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e Practicals numerical modelling
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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

* 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  Saltwater intrusion in coastal aquifers

 Assessment of climate change on groundwater resources

e Numerical Modeling

e Teaching and training

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




Colleagues at Deltares
Groundwater in the Coastal Zone

http://zoetzout.deltares.nl
http://freshsalt.deltares.nl

Tobias Mulder Perry de Louw Esther van Baaren Jarno Verkaik Marta Faneca
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Research on groundwater in the coastal zone

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

< Incorporating monitoring campaigns results in numerical modeling
tools

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

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

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

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




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

1. Density dependent groundwater flow

2. Groundwater modelling

system characteristics
parameters

'
"

input > » output

variables X ’ variables

conditions: initial and boundary

Introduction

Practicals numerical modelling

e PMWIN
e SEAWAT
e Cases:

Rotating sharp interface
Freshwater lens
—  Henry’scase
(Elder’s case)
e  Setup practicals:
—  try to work together in teams, e.g. of two persons
—  short report of findings (make screenshots)
- deliver within two weeks after finish last SWI lectures

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

Water infon/above Earth
Liquid fresh water

Freshwater lakes rivers

fresh vater

30%

salt frozen
97% L 1%
v-.- Water in, an, and above the Earth |:| Salt, oceans I:‘ GIaCierS, ice Caps,
& Liquid fresh water i . permafl’OSt
w . Freshwater lakes and rivers o . Fresh, continents

B Liquid water

Source: Perlman, USGS; Shiklomanov, 1993

Water Energy Food Nexus
Global water scarcity

Fresh water is a scarce resource...
e
Y 4

All water All lakes and
On earth IES

>

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




Introduction

Water on Earth

Total water on Earth Total fresh water on Earth
0.3%

dice
W groundwater
O surface water

W saline
W fresh

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

Natural groundwater recharge f
groundwater recharge
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Introduction
Topics of density driven groundwater flow

1. Introduction
- wateron earth
- saltwaterintrusion

— freshwater head
2. Interface between fresh and saline groundwater
— analytical formulae (Badon Ghyben-Herzberg)
— upconing example
3. Numerical modelling
— mathematical background
— Benchmark problems: Henry, Elder, Hydrocoin, etc.
4. Case-studies
— hypothetical cases
— 2D, 3D cases
— real cases (Dutch coastal zone)

Enabling Delta Life

Work at Deltares

Ground Water System Analysis
in the coastal zone

Monitoring Numerical Analytical Stakeholders
water system modeling formulae participation

\',

Solutions and responses




Groundwater issues in the coastal zone/deltaic areas

climate change:
precipitation and evapotranspiration increase

[l i economic
increasing ! . N
population density [ development
5 ~ 28$8
S—

tidal
amplitude

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?

7 -50m




The polders in the Nederland

Noordzee Alkmaar  Noordhollands Schermer

lsseimeer
aaaaaa

Groundwater in the future

We have to cope which...:
« Groundwater extractions

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

e Land subsidence
e Development spatial land use

* Politics, Policy & Watermanagement

Direct anthopogenic influence on groundwater is more important than climate effect

10



Salt Water Intrusion Meeting, since 1968

Salt Water Intrusion Meeting, since 1968

v_, http://www.swim-site.org/
=

Themes

e Water systeem analysis
e Monitoring

e Modelling

e Effects

e Solutions

11



Salt Water Intrusion Meeting (SWIM)

Home H History I Philosophy H Next meeting || Procesdings H Links

Welcome to the homepage of the Salt Water Intrusion Meeting

The Salt \Water Intrusion Meeting (SWIM) conference series has been held in different countries on a biennial basis since 1968, Although the main focus

has fraditionally been on seawater infrusion ions related to saline 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, x physics, and

management w

from

Hydro geolo:

Geological

breen nd (
‘rk .

SWIM from Alphafiim & Kommunikatien on Vimeo.

The leng-lived success of the conference series reflects ihe relevance of managing safine groundwater problems around ihe world, especially in densely populated coastal areas. These
include:

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

characterizatien of groundwater systems and movement of saline groundwater . - .

management and of

natural and man-made environmental change

The main aims of this web site are to be the central and permanent source of information for people iNterested in the SWIM and 1o Ncrease awareness and provide access of the excellent
work that is presented at the SWIM meetings

Salt Water Intrusion Meeting (SWIM)

Hame H History H Philosophy H Next meefing H Proceedings H Links

The proceedings of the Salt Water Intrusion Meeting

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

At the 18th SWIM in Cartagena it was agreed that efforts will be undertaken to make all SWIM proceedings available through the internet. Currently, the proceedings of the 9th, 12th, 13th,
15th, 16th, 17th, 18th, 19th, 20th, and 21st SWIM and the abstracts of the 18th SWIM are available frem 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 publighers. Links to these are provided on this page.

Available for download:

24th SWIM, Cairng, Australia, 2016

ra;
15t SWIM, 5 Migu Mlque\ Aznres Pnnuqal 2010
20th SWIM, Naples, Florida, USA, 2008

WWW.Sswim-site.org

2nd SwWiN, Vogelenzang, The Netherlands, 1970
st SWIM, Hannover, Germany, 1968

For sale (external links)

« Proceedings of the 12th Salt Water Intrusion Meeting, Barcelona, Spain, 1892
» Proceedings of the 6th Salt Water Infrusion Meeting, Hannov

12



Salt Water Intrusion Meeting (SWIM)

Home History Next mesting Proceedings Links About this site

Back to all oroceedings

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

Preface - -

Ao et WWWw.swim-site.org
Posters

$. Fatema, A Marandi, C. Schith Seawater Intrusion of the Coastal Groundwater: A Case Siudy in Cox's Bazar, Bangladesh

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

ilability of Freshwater for Agric

th ture by Improving Local Hydro{geo)ioical Conditions
Luc Lebbe, F_Sadooni, Hamad Al Szad Pot

tial Influence of Climate Change and Anthropogenic Effects, on Groundwater Resources in the Northern Groundwater

A
Qatar
J. van Engelen, G.H.P. Oude Essink, M.FP. Bierkens Fresh Groundwater Reserves in 40 Major Deltas Under Global Change

Bernhard Siemon, Esiher van Baaren, Willem D n, Joost Delsman, Jan Gunnink, Marios Karaoulis, Perry G.8. de Louw, G.H.P. Oude Essink. Pieter Pauw, Annika Steuer HEM
Survey in Zeeland (NL) to Delineate the 3D Groundwater Salinity Distribution - Pilot Study: Canal Zone Gent-Terneuzen

n der Mads, Frans Schaars,Wichel Groen Geophysical Field Measurements for Characterizing Sea Water Intrusion

mn’ o Hydrochemical Evolution of Groundwater in a Coastal Reclaimed Land in Shenzhen, China

llem Zaadnoordijk, Klaus Hinsby, Lars Troldborg Water Supply of Frisian Islands, North Sea

C. Robinson, Dean Morrow, Darren White, Viviane Paquin, Kela Web: ct of Tides, Waves and Precipitation on Groundwater Flow Dynamics on Sable Island

Perry 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 Coastal Areas

Yongcheol Kim, Heesung_Yoen, Gi-Pyo Kim Case Study on an Effective Methed for Monitoring Temporal Change in the Freshwater-Saltwater Interface Location and Freshwater Lens
Thickness

Jason A Thomann, Leanne K Morgan, Tony Miller_Adrian O ‘Werner Vulnerability of Offshore Fresh Groundwater to Anthropogenic Impacts: Investigation Using Analytic and Numerical
Modelling Technigues

A 8anha WK Lee A Bironne-Taisne, V. Babovic, L Vonhdgen-Peeters Esther van Baaren, P Vermeulen G H P Oude Essink, J R Valstar G. de Lange, R.M. Hoogendoom, S. Gon
Utilization of Reclaimed Island as Groundwater Reservair

M.L. Calvache, J.P. Sanchez-Ubeda, Carlos Dugue, M. Lopez-Chicano The Influence of the Heterogeneity and Variable Density in Theis and Cooper-Jacob Interpretation of Pumping
Tests: The Case of Motri-Salobrena Aquifer (SE Spain)

P_Sanchez-Ubeda, M L Calvache Carlos Duque M. Lopez-Chicano Modelling Sea-Aquifer Contact in Salt Water Intrusion Scenarios: Conditions and Possibilities

P Sanchez-Ubeda, M L Calvache, Carlos Duque, M. Lépez-Chicano Estimation of Hydraulic Diffusivity Using Tidal-Extracted Oscillations from Groundwater Head Affected by Tide

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

ang Li, Hailong Li, Chunmiao Zheng, Kai Xiao, Manhua Luo, Meng Zhang A Comparative Study of Two Transects at Dan'ao River's Estuary in Daya Bay, China

2Xuejing Wang. Hailong Li. Chunmiao Zheng Seasonal Distribution of Radium Isotopes and Submarine Groundwater Discharge in Laizhou Bay, China

Kai Xiag, Hailong Li, Chunmiao Zheng, Yanman Lj, Manhua Lug A Preliminary Study on Influence of Seawater-Groundwater Exchange on Nutrient Dynamics in a Tidal Mangrove Swamp
in Daya Bay, China

Ashraf Ahmed, Robert Gan Antoifi Abdoulhalik The Effect of Cutofl Walls on Saltwaler Intrusion in Stratified Ceas
Andrew C_Knight, L eanne K_ Morgan, Adrian D_\Wemer Offshore Hydro-Siratigraphy of the Gambier Embayment and the P ial for an Offshore Groundwater Resource
I Oz, Eyal Shalev, Yoseph Yechieli, Haim Gvirtzman Saltwater Circulation Patterns n the Freshwater-Saltwater Interface in Coastal Aquifers

$Sang Kil Park, Do Hoon Kim, Hong Bum Park The Iny ion of Sea Water Inf on Opening Estuary Barrage of Nakdong River Using Numerical Simulation Model
Chengji Shen, Pei Xin,_Chenming Zhang, Ling Li Initiation of Unstable Flow in Salt Marshes

\quifers: An Experimental and Numerical Study

Session 1 - Managing Coastal Groundwater |

ate and Global Siresses, with Examples from Vietnam, Egypt Bangladesh and The Netherlands

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

Location of SWIM studies since 1968

Legend
® Locations of SWIM studies since 1968
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Location of SWIM studies since 1968

Legend
® Locations of SWIM studies since 1968

Database salt water intrusion articles

https://app. powerbi.com/view?r=eylrljoiNTMA4YjdhZDAtMDUSY000GVILTgSNDYtMWFIY TcwMjdkODKIwidCI6IE 1ZiNmZ TBILWQ3MTItNDKAMSLiYzdjL WZIOTQSYWYYMTViilsimMio]
ho

Salt Water Intrusion Articles 1968 -2020

SWIM: ite.nl/indexchtm| Deltares:
(Leeq)
=] ° Latvia + R
n Degmarl, (@ B s Africa
hited .8 son Algeria
lodeg "ﬁ‘ « Belarus 4
. o 2 Poghd % Search by Theme
Ukraine Alle v
Kazakhstar
Moldova
» Croatia
2 1968 2020
< Serbia
Bulgori - O O
b esroih Uzbekistan
P Azerbaijan °»
- Turkey Turkmenistan_ “Tajik
° Other (report, .
o P baok, thesis, . S
- Sygia
dih Tunidia ° L !
" v raq
(©) Mdrocco e . Iran :
(Olnaebox L o a0 & © Mapbox © OpenStreetiap Improve this map Nugber sk Amicies iy Type
ner (report, book, thesi, re... @ Peer-reviewed artice @
Year Country  Author, Title Doi A Number of Articles by Theme
2000 Poland Zuber, A, Sadursk, A, Weise, S.M, Ruebel, A ®2c0) ®4ppli @ Csse studies @ »
Osenbrueke, K, Grabczak, J. Isotope and noble gas data
of the Gdansk Cretaceous aquifer, Northern Poland
2020 China Zhu, S, Zhou, Z, Guo, Q, Ma, J,, 2020. A Study on the ® H
Cause of Layered Seawater Intrusion in the Daging River =
Estuary of Liaodong Bay , China. Sustain. 28-32.
hitps://doi.org/10.3390/su12072842
2003 China Zhou, X, Chen, M, Liang, C., 2003. Optimal schemes of @
grounduwater exploitation for prevention of seawater
intrusion in the Leizhou Peninsula in southern China. | i i
Environ. Geol. 43, 978-985 Jear
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Introduction SWI

Introduction

Definition of salt water intrusion

Inflow of saline water into an aquifer which contains
fresh water

submarine
groundwater
discharge

ground surface

15



Introduction

Origin of saline groundwater in the subsoil

Geological causes:

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

Anthropogenic causes:

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

Salinisation processes at local scale

Tsinhtio

Salt water intrusion groundwater Inundation saline seawater

ta

lowering phreatic
groundwater due to
{land reclamation

sea leval rise

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

16



Modes of Salinization due to Sea-Level Rise

Vertical
Infiltration

~ Lateral
Fresh « Intrusion

Groundwater

Saline
Groundwater

Modes of Salinization due to Sea-Level Rise

Fresh y
Groundwater > 4

Saline
Groundwater

17



Salinization due to Pumping

|| Precapis
\ re ex:stlng SaItWate
/ r

Pumping-induced
_Salinization

N s

Source: Cliff Voss

Salinization processes in the coastal
zone: combination
SOURCES OF SALTWATER

Infiltration from
tidal marshes, boat basins, Wellfield Leakage from
estuaries, and bays

Well field

GEUS
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Regions with brackish and saline groundwater at shallow and intermediate depts

Mo et s
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Source: Nature, 2013

Sea level
Low Stand

Groundwater in the coastal zone

Precipitation

Evaporation
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COASTAL
ZONE

"ESTUARINE"
ZONE

ﬂ& UNCONFINED FRESH

WATER AQUIFER

WLTITUDE, 1M FEET ABOVE DR EELOW SES LEVEL

Biscayne aquifer, Florida USA: Henry’s case

DISTAMCE FROM SHORELINE, IN FEET

T EXPLANATION

- —=5000—  Line of equal chioride
concentration, in parts
per million

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

Modified from Eohaut | 19648}
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Definition of salt water intrusion

Numerical model: Henry’s case

coast beach land

length

I [N

CONC: 010203040506070.808

Definition of salt water intrusion

Numerical model: Henry’s case

coast beach land

100 80
length

I ([N

CONC: 0.10.203040506070809
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Sea level rise and salt water intrusion

Effect sea level rise on groundwater system in coastal zone
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depth
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Sea level rise and salt water intrusion

Effect sea level rise on groundwater system in coastal zone
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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

0 Loast beach land

100 80 60
length

Deltares
Enabling Delta Life
s

CONC: 0.10.20.3040.50.60.7 0.80.9
GOE, 2009

Impact of sea level rise on a coastal groundwater system:

a conceptual model of saltwater intrusion

beach

o goast

_land

Deltares

Enabling Delta Lfe

CONC: 0.10.2030405060.7080.9
GOE, 2009

Types of extraction systems
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Salt water intrusion

Salt w ater intrusion in the coastal zone

land

20

40

depth

B0
=]
pEEmeme

100 &0
length

60 40 20

COMG: 010205040506070.809
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Introduction

Water on Earth

Some serious developments:

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

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

In 1 liter ocean: about 35 gr salt

25



In 1 liter ocean: about 35 gr salt

—

L

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

o O

26



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

Jan van Scorel
20140121

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

27



Fresh-brackish-saline groundwater

Negative ions

Positive ions

a 19000
50,7 2700
HCO 3 140
Br’ 65
Na* 10600
Mg ™ 1270
Ggc 400
K* 380

Definition fresh-brackish-saline groundwater

Main type of groundwater

Chloride concentration

[mg CI'/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 >20.000

pe gTD D g- O gatio ate

Non-saline or fresh water <0.7 <500 Drinking and irrigation water
| Slightly saline 07-2 500-1.500 Irrigation water

Moderately saline 2-10 1.500-7.000 Primary drainage water and groundwater

Highly saline 10-25| 7.000-15.000 Secondary drainage water and groundwater

Very highly saline 25 - 45| 15.000-35.000 Seawater is about 35000 TDS mg/L|

Brine >45 >35.000 n.a.
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EOS
Examples of equations of state

Knudsen (1902)

Pty =1000+0.8054S —0.0065(T ~4+0.2214S)?

Linear (concentration) VSt ¥ S0 gl

p(C) = Ps [1+ (04 C—'] where a=relative density difference

s
Linear (temperature)

Py = P+ [1-B(T-T")]
Exponential (temperature, pressure, salt)

D =p e—a(T—To)+ﬁ(P—po)+?@
(T.po) — Ff

Equation of state (SEAWAT)

op
Piix = P +%Ci,j,k

e.g.:

1. conc=35TDS 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)
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EOS

Density depends on salinity and temperature

Temperature T ['C]

1000

1802

1004 |

1006

1008

to10 poo 07RO

Density of water in kg/m?

1014

1016

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

Ps) =1000 +0.8054S —0.0065(T —4+0.22148)% Knudsen (1902)

Dynamic viscosity p (Pa s)

EOS
Density and viscosity depend on temperature
(10°C-160°C)
14E-03 1000
1.2€-03 o 980 N e
E
1.0E-0371- ~
9607 rm e NG
8.0E-04 1 g
[eX e T
6.0E-04 1 £ 20
v e
4.0E-04 1 § 7°
[a}
2.0E-04 1 L
R —_— 880 ———r+————1———
10 30 50 70 90 110 130 150 10 30 50 70 90 110 130 150
Temperature (°Celcius) Temperature (°Celcius)
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Salinity (ppt)

more than 37

37
36
35

34
less than 34

© Copyright 2010. University of Waikato. All Rights Reserved. www.sciencelearn.org.nz

Close relation between
chloride concentration and Electrical Conductivity

2000 I

1  —
1800 | * measures Flevoland, NL //
§ 1600 | ====Equation (2.3) 24
£ 1400
S 1200 .
g 7
£ 1000
g 800 4"”'
5 ’/’
£ 600 7
"_63 400 /1
200 >
g
0 1

0 1000 2000 3000 4000 5000 6000 7000
Electrical Conductivity [uS/cm]

Cl-(mg /L) = EC,(uS /cm)-0.305-137
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Close relation between
chloride concentration and Electrical Conductivity

106 uS/cm =102 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 Cl- over TDS equal to ~0.554, under stable
normal seawater environments

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

2500
=
&
& 2000 se4 o
] %
w® 1500
i
€
@ »
L%}
g 1000
o y=4.1319x - 190.94
S R?=0.9728
5 500
= % Samples
Q
0
0 100 200 300 400 500 600
Electric conductivity at 12.5 Celsius [mS/m]

Appendix figure 11: Relation between the electric conductivity and the chloride concentration. For this relation samples
from observation well B0O6D1114 and BOGD 1087 in between 23-5ept-2009 and 9-okt-2010 were plotted.
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100

EC-Chloride

—_
o

—van Wirdum (2004)
~NITG (1992): 100mg HCO,~
NITG (1992): 800mg HCO,~

-

——Flevoland analyses (2008)

Electrical Conductivity [mS/cm]

10

100 1000 10000 100000
Chloride concentration [mg CI /L]

Salt in water is a problem

Drinking
water

Crep d.am;zi‘\g €y

)
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Introduction

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

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

-industry:
ecorrosion pipes
epreparation food

-irrigation/agriculture:
eproduction crops
esalt damage

Effects salinisation: salt damage

= | salty water ¥ =& fresh water [F45
i et i

Source: Proefstation voor de Akkerbouw en Groenteteelt, Lelystad
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Salt-resistant crops

& precipitation

f

o

*“‘Z\‘ﬂ‘_l 1 Do

MP3-B

§ ==
E o~ By \-\ | Bumix -\
0 10 20 30 40 0 1b Zb 3‘0 4‘0
2 EC (mS cm’1) EC (mS cm’1)
g
E o 0 MP4-B o o MP5-B
% -g.mv-” :o\ﬂz, D i
-2 D - TR T
k \I \
B '\—\ B -X'\
sallne seepage LR /- SRR -\
Important parameter: 1 '\ "1 i
Chloride concentration root zone o <
Land use
0 10 20 30 40 0 10 20 30 40
Sensitivity crops EC (mSom™) EC (mSom™)
Salt damage to crops
Important param eters:
— Chloride concentration in the root zone
— Land use
— Sensitivity crops
Land use Threshold value | Gradient root
root zone zone
(mg CI-/1) 6! .
Grass 3606 0.0078 | i Somemommmirmesmmmamn(s
Potatoes 756 0.0163 -]
Beet 4831 0.0057 P
Grains 4831 0.0058 o]
Horticulture 1337 0.0141 x|
Orchard (trees) 642 0.0264 -!. 1
Bulb 153 0.0182

Source: Roest et al., 2003 en Haskoning

Source: MNP, 2005
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Salt damage to crops

Relation between salt concentration and damage to crops

1m_Sdm:!a bij overschrijding gehes! groeissizosn (%)

SS

Gre
A/f'e::/‘-

: T 1
i} 1000 2000 3000 4000 5000 6000

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

Soil moisture

Limi

Gradient

Irrigation water

Limit

Gradient

Crop mg/ICl %/mg/I Cl mg/ICl %/mg/1 Cl
Potatoe 756 0.0163 202 0.0610
Grass 3606 0.0078 962 0.0294
Sugar beat 4831 0.0057 1288 0.0212
CutCorn 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
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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 waterwedge
- decrease outflow g,
® climate change:
- sealevelrise
- natural groundwater recharge

s level nise

Introduction

tQ

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

Introduction
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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
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1500 litres of water
B .8 per kg refined sugar
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- = 140 litres of water
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10 litres of water
for 1 sheet of Ad-paper

Question:

Demand fresh water per capita per day?:

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

Introduction
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Water withdrawal as % of total available water

Water withdrawal as a percentage of total available water
) more than 40 % ) from 20 % to 10 %
_ | from40%to20% [ less than 10 %

Population growth 1990-2025

(,.

Population 1990, |
<1000

e
—_

. 0
[ 25001 - 500000
- 500000 o

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

Serious overexploitation coastal aquifers worldwide

2.5m/year

Dhaka, BD

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

 (3rdaguifer) SWL, where well > 200m

Elev. of GW level in aquifer n,!

0

Depth of piezometric level
below ground surface (m.)

£
E; -5
3 1m/yr
= -10
o
© .15 P
z \“,
o
% 20
< Mekong, VN
-25
jan-94 okt-96 jul-99 apr-02 jan-05 okt-07 jul-10
Time

Bang Pli, Southeastern Bangkok

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 Year

20
25
30
35
40
45
50
55
60
65

0

n 1980, metre:

ater leve!

lative 10 groundwi

i

awdow

Bangkok, Thailand

Settiement (1m)

NB (207M) . (156m)

2.5m/yr

PD (112m)

Land subsidence from

450
500

1.5m/yr

1978 (mm)

9
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What causes the land to subside?

Natural causes (geological processes):

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

o Compaction of older sediments after sedimentation

Anthropogenic causes (human-induced processes):

o Qil/gas extraction (usually relatively deep)

o Groundwater extraction (usually moderately deep)

o Drainage of soils = oxidation of peat, soil compaction

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

Possible causes of land subsidence
In the Mekong

DRIVERS OF SUBSIDENCE

.Loadiﬁg A&iﬁcial lowering Extraction Tectonics & ]

Land subsidence is e of groundwater table Isostasy

natural process in s & & 2 s 5
deltas. § 2 if g

F E S3 5, E
Land subsidence can be . $ ¥
accelerated by human g 17+ 4 Odation
activities that increase 3| shaliow il S
physical loading or g - e v
Change the $ Unconfined aquifer
hydrogeological Q Medium |
situation a cansoldation],

8 + = fonhnedaquifer b5

Total subsidence is the & peep G e ot
cumulative effect of all , : sl
prOCBSSGS. Colourcode:  Process Natural driver  Antropogenic driver ' Subsidence

Minderhoud et al. 2015
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Newly made road level Abandon well head

Impacts

Previous Road
Subsidence of level
original road

level
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Evidence of subsidence in the Mekong delta

Deeper subsidence, visible by protruding pumping wells

Challenges deltaic areas

Climate change
Population growth Se a- | eve |

[ Reduced discharge & urbanisation
- &sediment supply flooding

\ . ‘_@]ﬂ_’ rise
S V<P ( <«—salinisation

<= s, Coastal erosion

(n

L = ) < e N NGl 3-10 mmiyr
’**5? Land-use change “‘m % “~ coastal flooding y
=%

|
AR LR
Groundwater

ing
M saline groundwater

Minderhoud, 2019
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Land subsidence in deltas is a global problem

al, RS,
2618.08.004,2018

max: 10 mm/yr‘

max: 20 mmiyr

R0 Llg
max: 10 mm/fyr 2

LAGOS, NIGERIA, >20 MILLION INHAB.

