Example NL:
Salt resistant crops on salty boils

Cl-conc seepage:

(Polder Noordplas)

Diffuse : 100 mg/I
Paleochannel : 600 mg/I
Boils : 1100 mg/I

Meljer

Ask Perry de Louw for details
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Modelling

salt water intrusion
density dependent groundwater flow

modelling

Why mathematical modelling anyway?

A model is only a schematisation of the reality!




modelling

Why mathematical modelling anyway?
+:

cheaper than scale models

analysis of very complex systems is possible

a model can be used as a database

to increase knowledge about a system (water balances)

simplification of the reality

only a tool, no purpose on itself

e garbage in=garbage out: (field)data important
perfect fit measurement and simulation is suspicious

modelling

Numerical modelling variable density flow

Type:
= sharp interface models
« solute transport models

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




3D numerical models groundwater coastal zone

Nile delta, Egypt Niger delta wr N Pacific island

Kulna area, Bangladesh Vlaanderen, Belgium 4

Jurong island, Singapore Mekong Delta, Vietnam Red River, Viefnam m-w» i | Friesland, the Netherlands

modelling

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

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

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

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

HydroGeoSphere (Therrien, ‘92)




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
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variable density
Stability criteria for solute transport equation (1)

1. Neumann criterion:
D, A D,At, D _A
XX Zts + yy > + 7z Zts SOS
AX Ay Az
At, < 05
Dxx DW Dzz
2 + 2 + 2
AX®  Ay® Az

variable density

Stability criteria for solute transport equation (1)

2. Mixing criterion:

n.b*
At AL LLE ."J’k
Qi ix

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




variable density

Stability criteria for solute transport equation (1)

3. Courant criterion:

0<g<=~1
AX
Vx,max i Vy max ° V

Modelling fresh-salt groundwater on different scales

Sub-local: fingering, salty sand boils .z e s Q*M A | nmmimm
Sri Lanka (Tsunami 2004), m “l“_
Zandmotor ? - L : -
cell size=1cm-1m

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

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

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

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




Number of cells: 3D cases with MOCDENS3D \
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Modelling effect climate change on fresh-salt groundwater

Modelling:
« variable-densit I st slands -
3D, non-steadyy ggg? ) &"dfé‘:} ored é
« groundwater flow ol
» coupled solute transport Noord-Holland

/ M
Code: e
MOCDENS3D (MODFLOW family)] ~ inland '
similar to SEAWAT

Dén Haa Zuid-Holland

Assessing effects: s [0
« autonomous salinisation g%, s
- sea levelrise E =8 |zeetana
» changing recharge pattern I 1008,
* land subsidence 2010
« changing extraction rates 025 50 75 100 km Name project

Number of cells
Size of cell
Date of release

* adaption measures




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) !

e Velocities freshwater lens at the outflow face near the sea
= Boundary conditions (especially concentration boundaries)
e Choice of element size

e Length of flow time step to recalculate groundwater flow




problems

Outflow face at the coast is difficult to model

' nalturail relcharge outflow face

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

This is numerically difficult to handle

A good initial density distribution is essential

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

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

10



‘Procedure’ to improve initial density distribution

* Implement all chloride data

— Analyses, Borehole, VES, Airborne techniques (HEM, SkyTem)
— Better old then nothing
— Better VES then nothing

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

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

YT TR
VES, monster & bgm

TYPE

.

VES

L)

manster

at ol @ 1§
.

boorgatmeting
I e
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rivier

autline nedetland

Loy~ g % . .

11



=

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

&
=

CONC: 50 150 300

Chloride concentraties in Nederdand

1000 2500 5000 7500 10000 12500 15000 |THO/FK&G OE,'06

600000

Mapping brackish-saline interface Zeeland

Combining different types of data sources:

Data type Characteristics # Data Determined 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 +1m
borehole logs fresh-brackish and brackish-
saline interface, Inversions.
Electrical CPT 1D in situ (max. 71 Borehole log +1m
depth 50 m)
VES 1D from surface 1113 Depth brackish-saline +20% of depth
interface,
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 a range depending
Abstractions interface on screen depth

12



Mapping brackish-saline interface

Tegend
Electrical CPT (example)
CVES survey sites

[ filed tidal channels

Depth brackish-saline interface

metres below surface level
<5

[ 5-10

=1 10-15

[115-20

[ 20-25

[ 25-50

I 50-100

. >100

~ Goes et al, 2009

4

Mapping brackish-saline interface

Combining different types of data sources

South-West North-East

Pleistocene

Depth metres below sealevel (m NAP)

Profile distance (km)

Geology Measurements Interpretation
sand 9 45
Long Normal well log resistivity (Ohm-m) _——brackish-saline groundwater interface
— 2y
——— QL @61 chloride water sample (mg/l) __—— fresh-brackish terf:

oelCRIEEocere 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

-
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Modelling:

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

Code:
MOCDENS3ID = [mm

Assessing effects:

* autonomous salinisation

* sea levelrise

* changing recharge pattern
* (adaption measures)

44444

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

W+ 2100 + sea
level rise

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

15



Use variable-density groundwater flow modelling

Why a model?

- variation in ground surface directly affects fresh-saline disribution
@ T A

sample ?

Chloride sample

30m

250m

A

16



30m

seepage

Chloride
sample

infiltration seepage

250m

Chloride sample

Using flow model for better interpolate chloride

seepage infiltration seepage

Chloride
sample

<
|

3D fresh-saline groundwater distribution

Deltares
Enabling Delta Life %

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

From chloride measurements to a 3D distribution

results at - 6.5 m msl

Step 1: Step 2: Step 3:

interpolating data: including interfaces model result 2010:
Groundwater samples » Mapped fresh-brackish * Model as interpolator
Geo-electrical borehole logs «  Mapped brackish-salt

(C)VES, EM, electrical CPT
EWRMP 201511

modelling

Examples of variable-density groundwater flow

« Rotating immiscible interface

e Henry’s problem

« Evolution freshwater lens

» Hydrocoin

« Salt water pocket

» Broad 14 Basin, North Sea

» Heat transport: Elder and Rayleigh=4000

« 5 Dutch 3D cases

» Freshwater lenses

« Effect of Tsunami on groundwater resources

18



Case 1: Vertical interface between fresh and saline

groundwater

Parameters
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Vertical interface

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

A=A =on=0m
D,=0 m”/s

Depth z (m)

0 0.5 1.0
Distance x (m)

depth z [m]

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

0.0 analytical 0.0
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Vertical interface

Fresh-saline vertical interface

160*80 cells

£

=10

x[m]

Time=

0 min

1

G.0Oude Essink '03

Vertical interface

Fresh-saline vertical interface

160*80 cells

£

=10

x[m]

Time=

0 min

1

G.0Oude Essink '03
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The effect of numerical solvers on
the salt transport

Examples

EWRMP 201511

Default parameters solvers
FD = (B8 Advection Packsge v20Ms)  |\/] OoC =

L] Solution Scheme
L] Weiahting Scheme JUpstream weighting _]
Particle Trackina lHybrid 1starder Euler and 4th DrderRuLJ

8 Advection Package (MT3DMS)

Solution Scheme lFinite Difference Methad

‘Weiahtina Scheme JUpstream weighting
Particle Tracking lHybrid 1starder Euler and 4th DrderRu;]

Simulation Parameters

Simulation Parameters |
[0.75 Max. number of total moving particles (MXPART) 100000
Courant nurnber (PERCEL) 0.75
Concentration weighting factar (WD) 06
] Advection Package (MT3DMS) TVD @‘ Megligible relative concentration gradient (DCEPS) 0,00001
Pattern for initial placerment of paricles (NPLANE) 2

Mo. of particles per cell in case of DCCELL<=DCEPS [MI|4
MNo. of particles per cell in case of DCCELL>DCEPS (NP |15

eIt Scha JUpstream weighting —] inimum number of particles allowed per cell (NPMIN) |2
Maximum number of particles allowed per cell (NPMAX) |15

Solution Scheme

Particle Tracking JHybrid 1starder Euler and dth DrderRuJ

Simulation Parameters
Courant numher (FERCEL) [0.75

0K Cancel Help

0K Cancel Help




Default parameters solvers

(88 Advection Package (MT3DMS) MMOC ===

Solution Scheme

Weiahting Scheme JUpstream weighting _]
Particle Trackina lHybrid 1starder Euler and 4th DrderRuLJ

Solution Scheme

Weiahting Scheme JUpstream weighting _]
Particle Trackina lHybrid 1starder Euler and 4th DrderRuLJ

Simulation Parameters

Simulation Parameters

Courant number (PERCEL) 0.75 Max. number of total moving particles (MXPART) no0oo -~
Concentration weighting factar (WD) 05 Courant nurnber (PERCEL) 0.75 £
MNegligible relative concentration gradient (DCEPS) 0,00001 Concentration weighting factar (WD) 0.5

Pattern for placement of paticles for sink cells (NLSINK) |0 Megligible relative concentration gradient (DCEPS) 0,00001

Mo. of particles used to approximate sink cells (WPSINK |15 Pattern for initial placerment of padicles (NPLANE) 2

OK Cancel Help

More information:

MNo. of particles per cell in case of DCCELL<=DCEPS (MI|4
Mo. of particles per cell in case of DCCELL>DCEPS (NF|15
inimum number of paricles allowed per cell (NPMIN) |2
Maximum number of particles allowed per cell (NFRAX) |15

Fattern for placement of paricles for sink cells (NLSINK) |0
No. of particles used to approximate sink calls (NFSINE 15
Critical relativie concentration gradient (DCHMOC) 0.0 -

oK [ Cancel | Help

'm Advection Package (MT3DMS) H M OC @‘

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

Experiment Station, US Army Corps of Engineers.

