept-forward type

Analogy physical processes

Heat transport (analogy with solute transport)

Groundwater flow: Darcy

piezomg'ric head

NS a=—+2

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

Electrodynamics: Olhm

variable resistance]

cases
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Heat transport

Conduction and convection of heat

oT

— - thermal conductivity [Joule/(msOC)]
e + nepCf
OX Ze =N Aqyig + (L= Ne) Agiig
heat conduction convection
flux  (Fourier) (fluid flow)
continuity equation o
specific heat capacity [Joule/(kg C)]
oh el L
—& =pC E P'C'= N, PC g + (1= N¢) Psgiia Cootia

cases

Analogy solute and heat transport

Solute: advection-dispersion equation

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

e

Heat: convection-conduction equation

oT g
_ I
,oCf 8Xi +I'

0T _ 0

. oT
PC5 ~ox, Ajj

| .
JaxJ
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Heat transport

Analogy heat and solute transport
Heat transport
Convection-conduction equation
0T _ 0| A 0T g

Pt ~ax Niioxg |70 o

Equation of state: relation density & temperature

Pijk=Ps T 51)
Analogy between solute and heat transport

Solute Heat

C T

Rd 1+ (1_ ne)pscs
nep Cf

nA,+1-n)A

Dm e’ ve ( E) S
nep Cf

A 0

Heat transport

Energy storage in geothermal reservoirs

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

t=30 days

100 150 200 250

t=150 days

t=210 days
Temperature (degrees Celcius):
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cases

Elder problem (I)

It is originally a heat transport problem

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 > 472

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

Elder problem (11)

Anology composition and heat

Composition Heat
p=0 Pa C=1, p=1200 kg/m? p=0Pa 300 800
0 ! T 0
T=0, p=1000 kg/m®
£ S
g initial condition: C,=0 initial condition: 7,=0 '_;
g i
o Ly 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
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cases

Elder problem (111)

Development of convection cells (Rayleigh number=400)

Elder problem: heated from below

a 160°80 elements, ime step=30 days Time= (.00 yr

i
=

depth 2 [m]

o
=

_1500 100 200 300 400 500 &00

length x [m]

cases

Elder problem (111)

Development of convection cells (Rayleigh number=400)

Elder problem: heated from below

a 160°80 elements, ime step=30 days Time= (.00 yr

i
=

depth 2 [m]

o
=

_1500 100 200 300 400 500 &00

length x [m]
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cases

Heat transport (Rayleigh number=4000)

Heat transport: conduction and convection
Rayleigh number=4000 Time= 0.0 yr

150

2 [m]

ection

0 600
% [m]

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

Sri Lanka
Some days after December 261, 2004
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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:
guantifying 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 sardy ridge
r» abstraction ground surfac —> abstraction

}
lagoon

ground surfac

. ingers
shoreline o) lagoon

Before the Tsunami After the Tsunami
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Concept 1: Fingering processes in the subsoil

Saltwater pocket in a fresh environment: fingering process

At=10 sec

20 Time= 0.0 min

y [m]

Total Dissolved Solids
[mgA]

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

0.0

x [m] IGRAC, GOEMWvdL 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, GOEMWvdL 05
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Concept 1: Fingering processes in the subsoil

y[m]

Saltwaterpocket in a fresh environment: fingering process

AE10 sec
20

0.0
X [m]

Time= 0.0 hour

Total Dissolved Solids
[mg1]

34650
33250
20750
26250
21000
17500
14000
8750

5250

1750

10 [hydraulic cond.=8.64 mfd]
IGRAC, GOE Wl 05

Concept 1: Fingering processes in the subsoil

y[m]

Saltwaterpocket in a fresh environment: fingering process

AE10 sec
20

0.0

X [m]

Time= 0.0 hour

Total Dissolved Solids
[mg1]

34650
33250
20750
26250
21000
17500
14000
8750

5250

1750

10 [hydraulic cond.=8.64 mfd]
IGRAC, GOE Wl 05
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Concept 1: Fingering processes in the subsoil

y [m]

Saltwater pocketin a fresh envirenment: fingering process

LE40 sec
Lo}

2. Time= 0.0 hour

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

Total Dissolved Solids
[my/1]

34650
33250
29750
26250
21000
17500
14000
§750

5250

1750

Medium sandy porous medium
0.0 1.0 [hydraulic cond.=8.64 m/d

% [m] THO, Oude Essink'07

Concept

1: Fingering processes in the subsoil

y [m]