' GANGE-BRAHMAPUTRA DELTA,
BANGLADESH, >150 MILLION
INHAB.

| MEKONG DELTA, VIETNAM,
>20 MILLION INHAB.

Courtesy of Pietro Teatini

Examples of some major coastal cities
The subsidence issue is underestimated

Year
1900 1925 1950 1975 2000 2025
1
E
a,
o e rSA
@ | Relative
| Sea-level
Rise
° Tokyo
-24 2 4,5m!
_ —— Absolute SLR 5
E = Bangkok E
-34 . >
E === Ho Chi Minh City @
2 —— Jakarta
wi
-4 + === Manila 1
—— West Netherlands [remm— \
= Tokyo
-5
Megacity Max. subsidence [m] Date commenced
Shanghai 2.80 1921
Osaka 2.80 1935
Tianjin 2.60 1959
Jakarta 0.90 1978
Los Angeles  9.00 1930’s
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Four case studies

What lessons can we learn:

1. California, USA

2. Bangkok, Thailand: implementing policies to reduce
extraction

— Groundwater act (1977)
— Mitigation of Groundwater Crisis and Land subsidence (1983)
— Groundwater Tariff and Conservation Fee (1985)

3. Jakarta, Indonesia: until today no mitigation measures on
groundwater extraction

4. Mekong Delta, Vietnam

Case 1: Land subsidence San Joachim
Valley, CA, USA

9 m since 1930s

San Francisco

betwe
1925-1977
(52 years)

~17.3cmly

Nertheast Plateau

Sacramento Valley

i
L |
San Diego

Los Angeles
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Case 2: Bangkok

10 Groundwater monitoring well in eastern Bangkok 0
0«
A0 - 10
20\ o 4l
_ b PO Aquifer {100m) ¢ L 20
£ -30 \ 4 o e g =
o -40 N bt | 30 2
o -50 N\ NB Aquifer (2pom Bl
Q 10 cm/yr o =
c -60 \\ Jh%‘ NL.equLr (150m 40 5
% 70 -68. ‘éﬂuh <
i \ 493 o.47 uf | —
2 -80 e , SC T
.90 e~ | 82%-401.3p =
w BT o LT L 60
10 OBy -1020
=110 Jempyr—r ";E-g;. 1102 443 4
12“ T g eciiiel M8 MR a0r e [ 70
:13 — —— --11.51‘!-‘;3_'1 E: BE_'QM 120 80
< 1cm/yr

1977 1981 1985 1989 1993 1997 2001 2005 2009 2013 2017

Courtesy: Chadaporn Busarakum

Case 3: Jakarta

Cumulative subsidence map of Jakarta 1974-2010

Nov 1989 Nov 2007 Nov 2025

Pasar lkan cm

7T " Nov 26, 2007 725
L g = ievte charge

ST

Brinkman and Hartman, 2009 Subsidence rates: up to 25 cm/year

49



Case 4: Groundwater overexploitationin
Mekong Delta

The Mekong delta is sinking

Estimated InSAR-derived subsidence rates (cm/yr)

m el e
Subsidence rates seem to accelerate!

“ “ e
| T

e -uo.an
® 0.9

9-40
40--50

S50km @ so-00
® o0

108

it s

2006-2010: 2014-2019: =
Up to 4 cm/yr Up to 6 cm/yr Evidence on the ground
Erban et al., 2014. Environ. Res. Lett.  EU Copernicus EMSN062
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Satelite measured subsidence rates (2014-2019):

~10-50 mm/yr

i

7 Average vertical Movement s
-50 - -40 3
-40 - -30
30 - -20
20 - -11
-11--5
5-2
2--1
d-1
1-10 [mm/yr] ;

Copernicus ESMN-62 in cooperation with GIZ and BGR

iMOD-WQ-SEAWAT-SUB-CR: 3D model groundwater salinity +

subsidence

152

Geological borelogs and
{:rlgss-secu'rons

A

Location, depth &rate
of groundwater extractions

20200214

P,

Observed time series
of groundwater head \

/' Observation well nests

" <> Pllot point

‘Subsidence module

Victnam Mekong Delta st i

sty (g TOSL

Deltares
i, ]

R4
Validation: InSAR-derived
subsidence (Erban et al, 2014)

Surface water system 3D salinity

Minderhoud et al., 2017 - Environmental Research Leters
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25 years of simulated
groundwater extraction

1. Holocene w:) 2. Upper Pleistocene (qm 3. Middle Pleistocene (qp;.5)
Hydraulic head 1991 Subsidence
r Pleiste nodel layers cumulative!
e e e
o

4. Lower Plelstocene (gp,) 5. Middle Pliocene (n/) 6. Lower Pliocene (n,")

g, drawomn vg. drowdomn: g drawsawn
66m 7im 66m

7. Upper Miocene (n,") Legend
Drawdown (m)
-0

l .
>20

Groundwater extraction is much larger
than groundwater recharge, f,
and replenishmentis very limited

N
o 10 200 T

kilometer

B avs. drwtown:
4 Gam

Hydraulic
head .5
(m}

=500
subsidence 250

{mm}
n

Extraction-induced subsidence is accelerating!

1991-1995 1996-2000 2001-2005 2006-2010 2011-2015 2015

oY . g N X - 3 2 f

: E T T o | " Avg. rate: ' = Py

- - io\vg. ra;e: 3 o Avg.rate: - Avg. rate: - 0.9 emfyr | Avg. rate: I\
4 .4 em/fyr 0.4 cmfyr 4 0.6 cm/yr Subsldence & 1.1 em/yr 3

P e oW Z3 - cm/yr & o

Groundwater extraction-driven subsidence exceeds absolute sea-level rise by a magnitude!

Sources of uncertainties in
modeling results:

* Hydrogeology and
geotechnical parameters

= Extraction data
* Geological schematization
= Layer discretization

:
]

50
Riometers

Modeled subsicence raes (u'nlyr)

Most/least conservative model: 60%/160% of the best estimate model rates

Minderhoudetal., 2017
Environmental Research Letters
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Large groundwater extractions lead to subsidence in the Mekong delta
(results Rise and Fall project)

1991-1995 1996-2000
10576 10 o . .

17

2001-2005 2006-2010 2011-2015
goo - .

nn I

(III

D
Ao

| . “'Avg. rate:

Avg. rate: g 0.9 cm/yr | ’Avg‘ —
0.6 cm/yr ' Subsidence 4 1.1 cm/yr
[ cm/yr

0 2 >4

Avg. rate: i Avg. rate:

0.4 cm/yr 0.4 cm/yr
o = m
" o
A Rach Gia province B Can Tho C Long An province o s D Ho Chi Minh City 5
“ny, “ My e
2 Moy 4 ~
M Mg, e -
0 f—— —%y % od: O &
2 K 5 0.4
0.2

-4 -10 0.6
- 03 o
-15 08 &
T B[ Aauifer: gp; Aquifer: gp,.5 Aquifer: ny, o% Aquifer: gp; 2
S0 | P=094 £ =098 =096 *20F 2=079 10 5
o -4
S b ' ' ' ' ' ' ' ' - ' ' ' ' ' 0.5 -25L1 ' ' ' ' di2 §
< E Bac Lieu G Tra Vinh province H Ca Mau »
o n i 0 “, o £
5 2 of M g
(=%
Lo " 0.1 8
£ =2 & o)
5 \;\ -10 e o
4 : 3
6 \ \\\ e =

8 § . -20
Aquifer: gp; Aquifer: gps.s Aquifer: gp, Yoa Aquifer: gp;
10 | R#=079 P =083 r=0.86 25| rP=092
a2l o o 0 dgs 3ol 0 0 0 0 Ndos
1991 ‘96 ‘01 ‘06 ‘11 2016 1991 '96 ‘01 06 ‘11 2016 1991 ‘96 ‘01 ‘06 ‘11 2016 1991796 ‘01 06 ‘11 2016

Legend: Observed groundwater head . Modelled groundwater head * . InSAR i “ Modelled

Minderhoud, P. S. J., Erkens, G., Van Hung, P., Vuong, B. T., Erban, L. E., Kooi, H., & Stouthamer, E. (2017). Impacts of 25 years of

Groundwater extraction on subsidence in the Mekong delta, Vietnam. Environmental Research Letters, 12, 13. https://doi.org/10.1088/1748-9326/aa7146

The future of the Mekong delta?

The decisions of today, will determine tomorrow

. . Extraction-induced 1ce and | rise
Scenarios of future groundwater extraction pathways 2030 2050 2080 2100
Average hydraulic head (m) b g :

0 === meter Scenario M4/v
znfa M3 M3 h

M2

10 2018 leyel Mitigation scenarios
W3: Recovery of
M1 " aroundwater levels
L2
]
2
220 ¢
7
c
o
2
-30 ®
s
x
&
-40
2000 2025 2050 2075 2100 o s ! »
050 1 2 3 8 N 100km
P e G sty Elevation (m a.m.s.l.) A =
N.B. New InSAR measurements point to a potential underestimation of subsidence by the model Minderhoud et al., in review
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Regional distribution of Holocene Sea-level Changes

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

Illustration of climate and non-climate driven processes that influence sea
level along coasts

Greenland . Antarctic
N ice Sheet = Glaciers JEN ice Sheet
(7 mSLE) (05 mSLE) / O (58 m SLE)
++4] gimﬂialkmal Aﬂ zlyygédogm . Winds Calving Accumulation
\

\ Surface melt

I Global drivers Level of

Time scale

* Regional drivers g

B Cosstal drivers +++ High >>> Fast

I ice processes ++ Medium >> Medium
General terms + Low > Slow
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KNMI sea level projections and historic observations in the Zeespiegelmonitor

00| - data

---------- mov avg 30 yr

| == lineair fit

80} 95% prediction interval
| =——KNMI14 low
e KNM 14 high

Sea level (cm)

1 i

1807 1927 1947 1967 1987 2007 2027 2047 2067 2087

Hurk, B. van den, Geertsema, T., n.d. An assessment of present day and future sea level rise at the Dutch coast

KNMI sea level projections and historic observations in the Zeespiegelmonitor

30,
« height_ m

trend (linear part)
trend (taking into account wind and tide)

20 KNMI low 2014 90% interval
KNMI high 2014 90% interval
trend confidence interval 95%
10- prediction interval 95%

Sea level (cm)

1907 1927 1947 1967 1987 2007 2027
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A(GMSL) (m)

Stress: Global Mean Sea Level Rise (GMSL)

Contribution of Antarctica to past and future sea-level rise |

— Total GMSL R=DeConto & Pollard + IPCC AR5
207 ;

— RCP2.6
— RCP4.5
15} — RCP8.5
10+
5. |

SLR=~1m in 2100

—
——— |

2000 2100 2200 2300 2400 2500

DeConto and Pollard. 2016. Contribution of Antarctica to past and future sea-level rise. Nature 531,
591-597 (2016) doi:10.1038/nature17145

A(GMSL) (m)

Stress: Global Mean Sea Level Rise (GMSL)

Contribution of Antarctica to past and future sea-level rise |
—— Total GMSL R=DeConto & Pollard + IPCC AR5
— RCP2.6 |

RCP4.5
15} RCP8.5

20

1

10+
569 +1.00m
5‘
; 0.25+023m
2000 2100 2200 2300 2400 2500

+2m +8m +12.5m +17m +21m

DeConto and Pollard. 2016. Contribution of Antarctica to past and future sea-level rise. Nature 531,
591-597 (2016) doi:10.1038/nature17145
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Areas vulnerable to sea level rise

Areas in the world vulnerable to a rise in sea level =
- A Major river deltas of the world (J.M. Coler;-lan, 1981)

The Netherlands: low-lying lands

Sea level rise: +2m |+ Europe N. America S. Amern

http://flood.firetree.net

Bangladesh 20130327




Saline seepage leads to:

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

Deep seepage polders

dunes ! 1 !
phreatic Peat lands
North Sea aquirer dike Lake lJssel

From fresh water outflow to salt water inflow

streams in the low lands  swampy lands

Historical subsidence of the A
. ~1000 AD
ground surface in Holland primitively drained
lﬁ@mg dike windmill
channels building drainage drainage polder polder
+2.5m =
13th centu
outflow ry
+0.9m
" high D
g, tidal tide b
oezem
tevel - 07m E
risd of mpan 2122 l= f low 17t century
AT — tide -
pumping station
[y f.z 2.54.0 m below
2 e land .3.0m = mean sea level 191h Century
intrusion
3 I
ORAD, PR, v 1em [ ree0, 200 BEFORE CREATION POLDERS AFTER CREATION POLDERS
digging  dike windmill mechanical ) ;
channels building drainage drainage L irfiltration seepage infiltration seepag
=== Ground surface - i M .

no seepage, onlylittle infiltration

e

Bangladesh 201303z




Sea level rise: +2m

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

Mahakam basm o

Exmouth ph(m \p Iand

Fia
-
Pz bey

1!’

Post et al., Nature, 2013

Freshening due
to:
i 'h_gradlents

and preservation ‘ - |

Glacial

Genesis

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_O

Legend P
elev_m200to50 &

m High : 50

Low : -200 -

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

ifd

Exposed continental shelves Peltier, Science, 1994

40

80

= TR G e T

120 —
Inundated (kyr BP) 0 40 60 80 100 120 140

WrBP | insley, Nature, 1996
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New Jersey

Width: 96 km
Thickness: 0.23 km
Porosity: 0.2

Elevation (m)

Distance (km)

Wolume: 4.4 km? k!

Florida
Width: 110 km
Thickness: 0.3 km
Porosity: 0.3

Elevation (m}

30 60
Distance (km)

Volume: 9.9 km* km-!

G
Wi

reenland
dth: 48 km

Thickness: 1.5 km

Pa

orosity: 0.03

Velurme: 2.2 km® km-!

Distance (km)

a0

Suriname
Width: 55 km
Thickness: 0.38 km
Porosity; 0.3

Volurme; 6.3 km krn!

QLT =
1

20 0 40 80
Distance (km}

Elevation {m}

50

Nantucket

Width: 80 km
Thickness: 0.3 km
Porosity: 0.2

Volume: 4.8 km? km-!

100 150 200
Distance (km)

Gippsland

Wit

Thickness: 0.95 km
Forosity: 0.15
Volume: 3.1 km3 kar!

it

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

Jakarta
Width: 12 km
Thickness: 0.27 km
Porosity: 03

Volume: 1.0 km? k!

Elawation (i}

0

Drstance (km)

~10

h: 22 km

My first density dependent groundwater flow and solute
transport model in 1990!
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The Dutch groundwater system under stress

Present processes Future changes

more evapotranspiration in summer
more precipitation in winter

natural
groundwater recharge low-lying l l 1 l l l l
polder area
| l 1 land subsidence
2 risk of uplifting
dures large industrial coastalerosion  yolocene aquitard
1 i - . sea level 1 1 floading salt uam'gebrackish

rise

Saltwater intrusion in the Netherlands

natural
groundwater recharge low-lying
l l l polder area

brackish
seepage




Saltwater intrusion in the Dutch coastal zone

Position profile through Amsterdam Waterworks, Rijnland
polders and Haarlemmermeer polder

Zandvoort

[ profile
I city

The polder system
A polder is:

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

= 7
sea or river 3
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Upconing example

Geometry, subsoil parameters, boundary conditions

‘@ Sand-dunes
Sea 8 nan’f}g%ﬂgﬁm:&?g&%gz Rijnland polders Haarlemmermeer polder
10 -0.15m)| 420 mm/year -0.60m -5.50m
Phreatic aquifer k=1CG m/day

20 . " Holpcene aquitardc=4400 d
£ ; :
£ Extraction points No flow boundary
E rate varies Middle aquifer
> k=20 m/day
o -70
I Loam layer ¢=800d
[}
o -90
@ Constarit
= piezgmeitric
= level k=30 m/day
B
z .
.é Deep aquifer
= 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:
1 2 :

w

20

'Deep groungwater extraction
15 -fre-t ' =

10 -
s

Extraction [106 m3per yr]

1860 1880 1900

1920

1960

1980 2000
Time in years
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Upconing of brackish-saline groundwater

ZhH 24H UM 2LH

256 pooriem-
2 mermeer

1850
=TT

fresh
brockish /’

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 surface of the Haarlemmermeer polder

erdam Waterworks-Haarlemmermeerpolder

Time= 1854 AD

fipconing
polder

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

Conc. 40 150 300 1000 2500 5000 7500 10000 12500 15000
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Saltwater intrusion in the Dutch coastal zone

Salinisation of the groundwater flow system

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

Profile Amsterdam Waterworks-Haarlemmermeerpolder

Time= 1854 AD

Depth below MS.L. [m]
h N \
o n
o =]

=
[4.]
o

5000 7500 10000 12500
Length of the system [m]

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

Palaeo hydrogeological modelling

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

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.,Bierkens, M.F.P,
2014. Paleo-modeling of coastal saltwater intrusion during the Holocene: An application to the Netherlands.
Hydrol. Earth Syst. Sci. 18, 3891-3905. https://doi.org/10.5194/hess-18-3891-2014
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Palaeogeographical development

5500BC ) 100 AD 1850 AD

. ."7

£

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, PJ. and Bierkens, M.F.P. 2013, Palaeo-modeling
of coastal saltwater intrusion during the Holocene: an applicationto 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

e Model profile Zandvoort - Hoofddorp — Hilversum
» Palaeogeographical development (Vos et al, 2011)
e 6500 BC-2010AD

e marine transgression

Peat development, peat degradation, drainage,

> 20 m MSL
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Delsmanetal., HESS, 2013
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- Surtace drainage

Time-slice 2: 4500 BC - 3300 BC

1300
- Sealevel rise, linearly from & to § m BSL
- Open system with sirong marine influence.
- Daposition of marine clay and sand

- Peat extant xpands

Time-slice 3: 3300 BC - 2100 BC

- Sea lovel at 3.5 m BSL

- Closed system, freshening of hinterland

- Peat development behind bariers,
peat elevation 3 m BSL

Tima-slice 4: 2100 BC - 700 BC

- Sealevel 5t 2 m BSL

+ Peal development accelorates,
peat domes rise to 1 m MSL

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

- Peat slevation 1.5 m MSL

- River Vacht system davelops (0.7 m BSL)

Time-slice 6: 500 AD - 1500 AD
- Sealevel at 1 m BSL
- Maximal peal elevation: 2 m MSL.

Time-slice 7- 1500 AD - 1850 AD
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- Rapid degradation of peat due 1o peat extraction
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Time-slice B: 1350 AD - 1900 AD
- Sea lovel at 0.1 m BSL
- Reclamation of Haarlemmermeer (1852 AD)

ang Horstermeer (1882 AD)

Time-siice 9: 1900 AD - 1950 AD
- Sea level at.0.05 BSL.

- Subsurface drains introduced

- Groundwater (over-) abstraction in coastal dunes

Time-slice 10: 1950 AD - 2010 AD
- Prosent.day situation
a lavel at 0 MSL.
rounduwater abstraction i ce- ridge
- Groundwater abstraction in coastal dunas decreased

— Model transect
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= Sea
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sea level [m MSL]

time [ky AD]
.

L L

-6 -4 =2 0 2

Time-slice 1: 6500 BC - 4500 BC

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

- Maximum transgression extent reached

- Tidal area develops over Pleistocene surface,

"basal" peat deposits left mostly intact
- Surface drainage

Time-slice 10: 1950 AD - 2010 AD
- Present-day situation
- Sea level at 0 MSL

- Groundwater abstraction in ice-pushed ridge
- Groundwater abstraction in coastal dunes decreased

—— Model transect
I3 Present coastline
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Timeslice 1: 6500 BC - 4500 BC

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

- Maximum transgression extent reached

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

- Surface drainage
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Paleohydrogeology Nile Delta: a data-poor delta

75008P

Legend <

TDS (mg/l)

@ o- 1000

@ 1000 - 5000 L]
5000 - 15000

15000 - 25000

@ 25000 - 35000
@ 35000 - 55000
@ 55000 - 75000
@ 75000 - 100000
Paleogeography
“Depth (m)"
® so E Lagoons
® 100 Coastal Marshes X
. 150 [ Holocene Clay (BilquEpmngton etal., 2017)
[ Coastal barrier-breaches/Strand plains
. 200 [ pleistocene Sands (Mit Ghamr & Gezira cover)
. [ sabhkas & Carbonate ridges
230 «++* Current Coastline

Van Engelen, J., Verkaik, J.,King, J., Nofal, E.R., Bierkens, M.F.PP, Oude Essink, G.H.P, 2019. Athree-dimensional palaeo-reconstruction of the
groundwatersalinity distributionin the Nile Delta Aquifer. Hydrol. Earth Syst. Sci. 23, 5175-5198.

Time: 13000 year BP - 130008

TDS€g/D)

van Engelen.et al. (2019, HESSD)
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Present coasine Present caasline Present coastline Present coustling

referencecase

“geology i” “geology ii”
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disconnected . —4 thicker aquitards
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aquitards
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1) Time =4.5 ka BF
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»  Most fresh groundwaterin the Vietnamese Mekong Delta was recharged 60-12 kyr ago
»  Presently, groundwater is hardly being recharged due to high resistance top layer
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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

saline

brda o
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pressure saline groundwater=pressure fresh groundwater

psHg = pr(H +h)g

h—MH
Of
h=aH

h=oH h:ps—pf H h:1025—1000|_I

o 1000
h=oH
in ocean water 0.=0.025 _
h=1m, H=40 m l 0 i 0 i 1

saline
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h=oH h:ps—pf H h=1028—1000|_I

Ot

h=aH

h=1m, H=35.7 m

Mediterranean Sea a=0.028

h

zoet

H h;

zout

oceaan

1000

bordoe 4o

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 h=oH?

still dynamic situation

occurrence resistance layer

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

o g s~ w DR

groundwater extractions

Case 1: Vertical interface between fresh and saline

€
[S)
=)

0.0

groundwater

£

0.0

N g
NSe

Parameters

Layers 20 Kior 1103 m/s
Rows 1 T 2.510°m/s
Columns 40 Anisotropy K, /K e 1

AX 0.025m Ne 0.1

Ay 1m o 0Om

Az 0.025m ar 0Om

Stress periods 15

Initial concentration 0 and 35000 mg/I

bouyancy 0.025
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Depth z (m)

Vertical interface

Distance x (n;l)

Subsoil parameters:

k=10" m/s
n.=0.10

o= =on=0m

D,=0 m’/s

depth z [m]

Effect of the number of cells on the shear flow at

the interface at t=0
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Vertical interface

Fresh-saline vertical interface
160%80 cells

Time= 0 min

E.025
N

0.5

1

x[m]

G.0Oude Essink '03

Vertical interface

Fresh-saline vertical interface

160*80 cells

Time= 0 min

E

-l

05, 025

05 075 1
x[m] G.Oude Essink 03
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The effect of numerical solvers on
the salt transport

Examples

EWRMP 201511

Default parameters solvers

Bl Advection Package (MT3DMS) |- =)

[ Advection Package (MT3DMS) M OC lé‘

Solution Scheme: |Fimte Difference Method ;]

Weidhting Scheme: IUpstream weighting L]
Pauticle Tracking IHybmd 1starder Euler and 4th arder F\u_l

Solution Scheme:

Weinhting Scheme: IUpatream weighting J
Parlicle Trackina |Hybr\d 1starder Euler and 4th order Ru;]

Simulation Parametars

Solution Scheme:

Weidhting Scheme: IUpstream weighting _]

Simulation Parameters
[Courant nurnber (PERCEL) [0.78 Wex. number of total moving particles (MXPART) 100000
Courant number (PERCEL) 075
Caoncentration weighting factor (WD) 05
[ Advection Package (MT3DMS) TVD &‘ Negligible.rel.ahve concentration gradienl (DCEPS) 0.00001
Pattern for initial placement of paricles (NPLANE) 2

Mo. of paricles per cell in case of DCCELL<=DCEPS (NI|4
Mo, of paricles per cell in case of DCCELL>DCEPS (NF |15
Minimum number of paticles allowed per cell (NPMIN) |2

Pauticle Tracking IHybmd 1starder Euler and 4th arder F\u_l

Simulation Parameters
Courant number (FERCEL) ‘0,75

OK Cancel Help

Maximum number of particles allowed per cell (NPMAX) |15

oK Cancel Help
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Default parameters solvers

(B Advection Package (MT3DMS) M M OC =S [ Advection Package (MT3DMS) H M OC =]

Solution Scheme:

Solution Scheme:

‘Weidhting Scheme: IUpstream weighting J Weidhting Zcheme: IUpatream weighting J
Particle Tracking |Hybr\d 1storder Euler and 4th order Ru;] Farticle Trackina IHybr\d 1storder Euler and 4th order Ru;]

Simulation Parameters Simulation Parameters
Courant nurmber (PERCEL) 0.75 Max. number of total moving paricles (MXPART) 100000«
Concentration weighting factor (WD) 0.5 Courant number (PERCEL) 0,75 & |
MNegligible relative concentration gradient (DCEFS) 0,00001 Caoncentration weighting factor (WD) 05
Fattern for placement of particles for sink cells (MLSINK) |0 MNegligible relative concentration gradient (DCEPS) 0.00001
MNo. of paricles used to approximate sink cells (NPSINK|15 Pattern for initial placement of paricles (NPLANE) 2

Mo, of particles per cell in case of DCCELL<=DCEPS (NI |4
Mo, of paricles per cell in case of DCCELL>DCEPS (NP |15
Minimum number of paricles allowed per cell (NPMIN) |2
Maximum number of particles allowed per cell (NPMAX) |15
Pattern for placement of particles for sink cells (NLSINK) |0
Mo, of paticles used to approximate sink cells (NPSINK |15 [l

Critical relative concentration gradient (DCHMOC) 0ooolr -

0K Cancel Helg

OK Cancel Help

More information:

Zheng, C., & Wang, P. (1999). MT3DMS: A modular three-dimensional multispeces transport model for simulation of
advection, dispersion, and chemical reactions of contaminantsin groundwater systems. Technical report, Waterways
Experiment Station, US Army Corps of Engineers.