1 particle per cell
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ULTIMATE

5] VERTINT SEAWAT.2 PMS - Processing Modfiow, ~ oo o)
Fie Vlue Options Help

Layer: | 2] Row R En\umn )+ Simuation Time: o]
]7 olalal oe|E@; [ S To T2

18315604 1.1.23 |[2D Visualeaton Solute Concentralion [MT3DMSL. Species:T

MMOC, NPLANE=0

) VERTINT_SEAWAT_2 PMS - Processing Modflow " ——

File Value Options Help

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

[

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

weighting Scheme: [Upstream weighting

Simulation Parameters

Courant number [FERCEL] 0,75
Cancentation weighting factar (WD) 05
Megligible relative concentration gradient [DCEPS] 000001
Pattem for placement of particles for sink cells MLSINK] 1]

Mo. of particles used to approximate sink cells [NPSINK] 15

ok I ] I Help ]

1, 1,-9,983E-03 1,1,29 2D Visualization ISolute Cancentration [MT3DMS); S pecies: 1
| 72 W T S W o | S e ) r—
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MMOC, NPLANE=10

) VERTINT_SEAWAT_2 PMS - Processing Modflow - -

File Value Options Help

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

weighting Scheme: [Uipstream weighting
Patticle Tracking Algorthm: [Hybrid 15t order Euler and #h order Runge-Kultz + |

Simulation Parameters

Courant number [PERCEL] 0,75

Cancentration weighting factar (WD) 05

Negligible relative concentration gradient [DCEPS) 0000071

Pattern for placement of particles for sink cells MLSINK] 10

Mo. of particles used to approsimate sink cells [NPSINK] 15

0K Cancel Help

[ 1 1.4326E02 | 21,27 [DViusieaon [Solute Concentiation [MT3DMS]; Species
[ P2 R e Wi e e ) P e e — ™

HMOC

csing Modtion T hd _— o — ~— — — "

Fie value Optons Hep

e ’TM &| o |m[m ol o1 :\mJJ%’m

5 Advection Package (MT3DMS)

Solution Scheme,

Weighting Scheme: [Upstieam weighting =l

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

Simulation Parameters

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

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

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

[~ 0 iiowees | 1119 pOVessiemion
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Finite Difference Method

) VERTINT_SEAWAT_2 PM5 - Processing Modflow

Eile Value Options Help

[+ olala| o¢|mEq>

0. 1. 0 7,1,3  J2D Visualization fSolute Concentration [MT3DMS), Species:1

R B
1

[ [Pericd7 : Step:60 ; Time:7200

5 Advection Package (MT3DMS)

| 2 o W e e

Solution Scheme: [
Weighting Scheme: [Upstieam weighting ]
Patticle Tracking Algorttim: |Hybnd Tst order Euler and 4th order Funge-Kutte_~ |
Simulation Parameters
Courant number (FERCEL) 10,75
P | i = [1]:8 Cancel Help

9 VERINTO03905 - procesing dion T

MOC

Fle Yalue Qptions _Help

I o 1. 0 11,17 oD Visushzation
I 0

][+ olaa| oo @ ot

otumr | +] Simion Tir

]
oriou7. Sopn Timo7200 |

5 Advection Package (MT3DMS)

Sclution Scheme:
Weighting Scheme: [Upstieam weighting =l

Paticle Tracking Algorthm: |Hybrid 1st order Euler and 4th order Runge-Kutte |
Simulation Parameters
Max. number of tatal moving particles [M<PART] 100000
Courant number (PERCEL) 075
Caoncentration weighting factor fwD] 05
Negligible relative concentration gradient [DCEPS] 000001
Pattern for initial placement of particles [NPLANE) 2
No. of particles per cellin case of DCCELL<=DCEPS (MPL) |4
No. of particles per cellin case of DECELL>DCEPS INPH) |15
Minimum number of particles allowed per cell NPMIN] 2
Masimum rumber of particles allowed per cell (NPMA) 15

oK Cancel Heln
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9 VRT3 - rcesing Mocon TN T T o — ~— T T o

Fle Yalue Qptions _Hielp

Layer +]+) Row _<|» Columr 4] ] Simulation Timr al sl
[+ olala| ¢le|@E > i oS00 Tire 7200

[ Advection Package (MT3DMS)

Solution Scheme,

Welghting Scheme: [Uipstream weighting =]

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

Simulation Parameters

Max. number of total moving particles (M=PART] 100000
Caurant rumber [PERCEL) 075
Concentration weighting factar [wD] o5
Negligible relative concentration gradient [DCEPS) 0,00001
Pattern for initial placement of particles [NPLANE] 2

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

Hinimum number of particles allowed per cell (NPMIN] 16
M aximurn number of particles allowed per cell [NPMAK) 75
0K Cancel Help

| 0 i-asww | 17113 pDVesshaon
—

cases

Rotating immiscible interfaces

Rotating movement of three immiscible fluids

Rot3: 300+30 eells, no kydrodymario dispersion modelled Time= 0 day

x[m]

GOE

27



Rotating immiscible interfaces

Rotating movement of three immiscible fluids

Rot3: 300+30 eells, no kydrodymario dispersion modelled Time= 0 day

x[m]

GOE

cases

Rotating immiscible interfaces (asymmetric)

20

Rotating movement of three immiscible fluids (asymmetric case)

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

x[m]

GOE

cases

28



Rotating immiscible interfaces (asymmetric)

Rotating movement of three immiscihle fluids (asymmetric case)
20 Eott: 300*30 e lis, no hydrodymamie dispersion, braskish=1003 kgim* Time= 0 day
15
10
5
E 0
M
-5
-10
-15
=20
150
x[m]
GOE
Bakker, M., Oude Essink, G.H.P. & Langevin, C. 2004. The rotating of three immiscible fluids, J. of Hydrology 287, 270-278

cases

Rotating i

nterfaces with dispersion o, =0.5m

20

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

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

50 100 150 200 250
*[m]

GOE

cases
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Rotating interfaces with dispersion o, =0.5m

20

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

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

50 100 150 200 250
*[m]

GOE

cases

Rotating interfaces with dispersion o, =5m

20

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

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

x[m]

GOE

cases

30



cases

Rotating interfaces with dispersion o, =5m

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

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

20

x[m]

GOE

cases

Rotating immiscible interfaces

Conclusion:

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

Grid convergence

Time step

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

Saline pocket in fresh groundwater: fingering process

10%5 cells

Time= 0 min

01F

z[m]

o3l

04F

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

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

Saline pocket in fresh groundwater: fingering process

10%5 cells

Time= 0 min

o0zF

z [m]

o3l

04F

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

cases

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

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

Time= 0 min

z[m]

x[m]

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

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

Time= 0 min

z[m].

x[m]

cases

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

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

Time= 0 min

z[m].

x[m]

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

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

Time= 0 min

z[m]

x[m]

cases

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

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

Time= 0 min

z[m].

x[m]

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

Effect of discretisation

320*160 cells

z[m].

Saline pocket in fresh groundwater: fingering process

Time= 0 min

cases

Salt water pocket in a fresh environment (V)

Effect of discretisation

Saline pocket in fresh groundwater: fingering process

10*5 cells

Time= 0 min

04 06
x[m]

Saline pocket in fresh groundwater: fingering process

40%20 cells

Time= 0 min

F) 06
x[m]

Saline pocket in fresh groundwater: fingering process

8040 cells

Time= 0 min

04 06
x[m]

Saline pocket in fresh groundwater: fingering process

320%160 cells

Time= 0 min

x[m]

cases
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Effect of size model cell on physical process

E
9
o

05 mo

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

< >

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

Size of cell has a large effect on modelling result!

Effect of size model cell on physical process

E
9
o

0.0 05 1.0
£ 60 min
0
| -
05 1.0 0.0 . 1.0 00 05 10
60 min 60 min 60 min
Total Dissolved Solutes [mg/l]:
< >
0~ 3500
0 1750 5250 8750 14000 . 17500 .21900 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

E E

0 ©

| - | -
0 0.5 1.0 0 0.5 1.0

0. 0.
£ 60min £ 60 min
0 ©
= S

0 0.5 1.0 0.0

0.
60 min

05 10
60 min

Total Dissolved Solutes [mg/l]:

< >
0~ 3500

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

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

cases

Salt water pocket in a fresh environment (VI)

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

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

Different model scales

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

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

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

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

a,=0.01m

Evolution of a freshwater lens

natural recharge

RN

40



Question:

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

a. S years T = specific time scale

b. 25 years

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

In the Netherlands: T = 75-200 jaar,

depends on:

« width dune area

< natural groundwater recharge
< hydraulic conductivity soil

cases

Concept: evolution freshwater lens (not Griend!)

Evolution of a freshwaterlens

Natural groundwater  Time= 0.0 yr
recharge 1mmiday

-20

-40

-B0

-80

Depth [m-M.S.L.]

2000 4000 5000 5000
Length in system [m]
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Concept: evolution freshwater lens (not Griend!)

Evolution of a freshwaterlens

Natural groundwater  Time= 0.0 yr
recharge 1mmiday

-20

-40
-
-

@ 5o
=

E oo
=
L4
&

S100

-120

140

2000 4000 BO00 8000
Length in system [m]
Evolution freshwater lens
Evolution of a freshwater lens
Time= 0.00yr

0

-20

-40

-60

N 50

-100

-120

-140

0 2000 4000 6000 8000 10000
X
H [ | | e
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Evolution freshwater lens: no density effects

Evolution of a freshwater lens

No density effect, only solute transport
Time= 0.00 yr

-20
-40
-60
-80
-100

-120

L UL LN BLELEEE BLELELE LB B R

-140

0 2000 4000 6000 8000 10000
X

B T [ ]

03500 7000 10500 14000 17500 21000 24500 28000 31500

Case 2: Development of a freshwater lens

Natural groundwater recharge f

round surface

Saline

groundwater — . .
Impervious
I ——
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Evolution lens

27379005y

-100

-150

0
=50
-100
_1500 2000 A000 5000 8000 10000 0
Evolution freshwater head
27379e-005y
0 4
50 3
2

0 2000 4000 G000 2000 10000
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The island of Griend

Issues:
1. Small island moves ~7.5m per year to the east
2. Effect on the volume of the freshwater lens:

e Can alens be developed?
 What is the thickness of the lens?