Saltwater pocketin a fresh envirenment: fingering process

LE40 sec
Lo}

2. Time= 0.0 hour

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

Total Dissolved Solids
[my/1]

34650
33250
29750
26250
21000
17500
14000
§750

5250

1750

Medium sandy porous medium
00 1.0 [hydraulic cond.=8.64 m/d]

% [m] THO, Oude Essink'07
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Concept 1: Fingering processes in the subsoil

Rates of salinization of free convection
in high-permeability sediments
Time= 0.0 yr
40
:'nFﬂill
nz=760
cells
80
E
= See also
e PhOD.-thesis
@ V. Post (2004)
T 120
Cong,
0.9
0.8
0.7
o
0.4
0.3
0.2
0.1
-200
20 40 B0 80
6. Oude Essink o3 iStance ] 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
:'DF1BII
nz=760
cells
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E
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Fingering processes in the subsoil

20

Saltwater pocket in a fresh environment: fingering process.
At=400 sec

Time= 57.8 hour

Saltwater pocket in a fresh environment: fingering process.
At=10 sec

20

20

Saltwater pocket in a fresh environment: fingering process.
At=400 sec
Time= 36.7 hour

| conc=25%sw
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vy low-permeatie layers (k=0.000864mic)
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=400 sec
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20 -
TS 378 BT, Time= 37.8 hour 20 Time= 41.1 hour
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Concept 2: Evolution of a freshwater lens

after flooding
ro Abstraction

I_' Abstraction

1. Before the Tsunami 2. Just before the Tsunami:

Lowering of sea- and lagoonwater level

Well overflows
N7

3. Just before the Tsunami:
Subsurface pressure wave precedes surface wave

4. During the Tsunami: Floodin,
mixing of water due to sudden

i Abstraction
Abstraction Rainfall r

22 R

o

5. After the Tsunami
Freshwater mixed with brackish water

6. After the Tsunami
Recharge by rainfall replaces brackish water

Submerged well

,—'""""""'""'-\

g of island,
pressure changes

v
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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. duration2 hours Maldives setting

Natural groundw ater recharge
seasonal variation Time= -3.72 yr

Depth [m]

Cone.

15000
12500
10000
7500
5000
2500
1000
300
150
50

250 500 750 1000
Length [m]

IGRAC, G OE WAL, 'D5

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. duration2 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, G OE WAL, 'D5
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Concept 2: Evolution of a freshwater lens
after flooding

t of Tsunami on a freshwater lens

2. duration 2 hours Maldives s

Natural groundwater recharge
seasonal variation

0 yrs: 1. increase of head of 3 m Impact of the 2004 Tsumani on the salt concentration in a

Tsunami characteristics: height 3 m, duration 2 hours

freshwater lens

= A, 0.35m -MSL,
‘s X=350m
ﬂ B. 1.15m-MSL,
ey x=350m
TOOU

; C. 1.85m-MSL,
x=350m
10{} \/ . N = =— D, 1.15m-MSL,

x=400m
. 2.35m-MSL,

Solute concentration (mg CI-/)

600 700  80C

x=500m
= F. 3.95m-MSL,
x=500m

500
Length [m]

Time (years)

Case Sri Lanka: lagoon setting

sandy ridge

[—> abstraction

lagoon

ground surfac

Before the Tsunami

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

sandy ridge

ground surfac

[—> abstraction

fingers  jagoon

shoreline

After the Tsunami
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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
% 15 Conc.
a 15000
] 12500
10000
-20 7500
4000
2500
1000
-26 500
150
50

&
&

L
1] 1000 2000 3000 4000 5000
length [m]

IGRAC, GOEMWL, '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 hinterdand
5
-10
% Conc.
£ 16 15000
] 12500
10000
-20 7500
4000
2500
1000
-26 500
150
50
-30 v
0 1000 2000 3000 4000 5000

length [m]
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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]

Solute concentration (mg Cl-/l)

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

Tsunami characteristics: height 3 m, duration 2 hours

60!
—A. 0.7m-MSL,
566 x=1987.5m
00 B. 4.9m-MSL,
x=1987.5m
306 A r Y
——C. 0.3m-MSL,
200- —— - x=2112.5m
100 j% =—D. 0.3m-MSL,
. Xx=2237.5m
04 01 06 11 16 21 26 31 36 41 46

Time (years)
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