1 particle per cell

Processing Modflow Pro
options.
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B[+ 0]a|a] @fe|mm ol e

0. 1.-24059% 701,18 J2D Visuaizabon Folute Conceriration MOC3D1
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ULTIMATE

5 VERTINT_SEAWAT.2 PMS - Processing Modfiow. - oo

File Value Options Help

FERIEL Rw ] Gonmve ] S s
_J]i olala| ®|e|mE & ” F P ST

T 1831804 1.1.23 2D Visuafeation Solute Concertraion IMT3DMSI; Species:T
—

0

MMOC, NPLANE=0

— ol ) [

1 VERTINT_SEAWAT_2 M5 - Processing Modfow - -

File Value Options Help

Layer: _JJ Raw 4|+ Column: 4| | Simulation Time:
_J’i Ulel al @ ¢ B g = 7 [Period 7 Stepi Time: 7200

8 Advection Package (MT3DMS})

Solution Scheme:
Weighling Scheme: [Upstieam weighting |

Panicle Tracking Algarithm: [Hybrid 15t order Euler and 4th order Funge Kutte +
Simulation Parameters
Courant number [PERCEL) 0.75
Concentration weighting factor fwD] 0.5
Negligible relative concentration gradient [DCEPS] 0.00001
Pattern for placement of particles far sink cells [NLSINE] 0
No. of particles used to approximate sink cells [MPSINK] 15

oK Cancel Help

1. 1.993E03 1.1.23 2D Visualation Golute C:

| = i W T BT W | oo [ ) e
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MMOC, NPLANE=10

45 VERTINT_SEAWAT_2 PM5 - Processing Modflow -

File Value Qptions Help

[+ v|a|a] ¢|e|B[E

Layer <] *| Row <[ »| Cobm: «| »| Simulation Time:
[1

[i It [Periog 7 Step:80  Tine:7200

[ Advection Package (MT3DMS)

Solution Scheme:
Weighting Scheme: [Upstieam weighting |

Particle Tracking Algoithm: [Hybrid 15t order Euler and 4th order Funge-Kutte v |
Simulation Parameters
Courant humber [PERCEL) 0,75
Concentration weighting factor (/D) 05
Wealigible relative concentration gradient (DCEPS) 0.00001
Pattem for placement of particles for sink cells [NLSINK] 10
Na. of particles used to approximate sink cells (NPSIME] 15

oK Cancel Help
T 143602 21,2 [2D Visualealon Solte Concertraion MT DM, Species:1
S e ol e el sl B e — e ——

- - - —— SN - —— T |
e vaue ptons e

[+ oaja| of|m[m Pttt

[ Advection Package (MT3DMS)

Solution Scheme:

Weighting Scheme: [Upstieam weighting =l

Patticle Tracking Algarthm: | Hybrid Tst order Euler and 4h order Runge-Kutte - |

Simulation Parameters

Max. number of tatal moving particles [(MXPART] 100000
Courant number [PERCEL] 0,75
Concentration weighting factor [wD) 05
Negligible relative concentration gradient (D CEPS] 000001
Pattemn for initial placement of particles [NPLANE) 2

No. of particles per cellin case of DCCELL<=DCEPS [NFPL] |4
No. of particles per cellin case of DCCELL>DCEPS INPH) |15

Minimurn nurmber of particles allowed per cell NPMIN] 2
M ssimum rumber of particles sllowed per cell (NPMAX] 15
Pattem for placement of particles for sink cells [NLSINK] 1]
No. of particles used to approximate sink cells [NPSINK] 15
Critical relative concentration gradient [DCHMOLC) 0,000
oK Cancel Help

[~ 0 omes | 1115 poVisuelaton S
o
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Finite Difference Method

{5} VERTINT_SEAWAT_2 PMS - Processing Modflow ~

File Value Qptions Help

0. 3; 0 1,1;3 2D Visualization ISolute Cancentration (MT3DMS): Species: 1
| 72 R W W ET | M W | oy S e e =

Layer  +|»|Row | »| Colmn: <] »| Simulation Time: R
E ’TM @ ¢ 8= |‘y [ 1 [Period:?  Step:60: Time:7200 =

[ Advection Package (MT3DMS)

Solution Scheme: |[FHEIRTEET
‘weighting Schemne: |UDSIIEam weighting L]
Faiticle Tracking Algorithm: [Hybrid 1et order Euler and dth order Flunge-Cutte > |
Simulation Parameters
Courant number [PEFRCEL) T0.75
ok Cancel Help

MOC

- ~—— —

889 VERTINTOD3 WS~ Procesing Modiow

T 0 ]

Eie yave Ogtionstiep

R L e et e e

[ 1117 JeD Visualization Snlue Concenratian MTADMST Snacies 1

[ Advection Package (MT3DMS)

Solution Scheme: ([T ASIE0

Weighting Scheme: [Upstieam weighling |

Paicle Tracking Algarithm: [Hybrid 1st order Euler and 4th order RungsKutte 7|

Simulation Parameters

tax. number of total moving particles M<PART] 100000
Courant number ([PERCEL] 0.75
Concentration weighting Factor [WD] 05
Negligible relative concentration gradient [DCEPS] 0,000
Patterm for initial placement of particles [NPLANE] 2

No. of particles per cellin case of DCCELL¢=DCEPS [NPL) |4
Mo, of particles per cellin case of DCCELL>DCEPS [NPH] |15

bdinimum number of particles allowed per cell (NPMIN] 2
taximum number of particles allowed per cell [NPRMAX] 15
Ok Cancel Help
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MOC

£ Ve - Prceing odton T W T R - ——

B[+ olala| ofe|m[m pealrebpinel b

[ Advecticn Package (MT3DMS)

Solution 5 cheme:

‘Wweighting 5 cheme: Mpstleam weighting

_:J

Patticle Tracking Algorithm: [Hybrid 15t order Evler and 4th order Funge-Kuttz v |

Simulation Parameters

Rotating immiscible interfaces

Rotating movement of three immiscible fluids

Rotd: 30020 cells, no hydrodynarnic dispersion modelled

x[m]

GOE

&, number of total maving particles [MHPART) 100000

Courant number [PERCEL) [0

Cancentration weighting factor (WD) 05

Megligible relative concentration gradient [DCEPS] 0.000M

Pattern for initial placement of particles MPLANE] 2

MNo. of particles per cellin caze of DECELL<=DCEPS [NPL] |4

No. of particles per cellin case of DCCELL>DCEPS [MPH] |15

Minimunn number of particles allowed per cell [NPMIMN] 16

I aimum number of particles allowed per cell (NPRMAX] 76

OK Cancel Help
[ daswes | 17113 [EDViuoizoton e Concenimfion MTDMEY SomriearT
| E—
cases
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Rotating immiscible interfaces

Rotating movement of three immiscible fluids

Rotd: 300%20 cells, no hydrodynarmic dispersion modelled

x[m]

GOE

cases

Rotating immiscible interfaces (asymmetric)

20

Rotating movement of three immiscible fluids (asymmetric case)

But: 30030 cells, no hydrodymamie dispersion, braskish=1005 kgim® Time= 0 day

x[m]

GOE

cases
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Rotating immiscible interfaces (asymmetric)

20

=20

Rotating movement of three immiscible fluids (asymmetric case)

Rint4: 300730 cells, no hydrodymamic dispersinn, brackish=10073 kgitn® Time= 0 day

150
% [m]

GOE

Bakker, M., Oude Essink, G.H.P. & Langevin, C. 2004. The rotating movement of three immiscible fluids, J. of Hydrology 287, 270-278

cases

Rotating interfaces with dispersion o, =0.5m

20

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

But5: 300#30 cells, with hydrodynaraie dispersion, brackish=1012.5kgim®  Time= 0 da;

x[m]

GOE

cases
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Rotating interfaces with dispersion a,=0.5m

20

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

Rot5: 300730 ce s, with hydrodymarnic dispemion, braskish=1012 Skghe’ Time= 0 dar

x[m]
GOE

cases

Rotating interfaces with dispersion o, =5m

20

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

Ruotés: 300730 cells, with hydrdymarie dispewion, brackish=1012 Skgir®  Time= 0 day

x[m]

GOE

cases
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cases

Rotating interfaces with dispersion a,=5m

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

Fuot: 30030 cele, with hydrodymaride dispewsion, brackish=1012.5kgi®  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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Evolution of a freshwater lens

natural recharge

T

Question:

How long does it take before the volume of a

cases

freshwater lens in a sand-dune area with width of 4km

is filled?:
T = specific time scale
a. byears . .
b 25years T a9t of s final form
d. 500 years

In the Netherlands: T =75-200 jaar,

depends on:

« width dune area

 natural groundwater recharge
« hydraulic conductivity soil
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Concept: evolution freshwater lens (not Griend!)

Evolution of a freshwaterlens

Natural groundwater
recharge Tmmiday

-20

-40

-B0

-80

Depth [m-M.S.L.]

2000 4000 5000
Length in system [m]

Time= 0.0 yr

5000

Concept: evolution freshwater lens (not Griend!)

Evolution of a freshwater lens

Natural groundwater
recharge 1mmiday

-20

-40

-B0

-80

Depth [m-M.S.L.]

2000 4000 £O00
Length in system [m]

Time= 0.0 yr

8000
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Evolution freshwater lens

Evolution of a freshwater lens

Time= 0.00 yr

=20
-40
-60
-80
-100
-120

-140

0 2000 4000 6000 8000 10000
X

03500 7000 10500 14000 17500 21000 24500 28000 31500

Evolution freshwater lens: no density effects

Evolution of a freshwater lens

No density effect, only solute transport
Time= 0.00 yr

N L L UL BN I R R

0 2000 4000 8000 8000 10000

3500 7000 10500 14000 17500 21000 24500 28000 31500
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Case 2: Development of a freshwater lens

Natural groundwater recharge f

round surface

Saline
groundwater ——» . .
Impervious

Evolution lens

2 7379-005y 10"
0
50
-100
150
0 2000 4000 6000 8000 10000
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Evolution freshwater head

27379e-005y

0 2000 4000 6000 8000 10000

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:
e Can alens be developed?
« What is the thickness of the lens?
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Movement of De Griend and creation of the lens

4
Movement of the island of Griend (Friesland) through the W addenzee E‘
X

7.Smdjaar to the east

Time= 0.00 yr

10
-20
-30
-40
-50

B0 &
&

[w] wpdap

=70

1 1.5

fength fkm]

245

Concentration [TDS mg/l]

5000 10000 15000 20000 25000 30000

THO-EO, GOE, '06

Movement of De Griend and creation of the lens

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

7.5m/ijaar to the east )
Time= 0.00 yr

[w] wpdap

1 1.5
fength fm ]

Concentration [TD S mg/l]

5000 10000 45000 20000 25000 20000

THO-BO, GOE, '08
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Case 2: Development of a freshwater lens

Natural groundwater recharge f

Saline
groundwater

impervious

Case 2: Development of a freshwater lens

Natural groundwater recharge f

Saline
groundwater X

S
Parameters
Layers 15 Kior 20 m/d
Rows 1 T 200 m/d
Columns 100 Anisotropy Ko /K 10
AX 100 m ne 0.35
Ay 10m al om
Az 10m aT 0Om
Stress periods 10 recharge 360 mm/y
Initial concentration 35000 mg/l Recharge concentration 0 mg/l
bouyancy 0.025
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On the benchmark Freshwater lens, exercise 4

How much groundwater (approximately, in m3/day/m’) can be extracted without serious

upconing of saline and brackish groundwater (serious means a TDS-concentration>300 mg/I.
Make only a coarse and quick calculation. Try to supply 100.000 people with drinking water

on an island with a length L of 10 km?

Length B lens=4000m,Recharge=0.001m/d
Flux in: 4m?2/day, or 4 m3/day per stretched meter

100.000 people with say 100 I/day is 10.000 m3/day
Length L =10km=10000m

So the rate of fresh groundwater you want to extract
from this 1m wide cross-section is 10.000
m?3/day/10000m= 1 m?/day

You have to extract in total -1 m2/day out of this 2D
cross-section (of 1m stretched)

MOCDENS3D, no disp, 16part

File Yalue Options Hel

i
EHTW alea @ & ﬁIg IL:yev- ;l_»l;nw s ;Dum

I 35 Visualzation [Eciute Conceniration MOCADT

I
B0.042
@/stant| 25 4 @ > [ Total Commander 6.5 .. | [ Moasoft Pawerpont | @B FWLENS1PMS - Processi... [ @88 FWLENSLEMS - Proce... O« @M @ge se
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MOCDENS3D, no disp, 4part

g Modflove 15[

FWLENS1.PMS - Proces:
ile Value Options Hefp

Laver ] r| Row a4 v Column: _s | »| Simulation Time: R
E FM _|® _® i I & |‘y [t i [Perioa 25 . 51ep10 Time 82181 |

5567, 1,-6380597 [T7156  [2D Visualization [Solute Concentration (MOC3D]
35000

distart| 35 @ & 7 B Total Commander.., | | ] Micrasoft PawerP, FWLENSLPMS—PH‘l FWLENSLPMS - .. B CWINDOWSHsys.. | | «« ® WD P 1525

MOCDENS3D, no disp, 1part

g Modflow 18] x|

File Yalue Options Help

Laer | v| Row  ed v Column: ¢ »| Situlation Time: |
E‘ FM _I@ _® L I | |‘y [t [0 [Periot25 :Steps10 : Tmera2181 =

I 134 1. 148081 [T757.48 2D Visushaation, [Sohits Conceniration MOC3D]
35000

start| 25 @ @ > B rotd commender 6:55 .. | [3] maosofc Poverpon: | 83 Fwtensi s - rocesi.. | [ FwLeNs1ems - proce... [« LG @ P 152
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SEAWAT, MOC, NPLANE=2

FWLENS1.PMS - Processing Modflow. -18]x]
ile Value Options Hefp

Laver ] r| Row a4 v Column: _s | »| Simulation Time: R
E FM _|® _® i I & |‘y [t [ [Perioa 10 5iep 25 TmegziB s <]

Advection Package (MT3DMS)

Solution Scheme:

Weighting Seheme: | Lipstream weighting

Patticle Tracking Algerithm: [Hybrid 1st order Euler and 4th order Rungs Kutta 7|

Simulation Parameters \

ax. number of total moving particles [MXPART] 100000
Courant number [PERCEL] 0.75
Concentration weighting factor [wD] 05
Meqligible relative concentration gradient [DCEPS) 0.0000
Pattem for initial placement of particles (NPLAME] 2

Ma. of particles per cell in case of DECELL<=DCEPS [NPL] [4
Mo. of particles per cellin case of DCCELL>DCEPS [NPH] |15

Minimum numbes of particles allowed per cell [NPHMIN] 2
M arimum number of particles allowed per cell [NPM&x] 18
253 1,-5597015 [T1123 [20 Visualization [Solute Concentration (MT3DF
1
Bistart| 5 Q@ & » P Totel Commander 6.5 <., | |5] Mcrosoft Porerpaint__|[{E] FWLENS1PMS -Pro g | ) | Sy I
SEAWAT, MOC, 4.NPLANE=16
/LENS1.PMS5 - Processing Modflow 18] x|

le Value Options Help

Laer | v| Row  ed v Column: ¢ »| Situlation Time: |
|T &l @ $ ﬁ I g |1y [t [ [Perioa10: Stepi5 : Time:82181.25 =

2253, 1.-5597015 | 1.1.23 |20 Visushaation [Solits Conceniration (M13DMS1: Species 1

3

@istart]| &5 @ @ > I rotal Commender 6.5 -, | 3] MurosoftPonerpont | [ FWLENS1.8M5 - Proce... () FWLENSLPHS - Processi..| [T @@ s
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SEAWAT, MOC, 20sec, NPLANE=16, etc.

FWLENS1.PMS - Processing Modflow. -18]x]
ile Value Options Hefp

Laver || Row ] »| Column _s ] »| Simdlation Time: |
[+ [t IE

[Period10: Step2s : Tmegz1g125 =]

Advection Package (MT3DMS) x|

Solution Scheme: [Method of Characteristics (MOC) |

Welghting Seheme: [Lipstream weighting =

Particle Tracking Algotith: |Hybrid 15t order Euler and 4th order Runge Kutta 7|

Simulation Parameters \
tdax. number of total moving particles (M<PART] 100000

Cowant number (PERCEL] 0.75

Concentration weighting factar [wD] K
Megligible relative concentration gradient [DCEPS] 0,000
Pattem for initial placement of particles [NPLAME] 18

No. of particles per cellin case of DCCELL<=DCEPS [NPL] |16

Mo. of particles per cell in cage of DECELL>DCEPS [MPH] |35

tinirum number of particles allowed per cell (MPMIN] 15
M aximum number of particles allowed per cell [NPhax) 35
3200, 1, - 2758506 [T1132 |20 Visualization [Solute Concentration (MT3DF
71828

istart| & @ @ » A 1ot Commander 655 ... | [&] Microsoft PowerPoint || @8 FWLENSLPMS - Pre

Cancel | Help I

SEAWAT, ULTIMATE, 16.56sec

g Modflow =18 x|

WLENS
le Value oOptions Help

Laper ] | Row: | »| Column: ¢ » | Simulation Time: |
|T M ala @ & E I g |wy [1 [1 [Peica:10: Step:25 - Time:82181 26 =

roces:

@ Intel® PROSet/Wireless WiFi x

Devices with WiFi Protected Setup® capabilty are within
range of your computer. Click to connect

3778, 146452 | 51.33 oD Visualeaten [Esilte Concentiation MT3DMSL; Species:
3804641

@/start| 25 @ @ > [ Totol Commander 6.5 ... | |&] Miosoft PowerPoint | [ FwLENSLEMS - Proce... () FuLENS1pis -Processi...| [« ® PR o)
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SEAWAT, MMOC, 8.5sec

Processing Modflow =18 x|
fle Value Options Help

Lager: ] | Row: | »| Column: _« | | Simulation Time: R
E FM _|® A ﬂl@ |1y [t [ [Peiod 10 5tep25 TinegziBl s <]

I 4110, 1,-9095143 [Ti0.1.42 [0 visualization [Solte Concentration MT3DMS1: Species: 1
3744333

Aistart| 55 @ & ¥ B 1otal Commander... | |3] Micresoft PawerP... FWLENS1.PMS5 -

5 FWLENS1,PMS - B CAWINDOWSksys. . | [ WD T 1S

SEAWAT, HMOC, 6.8sec

WLENS1.PMS - Processing Modflow =18 x|
File Value oOptions Help

Laper ] | Row: | »| Column: ¢ » | Simulation Time: |
|T LA Y o8 @ & |ER I = |wy [1 [ [Peica:10: Step:25 - Time:82181 25 =

394, 1099958 | S.1.40 oD Visualeation [Esilte Concentiation MT3DMSL; Species:
E 50207E-05

@istart| 25 @ @ * B 1otsl Commander... | [@] Microsoft powerr... || Fwiens1pms - . 8 Fwiensiems-p... | B cowmpowsisys...| [« % LN RS R
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Analytical solutions

Analytical solutions

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

™ X saltwater wedge L

150 300 450 500m
20 year

http://public.deltares.nl/display/FRESHSALT/Download
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Unconfined aquifer (1D situation)

|1 L] e

groundwater table

reference level=mean sea level

interface

Unconfined aquifer (1D situation)

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

() BGH h=aH
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Unconfined aquifer (1D situation)

dg= fdx integration g= fx+C1

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

fx+C1

HdH = —————dx
ka(1+ o)

Unconfined aquifer (1D situation)

HdH = — fx+C1 “
ka(1+ @)
integration

gives

Lo -5 x*-Clx+C2

2 ka(l+ )

e = fx? —2C1x +2C2
kae(1+ )
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Unconfined aquifer (1D situation)

Ho |- fx? —2C1x+2C2
ka(l+a)

h=aH

q=fx+C1

Example 1: Elongated island

— fx* —2C1x+2C2
H = q=fx+C1

ko (1+ )

Natural groundwater recharge f

' l jll j 1 Boundary conditions

@:fwmﬁ Xx=0:g=0—->C1l=0

P

Freshwater lens| [ X=O5B . H :O_>C2: fBZ/8

Ps

Saline
groundwater ey
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Example of analytical solutions (I)

T e Depth of fresh-saline interface H

ground surface

H_ |£(025B% -x%)
"V ka(l+a)

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

volumeof waterinlens 7neB [(1+a)
inflow of water 8 kfor

Characteristic time T =

Lecture notes p. 32

Vv :%ﬂ(1+ a)H,, Bn,

Surface of a circle is: Ttr2 @
Surface of an ellipsis: mab

.1 P
Surface bottom lens: 2nab W

a=1/2B
. b:Hmax

Surface= Y4 mH,,,,,B times n, times (1+ ) for the phreatic part
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Example of analytical solutions (I)

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

ground surface

sea

B =2000m, f =0.001m/day

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

Maximal thickness lens Volume lens (wrong in lectures notes)

Hmax = 625m, hmax =1.56m V = 35203m3/mI

Characteristic time T = % days = 48.2years

Lecture notes p. 32

W=4000m
f=1mm/d=0.001m/d
Q_recharge=4m?3/d per meter’=4m?/d

50%=2m?/d
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Lecture notes p. 33

Example 2: salt water wedge

2
H:\/—fx _2C1x+2C2 o s Cl

ka(l+a)

Natural groundwater recharge f

| ] ] IW' ]| Boundary conditions

‘ Ground surface’ XZO:q:qO_)qO:_fV\/_)C]':qO

x=0:H=0—->C2=0
o H Fresh groundwater
/N q b Length of salt water wedge
Saline o K —

groundw:
X

T%‘ “impervious X= L . H == D

Salt water wedge L

Example of analytical solutions (Il)

\
|Dllllwlllul L qoj

ground surface - ? -

@ 2_§ 2
(PP=FD* 1+ ))a

impervious h = aH

Salt water wedge L

Example:

W =3000m, f =0.001m/day, a = 0.020,k = 20m/day, D =50m
L=1751Im

113



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

Length salt water wedge [m]

1600 — 300
1400 | £ 0 ~
1200 3
1000 \ 200 /
800 § 150
600 | = /
| 3 100 /
400
200 | N % s
| e 3 /
o . n o . .
0 1 2 3 0 10 20 30
Recharge [mm/d] Hydraulic coductivity [m/d]

the dots resample with the example mentioned above

Confined aquifer (1D situation)

ground surface

=~~~ groundwater table

e T

<)
:": [ A 7 impervious layer

interface
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Confined aquifer (1D situation)

() Darcy q=-kH @
dx

(1) Continuity = (o

() BGH h=a(H +A)

Confined aquifer (1D situation)

dh
dx P

HH = -2 g
Ket

integration gives

115



Example 3: salt water wedge confined aquifer

200X N
ka

Ground surface Boyndary condition

e o T P T TR R TR TR,
b S
S S
o S S
<% A SR S,
S S

H

2C

impervious

Salt water wedge L
X

Length of salt water wedge X=L:H =D
kDo
20

L =

Example of analytical solutions ()

ground surface Len gth Of Salt Water Wedge
T ]

— H=

ka
‘ H fresh groundw
k D kD?cr
impervious L -
p
Salt water wedge L 2q0
Example:

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

Lecture notes p. 35-36

116



Outflow face (Submarine Groundwater Discharge)

Actual interface

Outflow face (Submarine Groundwater Discharge)

Saline
groundwater k ao
impervious
Qo o
Xo = Ho=—Glover (1959)
2ka ka
Example:

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

Note: no resistance layer offshore
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Outflow face (Submarine Groundwater Discharge)

Embayment Scale

é_ up to ~10 km

——

< Fesh

\\\—_

e

'd

‘ : Saline

Groundwater

Fresh Groundwater
~5-50 m

Not to scale

Outflow face (Submarine Groundwater Discharge)

PP PP

7 (m)

X (m)
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groundwater recharge

T S A S A

extraction ground surface

See the lectures for more cases

ground surface

T}
h h,
. 1B impervious
fresh
H Qo
k D - —
impervious
X salt water wedge L !
R l\lhtuvai grcurdwallervejhargeif o) Natural groundwarter recharge f

oun d surface
TN
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Upconing processes

Introduction

Upconing of saline groundwater

Under an extraction well Under a low-lying polder area

‘Iowering water level

due to reclamation!

extraction  groynd surface

“plireatic water table

FUpooning: undesired situation

-—
fresh groundwater

- movement of saline groundwater to extraction wells

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

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

‘Solutions’: reduce extraction rate, abandon well, inundate polder
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Examples of analytical solutions (1V)

Upconing of saline groundwater under an extraction well

Lecture notes p. 44

3m

15m

5m

Situation Jurong Island: pilot extraction well

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

_6 1lis

E —2lis

§5 I / —3lis

a4

E

z3 S

£2

Q

k]

a1

=}

0 ; ; ; ; ; ; ;
0 50 100 150 200 250 300 350

time [day]

Distance between well screen and initial interface: 5m
Rapid upconing of interface, depending on extraction rate
No saline groundwater in extraction well with scenario 1 I/s
Good set-up for testing system
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Situation Jurong Island: pilot extraction well: d=10m!