Movement of De Griend and creation of the lens

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

¥.5mdjaar to the east

Time= 0.00 yr

[w] wpdap

1 1.5
fength fkm]

Concentration [TDS mg/I]

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




Movement of De Griend and creation of the lens

z

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

¥.5mdjaar to the east )
Time= 0.00 yr

[w] wpdap

1 1.5
length [km]
Concentration [TDS mg/I]

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

Case 2: Development of a freshwater lens

Natural groundwater recharge f

round surface

Saline

groundwater —X S
Impervious
|
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Case 2: Development of a freshwater lens

Natural groundwater recharge f

l

Ly
—

Parameters

Layers 15 Khor 20m/d
Rows 1 T 200 m/d
Columns 100 Anisotropy K, /K 10

AX 100 m ne 0.35

Ay 10m aL Om

Az 10m ol om
Stress periods 10 recharge 360 mm/y
Initial concentration 35000 mg/I Recharge concentration 0 mg/l
bouyancy 0.025
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SEAWAT, MOC, NPLANE=2

LENS1.PMS5 - Processing Modflow
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SEAWAT, MOC, 20sec, NPLANE=16, etc.
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cases

Henry’s problem (1964)

=
>
, C
> X
> =
Pz Pepg(dz)
S T
3 Cc=C
= [ 0
> o
> O
>
LB i
Z/d 0 -’ 'l L L
0 0.5 a1 0 1.5 2.0
— i O, 98 g no-flow boundary
a & &
cases
Henry’s problem
6_c= QE: constant saltysater head
no ﬂm boundary & & re} é:v_ § § § .
10 E -
: ; !
> g o at
> 5 s Y
= P gldz)
= s 0
054 & 3
% =G,
SN sé\
M)
>
>
zid To d ZT -l
0 0.25 05 0I5 1.0 125 15 'IIE,UUUmzi}?I“
0 05 1.0 15 20 X 05 isolings of
a L& freshwatar head — ealtwaler fiagion —— velocity field
a —xid de =g no-flow boundary b fwate fraot '
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Henry’s problem

0.5

z [m]

0 disp.coeff.=0.0066 cmis

Conc:

0 05 1
x [m]
[ | [ O I |

005 01 025 04 05 06 075 09 085

Henry's problem: sea water intrusion in coastal aquifers

15

Time= 0.0 min

G, Qude E ssink, 03

cases

Henry’s problem

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

because even with a constant density model, the results

are more or less the samel!

cases
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cases

Hydrocoin:

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

Lebildy p=0Pa,

0

Depth z (m)

300

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

cases

Hydrocoin:
groundwater movement near salt domes

3
R —

0

Depth z (m)

0 300 600 pigtance x (m)9%0

constant concentration boundary

Salt fract:

0.20
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cases

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

Fluid flow at the northem Broad Fourteens Basin

—
i i 0. Time= 0.YR

-1000

Deqth of systerm [m]

1500

-2000

]
a 10000 20000 30000 40000 50000 60000 70000

Length in system [m)]
[ [ Y I ) O B |
Gong. 200 500 000 5000 FE00 10000 19000  S0000 150000 200000

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

cases

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

Hydrocoin, level 1, case 5 Time= 0.0 yr

0 100 200 300 400 500
distance [m]

900

recirculation type
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cases

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

Hydrocoin, level 1, case 5 Time= 0.0 yr

distance [m]

recirculation type

cases

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

Hydrocoin, level 1, case 5 Time= 0.0 yr

0 100 200 300 00 5
distance [m]

swept-forward type
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cases

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

Hydrocoin, level 1, case 5 Time= 0.0 yr

300

[ SCe I O T
0 100 200 300 400 500
distance [m]

swept-forward type

mass of brine (*1000 kg/m’)

Hydrocoin: difference recirculation vs swept forward

1200 0.3 T T T T T T r
1000 c ' I ' ' i '
800 Boaf-- bbb P e
5 I ! . ! !
600 § . 1 L reltlrculatlpn type ! e
400 | e e
= 1 1 ' i 1
200 ® I I ' | T |
| SO R O T R I O P 2 ol RIS oot (R
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900
a. time (year) . distance x (m)
total mass of brine brine conc at depth=200m

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

E E
§ 100 @ 100
45 by 25 elements years 45 by 30 elements years:
9 9
8 8
H H
JF most distant position of o | mostdistant position of
8 0.05 brine mass fraction 8 £ 0.05brine mass fraction
e e e e v p— iy
0 100 200 300 400 SO0 600 700 80O 9000 100 2o 300 400 e00 700 800 soo
g g
" 45 by 50 elements 100 yearsi ” 45 by 75 elements 100 years
9 3
H 8
o s
S  most distant position of g most distant position of
0.05 brine mass fraction 0.05 brine mass fraction
° o
o 100 200 800 400 500 €00 700 800 900 O 100 200 200 400 500 600 700 80D SO0
8 8
"] 45 by 150 elements 100 years| * | 45 by 300 elements 100 years
3 s
8 8
]
8 most distant position of g most distant position of
b 0.05 brine mass fraction T 0.05 brine mass fraction
° s
° 100 200 300 400 500 €00 700 80 900 O 100 200 300 400 500 600 700 800 900

Salt concentration as brine mass fraction:

o 005 0.10 020 Doeo Dow .oso .oso .0.70 .oso .090
0.05 0.10 0.20 0.30 0.40 0.50 0.60 070 0.80 0.90 1.00

Recirculation type

cases

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

Hydrocoin, level 1, case 5

457300 cells: effect of vertical discretization

Time= 0.00 yr

200

250

depth [m]
— [
(2] [
== =)

00

50

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

5 Oude Essink '035

like the swept-forward type

58



cases

Hydrocoin: effect of vertical discretization (111)

more vertical cells give better solution

Hydrocoin, level 1, case 5

457300 cells: effect of vertical discretization

Time= 0.00 yr

200

250

[~
=
=]

depth [m]
o
==

100

50

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

5 Oude Essink '035

like the swept-forward type

Analogy physical processes

Heat transport (analogy with solute transport)

Groundwater flow: Darcy

piezomg'ric head

NS a=—+2

OX

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

Electrodynamics: Olhm

variable resistance]

cases
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Heat transport

Conduction and convection of heat

oT

h — _A —+n pC fVT thermal conductivity[JouIe/(msOC)]
e e
OX Ze = NeAgyig + (L= Ne) Agiig

heat conduction convection
flux  (Fourier)  (fluid flow)

continuity equation o

specific heat capacity [Joule/(kg C)]
oh el .
—& =pC E P'C'= N, PC g + (1= 1N,) Psgiia Cootia

cases

Analogy solute and heat transport

Solute: advection-dispersion equation

oC _ 0 [Du ac]_ 0 (o), C=CIW
ot 0X an OX. n

e

Heat: convection-conduction equation

_6Tqi +I

O0T _ 0 _
pcf 04

. oT
PC5 ~ox; Ajj

| .
J@xJ
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Heat transport

Analogy heat and solute transport

Heat transport
Convection-conduction equation

0T _ 0 oT

] aTg; r
Pt "ax Miiaxg | an

pfaxi

Equation of state: relation density & temperature
Pi ik =Ps T 50)
Analogy between solute and heat transport

Solute Heat

C T

Rd 1+ (1_ ne)pscs
nep Cf

nA,+1-n)A

Dm e’ e ( E) S
nep Cf

A 0

Heat transport

Energy storage in geothermal reservoirs

15 20 25 30
5 10 15 20 25 20

=]
=1
1]

150 200

{5150 days t=210 days
Temperature (degrees Celcius):
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cases

Elder problem (1)

It is originally a heat transport problem

Stable growth diffusive boundary layer
Development flow cells embedded
in boundary layer

Emergence of disturbances that grow
into fingers

Convection of heat occurs when:
Rayleigh number > 472

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

Elder problem (11)

Anology composition and heat

Composition Heat
p=0 Pa C=1, p=1200 kg/n’ p=0 Pa 300 500
0 f ¥
7=0, p=1000 kg/m*®
- &
E initial condition: C,=0 initial condition: 7,=0 -
3 g
=] Ly no-flow a
o No-flow
=0 n= 3 =1, p=i 3
150 C=0, p=1000 kg/m f . T=1,p=800 kg/m® 150
0 300 600 - ;
Distance x (m) p=0Pa Distance x (m) p=0 Pa

Lecture notes, p. 91-96
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Elder problem (111)

Development of convection cells (Rayleigh number=400)

cases

depth 2 [m]

o
=

=140

Elder problem: heated from below

Time= 0.00 yr

a 160780 elements, ime step=30 days

i
=

1} 100 200 300 400 500 &00

length x [m]

Elder problem (111)

Development of convection cells (Rayleigh number=400)

cases

depth 2 [m]

o
=

=140

Elder problem: heated from below

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

i
=

1} 100 200 300 400 500 &00

length x [m]
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cases

Heat transport (Rayleigh number=4000)

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

150

2 [m]

ection

0 600
% [m]

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

Sri Lanka
Some days after December 261, 2004




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

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

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

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

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

Concept 1: Fingering processes in the
subsaoil
Case Sri Lanka: lagoon setting fingering processes
sandy ridge sandy ridge
abstraction ground surfac — abstraction ground surfac
r> lagoon shoreline iin9ers  |agoon