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

5m

£ 6 1l/s
= —2l/s
E‘ 5 —3l/s

/

g ‘ /

£ c 3

w —
= //
[}
§ 1
3
F 0
2

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

« Distance between well screen and initial interface: not 5 but 10m
« No saline groundwater in extraction well with all three scenarios
» Less interesting for testing system

Examples of analytical solutions (1V)

Upconing of saline groundwater under an extraction well

Q 1 1

z(rt) = -
(%) 2makyd [(1+ R2)Y/2  [(14++")2 + R2)1/2
y T 3 1/2 e ok, ;
T dk, "7 ned

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

Lecture notes p. 44
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Upconing of salt under an extraction

Opwelling van brak grondwater onder een onttrekking van 40 m3Jjuur

Time= 0.0 jaar

Caonc.

18630
15000
12500
10000
7500
5000
2500
1000
300
150
40

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

verlaging frealische
grondwaterstand
i door drooglegging

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

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tijd=1872 AD

20

-40

-60

-80 Canc
124500

-100 10000
7500
5000

-120 4000
2500
1000

-140 =00
300

180 100

2000

4000 6000 8000
lengte in het systeem [m]
TNO-BO, GOE, 06
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Upconing under a low-lying polder (Groot-Mijdrecht)

verlaging freatische

grondwaterstand
i door drooglegging

Verzilting onder de polder Groot-Mijdrecht: opwellen zout grondwater

Tijd=1872 AD

-20
-40
oEn
<
=z
E -80 Ganc
2 12500
2100 10000
B, 7500
N 5000
-120 4000
2500
o
300
180 100

2000 4000 6000 8000
lengte in het systeem [m]

TNO-BO, GOE, '06

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

Groot-Mijdrecht

Time= 0.0 yr

>100
120
140
180
180

100 200 300 400 5;.(0 600 700 800 900

Conc.. 100 300 500 1000 2500 4000 5000 7500 10000 12500
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Upconing under a low-lying polder (Groot-Mijdrecht)

Groot-Mijdrecht

Time= 0.0 yr

230
40
60
80

>100

-120
-140
~160
~180

100 200 300 400 500 600 700 800 900
X

Conc:. 100 300 500 14000 2500 4000 5000 7500 10000 12500

Fresh-salt interface (150 mg CI-/I)

[ J<100m

[ ]100-200 m

[ 1200-300 m

[ 300-400 m

I 200-500 m

B >500 m

>inversion (fresh under salt)
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Availability of fresh groundwater

[ J<ioom
[ ]100-200 m
[ ] 200-300m
[ 300-400 m
I 200-500 m
I >500 m

V////]} >inversion (salt above fresh)

(O Pumping stations
with salinisation

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

Different risks of upconing saline groundwater

Very lowrisk very low isk Q

e T L T TQ

salinisation
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Animation 3D Chloride concentration

Chleride concentratie in 3D [mg CIH1] ISY\
x

180000 190000

Upconing in Flevoland

. Risk depends on:
- Initial position interface

- Resistance layers

- Existance inversion

- Extraction rate and scheme

B vioh risk
- Low risk

Very low risk
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Salt water pocket in a fresh environment

Grid convergence

Time step

cases

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

Saline pocket in fresh groundwater: fingering process

10%5 cells

Time= 0 min

0zF

z [m]

o3l

o4f

i TN I N T TN T ST T T [N T T T ST AN |
_0'50 0z 04 0.6 0.8 1
x[m]

128



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

ozf

L z[m]

IS T TN N TN T T S T T T [N T N T T A A |
70'50 02 04 0.6 0.8 1
x[m]

cases

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

Saline pocket 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 (1)
Effect of discretisation

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

Time= 0 min

z[m]

x[m]

cases

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

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

Time= 0 min

x[m]

cases

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

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

Time= 0 min

z[m]

x[m]

cases
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cases
Effect of discretisation

Salt water pocket in a fresh environment (1V)

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

Time=

0 min

cases
Effect of discretisation

Salt water pocket in a fresh environment (V)

Saline pocket i fresh groundwater: fingering process
10°5 cells

Saline pocket in fresh groundwater: fingering process

40%20 cells

Time= 0 min Time= 0 min

01
02
E
Moa

04
L L L L |
08g 02 06 08
x[m]

06
x[m]

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

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

320*160 cells

Time= 0 min

06
x[m]

06
x[m]
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Effect of size model cell on physical process

10

60 min

Total Dissolved Solutes [mg/l]:

< >

0 350m

0 1750 5250 8750 14000 17500 21000 26250 29750 33250 34650
1750 B 5250 8750 14000 17500 21000 26250 29750 33250 34650 35000

Size of cell has a large effect on modelling result!

Effect of size model cell on physical process

E
b
o

1.0
60 min

05mgo

0.0 05 1.0
60 min
Total Dissolved Solutes [mg/l]:
< >
0 35000
.0 . 1750 5250 8750 14000 17500 21000 26250 29750 33250 34650
1750 B 5250 8750 14000 17500 21000 26250 29750 33250 34650 35000

X=LOUSY models for predicting exact number of salt water fingers
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Effect of size model cell on physical process

Total Dissolved Solutes [mg/l]:
< >
0 350m
0 1750 5250 8750 .14900 17500 .21900 26250 29750 33250 34650
1750 B 5250 8750 14000 17500 21000 26250 29750 33250 34650 35000

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

N\

Different model scales

Which one is good enough?

\/\\
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Upscaling issues: upconing under ditch

Cell size: 0.5m
Salt load: 3000 kg/d

Cell size: 10m
Salt load: 1750 kg/d

v " Cel size: 50m

.. Saltload: 2000 kg/d

8,=0.01m

Henry’s problem (1964)

no-flovr boundary gz—":o gzﬂ=pg constant saltg\ater head

Loy
=
, O
> X
>
05-» = p=pg(d-z)
D ©
_ - c:c
o=0 :: % s &
l» ©
=
=
2 Ig > . . . dl
0 0.5 P 61.0 1.5 2.0
— x4 gc_n UP_ no-flow boundary
a a 0 & pg

cases
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Henry’s problem

cases

dc a Vi
no-flow boundary > £=pg constant saltwater head I
" é:v_ Eﬂ 8 8 8 583258555 525388
o s o o 5 5 S 3282382832458
10 N "B D O N G M 8 AN R E
g fopin
: a B LN DU MO M0 A6 Y 5 52
M @ R N TN NN 00 0 9 0 54, 6
> S Cl LN WO U W S 45 9 904 9
> =
s p=pgldz) .
05 £ o E i
=0 > 2 s sl Vg
> S e 905 S
™ s S o Fo Y
~ B T N Al
= 7 B 1 ) 3 - S025
2 ok , . . yt Lobanoob L fodors
0 025 05 0I5 1.0 125 15 12.’1000 20m
mn
0 04 1.0 K 15 20 o 05 solines of
L@t freshwater head —_ — i
x/d a—c=0 QB: g no-flove boundary saltwater fraction velocky field
a. & & b.

Henry’s problem

cases

o disp.coeff.=0.0066 cm?ls

z [m]
=
»

A

Henry's problem: sea water intrusion in coastal aquifers

Time= 0.0 min

0 05 1 15 2
x[m]

Conc: 005 0.1 025 04 05 06 075 09 095

G. Qude E ssink, 13
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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 same!

cases

Hydrocoin:

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

=10° Pa

LILLddl P=0Pag

0

Depth z (m)

W

00

0 300 600
constant concentration boundary

Distance x (m) 900
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cases

Hydrocoin:
groundwater movement near salt domes

p=10°Pa

bbbl P=0Pas

(o]

Depth z (m)

w
o
O

300 600
constant concentration boundary

o

900

Distance x (m)

100
Salt fraction:

cases
Broad 14 Basin, North Sea Geofluids'03, with L. Bouw

Fluid flow at the northem Broad Fourteens Basin

- . Time= 0.YR

&

2

=)
T

<1000

Depth of system [m]

<1500

|
0 10000 20000 30000 40000 50000 0000 70000
Length in system [m]

[T 1 [T 1
00 S00 1000 5000 FEOO 40000 10000 S0000 150000 200000

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

2000

Cong.:
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cases

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

Hydrocoin, level 1, case § Time= 0.0 yr

200

distance [m]

recirculation type

cases

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

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

distance [m]

recirculation type
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cases

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

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

o) S/ NN EAEE

0

distance [m]

swept-forward type

cases

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

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

700 800

oo 5
distance [m]

swept-forward type
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mass of brine (*1000 kg/m’)

Hydrocoin: difference recirculation vs swept forward

b L S B R S B
1000 S ¥
800

600

400

i i i i | i
0 100 200 300 400 500 600 700

total mass of brine

i i
800 900 1000

time (year)

0.3

relative concentration

T

,

i
02f---t--- L.

I

|

.

[ R

T '
swept-forwgrd type!

300 400 500 600 700 800 900
distance x (m)

brine conc at depth=200m

Lecture notes, p. 86-91

Hydrocoin:

effect of vertical grid size

E E

't 45 by 25 elements 100 years 45 by 30 elements 100 years:
g o
g ]
H H

most distant position of most distant position of
&% 0.05brine mass fraction 8 £ 0.05 brine mass fraction
= — ey o] —— ]
o 100 200 300 400 500 600 700 800  900£0 100 200 300 400 e0 700 800 900
g g
H 8
“F 45 by 50 elements 100 yearsi ” [ 45 py 75 elements 100 years
g g
H 8
H 8
o o
SF  most distant position of g most distant position of
0.05 brine mass fraction 0.05 brine mass fraction

° o /

o 100 200 300 400 S0 600 700 800 800 O 100 200 300 400 500 600 700 800 900
£ £
E g

"] 45 by 150 elements 100 years 45 by 300 elements 100 years
g 3
g 8
H 8
g most distant position of 3 most distant position of
A 0.05 brine mass fraction - 0.05 brine mass fraction
© ‘/ °

) 100 200 300 400  S00 600 700 800 800 O 100 200 300 400 500 600 700 800 900

Salt concentration as brine mass fraction:

0.40 050

o 005 0.10 ‘n 20 0.30
0.05 0.0 o020 Llo30 0.40

Recirculation type

B

0.50

u

0.60

.nan .070 .osn .090
070 0.80 0.90 1.00
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cases

Hydrocoin: effect of vertical discretization (111)
more vertical cells give better solution

Hydrocoin, level 1, case 5

467300 cells: effect of vertical discretization
Time= 0.00 yr
300

250

depth [m]
N — o
o w o
= = =

o
o

OD 100 200 300 400 500 600 700 8§00 400
distance [m]

G Qude Essink '03

like the swept-forward type

cases

Hydrocoin: effect of vertical discretization (111)
more vertical cells give better solution

Hydrocoin, level 1, case 5

457300 cells: effect of vertical discretization
Time= 0.00 yr
200

250

200

depth [m]
o
[

100

50

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

G Oude Essink '03

like the swept-forward type
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cases

Analogy physical processes

Heat transport (analogy with solute transport)

Groundwater flow: Darcy

Pie@ q=-k %

Heat conduction: Fourier
hot plate: 100 C ice blocks: 0 C

Electrodynamics: Ohm
T

variable resistance]

Heat transport

Conduction and convection of heat

h = —ﬂ, g +nN pCfVT thermal conductivity[Joule/(mSOC)]
e e
OX A =
=N Aqq +(1—0)A;

heat conduction convection ¢ e fluid ( e) solid
flux  (Fourier) (Fluid flow)

continuity equation o

specific heat capacity [Joule/(kg C)]
oh ., OT N
——=p'C—  pP'c'=n,Cqs + (1=N¢) Psiig Cotia

OX ot
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Analogy solute and heat transport

Solute: advection-dispersion equation

oC 0 oC 0
= D; - ( i
ot ox | "ox;) ox n

e

Heat: convection-conduction equation

0T _ 0 |x 0T | . TG
pcat‘ag Auaxj pcfaxi+F

cases

VF@—QW

Analogy heat and solute transport
Heat transport
Convection-conduction equation

0T _ 8 oT arg;
pcﬁ_aTi Aijaxj}_pcfaxi'g

Equation of state: relation density & temperature
Piik =Pt 42Ty i)

Analogy between solute and heat transport

Solute Heat

C T

R, 14 (1-n,)p.c,
nepcf

nA.+@-n)A

Dm e’ve ( e) S
nepcf

A 0

Heat transport
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Heat transport

Energy storage in geothermal reservoirs

=) =)
] ]
n n
L] L]
=) =]
] ]

is

5 10
S 10 15

t=30 days

G

t=150 days t=210 days
Temperature (degrees Celcius):

cases

Elder problem (1)

It is originally a heat transport problem

Stable growth diffusive boundary layer
Development flow cells embedded

in boundary layer

3. Emergence of disturbances that grow
into fingers

Convection of heat occurs when:
Rayleigh number > 472

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

eepgrl 1] — Tyl ‘
Ra — PP (1 —To) .
JLE
-2 T,
SORUSIEPTNNNNNI N SSR———
Darcy equations: +2 T
_ kOp
T= - poz
& [ Op = pp [1 —af (T —T"]
=" (2 ) p=pol—ar( )]
i\ Oz

A
peg

A2 — g (=thermal diffusivity M L™2)

Elder problem (11)

Anology composition and heat

Composition Heat
p=0 Pa C=1, p=1200 kg/m® pRFe g 300 600
U XXX s b X D'E'6'4'474°4" a4 > S8 5 0
7=0, p=1000 kg/m®
s €
g initial condition: C,=0 initial condition: 7,=0 g
5 g
o Loy No-flow 8
ta- no-flow
e 3 =1, p= 3
150 €=0, p=1000 kg/m 7=1, p=800 kg/m* o
0 300 600 - ;
Distance x (m) p=0Pa Distance x (m) p=0 Pa

Lecture notes, p. 91-96
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Case Elder, salt-fresh

z

Time= 0 day l
X

0
-50
-100
-150 — n
0 100 200 300 400 500 600
X

CONC. 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Elder problem (111)

Development of convection cells (Rayleigh number=400)

cases

Elder problem: heated from below

0 160780 elements, time step=30 days Time= 0.00 yr

-a0

depth 2z [m]

-100

180 0 100 200 200 400 500 G600

length x [m]
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cases

Elder problem (111)

Development of convection cells (Rayleigh number=400)

Elder problem: heated from below

a 16080 alements, ime step=30 days Time= 0.00 yr

-a0

depth 2 [m]

-100

1480

0 100 200 200 400 500 G600
length x [m]

cases

Heat transport (Rayleigh number=4000)

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

150

2 [m]

ection

0 600
% [m]
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Impact of the 26-12-04 Tsunami
on groundwater systems

Sri Lanka
Some days after December 26t, 2004

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

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

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

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

Next step:
guantifying processes in real situations, using topographic and
hydrogeological data, and ending up with vulnerability maps
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Concept 1: Fingering processes in the
subsail

Case Sri Lanka: lagoon setting fingering processes

sandy ridge sandy ridge
abstractlon ground surface |—> abstraction ground surface

v_/phl;aéhc shoreline ~'9€TS  Jagoon ‘ »
groundivater table retreat /* e
\Kjﬂu \_ groundwater

res ndwater upconingAiA/// y" K

sallna groundwater saline groundwater

IGRAC, GOE/WvdL ‘05
Before the Tsunami After the Tsunami

Concept 1: Fingering processes in the subsoil

Saltwater pocket in a fresh environment: fingering process

At=10 sec
2.0 . .
Time= 0.0 min

y [m]

Total Dissolved Solids
[mgAl

34650
33250
20750
26250
21000
17500
14000
3750

5250

1750

0.0

x [m] IGRAC, GOE/WvdL 05

151



Concept 1: Fingering processes in the subsoil

y [m]

Saltwater pocket in a fresh environment: fingering process

At=10 sec

2.0 Time= 0.0 min

Total Dissolved Solids

34650
33250
29750
26250
21000
17500
14000
3750

5250

1750

0.0

x [m] IGRAC, GOE/WvdL 05

Concept

1: Fingering processes in the subsoil

y[m]

Saltwater pocket in a fresh environment: fingering process

AE10 sec
20 Time= 0.0 hour

Total Dissolved Solids
[mg/1]

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

0.0 1.0 [hydraulic cond.=8.64 mfd]
X [m] IGRAC, GOE MWL 05
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Concept 1: Fingering processes in the subsoil

Saltwater pocket in a fresh environment: fingering process

At=10 sec
0

2 Time= 0.0 hour

y[m]

Total Dissolved Solids
[mg/1]

34650
33250
20750
26250
21000
17500
14000
87450

5250

1750

0.0 10 [hydraulic cond.=8.64 mid]
x [m] IGRAC, GOE ML 05

Concept 1: Fingering processes in the subsoil

Saltwater pocketin a fresh envirenment: fingering process

AE40 s8¢
0

2. Time= 0.0 hour

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

y [m]
(=]

Total Dissohved Solids
[mg/l]

34650
33250
29750
26250
21000
17500
14000
6750

5250

1750

Medium sandy porous medium
0.0 1.0 [hydraulic cond.=8.54 m/d]

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

Saltwater pocketin a fresh environment: fingering process

AtE40 sec
0

2 Time= 0.0 hour

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

Total Dissolved Solids
[mg/1]

y [m]

34650
33250
29750
26250
21000
17500
14000
8750

5250

1750

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

% [m] TNO, Oude Essink'07

Concept 1: Fingering processes in the subsoil
Rates of salinization of free convection
in high-permeability sediments
Time= 0.0 yr
-0
!'nFﬂill
=760
cells
80
E
= See also
' PhD. thesis
@ Y. Post(2004)
T 120
Cone.
0.9
0.8
0.7
0.5
-160 0.5
0.4
0.3
0.2
0.1
-200
20 40 60 80
G. Oude Essink 03 A15tance [l Rayleigh no=6000
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Concept 1: Fingering processes in the subsoil

-40

depth [m]
o
o

-
N
o

-160

-200

G. Oude Essink '03

20 40

Rates of salinization of free convection
in high-permeability sediments

Time= 0.0 yr

=160
»

nz=760
cells

See also

PhD.-thesis
V. Post(2004)

60 80

distance [n]  Rayleigh no=6000

Fingering processes in the subsoil

20

20

po
At=400 sec

x[m]

Saltwater pocket in a fresh environment: fingering process

At=400 sec

in a fresh envir fingering process

Time= 57.8 hour

conc=

ery low-permeable layers (k=0.000864md)

0%sw

Total Dissolved Solids E
g =049

At=10 sec
20

Saltwater pocket in a fresh environment: fingering process

Time= 44.4 hour 20

‘ conc=25%sw

ry low-pormeable layers (k=0.000864m/d)

TotalDissohedsolids |
mali =9

o

conc=

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

75%sw

Total Dissolved Solids.
mg/l

x[m]

1.0 [hydraulic cond.=8.64 mid]

P
At=400 sec

i

fingering process
conc=50%sw

1y low-permeable layers (k=0.000864mid)

Total Dissolved Solds
g/

1.0

[hydraulic cond.=8.64 m/d]
THO, Oude Essink 07

conc=80%sw

“very low-permeable layers (k=0.000864mid)

ToalDissohied Solds | E.
Imgn £19

Medium sandy porous medium
1.0 Mydraulic cond.=8.64 mid] 00
x[m] THO, Oude Essink 07

i di L i di A
1.0 Ihydraulc cond.=8.64 mid] o 1.0 Mydraulic cond.=8.64 mid] X
O, OudeExsok o7 x[m] ™, OuteEssok a7 xim)
pocketin a fresh \gering process pocketina
_ At=400 sec At=400 sec
Time= 37.8 hour ! Time= 37.8 hour 20

xIm]

1.0

fingering process

41.4 hour

conc=90%sw

“\very low-permesble ayers (k=0.000854mic)

Total Dissolved Solds:
[mgn

Medium sandy porous medium
[ydraulic cond.=8.64 mid]
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Concept 2: Evolution of a freshwater

after flooding
[—v Abstraction [—v Abstraction

lens

<

S~—
fresh

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

Well overflows
ﬂf’ Submerged well

3. Just before the Tsunami: 4. During the Tsunami: Flooding of island,
Subsurface pressure wave precedes surface wave mixing of water due to sudden pressure changes

Rainfall — Abstraction

R

[—. Abstraction

5. After the Tsunami 6. After the Tsunami
Freshwater mixed with brackish water Recharge by rainfall replaces brackish water

Concept 2: Evolution of a freshwater lens
after flooding
Effect of Tsunami on a freshwater lens
At Time=0 yrs: 1. Increase of head of 3 m
2. duration 2 hours Maldives setting
Natural groundw ater recharge
0 seasonal variation Time= -3.72 yr

E

s

o

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

250 500 750 1000
Length [m]
IGRAC, GOEMMIL, "05
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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. duration 2 hours Maldives setting

Natural groundwater recharge
seasohal variation Time= -3.72 yr

—_

E

=1

=

=

&

o cone.
15000
12500
10000
7500

250 500 750 1000
Length [m]

IGRAC, GOEMAIL, '05

Concept 2: Evolution of a freshwater lens
after flooding

It of Tsunami on a freshwater lens . L
0 y1s: 1. ncrease of head of 3m Impact of the 2004 Tsumani on the salt concentration in a

2. duration 2 hours Maldives s

Natural groundwater recharge freshwater lens

seasonal variation

Tsunami characteristics: height 3 m, duration 2 hours

. = A. 0.35m -MSL,
x=350m

(\ B. 1.15m-MSL,
x=350m

C. 1.85m-MSL,
x=350m

= D. 1.15m-MSL,
x=400m

e £, 2.35m -MSL,
x=500m

= F. 3.95m-MSL,
4 ; ‘ ; : ; x=500m

500 600 700  80C
Length [m]

Solute concentration (mg CI-/l)

Time (years)

157



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

Case Sri Lanka: lagoon setting

sandy ridge sandy ridge
[—> abstraction ground surface [—> abstraction

fingers  jagoon

lagoon shoreline

retrea

Before the Tsunami After the Tsunami

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

Salt water intrusion in coastal aquifer, Sri Lanka

Before Tsunami: Time=-1.00 yr

o sea sandyridge lagoon hinterand
5
-10
% Cone.
15 15000
5 12500
10000
20 7500
4000
2500
1000
-25 500
150
50
-30
0 1000 2000 3000 4000 5000

length [m]

IGRAC, GOE/WwL, '05
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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
sea sandyridge lagoon hintedand

Cone.

15000
12500
10000
7500
4000
2500
1000
500
150
50

depth [m]

1
'300 1000 2000 3000 4000 5000
length [m]

IGRAC, GOEMWNWIL, '05

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

er intrusion in coastal aqui Impact of the 2004 Tsumani on the salt concentration in a

sandy ridge

2000
length [m]

coastal groundwater system, Sri Lanka

Tsunami characteristics: height 3 m, duration 2 hours
600
s —A.0.7m-MSL,
© oo x=1987.5m
[=2]
E
= 406 . B. 4.9m-MSL,
2 x=1987.5m
S o pE A .
=
@ = C. 0.3m-MSL,
= 200 N | UA il X=2112.5m
8 L\ivﬂ —
S oo h D. 0.3m-MSL
= 466 . 0. ,
2500 E s X=2237.5m
fa)

04 01 06 11 16 21 26 31 36 41 46

Time (years)
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Compensating measures

Setting up piloting solutions/strategies

Combination of different strategies for improving local climate-proof fresh groundwater supply
There is no solution that fits all

= ) Mare knowledge of system by menitoring Freshening by

U v s E (FRESHEM) & modelling (iMOD-SEAWAT)| new drai',,f,‘gey
Freshening by New organisation of Ir:g::;:;ﬁ:ﬂxz:‘:: i E:e:ra";:gg;fée of
adapting discharge fresh water management: g Y| | fresh water but

creek by controlled
d

surface water system| | The Water Farm only saline water

Reducing salinisation
from salt pin boils ; TER
' ; V >

s
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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’

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

* Modifying pumping rates

« Land reclamation in front of the coast

< Creating physical barriers (chrystallisation or biosealing)
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Aquifer Storage and Recovery

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

m STP wet dr;
= 3 [ > cycle cycle
L= —— OJoo—oe=r
] VY

wia

28
7 ~. -

| 1

Rainwater Harvesting

LYYV

Q o Infiltration 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, transport

Infiltration ponds,
and recovery (ASTR)

Aquifer storage and
galleries

recovery (ASR)
N y N ~
# %
#r w s
Dry wells Recharge weirs, Rainwater
releases harvesting
R Runoff harvesting
AR
i o % %
2%

Source: Dillon, 2005
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Technical
measures
to
compensate
salt

water
intrusion

TNcrease of fresh groundwater volume due to countermeasure

Deep-well infiltration

----- impervious

\Saline groundwater extraction Artificial recharge area recharge
1a ] pool

impervious il impervious

Physical barrier

reduced q
[Modifying pumping ratesfgtgﬂﬂmni 2!

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?
VAL LT ALttt
. low-lyin shift water divide .
water divide t 1 polderyarga Y% 1 1 low-lying

polder area

: A\
—

Noordzee

165



Development of the Sand Motor

5 years 10 years 20 years
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The Coastal Collector

groundwater recharge

U A A

ground surface

Tncrease of fresh groundwater volume due to countermeasure

q;
Deep-well infiltration 1 Land reclamation

new land

Technical
measures
to
compensate
salt

water
intrusion

|Artificia| recharge area recharge
pool

impervious

----- il impervious

reduced q
[Modifying pumping ratestl:gﬂdlont 5

Physical barrier

impervious

Salt water wedge L Salt water wedge L
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Solutions

Solution: The Fresh Holder

Reverse osmosis

A U Lk

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

- f Counteract Brackish Optimization
brackish seepage groundwater  freshwater
Temporary storage exploitation  extraction
Counteract fresh water
' salinisation \ \ \

Brackish

Saline
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COASTAR: COastal Aquifer STorage And Recovery

Case coastal dunes — drinking water (NL)

. Deltares KWR FARCADIS
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Case polders with brackish groundwater —
drinking water and desalinisation for agriculture (NL)

old new

. Deltares KWR AARCADIS

Case deep-well Aquifer Storage and Recovery
(Mekong delta, Vietnam)

old

. Deltares KWR AARCADIS
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Introduction

Countermeasures of salt water intrusion

reduced

[Modifying pumping rates E;ttéac"ionlq

=

— ; ;
impervious

Salt water we?iae_L

(EC-project: CRYSTECHSALIN)

Physical barrier

= reducing fresh groundwater volime
physical barrier _0,
G

stagnant saline groundyvater
- g g

] — impervious
alt water wedge L e

Tncrease of fresh groundwater volume due to countermeasure

1(7:
Land reclamation

new land

impervious

Technical
measures
to
com pensate
sat

\Saline groundwater extraction
water 19:
intrusion

impervious impervious

reduced

[Modifying pumping rates E:gﬂdiontq’

Physical barrier

Salt water wedge L

impervious

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: www.go-fresh.info
¢ SOFRESH Increase fresh groundwater resources in saline seepage areas in the

southwestern part of the Dutch Delta

Methods:

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

Many small local solutions together can be enough
for a regional fresh water supply

The Freshmaker Drains2Buffer

Creekridge Infiltration Test

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

» Crop damage southwestern part of the
Netherlands

» Fresh groundwater below creek ridges

Case study: Water Farm

T o ’ ’.‘”::‘f"y’.".'
¢ T Ei ‘
e "‘.r"Rv STRE »
A' , ) « 3km2area
\‘.-ﬁ“*
y‘ﬂ% L, » 8farms
ACTRE * 4 arable farming
ocaton % N 5km 2 horticulture
Figure 3 o 2 fruit
» start case study 2010
sea .ﬁ'drun;s polder
- fresh seepage creek deposit  precipitation
« from dunes with fresh surplus
- " i groundwaler

saline groundwater

. fresh groundwater | W A e d
e I\J /[\ /T\
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¢ measures farmers
e communication to outside world

Researchers: scenario analysis

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

Ko

i
. B
Legend

Lowering of interface [m]

0 50100 200 Meters’

P

Creek ridges

1200 AD; before land reclamation current situation

bank deposits

tidal creek n

tidal creek deposits

land subsidence

V.

ditch

<10m

~10-40 m

~100-1000 m ~100-1000 m
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Measure

» Controlled level drainage
* Increase groundwater level

controlled level drainage infiltration

woL-s

woror

200m

Creekridge Infiltration System

Infiltration tubes
Potatoes Apples

M saline water [ 111 Clay
M Fresh (ground) water [l sand
Fresh (ground) water after measure
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Concept of CARD and pilot layout / /3 ?
cial rechar Controlled drainage 3 o
= e — e . Brackish *'Qi@?‘:‘ :J
_________________ Collector inles {{:{

well ditch

3m

150 m

collection 4 LA Legend

point & pump

Extent CARD system

ms=  Location of the cross section
show in a

wes  Fresh water ditch

mmmmm= Brackish/saline water ditch
Z=== Artificial recharge

- Controlled drainage

ZUL/UDL1D:

Installation of drainage and monitoring
network

= measurement location
~ CVES transect

controlled level drainage

— 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 ECw20
piezometer nest
SLIMFLEX" ECeutk
CPT® Lithology and ECy
CVES* EChulk
SMD* EChun
¢ a. Schlumberger, The Netherlands (type ‘ Diver *) . _
+ b. Deltares, The Netherlands P
+ . Fugro, The Netherlans oo
0. ABEM, Sweden “pee .
e . Imageau, France

cimaGeau  J=me

Key field observations (1)

» Fresh groundwater up to -12 m NAP

360 m
<€ >
A AI

Tepth teration § ths, ereee = .62 %
[N L X I I ]

W) WL MDA MBS
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Key field observations (2)

* Freshening up to 2m

-a

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

z (m NAP)

thin, low permeable layer

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

Subsurface Monitoring Device (SMD): Monitoring salinities

. ; GRO
o= lma(;eaq -'i'

EC.,ulk(mS/ cm)
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Key field observations (3)

» Groundwater levels and precipitation

B
=]

P (mm/d)
S

b Lo b 11

-0.5 |

e
°© o

infiltration period
aimed level

-1.0

—.l . w A I
.—1.5‘/\\/\er " "l\”\-vf‘\l

-2.0

m-surface

V> 43 3 3 N [y
\““.Lo P»gq,o od‘.}p‘& osc,,o& ?eo,,p p&(,}o‘&

Modeling
creek ridge

200 400 600 300 1000 1200 1400

— x (m)

surface elevation —
(cm NAP) e
B -120- a0
[P 3 model domain
[ Jo-4

40-80
[ s0-120
B 120-1s0
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Influence of infiltration

P no infiltration ot infiltration
—
o -0.5 -0.5
g
Z 50 -1.0
E
= -15 -1.5
-2.05 26 a0 60 80 100 2% 20 40 60 80 100

z (m NAP)

20 40 60 80
t (weeks)

20 40 60 80

t (weeks)

5 Boil 2

elevation (m MSL)

Example NL:
Salt resistant crops on salty boils

Ask Perry de Louw for details

Cl-conc seepage:

-25m Boill 1 4 25m
]om

a

Holocene
confining layer

Uppar aguifar
13 ppar ad

v

-15 T T T T T T T

=30 -20 -10 o] 10 20 30 40 50 60

distance (m)

70

(Polder Noordplas)
Diffuse : 100 mg/I
Paleochannel : 600 mg/|
Boils : 1100 mg/I
Mejjer
Deltares
Enabling Delta Life ;
| &7
o«
o7 7
7 K —
80" -: - %g.w« >
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Modelling

salt water intrusion
density dependent groundwater flow
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modelling

Why mathematical modelling anyway?

A model is only a schematisation of the reality!

modelling

Why mathematical modelling anyway?
+.

cheaper than scale models

analysis of very complex systems is possible

amodel can be used as a database

« toincrease knowledge about a system (water balances)

= simplification of the reality

e onlyatool, no purpose on itself

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

e perfect fit measurement and simulation is suspicious
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modelling

Numerical modelling variable density flow

Type:
« sharp interface models
= solute transport models

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

3D numerical models groundwater coastal zone

Nile delta, Eqy

Kulna area, Bangladesh —, Niger delta e Pacificisland - Vlaanderen, Belg

Krishna, India
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modelling

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

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

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

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

HydroGeoSphere (Therrien, ‘92)

Fresh-salt groundwater modelling issues

Grid convergence

Vert-hor displacement interface

Transient versus Steady-state

Salt BC: e.g. far enough for the area of interest, BC zz 3D model
Do not trust solvers default: e.g. Case Nile delta

Rotation mixing, effect of dispersion

Big delta systems and drain-river packages: there is always a
drainage system around

a.  Conductance for large cells

b.  Sof okay, butcheck it

8. Rule of Thumb: Lambda (GHB)
9. Animation over more times than just Stress Periods
10. Focus velocity field, including high DEM contrast!

No o,k wbdPE
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Movement of interface: hor. of vert.?

Well ¢

Acknowledge non-stationarity

Wet
+ Dry

Iy Iy
| |

000606

+ W
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g, 1 .
= pos ime
e .
& negl
No season
4 Steady state head
head
time
S i
= pos ime
= T e e Mt e —— X
D neg
No season Seasonal
4 Steady state head Steady state head
head
time
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Non-linearity discharge systems, e.qg. rivers

During high recharge fluxes, more water is discharged,
and head is less high

| River
a, conductance of prism: C=KLW/M b. leakage in aquifer system 5
_ 54
(briv *: 1'35 __________________________
L=length of reach = £EF
1e
K=hydraulic condu; M RBOT < 2
of riverbed R
VLT NN =3
T ement Into the aquifer s Outof the aquifer
Leakage through river bed
¢. gaining river o losing river P
.k riv b,
— = S Sk
= 2 = — = = Drain
M M -
RBOT )
'g oL TR
element /,j.k element ij,k ’_‘%
:
El
- No |cak: ds Leakage into drain
Leakage into a drain
S :
2 pos time
(S A SR [SVUNN RN UV AR RSV
< >
D neg
—
No season Seasonal
4 Steady state head Steady state head
------- Seasonal, averaged steady state head
head I e - - - - — = _—— =
' ' ' S
T T T T T >

time
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pos time

neg

recharge

Extra issue: with smaller effective velocities, hydrodynamic disp. is smaller too

_________ NO season ——— Steady state head
1 Steady state head ———— Transienthead
- == Seasonal, averaged steady state head

head

v

time

2002 2007/2008

= USGS =USGS

User's Guide to SEAWAT: SEAWAT Version 4: A Computer Program for Simulation
of Multi-Species Solute and Heat Transport

A Computer Program For Simulation of
Three-Dimensional Variable-Density
Ground-Water Flow

i

gitiel 2 Seglogienl Suney Techniques and Methods Book 6, Chapter A22
BOOK 6
Chapter A7 i come S
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2002/2003

User's Guide to SEAWAT:

A Computer Program For Simulation of
Three-Dimensional Variable-Density
Ground-Water Flow

Techniques of Water-Resources Investigations
ofthe U.S. Geological Survey

i MODFLOW-2000, the U.S. Geological
Survey Modular Ground-Water
Model—Documentation of the SEAWAT-
2000 Version with the Variable-Density Flow
Process (VDF) and the Integrated MT3DMS
Transport Process (IMT)

LT i i o

W, Barcly Shoamaker, U5 Gealogial Surey Miami. .
ang Weising Gup, COM Masimer. . Myers, Fla

Proparsa i csgeran win o

2007/2008
2USGS

science for a changing worid

SEAWAT Version 4: A Computer Program for Simulation
of Multi-Species Solute and Heat Transport

Py~

Yt

Techniques and Methods Book 6, Chapter A22

US. Department of the Interior
US. Geological Survey

MT3D 1999

Strategic Environmental Research Contract Report SERDP-99-1
and Development Program December 1999

MT3DMS: A Modular Three-Dimensional
Multispecies Transport Model for Simulation
of Advection, Dispersion, and Chemical
Reactions of Contaminants in Groundwater
Systems; Documentation and User’s Guide
by Chunmiao Zheng, P. Patrick Wang

Department u; Geological Sciences

University of Alabama
Tuscaloosa, AL 35487

Final report

Approved for publc relesse; distibution i unlimited

Prepareafor  U.S. Army Corps of Engineers
Washington, DG 20314-1000

Under  Work Unit No. CU-1062

Monitered by Environmental Laboratory
USS. Army Engineer Research and Development Center
3909 Halis Ferry Road
Vicksburg, MS 39180-6199

unmiao Zheng
Department of Geological Sciences
The University of Alabama

S

< -
et et et et
et et et et v
et et et e ety
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Visualisation tools

hd Tecplot https://www.tecplot.com/

Pa raVI eW https://www.paraview.org/

° I M O D https://oss.deltares.nl/web/imod

° F|0py https://www.usgs.gov/software/flopy-|

rthon-package-creating-running-and-post-processing-modflow-based-models

MOdG'VIGWGr https://www.usgs.gov/software/model-viewer-a-program-three-dimensional-visualization-ground-water-model-results

SEAWAT

- oh
V- pKo Vhf+MVZ :pss_f—i_ea_p@_pssqss
o, ot oC ot

where p is the density of the groundwater (M L=3); K, is the hydraulic conductivity tensor ( L
T1); b is the freshwater head (L); z is the vertical coordinate (L); p; is the density of fresh
groundwater (M L™3); S is the specific storage coefficient (L™1); tis the time (T); ¢ is the
effective porosity (-); C is the concentration (M L™3); p is the density of the sink or source (T™1);
and g is the sink and source term (T-2).

0
P = Ps +£C
%tc):V(HDVC)_V(qC)_qSSCSS

where D is the hydrodynamic dispersion tensor (L2 T-1); q is the specific discharge vector (L T1)
and Cy is the source and sink concentration (M L™3).
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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: uter
delling trar":_s ol Bits Q. computer only
\

\oN
50\\3,00.n nigh costs

. . . : S
ethe ical dispersion "be“e( sowel

5 \S
-nun\eri So\u’&\on_.. is large in case of coarse grid
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Modelling fresh-salt groundwater on different scales

Sub-local: fingering, salty sand boils
Sri Lanka (Tsunami 2004), e
Zandmotor ” = '
cell size=lcm-1m

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

Boundary Conditions Models

Dirichlet: head
¢ fixed head (DEM minus unsaturated zone)

Neumann: flux
e Zero = no-flow
¢ Constant

Robin / Cauchy: mixed
« Like General Head Boundary!
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Formula of Mazure, zone of influence head

Sea Lowland catchment

—F
¢0 ) Water level
Sea level risg agea - Tt e = e e e e P e o o

Yo :H'y‘dr'éuflif: re.siISian'cfe'atql,iiltartj"g‘[déy']. AR

0| saturated aquifer D i

S e Hydralie conductivity kmiday]
ieVRDe | L T T e

Using the GHB for the head BC

=12m
=10m

fixed-head boundary; h
general-head boundary
fixed-head boundary; h
1000 m

L
~

1550 m o P 1000 m ~J]
P -~

x
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Using the GHB for the head BC

Conductancegs = Kgyg + A/L

*  Kgyg IS the (horizontal) hydraulic conductivity,

o Listhe distance from the actual fixed-head boundary
to the modeled GHB cell,

» Ais the area of the cell face, which is perpendicular
to the groundwater flow in the unmodeled area.

fixed-head boundary; h = 12m
general-head boundary
fixed-head boundary; h = 10m
1000 m

1550 m S 1000 m ~
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modelling

Solute transport models

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

modelling

Solute transport equation

Partial differential equation (PDE):

R &C_0 [D ac] 0 (CVi)+(C_C)'W—RdiC

ot ox | “ox, | o n

change dispersion advection source/sink decay
in concentration diffusion

e

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

Solute transport equation: column test (I):

Pollutant distribution at +=0

top
~Pollutant aquifer
bottom
—>x —>
A Direction of flow
¢ _iconcentration C
i
i
x=0 Distance x

modelling

Solute transport equation: column test (11):

Pollutant distribution at t+ >0

Advection

A
[

ﬁdvecﬁon+diffusion
C

xV

Advection+diffusion+dispersion
A
c

xVY

200



modelling

Solute transport equation: column test (111):

Advection+diffusion+dispersion+retardation(linear isothermal)

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

modelling

Hydrodynamic dispersion

hydrodynamic dispersion

mechanical dispersion+ diffusion

mechanical dispersion:
tensor
velocity dependant

diffusion:
molecular process
solutes spread due to concentration differences
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modelling

Mechanical dispersion

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

Scale-dependency longitidinal dispersivity

104 E l'l“"i T ||F|¢lll T |lllH| Ll Vlll"VL T IIII|||| T lllllill T ll""llE
13 F . 3
2 L § J
E 10 ? . » ;
E : - ~
1 -
gy
k' s 3
n - -
0 B -
E 10 E E
% : RELIABILITY
1L . ° A
510 3 . © o low
E . o intermediate E
- o
w2k o ° O high 3
PN R BEETEETIT BT ST WETITT BTSN UTIT RS WETTTT AR TTTT M AW e
1073 "
1wl 10® 10" 10 108 10 10 10f

Scale (m)
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modelling

Solute transport equation: diffusion (1)

diffusion is a slow process: diffusion equation

only 1D-diffusion means: Ry=1, V=0, 4=0 and W=0

2
oc _,oc

ot 0z°

similarity with non-steady state groundwater flow equation

2
S%: M+N L <05

OX? SAX?
NAt  TAt

t+At t t t t

B =t 020 4L

DAt DAt

t+At t t t t

cr =C, +7((:i+1 -2} +C},) == <05

modelling
Solute transport equation: diffusion (11)
2
diffusion is a slow process: diffusion equation @ =D g (2:
yA
16000 T
=) \ Time (year)
(é, 12000 f T\’\ —0
E i ——500
§ L —=— 5000
8000 t
S 1 20000
e y/; /. 80000
% 4000 . ,x;,/ —%=— 175000
g e 220000
—— 350000
0 T T
0 50 100 150 200

Depth (m)
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modelling

Solute transport equation: diffusion (I11)

Animation as a function of 350.000 years

th [
(=] L]
N U

~J
Lo
T T T

Depth z [m]
@ ] °
o [3,] (=]

T T T

-

o]

L3,
T

I TN T T N T N T T R
0 4000 2000 12000 16000

Concentration [mg CI-/]

200:\\\ 1

variable density

Stability criteriafor solute transport equation (1)

1. Neumann criterion:

D _At. D, At, D At
xx23+ W2 + ZZZSSO.E)
AX Ay AZ

AL < 0.5
i Dxx Dyy Dzz
2 2 + 2
AX®  AY? Az
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Numerical dispersion and oscillation

Concentration Concentration

Overshooting
L)

i -
Exact solution Cle—_—-

C

. . . Exact solution
Numerical dispersion

e

\_
. - - => X . " AN = X
Numerical dispersion Oscillation Qg’ndershooting

oc _o'C . DAt DAt
El D 822 Ci™=Ci+ INE (Cit+1_zcit +Cit—1) INE <05

variable density

Stability criteria for solute transport equation (l1)

2. Mixing criterion:

k
nebi,j,k

At

VAN

S
Qi,j,k

Change in concentration in element is not allowed to be
larger than the difference between the present
concentrationin the elementand the concentrationin the
source
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variable density

Stability criteria for solute transport equation (l11)

3. Courant criterion:

0<g<=~1
AX A
At <2 at, <& A < AT
VX’ max Vy,max i Vz max

Stability criteria (I11) : \ B
— * —_» x -—» *
3. Courant criterium o |
v 2 v
* Node element y y ¢
+ Particle -~ * T *x T *
\ Velocity direction i . : i
\Movement particles * j\ *
. | . . | L] . |
0<x<an1 ¥ AN
GAX A
X, max Vy,max Vz,max
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Courant criterion: places where timestep is smaller than 40 days

Check the velocity field!

Tool: tecplot / paraview

[T T TT 7T 777N

.

Nile delta
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Case Nippon Koei:

parallel version

Check the velocity field!

208



Case Nippon Koei:

parallel version

Speedups Nippon-Koei v004
SEAWAT-PKS, 365 timesteps, TVD advection
Cartesius, Intel E5-2690v3, 2x12 cores, 64 GB RAM, serial: 1h37m01s

w /

[}

Number of cores

—t—Measured ++veee ideal

© & 16 24 32 40 48 56 64 72 80 88 95 104 112 120 128

Increasein iterations (%)

Flow Iteration Increase Nippon-Koei v004
SEAWAT-PKS, 365 daily time steps, TVD advection
Cartesius, Intel E5-2690v3, 2x12 cores, 64 GB, serial: 91512iters.

150,00%

140,00%

130.00%

120,00%

110.00%

100.00%

8 16 24 32 40 48 56 64 72 B0 88 96 104 112 120 128

Number of cores

2000% ,
10.00% {
!

Case Nippon Koei:

parallel version

parallel

ek il gv23 gv23

SEAWAT SEAWAT

Quad 2.60GHz  Quad 2.60 GHz

[EVCANTN A E\EN 21-11-17 08-12-17

5d0h36m43s 0d10h2m52s

Case Nippon Koei

seawat005_gv23 |seawat006_gv23 |seawat-3-004 |seawat-3-004 |seawat-3-004
no no no yes yes

gv23 gv23 ov23

SEAWAT iMOD-SEAWAT  iMOD-SEAWAT
Quad 2.60 GHz Cartesius 1 core géirretgsius 64
21-12-2017 21-12-2017 21-12-2017
0d6h41m14s  ~0d1h30mOs  0dOh5m59s
18.0 44.0 1209.5
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hclose, rclose (Nile Delta model)

time [sec] and iteration [#]

time [sec] and iteration [#]

2500

—.—it
2000 |- w=p=time

1500

rclose=10000
1000

1E-1 1E-2 1E-3 1E-4 1E-5 1E-6 1E-7
hclose [m, inlog]

. 1000
it gy
=o==time 800
B 700
600
4vo—§ 500
400
- 300
200
hclos=0.0001 100

0
1E+1  1E+2  1E+3  1E+4 1E+5  1E+6
rclose [m, inlog]

70000,00

60000,00 | —m=—abs(dh_veryacc)
000,00 \
gmoovoo \ rclose=10000
<30000,00

%OOO0,0D h

10000,00 \

00 —#‘—I—-—

1E-1 1E-2 1E-3 1E-4 1E-5 1E-6 1E-7

hclose [m, inlog]

700,00
600,00
/ 500,00
400,00
300,00
200,00
100,00
00

—m=-abs(dh_veryacc)

sum |Ahead |[m]

hclose=0.0001

1E+1  1E+2 1E+3 1E+4 1E+5 1E+6

rclose [m, inlog]

MOC.ACC.TSTEP

Nile delta,

Test your SEAWAT SOLVERS

Volume fresh groundwater in Nile Delta as a function of the time

——MOC ACCTSTER ——FD.ACC

Velume of fresh <L £ TOS/I)in billion m3

——TVD.ACCTSTER

1000 1200 1400 1600 1800 2000

TVD.ACC.TSTEP

Time 000 v
salinity animation

0305 1 152 3 4 5751020238 6090

Time= 2000 ¢
Nile delta, salinity animation .
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Number of cells: 3D cases with MOCDENS3D

50.0

450 -

400 -

35.0 -
30.0 4
25.0 -~
20.0 1
15.0 -

dsh-saygne

64 bit

Number of active

—
o o
o o

elements (in millions)

T

?&N\ J97 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Time

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 level rise

« changing recharge pattern
¢ land subsidence

* changing extraction rates
* adaption measures

NHI freshsalt

20.6M qislands
250m Texel % W =
2010 230K
250
2000
Noord-Holland
62K
1250m
1999
Den Haa Zuid-Holland

oJRotterdam
2 % L

Zeeland

S
| 100m
2010

025 50 75 100 km

Name project
Number of cells
Size of cell
Date of release




MODFLOW 6: fresh-salt

e Detail / computer power
where needed (extractions/
surface water)

e Unstructured grid

e XT3D package for full 3D
anisotropy

Documetation for the MODFL%W [
| Sroundwatet Flow Mbdel! ik

18y
i b

Performed activities

» Code from Github and compiled it (september 2018)
 Built a test model in MF6 with structured and unstructured grid, to compare with
SEAWAT v4,

Case: 3D Model as used in Oude Essink & Pauw
(2018) for the derivation of extraction rules for the

s vaste rand, zout, peil = 0 Province of Zeeland

A isatie O i normale { z

sloot (drain)

Time= 7 dag

dichte rand

vaste rand, zout, peil = 0

onttrekking dichte rand

—3GD seminar 20210630

Xy @ m x =500 m
4

Dettres -
75 CONC. 03 65 1 15 2 3 4 5 75 10 125 15
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Testing different grids and run times in this 3D synthetic case

Original grid: 77112 cells (already optimized using non-equidistant grid)
Unstructured grid: 40068 cells
Therefore reduced simulation times are expected, but large velocities around e.g.

extraction wells limit practical applications

r 2

Upper part

SGD semir

Lower part

Regular grid, with density effects

CONCS MODFLOW 6, YEAR = 0 CONCS SEAWAT, YEAR =0

16
1

12

10

8

6

4

2

0
200 300 200 300
x (m) {y = 0) x (m) (y=0)

MF6 SEAWAT v4

SGD seminar 20210630

16
14

o N B o ®
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MODFLOWG: Effect temporal discretisation

L T =

[ ___SEREEEEERgES |

Daly Weekly Wonty Hallyearly

Freshwater Volume for Different Model Temporal Discretization

N
1200

volume * 1000 (m3)

0 10 20 30 40 50 60 70 80 20 100
Time (Years)

—— Daily Stresses Model
Monthly Stresses Model

Weekly Stresses Model
—— Half-Yearly stresses Model

Moty stresss modkl (s wellexaction) J

depth )

| _BEERSEEN

Halfycaty s mode 30 well excion) J

doptn ]

2D Profile of Fresh-Saltwater Interface After 100 years (Y-axis =
5 0)

z(m)

X (m)

Weekly Stresses Model Above Interface Lines:

——Daily Stresses Model
—— Monthly Stresses Model

Below Lines:

Half-Yearly Stresses Model

I Concentration < 1 g/l, freshwater

I Concentrations > 1g/1, Salt water

MODFLOWSG: Effect solver

Weekly stnsses mordl (TYD solver) ’jl
Fime=100 year

depth [m]

Cone: 0 123456780miizBUIE

™ Upstieam Centralin Space

PSR ——

"rt . Weekly sveses smdel (Catnd sebenr) F‘J

dapon pm)

2D Profile of Fresh-Saltwater Interface After 100 years (Y-axis = 0)

Z(m)

X (m)

Base Case Model (TVD solver)

Finite Difference with Central Weighting Schema

—— Finite Difference with Upstream Weighting Schema

Above Interface Lines:

Cl Concentration < 1 g/|, freshwater
Below Lines:

Cl Concentrations > 1 g/I, Salt water

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

= Length of flow time step to recalculate groundwater flow

215



problems

Outflow face at the coast is difficult to model

I

natural recharge

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

* Implementall 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

Y=o/ Tk
VES, monster & bgm

L

FTYPE .
?! o VES i
é & manster wl_
% . boorgatmeting

F I stad

.

rivier

autling nadetland

e €T
L
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Chloride concentraties in Nederand

Cd'y'N -w) adag
2
2
g
g

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

Mapping brackish-saline interface Zeeland

Combining different types of data sources:

Data type Characteristics # Data Determined Accuracy depth
of measurement of interfaces
Groundwater 0D in situ 721 Chloride concentration Depends on positions of
Samples screens
Geo-electrical 1D in situ 149 1D chloride profile, Depth +1lm
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,

Major inversions,
(1D chloride profile).