Before the Tsunami After the Tsunami
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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
8750

5250

1750

0.0 1.0
x [m] IGRAC, GOEMWvdL 05

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
8750

5250

1750

0.0 1.0
x [m] IGRAC, GOEMWvdL 05

66



Concept 1: Fingering processes in the subsoil

AE10 sec
20 Time= 0.0 hour

y[m]

X [m]

Saltwaterpocket in a fresh environment: fingering process

0.0 1.0 [ydraulic cond.=8.64 mid]

Total Dissolved Solids
[mg1]

34650
33250
20750
26250
21000
17500
14000
8750

5250

1750

IGRAC, GOE Whd 05

Concept 1: Fingering processes in the subsoil

AE10 sec
20 Time= 0.0 hour

y[m]

X [m]

Saltwaterpocket in a fresh environment: fingering process

0.0 1.0 [ydraulic cond.=8.64 mid]

Total Dissolved Solids
[mg1]

34650
33250
20750
26250
21000
17500
14000
8750

5250

1750

IGRAC, GOE Whd 05
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Concept 1: Fingering processes in the subsoil

y [m]

Saltwater pocketin a fresh envirenment: fingering process

LE40 sec
Lo}

2. Time= 0.0 hour

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

Total Dissolved Solids
[my/1]

34650
33250
29750
26250
21000
17500
14000
§750

5250

1750

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

% [m] THO, Oude Essink'07

Concept

1: Fingering processes in the subsoil

y [m]

Saltwater pocketin a fresh envirenment: fingering process

AFE40 sec
2.0 Time= 0.0 hour

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

Total Dissolved Solids
[my/1]

34650
33250
29750
26250
21000
17500
14000
§750

5250

1750

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

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

Rates of salinization of free convection
in high-permeability sediments
Time= 0.0 yr
40
:'nFﬂill
nz=760
cells
80
E
= See also
e PhOD.-thesis
@ V. Post (2004)
T 120
Cong,
0.9
0.8
0.7
o
0.4
0.3
0.2
0.1
-200
20 40 B0 80
6. Oude Essink o3 iStance ] Rayleigh no=6000

Concept 1: Fingering processes in the subsoil

Rates of salinization of free convection
in high-permeability sediments
Time= 0.0 yr
40
:'nFﬂill
nz=760
cells
80
E
= See also
' PhD. thesis
@ V. Post (2004)
T 120
Cong,
0.9
0.8
0.7
0.6
-160 05
0.4
0.3
0.2
0.1
-200
20 40 B0 80
6. Oude Essink o3 iStance ] Rayleigh no=6000




Fingering processes in the subsoil

Saltwater pocket in a fresh environment: fingering process.

Saltwater pocket in a fresh environment: fingering process. Saltwater pocket in a fresh environment: fingering process.

At=400 sec At=10 sec At=400 sec
20, Time= 57.8 hour 2.0, Time= 44.4 hour 2.0, Time= 36.7 hour
—N0, — —
conc=0%sw conc=25%sw conc=50%sw
‘very low-permeable layers (k=0.000864m/d) \nry low-permeable layers (k=0.000864m/d)
/
T = Total Dissolved Solids. £ Total Dissolved Solids
,Ew §1.u o Em sy
— U . -
1.0 [hydraulic cond.=8.64 m/d] 0.0 1.0 [hydraulic cond.=8.64 m/d] 0. 1.0 [hydraulic cond.=8.64 m/d]
i T i LR m
Saltwater pocket in a fresh environment: fingering process pocketin a fresh envi G o
At=400 sec
At=400 sec
Timen 37.8 hour 20 Time= 37.8 hour Time= 41.1 hour
— 0, — —
conc=75%sw conc=80%sw conc=90%sw
X, - .
"very low-penmeable layers (i=0.000064m/d) very low-permeable layers (k=0.000864m/d) “Svery low-permeable layers (k=0.000864mid)
E 1.0 I T Total Dissolved Solids Total Dissolved Solids
~ g/ Eo vty pavts
Medium sandy porous medium Medium sand rous medium ‘Medium sanc orous medium
x{m) N0, Ol Bk 91, xm] THO, Oude Esink 07 xim] O, Oude Essink 07

Concept 2:

Evolution of a freshwater lens

after flooding
I—' Abstraction ro Abstraction

1. Before the Tsunami

Well overflows
N7

3. Just before the Tsunami:
Subsurface pressure wave precedes surface wave mixing of water due to sudden pressure changes

5. After the Tsunami
Freshwater mixed with brackish water

o

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

Submerged well

4. During the Tsunami: Flooding of island,

Rainfall Abstraction

- Abstraction R ERER

,—"""‘"""""'-\

6. After the Tsunami
Recharge by rainfall replaces brackish water
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Concept 2: Evolution of a freshwater lens
after flooding

Effect of Tsunami on a freshwater lens

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

2. duration2 hours Maldives setting

Natural groundw ater recharge
seasonal variation Time= -3.72 yr

Depth [m]

Cone.

15000
12500
10000
7500
5000
2500
1000
300
150
50

250 500 750 1000
Length [m]

IGRAC, G OE WAL, 'D5

Concept 2: Evolution of a freshwater lens
after flooding

Effect of Tsunami on a freshwater lens

At Time=0 yrs: 1. increase of head of 3 m
2. duration2 hours

Natural groundw ater recharge
seasonal variation Time= -3.72 yr

Maldives setting

Depth [m]

Cone.

15000
12500
10000
7500
5000
2500
1000
300
150
50

250 500 750 1000
Length [m]

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

t of Tsunami on a freshwater lens . L
0 yrs: 1. increase of head of 3 m 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,
‘s X=350m

ﬂ B. 1.15m-MSL,
00 X x=350m
WY

C. 1.85m-MsL,
x=350m
100 F e L N N . =D, 1.15m -MSL,
St Pat Y x=400m
VRN ——F 2.35m-MSL,
x=500m
=—F 3.95m-MSL,
x=500m

=

Solute concentration (mg Cl-/1)

400 600

500
Length [m]

Time (years)

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

Case Sri Lanka: lagoon setting

sandy ridge sandy ridge
[—> abstraction ground surfac abstraction ground surfac

fingers lagoon

lagoon shoreline

Before the Tsunami After the Tsunami




Concept 3: Freshwater lens in a coastal aquifer

with a brackish lagoon

depth [m]

Salt water intrusion in coastal aquifer, Sri Lanka

Before Tsunami: Time=-1.00 yr

o sea sandyridge lagoon hintedand
5
-10
Conc.
15 15000
12500
10000
20 7500
4000
2500
1000
-26 500
150
50
-30 v
1] 1000 2000 3000 4000 5000
length [m]

IGRAC, GOEMWL, '05

Concept 3: Freshwater lens in a coastal aquifer

with a brackish lagoon

depth [m]

Salt water intrusion in coastal aquifer, Sri Lanka

Before Tsunami: Time=-1.00 yr

o sea sandyridge lagoon hintedand
5
-10
Conc.
15 15000
12500
10000
20 7500
4000
2500
1000
-26 500
150
50
-30 v
1] 1000 2000 3000 4000 5000
length [m]

IGRAC, GOEMWL, '05
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Concept 3: Freshwater lens in a coastal aquifer

with a brackish lagoon

er intrusion in coastal aquil

sandy ridge

2000 2500
length [m]

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

Tsunami characteristics: height 3 m, duration 2 hours

D
D

D
D

Solute concentration (mg Cl-/l)
(98]
[=]
[}
|
|

——A. 0.7m-MSL,

x=1987.5m

B. 4.9m-MSL,
x=1987.5m

——C. 0.3m-MSL,
x=2112.5m

——D. 0.3m-MSL,
Xx=2237.5m

04 01 06 11 16 21 26 31 36 41 46

Time (years)

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

3 Areas in the world vulnerable to a rise in sea level
3 ;_ - A Maijor river deltas of the world (J.M. Colenﬁan, 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 _
{ —?¢—~ -~ . Ad Deltaic zone
crl e

o hydraulic resistance

"1 D) thickness aguifer
- hydraulic ‘conductivity

A(/ﬁ(x):(/ﬁoe_m « Zone of influence is equal to sqrt(kDc)

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

Effect of sea level rise:
Case 1 with Dutch subsoil parameters
kD = 1000 m?/day

¢ = 1000 day B e A
A = 1000 m —
-
1.00 ‘ ‘k_‘

I o o
~ o ©
S S S
——
/
L]
[mlday]
—

Changein piezom etric
head [m]

o
[N
S
Seepage [m

0.00

0 4000 8000 12000 16000 20000 O a0 80 1000 16010 20000

Length [m] Length [m]
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Effect of sea level rise:

Case 2 with Dutch subsoil parameters
kD =5000 m2/day

¢ = 5000 day i D
A = 5000 m T i 7 -
T
3
1.00 ‘ K
=
— 0.80
= \
£ 060
2 \ 0.0010
b= >
@ 040 -g 0.0008
= €
= £ oo
2 020 % 0.0004
= o
o g 0.0002
0.00 ! j j j @ 0.0000 - - - -
0 4000 8000 12000 16000 20000 0 4000 8000 12000 16000 20000
Length [m] Length [m]

Case 3 with Dutch subsoil parameters

kD = 5000 m2/dag

cl = 5000 dag, c2 = 50dag
1.00 k

— 0.80

£

5 oo [N

2 o\

% 0.40

5 020 \\k_
0.00 ‘ ‘ ————

0 4000 8000 12000 16000 20000
Lengte [m]

0.0000 %—,—

4000 8000 12000 16000 20000

Lengte [m]
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Climate change is HOT!

S

Past and future

Zeespiegel kust Nederland
am ten opzichte van NAP

20

1900 1820 1940 1960 180 2000

sea level rise in the Netherlands

~ Jaargemiddelde

MHP/MMNC 080220

S & L o &

" D
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 KNM106 climate scenarios

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

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

rise

Introduction

Effect of a relative sea level rise (1):

Deep aquifer

Natural groundwater recharge Natural groundwater recharge

FEb bl e
sea retreat
level A

freshwater lens

impervious impervious




Introduction

Effect of a relative sea level rise (2):

Shallow aquifer

Natural groundwater recharge Natural groundwater recharge
T e A
retreat
AX
sea K A
- level ——

rise

freshwater lens freshwater lens

~— ~—

salt water wedge

salt water wedge

Introduction

Effect of a relative sea level rise (3):

Shallow aquifer

Natural groundwater recharge Natural groundwater recharge

U T

level l |

low-lying
polder

low-lying
_______ polder

freshwater lens

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

53°

~ Schelde

&

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 [

-100

Diepte [m -N.A.P.]

-125

-150

-175

5000 10000 15000 20000 25000 30000 35000
Lengte [m]

Chloride concentratie [mg CI-/1]

40 150 300 1000 2500 5000 7500 10000 12500 15000
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Verzilting van het regionale grondwater systeem door autonome processen

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

-25

=100

Diepte [m -N.A.P.]

=125

-150

-175

5000 10000 15000 20000 25000 30000 35000
Lengte [m]

150 300 1000 2500 5000 7500 10000 12500 15000

Verzilting van het regionale grondwater systeem door autonome processen
(zeespiegeldaling= -60cm per eeuw) Tijd= 1990 AD

Rijnland H aal meer W Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen

-25

'
4
[

=100

Diepte [m -N.A.P.]

-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 gronciwater systeem door autonome processen

(zeespiegelstijging=60cm per eeuw) Tijd= 1990 AD
Rijnland H aal meer W Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen

-25

-50

'
4
[

=100

Diepte [m -N.A.P.]

-125

-150

-175

5000 10000 15000 20000 25000 30000 35000
Lengte [m]

Chloride concentratie [mg CI-/1]

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 Haaemmermeer Westeinder Groot- Vinkeveense
zee duinen polders polder Plassen Mijdrecht Plassen

-25

-50

-75

=100
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=125

-150

-175
5000 10000 15000 20000 25000 30000 35000

Chioride concentratie [mg CI-1] Lengte [m]

40 150 300 1000 2500 5000 7500 10000 12500 15000
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Point water head
and
Freshwater head ¢

Piezometric head ¢

ground surface
/—/W /—\/

Hwatertable

r Wkl l : J
observiation well p
h=—%=pressure head ¢ = +1Z
(h=piezometric head Pg P g
E'““?i'
z=elevation head p = pg (¢ — Z)
+
P
+
b=zt
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Freshwater head ¢

P :L"'Z
Pi9

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

3. Hydrologists like to use heads instead of pressures

4. Pressure sometimes better

5. Confusing (heads not perpendicular to streamlines)

Freshwater head ¢

h, =h
P
¢, =h; +2
0 e.g.:
¢f - h+7 ps=1025kg/m3
p h=10m
f $=10.25m
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Special case: hydrostatic pressure: g,=0

K,p:9( 0  p—p;
q, = + no vertical flow
uo\ oz py
o{%+m}
oz Jo’
o =—L—PL o7
O

bho =g -2 (z2-20)
o

v dro=d+ 2 (A2)
o

Hydrostatic boundary condition at the sea

Water level=+Om MSL

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

Az=5m

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

Az=5m p=1025kg/m3 — §,, =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

Pir =i+ (Az)
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Hydrostatic boundary condition at the sea

Water level=+Om MSL

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

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=5m

Az=10m

p =1025kg/m3 —,

Az=10m
¢, =0.35+0.025* (5m +5m) = 0.60m

P~ P

f

Pir =0+ (A7)

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

p

h_pi

h.=z+h < hi=hp'i—z.

=Ll < p=hpg

ot

point water head

Freshwater head h
¢f,i:Zi+L<—> ¢f,i=zi+i_pi
Pr: 9 P+
¢f,i =&hp,i _Mzi
P+ P

freshwater head

Post, Kooi and Simmons, 2007, Ground Water
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hr.s=&ﬁi*uz; hr;=z,-+i
Pr Pr ' P8
point water head freshwater head environmental head
water table
'Y B e DAL [ R Y- ---- reference level
Zi
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, p,=1025 kg/m?, z=-11m MSL: ¢=-0.75m MSL.
Example 2: h, =0 m MSL, p, =1025 kg/m3, z=-10m MSL: ¢;=0.25m MSL.

Example 3: h, =0 m MSL, p, =1025 kg/m3, z=-100m MSL: ¢,;=2.50m MSL.

point water head freshwater head

position of observation well heads in position
2 3

1

Tl

reference level
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Freshwater head ¢;: horizontal flow?

1 2
T density
—
Py h, h,
Pz
L2 o
Z’V
T*‘ ]\zz Z,
”””” reference level
AX

atz=z, 4 atz=z 1 LY
i = pugh +J.Z p(z)gdz  gr= :Zz+&hl+—g_[ p(z)gdz
2 Py 7

P
pzalzzz2 = nghz ?lezlg = ZZ +72h2
f
atz=z, _ jatz=z,
atz=z, ~ f,2 fl
gtz 2 T

AX

Freshwater head ¢; : vertical flow?

T . Teerencelevel
olod | 2 o
1[ ¢1gg b,
Z1 T N
A P
Pl |
A2 A7
semi-pervious layer N N2
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Freshwater head ¢

1 2
o T+ || referencelevel ||

31— z
D, p(z)
-40— Z
50— I — |
-60 — p2
# = —50+@30+#F’m00gdz =-50+30+19=-1.0
10007 1000g -
g% =504 108055 L [ 1010942 = ~50+59.085-1.01(-50 + 60) = ~1.015
; 1000 1000 3%

Az=10m

Az=10m

Az=10m

1

No flow
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=1 k
Az=10m p=1005 kg/m3 pl & 5m

Az=10m

Flow or no flow? (if pzhydrostatic than flow)

Calculate to freshwater head!

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

Az=10m

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

I I I

Az=iom | P7HO0S kg/m3 p1d 5m
P,=p,gh=1005*10*5=50250 N/m?2

0r1=Pp1/ps0+2,=30.025m

Az=10m

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

2. Determine pressure p in well and frwhead

I I I

hy
=1005 kg/m3 H
[ p1§ 5

p=p1gh;=1005*10*5=50250 N/m?
0r1=Pp1/ps0+2,=30.025m

Az=10m

Az=10m

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

Az=iom | P7HO0S kg/m3 p1d 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?

5cm lower 14.8cm lower

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

h;=p,/p,;0=50250/(1005*10)=5.00m

Az=10m
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bore-log density kg/m’ 882288

+4
+1
0

-10

-14
-19

-20

-30

34

-39
-40

-60

land surface

groundwater table
reference level

1
1
1
1
1
i
filter 1 !
1
............................ i
aquitard 1
¢=500 days
filter 2
¢=+3.14m

filter 3
$=+3.14m

aquitard 2

c=2000 days
........................... i

$=-0.42m

filter 5
$=-0.42m

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
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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 N 3

T S (
‘a8

e Methods: ~ rW

1. Direct: water sample available —
O Pumping stations

2. Indirect: conductance of the subsoil with salinisation

Pumping stations
‘ closed
due to salinisation

Source: V. Post, 2007

EC and Chloride

10° fI8 _Br 40000
— VTG 7
ssos0l| — T=10°C
— T=15C
swoool| — T=20°C 13
— T=pC
104
25000
b
= i 2 20000
= i y
| 15000 e
10° p=} ’4 /
10000
5000
miﬂz 10* 104 0 5000 10000 15000 20000 25000 30000 35000 40000
Cl- (mgh) EC at T=25° C
[EC-Cl at different HCO4 ™ concentrations. (b) EC and temperature standardized EC.
P. Pauw, 2009

20120622 SWIM22




EC and Chloride

EC (uS/em)

10°

C1- (mg/l)

WACEC-CI at different HCO4  concentrations.

40000 T T T T T T
— T=5C
aso0| — T=10°C /
— TasC o
o e
sooool| — T=20"C 1
— T=25°C
L ~ 4
25000 S
3 20000 / .
,
g
e
15000 // i
10000 - B
///
5000 - / A
GU 50‘00 ].U(I]UU 15600 20[‘100 25600 30600 35[‘100 40000
EC at T=25° C
l .
(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/Iron 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

Source: Koos Groen

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

*\ery costly and time
consuming

Direct methods 1 and 2 | —

— 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 sail

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 | eHigh resolution (3D) «Time consuming
measurements +Depth ~200 m

2. Electromagnetic Fast eLimited vertical
measurements resolution

«Sensitive for
underground conductors

(pipes)
3. Satellites Suitable for large areas | *Small vertical resolution
*Low accuracy

Source: V. Post, 2007
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Method used at Deltares

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

Combination of: s 1

« Direct measurements = F—h—so0000

* Electrical conductance : 1
measurements { 550000
» Surface (VES) ]
* Borehole

{ 500000

] >
450000

CONC

400000 15000
] 12500
] 10000
i 7500

350000 5000
g 2500

P
g

1000
300

1 150
NO, 2005, GOE - 300000 5

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

— From surface level (depth ~ 200 m)
— From theair

Source: Vitens

Source: V. Post, 2007

Principle geo-elektrical measurement

|: currentelektrode, V: potentialelektrodes, Ra: appearant elektrical resistiuvity
Ra = constant * V/!