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 arange depending
Abstractions interface on screen depth
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Mapping brackish-saline interface

Legend D = =
Electrical CPT (example) : T \R)’/ N
CVES survey sites Y N
[ filed tidal channels \\\ 4
Depth brackish-saline interface | 1§\
metres below surface level .

<5
B 510
[ 10-15
1520
B 2025
[ 25-50
1 50-100
. >100

X ) Goes et al, 2009

Mapping brackish-saline interface

Combining different types of data sources

South-West

Depth metres below sealevel (m NAP)

North-East

Holocene

©14962

Pleistocene

Profile distance (km)

Geology Measurements Interpretation
sand R4S
Long Normal well log resistivity (Ohm-m) _—— brackish-saline groundwater interface
— '3y
—e——— peat @61 chloride water sample (mg/l) __—— fresh-brackish groundwater interface

topiciiklelstocens 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

e

Use variable-density groundwater flow modelling

7 STET

Legend

AHN (m NAF)
B o7s-100
P 00075
[ozs-0s0
[ Jooo-ozs
[ ]o025-000

[ ]oso-n2s

- [ o7s--050

-~ P on-07s

0 B 25100

B 150128

B 75150

B o175
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Local 3D model of the agricultural p
Modelling: M@g&

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

m NAP)
076-100

Code:
MOCDENS3D  [mm

Assessing effects:
 autonomous salinisation

* sea level rise

« changing recharge pattern
* (adaption measures)

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

/ ﬁ‘?’”

W+ 2100 + sea
level rise

ooooo

nnnnn

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

I Chloride ) Chloride
sample ? sample

BOm

Chloride sample

250m

-~
N
&
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30m

_ Chloride

S

seepage infiltration seepage seepage infiltration

Chloride

ample sample

Chloride sample

250m

A

Using flow model for better interpolate chloride

seepage

3D fresh-saline groundwater distribution

E

Fresh-brackish-saline distribution groundwater M
Zeeland 3

Deltares

nabling Delta Life 7

X

420000
410000

400000
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Regional groundwater model:
From chloride measurements to a 3D distribution

mg Cl/!

O N0 O .
P

QO O ®
RS

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

e 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 Nile delta, effect of solvers

Volume fresh groundwater in Nile Delta as a function of the time

1050

= MOC.ACC.TSTEP ——FD.ACC =——TVD.ACCTSTEP

Volume of fresh (<1 g TDS/1) in billion m3

MOC.ACC.TSTEP FD.ACC TVD.ACCTSTEP

Time= 2000y

Nile delta, salinity animation

0305 1152 3 4 575102038 60 90

0305 1 152 3 4 5751020238 6090 0305 1 152 3 4 5751020238 6090
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MOC.ACC.TSTEP TVD.ACC.TSTEP

Nile delta, salinity animation

Nile delta, salinity animation

al

03051152 3 4 57510 20 39 80 90 3051152 3 4 57510 20 39 80 90

Case Nile delta, effect of solvers, and different settings
(e.g. Courant number, number of time steps, SS/TR)

Volume fresh groundwater in Nile Delta as a function of the time

1050
e MOC e MOC.ACC s MIOC. ACC.TSTEP

950 w—MOCTR — O e FD.ACC

850 ==——FD.TSTEP ==——=FD.TSTEP.TR.STEP2 e FD.TST]

—TVD ———TVD.ACCTSTEP

750 |

650

550

450 |

Volume of fresh (<1 g TDS/I) in billion m3

350
250

150
o 200 400 600 800 1000 1200 1400 1600 1800 2000 |

226



Find the two errors!

Zoute wel in de Noordplas
stijghoogte=-5.6m N.A.P. Tijg= 0.0 jr

diepte z [m]

1000 2000 3000 4000
lengte x [m]

Conc.: 50 100 200 300 600 1450 2000 2500 3500 |GoF Pdel, novod

Effect sea level rise
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Effects of sea level rise on groundwater
resources in deltaic areas

1. Increase of salt water intrusion

2. Increase of upconing under groundwater extraction
wells

3.  Increase of piezometric head

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

5. Risk of instable Holocene aquitards

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

Effects of sea level rise on groundwater
resources in deltaic areas

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

Digital Elevation Model (DEM)
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Effect of sea level rise:
Analytical approach for zone of influence in deltaic areas

Sea level rise

{ ™ Deltaic zone
L | T T
P e

' hydraulic resistance

" | thickness aduifer 1

L e dondciviy

Aqﬁ(x):qﬁoe*”* « Zone of influence is equal to sqrt(kDc)

A =+/kDc

detactable

e At x=3), only 5% of sea level rise is

Effect of sea level rise:

Case 1 with Dutch subsoil parameters

kD = 1000 m?%/day
¢ = 1000 day
A = 1000 m

1.00

o
©
o

o
ey
o

2060 \
\
\
N

0 4000 8000 12000 16000 20000

o
o
o

Change in piezometric
head [m

o
o
o

Length [m]

0 4000 8000 12000 16000 20000
Length [m]
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Effect of sea level rise:
Case 2 with Dutch subsoil parameters
kD =5000 m2/day

¢ = 5000 day Y I T S
A = 5000 m = = —
[

1.00 7 ‘

B

= 0.80

=

3 \

£ 060

@ \ 0.0010

S >

; 0.40 g 0.0008

=

= \ g 0,0006

©

2 020 S oo

= g

S \ D 00002
0.00 0

0

T T T T
4000 8000 12000 16000 20000
Length [m]

0.0000

0

4000 8000 12000 16000 20000
Length [m]

Case 3 with Dutch subsoil parameters

kD = 5000 m2/dag

cl = 5000 dag, c2 = 50dag
1.00

— 0.80

B

5 oo [N

NN

% 0.40

5 00 \\k_
0.00 ' , ——

0 4000 8000 12000 16000 20000
Lengte [m]

0.0020
0.0016
0.0012
0.0008
0.0004
‘h,—,—
00000+
0 4000 8000 12000 16000 20000
Lengte [m]
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Climate change is HOT!

-

Past and future sea level rise in the Netherlands

Zeespiegel kust Nederland
20 o™ ten opzichte van NAP

— Jaargemiddelde

MMPIMNC fur0S/0220

S & & o X

..
R =
N

sea level with respect to M.S.L. [m]

000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0
Time with respect to 2000 AD

&O
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Implementing new KNMI106 climate scenarios

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

Europa
Winter Average temperature +1,8°C | +2,3°C | +3,6°C | +4,6°C| +5,4°C | +6,9°C
Coldest winter day each year | +2,1°C | +2,9°C | +4,2°C | +5,8°C | +6,3°C | +7,8°C
Awverage precipitation 7% 14% 14% 28% 21% 42%
Summer | Average temperature +1,7°C | +2,8°C | +3,4°C | +5,6°C | +51°C | +8,4°C
Hottest summer day each +2,1°C | +3,8°C | +4,2°C | +7,6°C| +6,3°C | +11,4°
year C
Average precipitation 6% -19% 12% -38% 18% -57%
Sea Ie_vel Absolute rise (cm) 35-60 35-60 40-85 40-85 | 45-110 | 45-110

rise

Introduction

Effect of a relative sea level rise (1):

Deep aquifer

Natural groundwater recharge Natural groundwater recharge
llllll Iljjshoreline
sea retreat
level X
S >

freshwater lens
freshwater lens

decrease of fresh

impervious impervious
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Introduction

Effect of a relative sea level rise (2):

Shallow aquifer

Natural groundwater recharge Natural groundwater recharge
shoreline
retreat
AX
sea k 3

level
rise

freshwater lens

~—

salt water wedge salt water wedge

Introduction

Effect of a relative sea level rise (3):

Shallow aquifer

Natural groundwater recharge Natural groundwater recharge

T T
i e

freshwater lens

inflow of saline
groundwater
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2D Profile and effect sea level rise

Verzilting van het regionale grondwater systeem door autonome processen

{geen zeespiegelstijging) Tijd= 1990 AD
Rijnland Haarlemmermeer Westeinder Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen
-25 3
=50
o
< .75
F
E
o 100
=%
o
o
=125
-150
-175
5000 10000 15000 20000 25000 30000 35000
Lengte [m]

Chloride concentratie [mg CI-]

40 150 300 1000 2500 5000 7500 10000 12500 15000
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Diepte [m -N.A.P.]

Verzilting van het regionale grondwater systeem door autonome processen

{geen zeespiegelstijging) Tijd: 1990 AD
Rijnland Haarlemmermeer Westeinder Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen

=25

'
N
o

=100
-125
=150

=175
5000 10000 15000 20000 25000 30000 35000

Lengte [m]

40 150 300 1000 2500 5000 7500 10000 12500 15000

Diepte [m -N.A.P.]

Verzilting van het regionale grondwater systeem door autonome processen

(zeespiegeldaling= -60cm per eeuw) Tijd= 1990 AD
Rijnland Haanemmermeer Westeinder Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen

=25

=50

'
~
o

-100

-125

-150

-175

5000 10000 15000 20000 25000 30000 35000
Lengte [m]

150 300 1000 2500 5000 7500 10000 12500 15000
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Verzilting van het regionale groncdwater systeem door autonome processen
{zeespiegelstijging=60cm per eeuw) Tijd= 1990 AD

Rijnland Haarlemmermeer Westeinder Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen

-25 5

'
~
o

-100

Diepte [m -N.A.P.]

-125
-150

=175
5000 10000 15000 20000 25000 30000 35000

Chloride concentratie [mg CI-/] Lengte [m]

40 150 300 1000 2500 5000 7500 10000 12500 15000

Verzilting van het regionale grondwater systeem door autonome processen

{zeespiegelstijging=150cm per eeuw) Tijd= 1990 AD
Rijnland Haarlemmermeer Westeinder Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen

-25

=50

'
~
o

-100

Diepte [m-N.A.P.]

-125
-150

-175
5000 10000 15000 20000 25000 30000 35000

Chloride concentratie [mg CI-/1] Lengte [m]

150 300 1000 2500 5000 7500 10000 12500 15000
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Point water head
and
Freshwater head ¢

Piezometric head ¢

ground surface

/_/m_
/watertable
3 Y
observiation well p
h=1L=pressure head ¢ = +1Z
d=piezometric head Pg P g
E_-____‘[.
z=elevation head p = pg (¢ — Z)
+
L
"
=240
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Freshwater head ¢

P :L"‘Z
Pid

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

3. Hydrologists like to use heads instead of pressures

4. Pressure sometimes better

5. Confusing (heads not perpendicular to streamlines)

Freshwater head ¢

h, = h
P
¢, =h, +12
P e.g.: o
Y ps=1025kg/m3
2 0 h+z h=10m
f $=10.25m
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Special case: hydrostatic pressure: ¢,=0

no vertical flow

K,P¢9 (a¢f PP ]

H 0z Ps
o{%+m}
0z o
o =—L P 57
o

b=t -2 (z2-21)
Jor

v o=+ (A2)
1%

Hydrostatic boundary condition at the sea

Water level=+Om MSL

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

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

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

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

Az=10m

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

Az=10m

P~ P

f

P =0+ (Az)
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Hydrostatic boundary condition at the sea

Water level=+Om MSL

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

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

Az=5m p =1025kg/m3 —

¢, =0.075+0.010*2.5m +0.025* 2.5m = 0.1625m
p =1025kg/m3 —
¢, =0.1625+0.025* (2.5m +5m) = 0.35m

Az=10m

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

Az=10m

P~ P

f

Pir =0+ (Az)

Example 2D profile NHI model freshwater head ¢

+10m Sea dunes Haarlemmermeer
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Which one is useful?

point water head freshwater head environmental head

water table
---- reference level

Post, Kooi and Simmons, 2007, Ground Water

Point water head Freshwater head

\ h o.
h . =z+h <= h=h -z b =7+ il <> ¢”:Zi+'—p'
. ' pf g pf
} Pi Pi — Ps
h=ﬁ < p=hpg ¢ i="h;—————1
£i9 Ps Ps
point water head freshwater head

Post, Kooi and Simmons, 2007, Ground Water
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Pi, _ P~ Pr o B
he; = o hi o i hii=2z i
point water head freshwater head environmental head
water table
- 58 = TR --.. reference level
Z;
Which one
is useful?
V I . ...V .. ...V

Post, Kooi and Simmons, 2007, Ground Water

Point water head Freshwater head
Example 1:h,=-1 m MSL, g =1025 kg/m?3, z=-11m MSL: ¢=-0.75m MSL.
Example 2: h, =0 m MSL, 5 =1025 kg/m?3, z=-10m MSL. ¢=0.25m MSL.

Example 3: h, =0 m MSL, 5 =1025 kg/m?3, =-100m MSL. ¢=2.50m MSL.

point water head freshwater head

position of observation well heads in position
1 2 3

Z3

reference level

242



Freshwater head ¢;: horizontal flow?

1 2

density
—_—

P

=

reference level
Ax

P = pughy +f p(2)gdz  gtin =g, 4 Py — | * p(z)gdz
: P+ P9

- tz= P2
p3'*7% = p,gh, A L)
P
atz=z, _ jatz=z,
atz=z, A _k f,2 fl
q =EK—
AX

Freshwater head ¢ : vertical flow?

P+ referencelevel
ool | 2

i ,

Zs T N

“ ) h, ::22

I A L A

7 /5/5///’:%’ A
semi-pervious layer ... B
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Freshwater head ¢

0 — ;
,2=-1.5m
density
—_—
31— p 1 p (Z )
40— z
- 50— e mmm———
-60 — p 2

g% = 504 1005, L | 1000gdz = -50+30+19 =10
, 1000°" " 10009 }-50

) 1010 1w
0 _ 5041080585 1 1™1010gdz = -50+59.085-1.01(-50+60) = ~1.015
diz *1000°""° " T000g [/ 101090z = 50+ (9060

Az=10m

Az=10m

Az=10m

No flow
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Az=10m p=1005 kg/m3 o1 § 5m

Az=10m

Flow or no flow? (if pzhydrostatic than flow)

Calculate to freshwater head!

Az=10m p=1005 kg/m3 plu 5m

Az=10m

1. Determine hydrostatic pressure (and freshwater head ¢)
2. Determine pressure p in welll (and freshwater head ¢¢)
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1. Determine hydrostatic pressure and frwhead

Az=10m p=1005 kg/m3 o1 § 5M
p1=p;9h=1005*10*5=50250 N/m?

Op=p1/psg+2,=30.025m

Az=10m

1. Determine hydrostatic pressure (and freshwater head ¢)
2. Determine pressure p in welll (and freshwater head ¢¢)

2. Determine pressure p in well and frwhead

_ h,
Az=10m p=1005 kg/m3 plu 5"1

P:1=p19h;=1005*10*5=50250 N/m?2
Op=P1/prg+2;=30.025m

Az=10m

1. Determine hydrostatic pressure (and freshwater head ¢)
2. Determine pressure p in welll (and freshwater head ¢¢)

246



Comparison I

Az=10m p=1005 kg/m3 o1§ 5M

Hydrostatic: ¢¢,=30.025m
In tube: 0£,=30.025m

Az=10m

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

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

I I I

5cm lower 14.8cm lower

Az=10m p=1005 kg/m3 01§ 5m

hy=p,/p10=50250/(1005*10)=5.00m

Az=10m
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bore-log

+4
+1
0

-10

-14
-19

-20

-30

-34

-39
-40

-60

land surface

groundwater table
reference level

filter 1

aquitard 1
¢c=500 days
filter 2
$=+3.14m

filter 3
$=+3.14m

aquitard 2
¢=2000 days

$=-0.42m

filter 5
$=-0.42 m

density kg/m’

Take home message

1. Incoastal area (with fresh-brackish-saline
groundwater), always measure head and Electrical

Conductivity (EC)

2. Convert EC to density

3. Determine freshwater head with lecture notes and ppt

4. Determine flow
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Monitoring

Different (fresh-salt) monitoring techniques

“wew  Combining measurements e
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Monitoring salt in groundwater

e Why monitoring?

— Mapping salt concentrations in the groundwater
— Detection of trends (upconing near pumping stations)

— System and process knowledge
— Input for a groundwater model

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

Source: V. Post, 2007

O Pumping stations

with salinisation

. Pumping stations

closed
due to salinisation

EC and Chloride

40000

35000

30000

25000

=
& 20000

ECTrsremy

15000

10000

5000

2
107 10° 10° 0 5000 10000

CI- (mgh

EC-CI at different HCO, ™ concentrations.

P. Pauw, 2009

20120622 SWIM22

15000

20000 25000 30000 35000 401
EC at T=25° C

(b) EC and temperature standardized EC.

00
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EC and Chloride

10° g
104
E
7
S
=]
(=]
10°
HCO5 = 100 mgl
HCO7 = 300 mgl
HCO7 = 500 mgl
HCO7 =800 mgl
et 108

Cl- (mg/h)

2DEC-CI at different HCO5 ™ concentrations.

EC and Chloride
40000 T T T T T T T
— T=5°C
ssoo0f| — T=10°C //_
— T=15°C A
soo0f | — T=20°C / 1
— T=25°C /
25000 - # / ]
P
2 20000 - # ]
15000 /// 4
10000 “a |
/'//
5000 - // ]
/’/
00 50;30 ll]IJDO 156(]) QDEIDO ZM 306@ 35(‘00 40000
EC at T=25°C
? (b) EC and temperature standardized EC.
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Airborne measurements

Measuring system

Physical parameter

Geology/terrain
information

radar

EM traveltime

Terrain elevation

Infrared photography

Infrared radiation

Surface temperature

Time domain EM
Frequency domain EM

Electr. resistivity from
induced EM fields

Lithology
Water salinity

Magnetic gradiometer

Magnetic field (variations)

Lithology (magnetite)
Artefacts
Steel/lron objects

Spectral gamma

Radiation (gamma)

Soil type
Surface lithology
Recent disturbence

Source: Koos Groen

Surface measurements

Measuring system

Physical parameter

Geology/terrain
information

Ground penetrating radar

EM traveltime, diaelectric
constant,

Lithology
Soil moisture

ERT

Electr. resistivity

Lithology
Water salinity

Time domain EM
Frequency domain EM

Electr. resistivity

Lithology
Water salinity

Magnetometer (total field,
gradiometer)

Magnetic field (variations)
magnetic susceptibility

Lithology (magnetite)
Artefacts
Steel/lron objects (UXO)

Spectral gamma

Radiation (gamma)

Soil type
Surface lithology
Recent disturbence
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Cone Penetration Tests

Measuring system

Physical parameter

Geology/terrain information

mechanical CPT

Cone resistance
Friction resistance

Lithology
Geotechnical parameters

Electrical conductivity

Electrical formation
conductivity

Water salinity

Contnuous water pressure

Water pressure

Lithology
Piezometric head

Water pressure dissipation
in clay layers

Water pressure in time

Permeability clays

BAT sampling in CPT
casing

Water chemistry

ROST, MIP

Contamination of
hydrocarbons (high
concentration)

Source: Koos Groen

Camera sonde

Visual view

Lithology, contamination, gas

Monitoring salt in groundwater: Direct methods

Method

Advantage

Disadvantage

1. Observation well

«High accuracy
«Detection trends

«Costly
«Point measurement

2. Well screens in
observation well

«High accuracy
«Detection trends
*High vertical resolution

«Costly

3. Sediment sample
(extraction milliliters of
water)

«High accuracy
*High vertical resolution

*Very costly and time
consuming

Direct methods 1 and 2 —

T Source: V. Post, 2007
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Monitoring salt in groundwater: Indirect methods

Indirect methods measure the conductance of:

High conductance:
saline groundwater

1. The groundwater
Low conductance:
fresh groundwater

AND
High conductance:
clay, sand
2. The soil

Low conductance:
coarse sand, gravel

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

Source: V. Post, 2007

Monitoring salt in groundwater: Indirect methods

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

2. Electromagnetic oFast eLimited vertical
measurements resolution

Sensitive for
underground conductors

(pipes)
3. Satellites «Suitable for large areas | «Small vertical resolution
eLow accuracy

Source: V. Post, 2007
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Method used at Deltares

Number of measurements bottom Holocene top layer :

direct methods and Vertical Electric Soundings (VES)

Combination of: ]
* Direct measurements | 600000
¢ Electrical conductance
measurements 1550000
e Surface (VES)
* Borehole 1500000
] >
7450000
£ ] CONC
5 400000 15000
1 12500
/E:\L 10000
i 7500
350000 5000
1 2500
1000
1 300
~ INO, 2003 GOE || le3°°°°“ ;g“
0 50000 100000 150000 200000 250000

Source: Oude Essink et al (2005)

Electrical conductance measurements

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

Source: TNO

Source: V. Post, 2007
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Electrical conductance measurements

1. Measuring:
— Inside a borehole

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

Source: Vitens

Source: V. Post, 2007

Principle geo-elektrical measurement

. currentelektrode, V: potentialelektrodes, Ra:

appearant elektrical resistiuvity
Ra = constant * V/I

20120622 SWIM22

256



Types geo-electrical measurements

I Vertical Electrical Sounding (VES) T
4 elektrodes at surface @ pp
1D elektrical resistivity profile 2 1

Labor intense A

o P
Accurate, great depths & " F-I\\
Deep hydrogeology 2

I1 Continue Vertical Elektrical Sounding (CVES)
>80 elektrodes at surface

2D elektrical resistivity subsurface

Limited depth (~30 m)

4 kabels metieder 21 elekirodes
g
2

20120622 SW Geo-elektrische meetapparaat

160 m

VES measurement end 1950s/beqin 1960s
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CVES
measurements 2010s

SE

T 1 O L O T

T
| Apparent resistivity [Ohm-m]

RAW DATA CVES Line 1 - Schiumberger

Sount 8 tar 3ad brdge & Her N

Distance [m]

Line 3 - Schlumberger
and of bare land

tiver| ;
v K.

175 200
Distance [m]

Line 5 - Schlumberger

Distance [m]

water met hoge EC (age weersiand)
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200 175 150 125 100 B0 €5 S0 40 30 20 15 10

13 a
I || Real(inverted) resistivity [Ohm-m]

se Interpreted CVES

Line 1 - Schlumberger, Back Projection Inversion, Iteration 14 (RMS = 22%)

s 1 ot g & river
ot M ¥
7 a0 = . -
Em
5
o 380
L

£ 4

o 25 50 kil 100 125 150 s 200 225 250 275 300 325 350

Distance [m]

Line 3 - Schlumberger, Back Projection Inversion, Iteration 10, (RMS = 20%)
ter rosd

ivar el of bare land

TTeTghT [m-ae]

Distance (m]

rivar

hil Line 5 - Schn\:limberger. Back Projection Inversion, Iteration 12 (RMs=14%)
Tar
v

Distance [m]

water met hoge EC (lage weerstand)

5

Ny

400

Nw

T
Site 11 - Renesse LW | E

FRaal Invartes Resstivity (Onm-m}

South-East North-West

Line 1 - 26 March 2007, Schiumberger, Back Projection nversion, lteration 2 (RMS = 38%) - Cl = 3000 mg/l estimate between 3.8 and 1,6 Ohm-m

A\

150 170 190 210 230 250
Distance (m)

Haorth-East

South-Weat

Lirme 2 - 25 March 2007, Schlumberger, Back Prpjection Inversion. lleration 14 (RMS = 21%) - C1 = 3000 mg/l estimale betwesn 3.6 and 1.8 Ohm-m

- ! i

LT
Distanice {mj

120 130 140

water met hoge EC (lage weersiand)
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Possible measures for sandy creeks

mg Clll onderkant deklaag, 2010 Of (/
- < 150 MM
[ 150 - 300 ’" &
/I 300 - 500
I 500 - 1000 / ZRJ/
11000 - 1500 :
7|1 1500 - 3000 P
13000 - 5000 Ay
I 5000 - 10000 - 1 )
[ 10000 - 15000 o &‘"\ﬂ]}
|- > 15000 G
CVES transect L ouwerse Resigivity In.qm
0 II T 100
-9
-1
E
£ 50
g - 15}
(=]
-2 %
20
18
-2 10
5
0 50 100 150 200 250 =00 g

Horizonta distance frcm first e ectrode (m)

e =

AN IS

~—

Monitoring salt in groundwater: Indirect methods

 Electrical conductance measurements
ps = resistance subsoil & groundwater
Ps=" Pu p, = resistance groundwater

F = formation factor

Lithology F

Gravel with sand 7

Coarse sand 5

Sand with silt 2-3

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

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

VES measurements are used in combination with borehole logging

Source: Oude Essink, 2005
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Result: chloride concentration bottom Holocene toplayer

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

3

LR

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

* 2D Result is an combination of:

1. Direct measurements (3500)

2. Electrical conductance in boreholes (2000)
3. Vertical Electric Sounding (VES)
measurements (10.000)

Source: Oude Essink, 2005

T-EC probe

TheInterreq IVE
North Sea Region
Programme

d

WETTERSKIP
FRYSLAN

provinsje fryslin
provincie fryslin g

CLIWAT

261



W

T EC fieldwork

Altitude measurements

- p—

The Interreg IVB { /:

North Sea Region - .
Programme WETTERSKIFP provinsje fryslin

RV LB provincie fryslin g
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Use field measurements to understand the
process

Level relative to ditchlevel (cm)

60 . 80 100
Distance (m)

bdie Gondwater Badem Zotgehalte
— Maaiveld -—- GG = Fjnzand 1mScm
=== Draimiveau ——GWsT H  Lichte - metige zavel 5mSem
------ GG u_Zware zavd - lichte Kei

TEC-probe Monitoring campaign 2005-2009

Verziltingsonderzoek Provincie Zeeland

® Perceel 1 keer gemeten > e |
@ Perceel 2 keer gemeten u{ M// DéTtareg
—] ’\r

© Perceel meerdere keren gemeten Enabling Delta Life 7

0 5 10
Nme{campagne regenwaterlenzen op lmg@pwpergére;
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Cliwat www.cliwat.eu

» Transnational project in the North Sea Region

* Main objectives:

— to evaluate the physical and chemical impacts of climate change on
groundwater and surface water systems

— to provide data for adaptive and sustainable water management and
infrastructure.
» Different innovative monitoring techniques (Helicopter
EM, CVES, CPT, TEC-probe) are used to map the
salinization status of the coastal groundwater system.

@ ™Mmdt EGrT;
| L nd Rohs
e regionmidtjylland
G EUS Leibniz Institute for ~ Provinsje fryslan = TimT
s : [ — w Anilicd Sociiits  provincie fryslin ggw oy ren s e Uiy
) Pout i il Deltares ™, Feccon

%.E,% 2 = Y AL Region M
SO - Cd 747 Syddanmark

Description local area

NHI freshsalt
20.6M qeniSIS
250m &

2010

Areaef interest

025 50 75 100 km T ==

Number of cells o
Size of cell 7
Date of release / . ¥ >

y i
[ Schouwen-Diiiveland®

B

¥
\

Y

NG
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Monitoring network in our Pilot Area Zeeland
I:IHEIVIarea

~ cross section Fig. 2
© CVES

W TEC-probe

® ECPT
GW-sampling

infiltration

é
- CLIWAT

' CLIMATE & WATER

B G Bum:xmsldll J:r

-v—mkohslal’le
GEOZENTRUM HANNOVER

A o 10 Kilometers : Up to local approach

Example: Assessing effect of climate change on salt water intrusion

Monitoring: Source: Oude Essink, 2009

« piezometric head and solute concentration

* TEC probes, CVES
* online

TEC probe

MRS

[ 1 N
: % 0 o

Afstand (m)

Site 11 - Renesse
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Site 11: from infiltration to seepage

;- Locl-1m

Loc 31-100m

Loc 2-150m

CVES line )
Loc 3-200m

Zandige kreekrug

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

B0
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Loc 32-300m

......
2 0
ey

A4
.o
ot
.

~00gl
ES
varh. 0imEStreamingdl 111111151003 Ooghoogle 432'm
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S
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e

cm below surface
5

L]
— it

.| distributi
- |
31070 31007708 # 3107108 i I St r I ut I 0 n
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¢ | i
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=
sased——1="
S22E8S : :

Fossil Creek ridge

® ECTmsiem® =
» Loc 11: 300m
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Factors controlling fresh-salt interface

‘ Precipitation surplus

O o e

} Surface water level ‘
phreatic
d

ditch [
‘Drainage

Comp. cover
Layer (k,d,S) |

/

—{ Seepage intensity »
I \

Important factors:

-natural grw recharge

-geology :
-distance between ditches upper aquifer
-water levele ditches f i A

T‘ Salinity of groundwater P

-capacity drainage system .
seepage of saline groundwater

Deltares 2012/GOE

t $ f f f t f

Lens characteristics

C) —
Clinin
Q- Q H
10 11
e E‘T* E‘T* -
E ® Drmix Zo- o
c O wW o} ° “
= B mix| = e e
% Bmi><A - - |
| | | | | |
) 0 5 10 15 0 5 10 15
cl (g cl (g
< | Climax
1

I
0 5 10 15
Cl (g/l)

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

+«——— kwelgebied «— overgang «—— infiltrate ———

s o : o s sxsow| Phraesgrary Phrrggesgen Fasereyany [Tyuasy b
Loed oc Ldc 3 Loe3z Loca
g 0
¥ )

R I

|
|

ECPT = electrical cone penetration test

CVES

CVES: continuous vertical eletrical sounding

vistance (m)
Renesse, line 1, Inverted Resistivities (Back Projection Inversion, Iteration 4, RMS=41%)
o ditch (EC = 12300 uSfcm)

- ’ il ‘.7‘:‘ W 7 [ "J 7!)7:2_«\|_; D\ gV

30 40 50 60 70 BIO 90 100 110 120 130 140 150 160 170 180 190 200 210

Distance (m)
300150100 75 S0 30 20 15 10 7 5 3 2 1 O

f = === C|= 3000 mg/l interface (estimated)
Resistivity (Ohm-m) ?7? upconing of saline water expected
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Seepage / infiltration determines
thickness rainwaterlens
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Electrical conductance measurements

10 juni 2013

From bulk to groundwater resistivity

Twest ocost
t

EC lithology

ECbulk

EC groundwater
- fresh-brackish-salir

EC = Electrical Conductivity = conductivity

i De!tares
S
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BGR helicopter-borne geophysical system

Airborne geophysical survey system

Sikorsky S-76B
* : \AI.

O T SRS S T GPS

Helicopter:

Helicopter
equipment:

Standard
equipment:

Optional
equipment:

Base station
equipment:

Survey speed:

Sampling distance:

Line separation

Sikorsky S-76B

GPS-Navigation

GPS-Tracking

Radar and barometric altimeters
Video camera

Electromagnetic system
Magnetometer

Laser altimeter
Gamma-ray spectrometer

Laser scanner

Pulse radar

Stepped frequency - Radar
Gravimeter

Differential GPS
Photogrammetric camera
Infrared camera

Magnetic total field sensor
Air pressure sensor
Differential GPS

130 - 160 km/h
~4and40m
50 - 2000 m

3040 m

Base
station

Laser altimeter

Video camera: ; T :Radar

altimeter

Meeting in Utrecht Feb. 25th 2014

BGR helicopter-borne geophysical system

Recent six-frequency HEM system

RESOLVE - Digital system

Modified BKS36a DSP and BKS60 DSP systems

Type:

Length: ~10m

Weight: ~ 400 kg incl. cable (80 kg)
Manufacturer:

Frequency [Hz]

Fugro Airborne Systems, Canada

Coil separation[m]

Geometry

x iz
x 1796 Hz

387 7.94 horizontal coplanar
1820 7.93 horizontal coplanar
5500 9.06 vertical coaxial
8225 7.93 horizontal coplanar
41550 7.91 horizontal coplanar
133200 7.92 horizontal coplanar
SukhesdCommctr = sulkheod Comector
Y:xalkn: et TRl TePFLL Bucking Coil Platform Magnsomte atiorn - |H e RX8600Hz  RX137kHz
Te380He | Te1796 He [ T T 1 1] o il | BN woation | xasons |
| Laser Altimeter 1
Olinch Transmitter Section Bucking Section Magnetometer Section Receiver Section 3508 Inch
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Footprint of lowest frequency

I
Footprint of highest frequency

£
Air ‘I’ \I
fy f, f;
Earth Penetration depth of
____________ highest frequency
Penetration depth of
______________________ lowest frequency

Typical resistivities / conductivities

MR [ [ TN

0.00001 0.001 0.01 01 1 10 100 1000 100000 p [Qm]

Graphite
Sulphide
Magnetite
- Clay (wet) : = m (dry)
. Pe: = |
| =]
i )
Loar 1
M i —
Sa (wet) 1 (dry,
Gravel (wet) (dry)
Sandsto
Shal .
Limestol i
Rock sa (moist) (dry)
Bedro L { i

100000 1000 100 10 1 0.1 0.01 0.001 0.00001 o[S/m]
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Case Wetterskip Fryslan

Legend
* ECPT
Y Cl measurements
—— HEM
skyTEM

== mm = Geological cross-secti

g/l

B5B850LIB8BUELELERES

Case Schouwen-Duiveland %5

&

SpssnpLsRaee2ERESE

SETENN

Sikorsky $-768

1km
gamma-ray spectrometer- *e
EMY conductivity D) N
EC
imSiemy  Of top B (mS/m)
WE s
o2 020 The f monitoring
o) - \ points (mp)
ani
w%
bt
bri
by
i
S
n
magnetometer,
laser altimeter

3040m

base station

conventional monitoring techniques
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[ Ormgm] HEM results
with depth

Compare Airborne EM with ECPT
Case Wetterskip Fryslan

ECFT: 505600615 ECPT: S05G00610 ECPT: S10F00073 BCPT: S10F00072
HEM-id: 161304021 579176.305 HEM-id: 160478.403 580431620 SkyTEM-id: 19302 STEM-id: 10487
om

distance: 31.0m

o ; f

distance: 17.0 m distance: 23.0 m

=
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iaahaE
Lo
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— EC from ECPT

— EC from inversion

10 juni
2013
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3D characterising fresh-saline groundwater

How much samplesin 1 week on 900km?2?
AEM: 80000 data points

ECPT: SIGF00073 ECPT:
SKYTEM.8\- 19392 ShyTE
distar om distanc

fe N

o 058z o1 __oF 08 10
EC(S/m]

In-situ: >100 data points

Analysis of the (ground)water system
FRESHEM Zeeland: fresh-salt mapping groundwater

~7

« lithological model and soil measurements
-> translation into chloride

+ Validation with ground truth measurements

+ 3D distribution chloride concentration

International:
« Project in Flanders, Belgium
™o BGR DPeltares «  Pilot Mekong, Vietnam
w0

s

276



Airborne EM surveys:

grens 1500 mg CI1 ‘midden’ (0 12515
mtov maskved -

sk ;
420160412 IAN

‘&n 5 10km

3D Characterisation of the subsoil

much cheaper, faster, 3D,
and as equal accurate as
conventional geophysical methods

FRESHEM Zeeland

S — Enabling Delta Life

m innovation
for life

mg i
30000

. saline
10.000
5.000

1,500

T —— 600
| 300
‘\‘ o fresh
e
11

FRESHEM pilot Canal zone, visualization in iMOD

Example NL, Zeeland, project FRESHEM

Bulk resistance [Ohmm]

much resist

/ little conductivi

5000

Lithology

2000

5000 5000 10000 T2000

Chloride, per HEM layer [mg/l]

- Chloride concentation

2000

9326/aad19e

3000

Delsman, J.R., Van Baaren, E.S., Siemon, B., Dabekaussen, W., Karaoulis, M.C., Pauw, P.S., Vermaas, T., Bootsma,
H., De Louw, P.G.B., Gunnink, J.L., Dubelaar, W., Menkovic, A., Steuer, A., Meyer, U., Revil, A., Oude Essink,
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Combining monitoring techniques
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Helicopter-EM data for mapping fresh-saline
groundwater
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Thickness rainwater lens (D) by HEM
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Comparison monitoring data with model results
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Rainwater lens thickness (D= average position mixing zone)

mapped with HEM
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Salty boils

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

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

Deep polder Peat land

Confining layer
(clay, peat)

Upper aquifer

Paleochannel belt (sand) (sand)

Phreatic level 777 Hydraulic head upper aquifer
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(Burried)

Paleochannel belts

Preferential seepage via boils

Deep polder Peat land

Paleochannel belt (sand)

Phreatic level = Hydraulic head upper aquifer

Confining layer
(clay, peat)

Upper aquifer
(sand)
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Preferential saline seepage via boils

S

Preferential saline seepage via boils
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Three types of upward groundwater seepage

deep polder peat land fr:e’\\/nastifn
g Paleochannel seepage Diffuse seepage Boil seepage 0
. Cl-conc seepage:
(Polder Noordplas)
g « Diffuse :
: 100 mg/l
» Paleochannel :
600 mg/I

. * Boils:
———— flow direction groundwater aquifer
I:l aZu\tard 1100 mg/l

= . seepage flux — paleochannel

| belt
— =

N 7100 isoline chloride boil
"~ concentration (mg/l)

From: De Louw et al., 2010, JHydr.
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Continuous T and EC monitoring @z

of surface water while sailing

Haarlemmermeer
Polder

T, EC sensor, GPS

N

BOIL

Ditch bottom
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2750 3000 3250 3500 3750 4000 4250 4500 4750 5000 5250 5500

Distance (m)
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Mapped boils
and Cl-conc.
surface water

Boils

©  Cl=500-2000 mg/l
O  ClI>2000 mg/l

Cl-conc surface water

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

LARS technology (TNO Industry):
Thermal Infra-red

» Altitude: 0-150 m
» Temp-detection using Thermal Infra Red
sensors (only surface!)
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Thermal infra-red results (blue is cold, red is

warm)
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Zone with boils

Ditch

To get an idea about the possible future effects of sea level
rise and climate change in your delta ...

evaluate of the past water management in the Dutch delta
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Salt water intrusion in the Netherlands

m Tt flond Fretres.net]
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The ‘low-lying’ lands: Netherlands

P

st = ‘ > The city of Delft

Case study: The Netherlands

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

Intensive water management system

Coping with salt water intrusion
problems since 1950'’s
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The ‘low-lying’ lands: Netherlands

The facts:

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

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

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

» 8 million people would be endangered

The Great Flooding in february 1953

Combination of high tide and heavy storm:

-1853 casualties
-2000 km? flooded
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Infrastructure to protect our low-lying land from
flooding

River flooding in 1995

Combination of heavy rains upstream the catchment
& short retention time
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Dike collapse 2003

Combination of peat dike instability and very dry summer

Estimated water management costs
‘to keep our feet dry’

Costs up till 2050 in billion euros:

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

26.5 billion euros
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Dutch setting

Salt water intrusion in the Netherlands

Present ground surface in the Netherlands

53°

Depth T:Iaive
to M.S.L. (m):

r highest point:
| +322mMS.L.
<
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2750, Chr.

Legend

=
Depth brackish-saline interface /
.- ‘
. 2
[]s--10
[J-10-25
[]-25-50
[ s0--100
[ -100- -200
B 200300
Bl - 300

1000 mg CI-/l
(m -ground surface)

Deltares

Enabling Delta Life 7_

50E 701
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Legend

-
Depth brackish-saline interface % <
Fresh-Salt .- :
. 2.5
interface =
[J-0-25
[ J-25-50
[ -50--100
[ -100- 200
I 200- 300
Bl - 0

1000 mg CI-/I
(m -ground surface)

Deltares

Enabling Delta Life 7_

GOE, 201t

swee . Hydrogeology
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Salinisation of the Dutch subsurface

Physical transport processes:

« advective: e.g. trans- and regressions

« dispersive: mixing with marine deposits

« diffusive: e.g. 1Jsselmeer lake

« chemical: solution, precipitation, ion-exchange

Anthropogenic causes:

« land subsidence

« polder level lowering
 groundwater extractions

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

Dutch setting

Abrupt land subsidence

Dutch setting

position polders:

[ 2410
[ 10-20
[ 2040
[ >40

ground surface

Germany

Belgium

0 25 50 75 100km
] highe st point:
O+322 mM.S.L.

B <4mms.L. v P Beemster 1608-1612
4 --2 e =7 Wormer 1625-1626

2-0
E 20 Norhsea gt Schermer 1633-1635
y rd Purmer 1618-1622

Haarlemmermeer polder
1850-1852

Wieringermeer polder
~1930

Flevo polders 1950-60s
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Development of the Dutch ‘Polder’ Landscape

streams in the low lands

swampy lands
~1000 AD

primitively drained

polder
13t century

boezem

deep polder polder

17t century

pumping station

2.5-4.0 m below
mean sea level

19t century
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From fresh water outflow to salt water inflow

Historical subsidence of the ground surface in Holland

Causes:

e Autonomous processes
e Land subsidence
e Abrupt land reclamation

e Climate change
e Sea level rise
e Change in net recharge
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channels building drainage drainage
-
\ x
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Land subsidence
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Land subsidence

up to 1 m per century

The polder system

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

a sophisticated drainage system
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Many agricultural plots with
different water levels

The polder system throughout the season

The polder system
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The polder system

Bulb farms at the landside of the sand dunes

304



Salt damage in 1976 (very dry year)

[ ]<5%
u 5-10
[_]1wo18
[ ] 15-20%
niet in
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Salt damage [percentage] in
potential crop-production

Atlas van Nederland, deel 15 Water, 1986

Drought damage in 1976 (very dry year)
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. niet in

beschouwing
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Atlas van Nederland, deel 15 Water, 1986
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Impacts

‘Wetting’ damage

Normal situation

Crop damage due to a
reduction in groundwater
extraction in the dune area

Now focus on groundwater...

North Sea Coastal Deep Peat Fresh water Ice-pushed
dunes polder lands lake ridge

Brackish/saline
«—> Peat/clay layer
" Flow line

- Phreatic surface
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Threats to water management

due to climate change:

Short term threats:
-flooding
-dike collapse
-drought

asks for operational water management

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

asks for strategic water management

Dutch setting

Past and future sea level rise in the Netherlands

Jelggrsma (1979)

| Van der Plassche (1982)

S \ """ Futuré’prédict"édSLR"'I""_
: : 20.5micentury

...... R e O o ST =

source IPCC [1 995]
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d A
[— 2 - ]
|
1
|

T T - T T T T
-8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0
Time with respect to 2000 AD

sea level with respect to M.S_.L. [m]
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Numerical variable density models at Deltares

Characteristics:

« variable-density groundwater

« fresh, brackish and saline
« 3D, non-steady
« coupled solute transport

Code (MODFLOW family):

MOCDENS3D
SEAWAT

Assessing effects:

« autonomous salinisation

* sea level rise

« changing recharge pattern
« land subsidence

« changing extraction rates
« adaption measures

NHI fresh-salt/Cliwat

0 25 50 75 100 km

flanden  __qyve

Zuid-Holland

‘DO NOT DO THIS AT HOME! (DATA

PROBLEM)

__ 500

Number of cells: 3D cases with MOCDENS3D

PN
o o
o o

I —

30.0 4o ;

25.0 f-on
20.0 4---
15.0 -

Number of active
elements (in millions

—
o o
o o

Time
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Modelling effect sea level rise on salt water intrusion

2D models

of eilanden
Ph.D.thesis {@6“% =
http://repository.tudelft.nl /

SWIM16

0 25 50 75 100 km

Modelling effect sea level rise on salt water intrusion

3D models

MNP

Texel

Noord-Holland

0 25 50 75 100 km
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Modelling effect sea level rise on salt water intrusion

3D models MNP

SWIM SNITED
>
7

K
Texel
SWIM16 &
Noord-Holland
TiPM, 2001 / "i ;
A

Rijnland

1 Zeeland

0 25 50 75 100 km

Modelling effect sea level rise on salt water intrusion

3D models MNP

jlanden
number cells | 2:8M 0t S o &=

Texel
230K ﬁ

Noord-Holland
62K / /ﬂ |

Rijnland
1.2

0 25 50 75 100 km
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Recent model study for the whole Netherlands
on the effect of sea level rise of water
management (1)
Using the national subsoil parametrisation
REGIS V2

Top geological system from +10m up to -280m M.S.L.

31 modellayers with thicknesses: 2*5m; 10*2m; 8*5m en
11*20m

cellsize 1000x1000m (coarse)

3 Y S |
50000 100000 150000 200000 250000 40, GOE 07 50000 100000 15000 200000 250080

Recent model study for the whole Netherlands
on the effect of sea level rise of water

management (2)
Using the national 3D salt concentration in groundwater
Fresh-Salt REGIS: ~65000 measuring points (analyses, VES, Borehole)

b\’\ Chloride concentratie op -10 m N.A.P. Initiele situatie
X
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600000

Chloride concentraties in Nederland
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.
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Recent model study for the whole Netherlands
on the effect of sea level rise of water
management (3)

» \ariable-density 3D groundwater flow model and coupled
solute transport

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

Piezometric head (m) _ Tme20084D E_ ‘ ‘ Seepage (-) / Infiltration (+) mm/day
; ; ; EoN Land subsidence 2050 ‘ — Time=2005 AD
A = 600000
w0 .‘f;;':fﬂm?u

NS t
A A . 2
P T 400000
&? i 2
e 1
——— —— 350000 08

300000 1
@E0N -2

0 50000 100000 150000 200000 250000

100000 150000 200000 250000

X

Results: zone of influence 1m sea level rise

Effect of sea level rise:
x

Zone of influence in the groundwater system
Sea level rise=1m

550000
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>
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difference in head
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300000
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Salinisation over the period 2000-2050

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

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

MNP: Effect zeespiegelstijging NL (0mj)
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Salinisation subsoil at 2m sea level rise in 2050

MNP: Effect zeespiegelstijging NL (2m)
-11m N.AP.
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Salinisation subsoil at 4m sea level rise in 2050

MNP: Effect zeespiegelstijging NL (4m)
-11m N.A.P.
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Salty wells

Seepage and infiltration situation around deep polders

‘ | clay/sand

first aquifer
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Risk of instable Holocene aquitards (1)

clay/peat

/

base peat

Deklaag

and |

first aquifer

A + seepagefinfiltration == piezometric head in aquifer

e thickness aquitard
groundwater level

Creeks cross the
Holocene aquitard in
Zuid-Holland
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Holocene layer

diepte (m)

80 100 120 140 160 180 200
afstand (m)
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Simulation of salt groundwater towards wells

Zoute wel in de Noordplas
stijghoogte=-5.6m N.AP.
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Quantification hydrogeological impacts of sea level

rise

Province of Zuid-Holland, salinisation of the subsoil

Satlosd st 7.5mNAP. bohaiy])

Situation

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

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

Increase seepage (%) +22 +4

Increase salt load (%) +46 +34

Hinge area: from infiltration +3 +5

to seepage (% land surface)

Modelling

3D models
number cells
grid size

effect sea level rise on salt water intrusion

MNP

jlanden
2.8M on eilan >
1000m &“»"f -
- 7
exel
230K
Noord-HoIIand"
62K /‘i |
1250m
Rijnland
1.2

100m
0 25 50 75 100 km
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3D modelling

Characteristics 3D Cases (I): geometry & subsoil

Case Kop van Texel Wieringer- Rijnland

Noord-Holland meerpolder
total land surface [km?] 2150 130 200 1100
L,*Lymodelled area [km] 65*51 20*29 23*27 52*60
depth system [m -N.A.P] 290 302 385 190
aquifer hydr.cond. [m/d] 5-70 5-30 15-40 12-70
aquitard hydr.cond. [m/d] 0.12-0.001 0.01-1 0.012-0.056 2.5E-4-0.8
porosity 0.35 0.3 0.25 0.25
anisotropy [k,/k,] 0.4 0.4 0.25 0.1
long. dispersivity a, [m]** 2 2 2 1
# head&conc. observations | not applicable* 111 95 1632
characteristics not applicable* | |A¢|=0.24 m |A$]=0.34 m | |A$|=0.60 m
head calibration c=0.77m 6=0.21m c=0.77m
* calibration with seepage & salt load in polders
“*molecular diffusion=10-° m2/s; trans. disp.=1/10 long. disp.