20120622 SWIM22
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Types geo-electrical measurements

I Vertical Electrical Sounding (VES) =)

4 elektrodes at surface (\(\}}‘7 psp
1D elektrical resistivity profile _ . __2 !
Labor intense T e IR B
Accurate, great depths i / ( \\ : / / ] \p\
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 elektrodes
3
2

Geo-elektrische mee tapparaat

20120622 SW

160 m

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

f TR v O -

T
| Apparent resistivity [Ohm-m]

RAW DATA CVES

Line 1 - Schiumberger

SE sowar & tar oad Eridga & ther N
0
-0
|
o 0
40
-50
Distance [m]
Line 3 - Schlumbet
SE o v

NW

fiver |
v

Distance [m]

Line 5 - Schlumberger

Distance [m]

water met hoge EC (age weerstand)
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[ o0 1

SE

@
E

Height [m-as]
§'§ &

S [meas)
3

T 125 00

-—.Tu r Hﬂ E’n H Real (inverted) resistivity [Chm-m]

Interpreted CVES

Line 1 - Schlumberger, Back Projection Inversion, [teration 14 (RMS = 22%)
smver & tar road erdge

WS

X L]

&

Distance m]

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

- et of bare land

e

200 225

Distance [m]

il Line 5- Schlla.ljmberger‘ Back Projection Inversion, Iteration 12 (RMs=14%)
o iver
v

Distance [m]

water et hoge EC (iage weersend)

NW

Nw

NW|

T

LR i

Site 11 - Renesse

South-East

T T

FRaal Invartes Resstivity (Onm-m}

Morth-West

Line 1 - 26 March 2007, Schiumberger, Back Projection Inversion, lieration 2 (RMS = 38%) - Cl = 2000 mg/l estimate between 3.8 and 1.8 Chmem

A\ Ay

Digtanca im)

North-East South-West

Line 2 - 25 March 2007, Schlumberger, Back Prpjection Inversion, lleration 14 (RMS = 21%) - Cl = 3000 mg/ estimale between 3.6 and 1.8 Ohm-m

Q
izt

+ .

izeman 7 7

120 130 140

2l " y
70 a0
Distance (m)

water et hoge EC (iage weersend)
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Possible measures for sandy creeks

Horizonta distance frcmfirst e ectrode (m)

//(?;:/x
- N |mg CIll onderkant deklaag, 2010
\ A -g< 150 ° ’QL“? 7
|- 150 - 300 )’ el G
i I 300 - 500 s
= 500 - 1000 &7
11000 - 1500 &
/711500 - 3000 g
13000 - 5000 5
[ 5000 - 10000 eSSttt /
[ 10000 - 15000 - R i
- > 15000 f:
i CVES transect Louwerse RES'S“V':S’U'” G
=5
o 10
£
=
g-15 50
o
-20F %5
20
15
-2 10
5
0 50 100 150 200 250 z00 9

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 measurementis in an aquifer
- py, 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) s used to determine the salt
concentration of the groundwater in the
measurements

o
VAL

-
— P
= =
=
o
e
|
k&
—

< Inter-and extrapolationis used to make a
continuousfield

e 2D Resultis 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

=
O The Interreg IVB
North Sea Region

CLIWAT

/8

WETTERSKIP
FRYSLAN

provinsje fryslin
provincie fryslin g,
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T EC fieldwork

Altitude measurements

/8

WETTERSKIP
FRYSLAN

provinsje fryslin
provincie fryslin g,
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Use field measurements to understand the
process

&
3

g8

a
S

o

rainwater lend

g

&
8

g

Level relative to ditchlevel (cm)
o

2501 ; ! '
0 20 2 o 8 100 120 140 160
Distance (m)
Profiel Qondwater Bodem
iveld ——— &G = Fjnzand 1mSem
= Draimiveau — GNST B Licte- matige zavel SmSlem
...... ac = Zware zavd - lichte Hei

TEC-probe Monitoring campaign 2005-2009

Verziltingsonderzoek Provincie Zeeland

e

@ Perceel 1 keer gemeten ~
® Perceel 2 keer gemeten

| © Perceel meerdere keren gemeten

0 5 10 20
—mw—————— —km

tcampagne regenwaterlenzen op lmgmyercgfe;
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Chiwat 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 managementand
infrastructure.
 Different innovative monitoring techniques (Helicopter
EM, CVES, CPT, TEC-probe) are used to map the
salinization status of the coastal groundwater system.

O m]d.t G n Miljigcenter Ribe [ETSUEIYENNSIRIRETIE
5 regionmidtjylland .
G EU S bk provinsje fryslin = T
oen [ se—] Applie provincie fryslin ggwerrers ke UNIVERSITEIT
£47 i3 o ) FRYSLAN GENT
E Deltares R S
= 1 Region
C J 'u:f[‘,-J Syddanmark

NHI freshsalt
20.6M

250m &
2010

Areaof interest

025 50 75 100 km Name project

Number of cells

Size of cell p [

Date of release {/ K FREES
f

[ Schouwen-Duiveland

= |
{ 5

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

crnss section Fig. 2
© CVES

W TEC-probe

& ECPT

*«  GW-sampling
| infiltration w23 R P |
[ seepage.it ; e vl % i ‘

" CLIWAT

CLIMATE & WATER

B G Bm\d«ansull J:JI:'

-y, und Rohstoffe

GEOZENTRUM HANNOVER|

A 0 10 Kilometers ' Up to local approach

Example: Assessing effect of climate change on salt water intrusion

Monitoring: Source: Oude Essink, 2009

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

TEC probe

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 B
Loc 3-200m

‘e
.
.
b oo
-----

verh 0imiS treaming || I1IE100%

3 e ]! Groundwate
il TN r sampling:
£ il " § Salt
il il o8 .. )
55 3107108 Eg i aum;ns H : i“' E? dlstrlbutlon
iR JEEL \ | 2 in time
. @T o I |/ powsoo ! :J ol o

*  ECTmsiem® ¢

EC locatie loc7

EC locatie loc8

) Loc & 100m

1pr12j08
105

Fossil Creek ridge

odosos|

Loc 11: 200m
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Factors controlling fresh-salt interface

‘ Precipitation surplus ‘

UL TT T e

) Surface water level ‘
phreatic

ditch [
: Drainage

Comp. cover : =
Layer (k,d,S)

Important factors:

{ Seepage intensity 'r
I \ N

-natural grw recharge

-geology _
-distance between ditches upper aquifer
water levele ditches f f A T‘ Salinity of groundwater P

-capacity drainage system .
seepage of saline groundwater

Deltares 2012/GOE.

t t f 7 f f $

Lens characteristics

D_
Cliin
o~ o
10
e
S ®. Dinix £a- g4
% o Q.
d . o) [}
%_ ! Winix o © o
% Bmi)-:A < <
@ - 0 5 10 15 0 5 10 15
Cl (g Cl(gl)
<t _| Clmax
1

[
0 5 10 15
Cl (g/l)

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

o
vt

+—— kwelgebied «— overgang «—— infiltratie ———»

oc 1|

ot.31 Lo Loc3 -1Loe32

4,

Dmix

ECPT = electrical cone penetration test

CVES: continuous vertical eletrical sounding

300150100 75 50 30 20 15 10 7 § 3 2 1 0

o ditch (EC = 12300 uS/cm)
\ 1 = f m [

Depth (m NAP)|

-15

CVES

Uistance (m)
Renesse, line 1, Inverted Resistivities (Back Projection Inversion, lteration 4, RMS=41%)

| i “'\l‘ | ." . Y AR Y\

wy

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

Distance (m)

= 3000 mg/l interface (estimated)

Resistivity (Ohm-m) ?? upconing of saline water expected
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Seepage / infiltration determines

thickness rainwaterlens

NW.ditch
mpt mp3
7.5m SE-dich
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Electrical conductance measurements

10juni 2013

From bulk to groundwater resistivity

g west oost

EC lithology

Ecbulk

EC groundwater
- fresh-brackish-salir

EC = Electrical Conductivity = conductivity
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BGR helicopter-borne geophysical system

Airborne geophysical survey system

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 v
Stepped frequency - Radar
Gravimeter

Differential GPS

Photogrammetric camera 30-40m

Infrared camera

Magnetic total field sensor
Air pressure sensor
Differential GPS

130-160 km/h
~4and 40 m
50 -2000 m

40m

Sikorsky S-768B
* : \.I.
_— LT .

Video camera T Radar

Laser altimeter

Base
station

Meeting in Utrecht Feb. 25th 2014

BGR helicopter-borne geophysical system

Recent six-frequency HEM system

Type:

Length:
Weight:
Manufacturer:
Frequency [Hz]
387

1820

5500

8225

41550

133200

ansmitter
Bulkhead Connector

RESOLVE - Digital system
Modified BKS36a DSP and BKS60 DSP systems

~10m
~ 400 kg incl. cable (80 kg)

Fugro Airborne Systems, Canada

Coil separation[m] Geometry

7.94 horizontal coplanar
7.93 horizontal coplanar
9.06 vertical coaxial
7.93 horizontal coplanar
7.91 horizontal coplanar
7.92 horizontal coplanar

“Ondiep voor hoge frequentesenlofhoge geledbazrheid 1 i !