3D modelling

Characteristics 3D Cases (11): model parameters

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

convergence head criterion=10-5/104 m

flow time step At=1 year
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Model of the island of Texel

Texel

Characteristics of the island of Texel (1)
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*Tourist island in summer time
eLand surface: 130 km?

«Polder areas:
1. Eijerland
2. Waal en Burg
3. Dijkmanshuizen
I 4. Hendrik polder

Sand-dune area at western side
N ‘De Slufter is a tidal salt-marsh

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

Texel case: chloride concentration [mg CI/1]

Time=2000 AD

{w] wdep |

Texel

Texel: reference case=autonomous development

distance [km]

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

o 10 15 20
distance [k

Concentration changes in the top system as a function of time

GOE

Texel
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Texel: effect of sea level rise on salt load
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Texel: change in salt load of the four polders

Texel
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Case study: Province of Zuid-Holland

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

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

More seepage, more salt load?

Land subsidence

45000 55000 65000 75000 85000 85000 105000 115000 125000 135000 145000
L 1 L 1 1 1 L L
E T

2050 §

Land subsidence

Bl =050
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Location of the Province of Zuid-Holland

-

53°

resent study o
rovince of "
uid-Holland

52°

Germany

51%

Numerical model description

e variable-density groundwater flow

« coupled solute transport

« MOCDENS3D

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

* 400 *370 cells, 40 layers

e ~4 million active cells

 uses most accurate Dutch 3D subsurface
schematization available

» 9 aquifers and aquitards

e uses 5772 chloride concentration measurements
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Position and name of aquitards

- aquifer /
AT FJ
- o

Hydrogeologié bge//
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T o g o ED i i i e s } :

3D interpolation of chloride-concentration

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

Histogram: depth Chloride measurements
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Present freshwater volume

27 billion m3

36% fresh, 14% brackish, 50% saline

Results: Chloride conc. in 200 yrs

Province of Zuid-Holland, salinisation of the subsoil

layer=2, -7.5 m N.A.P. Time=2000 AD
> 2

475000

450000

Conc.
15000
10000
7500
5000
2500
1000
300
150
50

425000 &

100000 125000

TNO-NITG, GOE '04
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Results: Chloride conc. in 200 yrs

Province of Zuid-Holland, salinisation of the subsaoil
row=70 Time=2000 AD
sof
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[T |
(af [
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250
: | I 1 1 I L
50000 75000 100000 125000
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Results: freshwater head and seepage at 2000 AD

Time=2000 AD z ¥

b

X

seepage

Province of Zuid-Holland, salinisation of the subsoil

layer=2, -7.5 mN.A.P. Time=2000 AD
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Results: Salt load in 200 yrs

Province of Zuid-Holland, salinisation of the subsail

layer=2, -7.5 mN.AP. Time=2000 AD
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Effect sea level rise, change in natural groundwater
recharge and land subsidence on freshwater head

in aquifer

Some regional modelling results
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Freshwater head at -12.5 M.S.L.

Legenda
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referentie: stijghoogte [m]
12.5 m-NAP, T=2075

Difference in freshwater head on op -12.5 N.A.P.: G scenarios

Legend

difference in head (m)
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Including change in natural groundwater recharge
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Sea levelrise is 60 cm
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Difference in freshwater headon op -12.5 N.A.P.: W scenarios

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

Legend
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Salinisation/freshening Netherlands?: Present situation

Legend
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Legend
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Rainwater lens

Rainwater lenses in an agricultural setting

Shallow dynamic freshwater bodies flowing upon brackish-
saline groundwater

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

Salinisation of the phreatic groundwater in
/ Zeeland -

Position of brackish-saline interface
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Salinisation of the phreatic groundwater in Zeeland

Dynamic rainwater lenses floating on saline groundwater

S ) thickness rainwater lens varies due to
Situatie in de winter neerslagoverschot R X
the dynamics in seasonal and long-year

R natural groundwater recharge

stijghoogte 1ste watervoerend pakket

Situatie in de zomer neerslagtekort

1 N O A Y O A A

” “stijghoogte 1ste watervoerend pakket
il
waterloop freatische

Factors controlling fresh-salt interface

fit"TﬁO“li"“T"tetPre'(:ipitation surplusu l l l

v v v v

‘ Surface water level |

Comp. cover
Layer (k,d,S)

Important factors:

Seepage intensity

-natural groundwater
recharge

-geology

-distance between ditches
-water levele ditches
-capacity drainage system

Salinity of groundwater
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Salinisation surface water
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Salinisation surface water

VERZITNGSKAART VAN HET PODERWATR & | | (M & 11
N OF PROVINCE ZEELAND S UT mer ti rrI j

VERZILTINGSKAART VAN HET POLDERWATER
IN DE PROVINCIE ZEELAND.

oo <

s &

v%inter time

Problem definition dynamic
freshwater lenses

Salt in the agricultural plots originates from:

e surface water system (irrigation water)

e groundwater system (salt load to the root zone)

The salinisation will increase due to:

» sealevel rise
e climate change
e water level management
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How to tackle the problem?

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

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

Fossil Creek ridge

0 Lt Tim

DoobobbooboooooonooDBRD

SRR aGIEEBSRESE

Local 3D model of the agricultural plot

LT S 2
Modelling: .?G’W”#”

« variable-density ' ' %
* 3D, non-steady

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

Legend
AHN (m NAP)
o7-100

o075
N oo

Code:
MOCDENS3D

Assessing effects:
» autonomous salinisation
* sea level rise

« changing recharge pattern
* (adaption measures)
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Comparison model with EM31, CVES, profiles

Cl-profiles
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HEM data

central depth

apparant resistivity

chloride concentration model
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Climate change scenario (dry): model result
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To be continued...

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

- Analyse the differences

« Running climate change scenarios (on national and
regional level)

- Effect on surface water (salt load)
- Effect on root zone (rainwater lenses)
- Effect on freshwater volumes (drinking water)

e Compare model results of different scales and give
recommendations

Model the dynamics of fresh-brackish-
salt interface

Regenwaterlens Wetterskip Fryslan

2015.0 AD
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5000
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1000
300
150
50

diepte {(m -mv)

25 50 75 100 125 150
lengte [m]

TNO 'D5
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Model the dynamics of fresh-brackish-

salt interface

Regenwaterlens Wetterskip Fryslan
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Conclusions (salinisation Dutch aquifers):

«Salinisation in the Netherlands is a non-stationary process
*Three physical processes threaten the Dutch aquifers:
—autonomous development
-land subsidence
-sea level rise
eIncrease in seepage and salt load can be severe during the
coming 50/100 years

*Modelling techniques are available to assess possible effects

Recommendations (salinisation Dutch aquifers):

Number of quality measurements should be

increased

eFeasibility study is necessary to implement potential

technical measures to compensate salt water intrusion
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What is Submarine Groundwater Discharge
(SGD)?
any flow of water out across the sea floor

LAND

FRESH
GROUNDWATER

SUBMARINE DISCHARGE
OF FRESH GROUNDW,
SHALLOW AQUIFER

SEA WATER

DEEP SEDIMENTS

Burnett et al, 2006

Why study SGD?

Nutrients are transported from land to sea via SGD pathway

Precipitation

Evaporation
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Why study SGD?

Nutrients are transported from land to sea via SGD pathway

Philippines

Submarine Groundwater Discharge
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Conclusions (modelling of variable-density flow)

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

« Use enough cells to model the Hydrocoin and Elder problem

For modelling 3D systems:

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

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

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

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

Challenges for the future

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

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

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

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

« Incorporate reactive multicomponent solute transport
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Solutions

Possible measures to compensate salt water

intrusion

1. Land reclamation in front of the coast

2. Inundation of low-lying polders

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

5. Creating physical barriers

1. Rijnland model: land reclamation case

20 15 10
L L L

35 30 25
L L L

50 45 40
L . L

55
L

60

4] 5 10 15 20 25 30 35 40 45 50

Rijnland
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1. Land reclamation in front of the coast

Rijnland model {row 7 2): land reclamation in front of the coast

land )
reclamation Time= 0yr
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Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder

Calculated present phreatic water head
Reference: present situation Inundation polder
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Rijnland
2. Rijnland model : Inundation Haarlemmermeerpolder
Calculated seepage and infiltration on -10 m M.S.L.

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

Reference: present situation Inundation polder
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Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder

Rijnland model: inundation Haarlemmemmeer polder
0 including autonomous development, sea level rise and land subsidence
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Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder

Rijnland model: inundation Haarlemmermeer polder
including autonoemous development, sea level rise and land subsidence
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Rijnland

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

Rijnland model (row 72): Inundation Haarlemmermeer polder
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4. Injection of fresh water (conc, 1000 yr)

Salinisation of the groundwater flow system

The change in salt content in the subsurface
due to fresh water injection
and a sea level rise of 0.6 m per century

Profile Amsterdam YWaterworks-polder Groot-Mijdrecht
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5. Physical barrier (conc, 1000 yr)

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

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

Profile Amsterdam Waterworks-polder Groot-Mijdrecht
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5. Physical barrier (conc, 1000 yr)

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

due to a physical barrier in the deep coastal aquifer
and a sea level rise of 0.6 m per century
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MOCDENS3D

Groundwater flow equation (MODFLOW, 1988)
Darcy

q :_prfg%_ :_Kypfg%, _ K09 %+p_pf
” uoox u ooy " u oz p
Continuity ‘[
3
_[%+qu+0pqz}%+w
ox oy 0z ot buoyancy
Freshwater head T
b -2
P9

Advection-dispersion equation (MOC3D, 1996)

oc_ 1 5{no ac

ot iR ox| iox;

Equation of state: relation density & concentration

_Vi oC +Z[\N(CI7C)]_AC
Rf axi an

Pi k=P A+AC 1)

MOCDENS3D

MOCDENS3D is based on MODFLOW

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

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

e USGS, ‘public domain’
e non steady state
e heterogeneous porous medium
e anisotropy
e coupled to reactive solute transport
MOC3 (Konikow et al, 1996)
MT3D, MT3DMS (Zheng, 1990)
RT3D
PHT3D (Prommer, 2004)
e easy to use due to numerous Graphical User Interfaces (GUI'’s)
PMWIN, GMS, Visual Modflow, Argus One, Groundwater Vistas, etc.
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MODFLOW
Nomenclature MODFLOW element [i,j,k]
column (j)
rowAQ/l—>
layer (k) NCOL Ay
NROAVV/ Ac; /row direction
N Az
—— column direction
l NLAY
l layer direction Av,
MODFLOW

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

|
i,j,k-1 4 o
I // : -1y
17 1
___#L- -
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MODFLOW

Continuity equation (1)

In - Out = Storage
Q(kﬂ}i % +g( Zz%j_wzsﬁ
OX ox) oyl Yoy oz oz ot

_g A?
> Q =S, v AV

MOCDENS3D

Continuity equation (11)

| | Quextijk
ZQi = SA—¢AV . J ,-AX ,) Qi-1/2,k
Al oA I

I
Az
o Qij-1/2.k : 4
In = positive — oL _ _g1Qijt2k
///
Qir12jk 22

Qi,j—llz,k +Qi,j+l/2,k +Qi—1/2,j,k +Qi+1/2,j,k +Qi,j,k—l/2 +Qi,j,k+1/2 +Qext,i,j,k
t t+At
¢i,j,k_¢ :

LIK AV

=SS« X
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MOCDENS3D

Flow equation (Darcy’s Law)

element i,j-1,k element i,j,k

1
1 : a
i bisa 1 1 Q = surface*q = surface* k—¢
> OX
VA -7
A ,'/ (9'{,]-1/2,k AyT
4 4 _/
le—ax —|
¢i,j-1,k _¢i,j,k
Qi 1ok = ki,j—l/Z,k Ay Az T A
Qi,j—1/2,k = CRi,j—l/2,k(¢i,j—1,k _¢i,j,k)
k; ik AYAZ
where CR;; :T is the conductance [L2/T]
X

MOCDENS3D

Density dependent vertical flow equation

7 =

5p0(% p-p)|  Q=surface*q,
H 0z Ps

= surface*k,
0z P

%er—pf]

=t %+p—pf
z Z az pf

¢ i,jk= _¢ i,j
Qijkanz= ki,j,k—l/2 AXAV[ L lAZ b BUOY, ; 1/
Qijkan = CVi,j,k—1/2(¢f ik~ Pkt BUOYi,j,k—1/2AZ)
(pi,j,k—1/2+pi,j,k)/2_pf
P

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

Ki jx 12 AXAY

=conductance [L2/T]
Az

where CV,;, 1, =
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MOCDENS3D

Density dependent groundwater flow equation

Qi,j—l/Z,k = CRi,j—l/Zk(¢f i,j-1k _¢f i, k) : Qijk-r2 Qextern
Q CR (¢ ¢ ) A Qi-l/z,j,k
i,j+1/2k_ Ij+1/2k foi,j+1k i, j.k P
! ) '
QI -1/2,j,k |1/2] ¢f|1] ¢f,i,]k : / Az
Q ( ¢ )Qu 1/2,k 1
i+1/2,jk = |+1/2 ik f Ji+1, .k £k — 1o b _g1Qijs2k
v -7
1 -
Qit12jk L~
TQi,j,k+1/2

Qi ka2 =CViikan (¢f,i,j,k—1 —¢¢ ik TBUOY, 1oAY, 4
Qi ke = Cvi,j,k+1/2(¢f,i,j,k+l =@ ik —BUOY, | 1.10AVy 1

Qi w2k T Qi jivok T Qiwzjk T Quiiarz ik T Qi jkwz T Qi jeara + Qe

IR A TR ATATINY

s At

MOCDENS3D

The term Qext,i,j,k

Takes into account all external sources

Rewriting the term:

t+At
Quxtivjk = Pi,j,k¢i,+j,k+Qli,j,k
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MOCDENS3D

Thé variable density groundwater flow equation

Qi iz Qi ook T Qiwz i + Quarz,jk T Qi jiecare + Qi jierrz + Qe ik

t _ ptrat
. = Ssi,j,k MAV
and: At
Qext.ijk = Pi'j'k¢tf+'iA’tjyk+Qli'j'k
gives:

CVi,j,k—1/2¢tffiA,;,k—l +CCiy ik ¢;+,iA-‘1,j,k +CR; 2k ¢;fiA,}—l,k
+(_ CViik12=CCiunik —CRijai2k =CRi 12k —CCiiyjn k= CVi jkas2 + HCOF, )¢}+|A;k
+CRmﬂmx¢;ﬁﬂk+Ccnumx¢?ﬁmk+Cvmkuu¢ﬁﬁm1:RHsmk

with :

HCOF, ;, =P, —SC1 ;, /(At)

RH&mk:_QEM_SCLJx¢?m*KAO

—=CV, 1 x22BUOY, 1108V 115 +CV 1 11/oBUOY, 1AV )
SCL ;, =SS ; AV

MOCDENS3D

Equation of state

it P2
BUOY, , ,, =| Luikuz Z.,,,k) P
f

Mci,j,k

P C,
or
Pijx = pf(1+ﬂci,j,k)

pi,j,k = pf 1+
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MODFLOW

Method of Characteristics (MOC)

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

oC 0 oC| o (cvi)+(C_C)'W

ot ox | "ox, | ox n

@

Lagrangian approach:

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

MOC3D

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

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

The Peclet number stands for the ratio between
advection and dispersion
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MOC3D

Procedure of MOC: advective transport by particle tracking

*Place a number of particles in each element

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

*Move particles during one solute time step Aty e

*Average values of all particles in an element to one node value

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

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

MOC3D

Steps in MOC-procedure

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

4. Determine concentration gradients on new timestep k*

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

Konikow and Bredehoeft, 1978
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MOC3D

Causes of errors in MOC-procedure

1. Concentration gradients

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

3. Concentration of sources/sinks to entire element

4. Empty elements

5. No-flow boundary: reflection in boundary

Reflection in boundary

cen
J-1

i-1

no-flow boundary

A—

r ol“grid c

flow line

il

M A\ X b

MOC3D

@ particle on previous location
computed location of particle
W corrected location of particle
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MOC3D

| 1 I

Stability criteria (111) \ R IR
T * - * -—» *

3. Courant criterium - C ey
v v v

* Node element
+ Particle -  * - x +H o«

\ Velocity direction i ¢
\Movement particles * f\ *
© | . . .
v

O<é<=~l

At < 20X AL < B Ao < S
Y : < <

o Vy,max Vz,max

Courant criterion: places where timestep is smaller than 40 days
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3D problems

Numerical dispersion problem (1)

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

the following spatial discretisation criterion:

Peclet number Pe <2 to 4

VAX
where: Pe =|——
h
V = effective velocity [L/T]
AX = dimension grid cell [L]
D, = hydrodynamic dispersion [L2/T]

3D problems

Numerical dispersion problem (I1)

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

AX<2a, toda,

where o, = longitudinal dispersivity [L]

What does that mean?

IT o is small, then AX should be small too!!
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3D problems

Numerical dispersion problem (111)

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

longitudinal dispersivity o, [L] should be small

problems

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

Position profile through Amsterdam Waterworks, Rijnland
polders and Haarlemmermeer polder

——
Haarlem

Zandvoort

North Sea Ringvaart

Specific

C Cruquius
profile

/I

[ profile
Il city
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problems

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

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

Stress period:

Ezolg 2 L 3 14 9 !
.2 |Deep groundwater extraction | ! :

E 16 frecsieeeeees A AN A s A
i L e —
= T , N o

.2 . | S A T T =~ e I S
S L E I :

i 1860 1880 1900 1920 1980 2000

Time in years

problems

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

(IL:1 m
Initial situation: 154 years ago

Profile Amsterdam Waterworks-Haarlemmermeerpolder

) extractions
long. disp.=1m

Time= 0.0 ywr

Depth below M.S.L. [m]
6\ '
[an)

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

BT [ 7T T T [
Conc. 40 150 300 1000 2500 5000 7500 10000 12500 15000
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problems

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

(IL:10 m
Initial situation: 154 years ago

Profile Amsterdam W aterworks-Haalemmermmeerpolder

extractions

long. disp.=10m Time= 0.0 yr

'
a
o

100

D epth below M.5.L. [m]
o
[an])

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

B T [ [ 7 [ [ [
Conc. 40 150 300 1000 2500 5000 7500 10000 12500 15000

MODFLOW
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MODFLOW
Boundary conditions in MODFLOW (1)

Example of a system with three types of boundary conditions

area where heads vary with time aquifer boundary

[ [ | \
Numeric model area of<constant head

MODFLOW

Boundary conditions in MODFLOW
(1

For a constant head condition: 1BOUND<O
For a no flow condition: IBOUND=0
For a variable head: IBOUND>O
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MODFLOW

Packages in MODFLOW

Well package

River package
Recharge package
Drain package
Evaporation package
General head package

U o

MODFLOW

1. Well package

Quenn = Qi,j,k

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

in an element as:

t+At ,
Qextiik = P jx?iixt Qlijix
Qe jx =—10 (in = positive)

Q'i,j,k =-10
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MODFLOW
2. River package (1)

river loses water river gains water
| (1)” I e ¢riv (I)i
MI M
_RBOT
element i,j,k element i,j,k
Deiv — ¢i, j k
Qv = KLW TJJ

KLW
Qriv = T(quiv _¢i,j,k) = Qriv = Criv(¢riv _¢i,j,k)

MODFLOW
2. River package (11)

Qi =Ch (¢riv - ¢i,j,k)

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

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

element as:
Qextijk = Pljk¢:+jA|£+ Q'iix
Qext,i,j,k = 20(3_¢i,j,k)

Q,;x=60 and B, =-20
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MODFLOW

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

W=width of the riverbed

L=length of r

K=hydraulic copd
of riverp®

KLW

where CriV = is the

conductance [L2/T] of the river

CONDUCTANCE

conductance of prism: C=KLW/M

L=length of reach fiver

K=hydraulic condugsfity
of riverbed

Fthickness of riverbed
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River Package: water courses

1. Location of watercourses

2. Water level; different approach per type of watercourse
3. Drainage resistance (conductance)

4. Chloride concentration surface water

317308

317 00N

30° 00N

30°00E. 30°30E 31°00E 31°30E 37 008

Legend

i Hydrological data and maps based on SHuttle
TN Elevation Derivatives at multiple Scales
(HydroSHEDS)

River Network in Red River Delta Region

000 0o 20000

&
]

Legend

width irrawaddy
Jr-10
[Jo-2
-2
-2

B -2

B x0-30
B «0-%
Bl -0

| ERY

| EE

| B

| EEY

| R
I 20300
0200

S 10400000 10500000 10600000 10700000 10800000 0300000 S

i
/’f

2400

00
2080000

suoan i 20000 oo o000
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River types, model Zeeland

Watercoursetype | Type Indeling Waterboard

1 Sloot=ditch (top10) Primaire waterloop /
secundaire waterloop

2 Rivier=river (top10) Primaire waterloop

3 Meer=lake (top10)

4 Kanaal=canal (top10)

5 Greppel=trench (top10) Secundaire waterloop/
tertiare waterloop

6 Zee=sea or

binnenwater=innersea

River types, model Zeeland

Waterloop type 1: sloot

. ( B
AR

Waterloop type 4: kanaal

Waterloop type 2: rivier

Waterloop type 5: greppel

Waterloop type 3: meer

Waterloop type 6:

binnenwater en zee
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2. River package (1V)

Leakage to the groundwater system

4

<

<
—
I

_RBOT

0\

element i,j,k

Special case:

MODFLOW

if ¢, <RBOT, then Qy, =C,, (4, — RBOT)

2. River package (V)

head ¢ in element i,j,k (L)

1S
[}
=
—_
gy - =
= |River =
= )
> River stage
_\?f ----------------------------
&
A\
: - .
D elevation of the bottom g
...... Z. . of theriver.hed RBQTL . - - = o,
- ] c
O 1 )
2 : 3
Vx
=3 1
< '
1

Into the aquifer

Leakage through river bed

MODFLOW

Out of the aquifer
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3. Recharge package

Q... = IAXAY

MODFLOW

4. Drain package

ern = Cdrn (¢i,j,k - d)

(I)i,j,k

MODFLOW

"
ju‘

d
drain
d

Special case:
|f ¢i,j,k < d than ern = O

Drain

drain elevation

head ¢ in element i,jk (L)

element i,j,k

leakage rate

leakage rate=0

No leakage into drajn Leakage into drain

Leakage into a drain

378



5. Evapotranspiration package

Evapotranspiration |Maximum ET rate

EXEL=extinction elevation

o

z | SURF=ET surface elevation
—

-

oy

[}

£

<L

(]

ISl R R R
=

ks

2 L ET rate=0

EXDP
extinction depth

Evapotranspiration (ET)

MODFLOW

MODFLOW

6. General head boundary package

Qghb = Cghb (¢ghb - ¢i,j,k) -

General head boundary

element i,j,k

= ¢ghb

head ¢ in element i jk (L)

'
slofje=conductance between

element and boundary

Flow into the element ;

Flow out of the element

Flow to a general head boundary

g
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MODFLOW

Time indication MODFLOW

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

Flow time step and solute time step

determination of a
new velocity field

TR

Ar=flow time step=1 vyear determination of a
new velocity field

determination of a new solute
concentration in each particle

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

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

380



uonE|nuIg Jo Yeig

Stress Stress Stress -
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