Receiver
Bulkhead Connector

!‘! i

o
i EXTITgE —
T380H: | Tx 1796 He [ I I ]

Bucking Coil Platform

CS-MAG j

—_——

warien | s |

[xuge Hz

et Transmitter Section

Laser Altimeter

Bucking Section

Magnetometer Section Receiver Section 350,8 Inch,
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Foopring ondiep~50m -*- =
Fooprintdiep - 200m

Footprint of lowest frequency

el
Footprint of highest frequency \

Air | I

Earth Penetration depth of

highest frequency

Penetration depth of
______________________ lowest frequency

Typical resistivities / conductivities

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

Graphite
Sulphide
Magnetite

e
-resivg (wet)mmmmm = = u (dry)

Rock sa | — (dry)

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
4 Clmeasurements
—— HEM
— skyTEM

== == = Geological cross-secti

clgi)

BEEL8Z28838838883888

83

Case Schouwen-Duiveland

cessnnuuanannSaNEED

GETRNEVE

Sikorsky S-768

DGPS

video camera
gamma-ray spectrometer-

radar
altimeter pes
[EM_conductivity o) A
of top'erg (ms/m)
oo :*‘Es

o monitering

peints (mp)

<30

secondary field

magnetometer,
laser altimeter

zsomi\\

30-40m

base station

conventional monitoring techniques
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[ gr?n??m] HEM results
with depth

ECPT: 505600615 ECPT: 505600610 ECPT: S10F00073 ECPT: $10F00072
HEM-id: 161304021 579176.305 HEM-id: 160478.103 580431.620 skyTEM-id: 19392 -
distance: 350 m distance: 17.0m distance: 230 m

Compare Airborne EM with ECPT
Case Wetterskip Fryslan

B o L

dopth NAP [m]

: 3
z i
Z z !
18} - 7 - £ 4 i
il E £ T& % ;
= g L] I
J' H
20 (r F 2 ?
= 2 ‘_‘
TT oA 06 08 L0 S 6z 01 08 08 10 Mo oz 04 96 08 10 - -
EC[8/m] EC [S/m) EC [5/m] W e o e

— EC from ECPT

— EC from inversion

10 juni
o1
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3D characterising fresh-saline groundwater

How much samples in 1 week on 900km?2?
AEM: 80000 data points

Ecrr shproons ECPT. $10F0007
skyTEMY. 19302 SyTEM-Id: 10487
distance: Ao m distance: 310 m
o o 3
st
\

In-situ: >100 data points

3D Characterisation of the subsoil

a—

Airborne EM surveys:

much cheaper, faster, 3D,

and as equal accurate as
conventional geophysical methods

o
f

FRESHEM pilot Canal zone, vis in iIMOD
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Example NL, Zeeland, project FRESHEM

Bulk resistance [Ohmm]

7000 000 300 500 0000 T2000

Lithology

e —

(GeoTOP)

7000 000 00 5000 10000 T2000

g_itholégy

Chloride, per HEM layer [mg/l]

-t Chloride concentation

2000 000 5000, 5000

20160524 Ara Sul

Combining monitoring techniques

cves Q C Site 11
" TECprobe  ( SFY <mp2, ECPT 1 récidimsd

infitration  } e salt marsh

seepage.- “ mpé

. sandy

*mp7, ECPT 314 ek ridge

* mp8, ECPT 2

* mp9, ECPT 3

mp10, ECPT 32

0 10 Kilometers «  TEC-probe, GW-sampling, ECPT.
E— .

b Sy % HEM area
021
cross section
| -+ ECPT
e CVES
®  TEC-probe
-22'2 e
N =10 E infiltration
A 0 5 Kilometers
seepage

10 juni 2013
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Helicopter-EM data for mapping fresh-saline
groundwater f'

HEM ——

[ dunes

[ reclaimed salt marche:
[ creek deposits

Interreg I1V-B ‘

CLIWAT

CLIMATE & WATER|

OO ANNLWRAOON®

aN o o

(I T T

=
3

|

Elevation [m asl]

] _ nun 8 N -

€
=7 distance ta fight line

i

200 400 600 800 1000 1200 1400 1600 1800 2000 22002400 [m]
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Thickness rainwater lens (D,,;,) by HEM

2D-profile
‘015 1 150 149 148 147 146 145 fid gc
[mSfem
SO-WIrd = -—
0.1 .
7 207 [ 02
104 ECPT no. L 03 g
E e - 04
5 0 opo - ?vg §
S ¥
g -10 - 1300
K} 2.0
o -20 - 3.0
=30 E EEE € B - f: =
S P = distance to flight line 30, !
- ;
: -

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 [m]

Comparison monitoring data with model results
a) A\ c) C|~c'jue.:pth proﬂlesm

Average modelled Cl-conc

mps mp3 mpt
of top 6 m (g/) S — modelied °© meselied © — modeled ° modslied ° — modated
B o5 CVES mesares — Sttt mesmred — e masmred
- -d - - -
Il 153 line monitoring =" a" e "N - -
: = I b 2 » 2
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. - AN H § | &
8 . L % i e *
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= 7 A T ¥ ‘ v : b
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0 5 10 15 . o 10 i
- = — Clign ~ 1N Cligh \ o)
— 3 N ) ~ o o'\ i o
B 12135 = :I Cl (glt)
>15
| =
10:12.5
\ 7510
5715
_— -
b 051
r 0305
[EM31 conductivity ) N 103
|___[E&]
Jof top 6m (mS/m)
Il o0 CVES 100 150 200 250
I 1020 line monitoring distance (m)
points (mp) Inverted Resistivities (Back Projection Inversion, lteration 4, RMS=41%)

L LN v vy
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Comparison HEM - ECPT

EC [mS/cm) EC [mS/cm] EC [mS/cm]
0 2 4 6 8 1012 1416 0 2 4 6 10 12 14 16 0 2 4 6 8 10 12 14 16

0
ECPT 31 ECPT2 | ECPT 32

Distance to flight line: 10 m Distance to flight line: 46 m Distance to flight line: 36 m
|

wul

[
o

AL

[ )
o

N
Ul

depth below ground level [m]
-
wv

(=]

v

=
o

]
o

N
wu

ECPT 12 ECPT 13 ECPT 4
3
HEM — ECPT | R gumuuypf
m— und Rohsloﬂ:“m
TRUM HANNOVER

Distance to flight line: 9 m Distance to flight line: 9 m Distance to flight line: 12 m
|

depth below ground level [m]
-
w

Rainwater lens thickness (D= average position mixing zone)

mapped with HEM
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@a~N o ;o o»
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.
E

Geowissenschaften

B Bundesanstalt far
. und Rohstoffe
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Rainwater lens thickness (D= average position mixing zone)

mapped with HEM

COAINNUWARNON®

@a~N o ;o o»

P34
comoooo

.
3

|

Bundesanstalt fur

Geowissenschaften
e, und Rohstoffe
GEOZENTRUM HANNOVER

Salty boils

Louw, P.G.B., de, Oude Essink, G.H.P., Stuyfzand, P.J., Zee, van der, S.EAT.M.,
2010, Upward groundwater flow in boils as the dominant mechanism of salinization
in deep polders, The Netherlands, J. Hydrol. 394, 494-506.
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Upward groundwater seepage in a deep polder and
paleochannel belts as preferential flow paths

Deep polder Peat land

Paleochannel belt (sand)

Phreatic level = Hydraulic head upper aquifer

Confining layer
(clay, peat)

Upper aquifer
(sand)

(Burried)

Paleochannel belts
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Preferential seepage via boils

Deep polder Peat land

Paleochannel belt (sand)

Phreatic level = Hydraulic head upper aquifer

Confining layer
(clay, peat)

Upper aquifer
(sand)

7

Preferential saline seepage via boils
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Preferential saline seepage via boils

Holocene

Three types of upward groundwater seepage

deep polder peat land em\evauon
% Paleochannel seepage Diffuse seepage Boil seepage 0
[ .« Cl-conc seepage:
““““““““““““““ (Polder Noordplas)
o e . _« Diffuse :
s 100 mg/I
«» * Paleochannel :
600 mg/I

50 - .
* Boils :
flow direction D aquifer
o [ aquitard 1100 mg/l
— ‘ seepage flux ‘ﬁ*"f ga}eochannel
| s
1]
T 100 isoline chioride @ boil
= I
concentation /) From: De Louw et al., 2010, JHydr.
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Continuous T and EC monitoring s
of surface water while sailing =:

BOIL

Surface water level

Haarlemmermeer
Polder

T, EC sensor, GPS

Ditch bottom
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Chloride (mg/l)
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3500

3000

2500
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1500 +

1000

500

0

T and EC measurements
water (canal)

in surface

Boils Boll

; e

20
—&-Cl-conc (mg/l)

Temp (Celclius)

Q

Boils

T19

Surface water flow direction
_

T15

2750 3000 3250 3500 3750 4000 4250 4500

Distance (m)

. . . 14
4750 5000 5250 5500

Temperatuur (C)

)

Mapped boils
and Cl-conc.
surface water

Boils

©  Cl=500-2000 mg/l
O  CI>2000 mgll

Cl-conc surface water

0-300 mg/l
300-600 mgl/l
== 600-1000 mgl/l
> 1000 mg/I
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LARS technology (TNO Industry):
Thermal Infra-red

e Altitude: 0-150 m

e Temp-detection using Thermal Infra Red
sensors (only surface !)

L

W e e 2N
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Thermal infra-red results (blue is cold, red is
warm)

: ’
' : rel. Iowfq temp 1-2 C°
> ' ¥
' - '
.’ -
:. - f r
. d 9 ¢ §¥q'ts
L4 .t . g " |
i ? : L] ” ='
R b y iel lower temp 1-2 C°
s t

[ . .
v B g
NI 1

Zone with boils

136



To get an idea about the possible future effects of sea level
rise and climate change in your delta ...

evaluate of the past water management in the Dutch delta

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

52° | — .

Germany

3 . [Depthrelative
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The city of Delft

highest poirt:
————— " mmsL
4 5° 6°
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Case study: The Netherlands

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

Intensive water management system

Coping with salt water intrusion
problems since 1950's

The ‘low-lying’ lands: Netherlands

The facts:

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

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

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

« 8 million people would be endangered
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The Great Flooding in february 1953

Combination of high tide and heavy storm:

-1853 casualties
-2000 km? flooded

Infrastructure to protect our low-lying land from
flooding
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River flooding in 1995

Combination of heavy rains upstream the catchment
& short retention time

Dike collapse 2003

Combination of peat dike instability and very dry summer
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Estimated water management costs
‘to keep our feet dry’

Costs up till 2050 in billion euros:

rivers: upper part
rivers: lower part
low-lands
coastal zone

infrastructure
purchase of ground

5.7
5.6
1.7
8.0

3.5
2.0

26.5 billion eu

ros

Dutch setting

Salt water intrusion in the Netherlands
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Present ground surface in the Netherlands

g
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53—
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520 fh—u =
Depth relative
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\/
517
(IS
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Legend

== (=
Depth brackish-saline interface / |
.- g
s
[1s-10
[J-10-25
[]25-50
[ s0--100
[ -100- 200
B 200300
Bl - 300

1000 mg CI-/I

(m -ground surface)

Deltares

Enabling Delta Life 7_

oz, 2011

Fresh-Salt
interface

Legend

N
Depth brackish-saline interface % &
X
[s-10
[ ]-10-25
[ J-25-50
[ ]50--100
[ -100- -200
I 200- 300
| B

1000 mg CI-/
(m -ground surface)

Deltares

Enabling Delta Life 7

GOE, 2011
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HOBP o0 Hydrogeology

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
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Abrupt land subsidence

Germany

Belgium

0 25 50 75 100km
= — ] i (safiie
+322 mM.S.L

Dutch setting

position polders:

Beemster 1608-1612
Wormer 1625-1626
Schermer 1633-1635
Purmer 1618-1622

Haarlemmermeer polder
1850-1852

Wieringermeer polder
~1930

Flevo polders 1950-60s

Land reclamation since-1300, - "

badijkingsn s provingie, 1200-1878 farafieken

| baarcin twn

| emovggusep mees

|

B oo

[ ——

. draoggelagde ververing

deel 15 Water, 1986
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Development of the Dutch ‘Polder’ Landscape

streams in the lowlands  swampy lands

~1000 AD

primitively drained

13t century

boezem
deep polder

17t century

pumping station

2.5-4.0 m below
mean sea level 19t century

From fresh water outflow to salt water inflow

Historical subsidence of the ground surface in Holland

Causes " [ digging dike windmill mechanical
" channels building drainage drainagg
-
A A
«  Autonomous processes \A
H 0.9
¢ Land subsidence ;. —= ;igh"‘
* Abrupt land reclamation | +2.5m = I tidal tid
brupt land reclamatio _— / et | ™
outflow A\
) ns a\e\li\_ - -0.7m
« Climate change risg Of TP "= \ I
. ~ panen “ t.d
+ Sealevel rise ! _— e
. |t
¢ Change in net recharge =" land|subsjdend
2
\ -3.0m=
™ intrusion
-3
1000 AD 1200 1400 1600 1800 2000
—_— —  — —
digging dike windmill mechanical
channels building drainage drainage

submarne

round surace
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Land subsidence
related to M.S.L.

THE NETHERLANDS

Vertical movements of MAP benchmarks

EROCOECCENS

Meetkundige Dienst 1995

Land subsidence

up to 1 m per century

LS e
'E.Qi
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The polder system

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

a sophisticated drainage system

Many agricultural plots with
different water levels

The polder system throughout the season

e
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The polder system

The polder system
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Bulb farms at the landside of the sand dunes

Salt damage in 1976 (very dry year)

Atlas van Nederland, deel 15 Water, 1986

[ ]<5%
[ ]s10
1 10-15
[ ] 15-20%
nigt in
beschouwing
genomen

Salt damage [percentage] in
potential crop-production
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Drought damage in 1976 (very dry year)

i I < 6%

[ |5-10
[:" |10-15
[ 15-20
[ 20-30
I 30-50
B 50-70%

, niet in
| beschouwing
' genomen

Drought damage [percentage] in
potential crop-production

Atlas van Nederland, deel 15 Water, 1986

Impacts

‘Wetting’ damage

Normal situation

Crop damage due to a
reduction in groundwater
extraction in the dune area
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Now focus on groundwater...

North Sea Coastal Deep Peat Fresh water Ice-pushed
dunes polder lands lake ridge

i

Brackish/saline
—— Peat/clay layer
" Flow line

“---.. Phreatic surface

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
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Dutch setting

Past and future sea level rise in the Netherlands

L LR
-8000 -7000 -6000 -5000 -4000 -3000 -2000 -1000 0
Time with respect to 2000 AD

— L I 1 | L I 1 I 1 I L I 1 I 1 I

E 14 (SRR ST P RTTP RO A —
- Jelgarsma (1979) :

2 07 ¥an Hér’PiéééEhé’(’iQéﬁ) """ — : ¢ |
e R R S Fiiturs predicted SLR """"
9 _3_......,.......ﬁ.......,.......I,Q.5.ml.c.e.n.t.u.r:y ................ u
o source IPCC [1995]

[V]

e I e P .’ .......................... L
£ :

3 15— T e S At -
S : P :

220 r ™ - 1 "1 "1

]

?

Numerical variable density models at Deltares

Characteristics: NHI fresh-salt/Cliwat anden .
« variable-density groundwater 250m 6‘“%"" ==
« fresh, brackish and saline

* 3D, non-steady Noord-Holland [

« coupled solute transport i

Code (MODFLOW family): Rijniand

MOCDENS3D 2501

SEAWAT Y Zuid-Holland
Assessing effects:

« autonomous salinisation

* sea level rise

« changing recharge pattern
* land subsidence 0 25 50
« changing extraction rates
« adaption measures

75 100 km
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‘DO NOT DO THIS AT HOME!" (DATA
PROBLEM)

Number of cells: 3D cases with MOCDENS3D

<€Q\ saline

500

B
S o
o o

35.0 -
30.0 -
25.0 -
20.0 +--
15.0 4--
10.0 -~

Number of active
elements (in millions

Ll
o

QEN\QJJI 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Time

Modelling effect sea level rise on salt water intrusion

o eilanden
Ph.D.thesis oé“éf -
@/

http://repository.tudelft.nl

2D models

SWIM16

0 25 50 75 100 km
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Modelling effect sea level rise on salt water intrusion

3D models MNP

jlanden e
‘)e“ el o

Texel

Noord-Holland

Rijnland

0 25 50 75 100

I e Z€€1AN

km

Modelling effect sea level rise on salt water intrusion

3D models
SWIM

MNP

Texel

W
SWIM16 &

jlanden
66“6\\ o

Rijnland

lmmmm === Z6€1and
0 25 50 75 100 km

Noord-Holland
TiPM, 2001 / "‘i

Zuid-Holland
SWIM18

156



Modelling effect sea level rise on salt water intrusion

3D models MNP

jlanden
number cells |28 ger S

@‘b
Texel 7
230K &
Noord-Holland
62K "‘i

Rijnland
1.2

el

0 25 50 75 100 km

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)

nnnnnn

[ 000 100000 150000 200000 250000

Lo, Goeor X THO, GOE 17 THO, GOE 'I7
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Recent model study for the whole Netherlands

on the effect of sea level rise of water
management (2)

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

Chloride concentraties in Nederiand &
X

g
g
ki
3
z
£.
b}

00000
CONC: 50 150 300 1000 2500 5000 7500 10000 12500 15000 |THO/FKEGOE, 06

Chloride concentratie op <10 m N.A.P.

THO, GOE 07

Initiele situatie

600000

550000

500000

450000

400000

350000

300000

®B0N

0 50000 100000 180000 200000 250000
X

Recent model study for the whole Netherlands

on the effect of sea level rise of water
management (3)
» Variable-density 3D groundwater flow model and coupled

solute transport

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

Piezometric head (m Time=2008 AD 1]_ ‘
| | | . .

S 600000
550000
00000

>
450000

0 50000 100000 150000 200000 250000

Land subsidence 2050

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

+— ss0000

-
t— 450000

Time=2005 AQ}

400000

300000

100000 150000 200000 250000
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Results: zone of influence 1m sea level rise

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

Sea level rise=1m

550000

500000

-
450000

difference in head
[m] on 10 m H.AP.

400000

50000

300000

EPoeEo0000
SANWRM D~ RE

]

L} 50000 100000 150000 200000 250000
THO, GOE S 07 x

Salinisation over the period 2000-2050

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

ol Time= 2005 AD
600000

550000

500000

b

450000 Canc.
15000
12500

400000 10000
7500
5000
2500
1000

350000
300

150
a0

50000 100000 150000 200000 250000
THO, GOE 07 X
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Salinisation subsoil at Om sea level rise in 2050

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

Time= 2050 AD
600000

550000

500000
5~
450000
Gonc.
100000
000
2000
1000
350000 00
300
150
a0
50000 100000 150000 200000 250000
TNO, GOE '07 X

Salinisation subsoil at 2m sea level rise in 2050

MNP: Effect zeespiegelstijging NL (2m)
-11m N.AP.
i Time= 2050 AD
600000 |~
550000 R
500000 R
> i
450000
: conc.
400000 -
- 5000
= 2000
1000
350000 500
300
150
a0
50000 100000 150000 200000 250000
TNO, G OE 07 X
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Salinisation subsoil at 4m sea level rise in

2050

MNP: Effect zeespiegelstijging NL (4m)
-11m N.AP.

N Time= 2050 AD
600000

550000

LI I I B B I B B B I |

500000
>-
450000
Gone
100000
5000
2000
1000
350000 500
300
180
a0
50000 100000 150000 200000 250000
THO, G OE "07

Salty wells
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Seepage and infiltration situation around deep polders

‘ | clay/sand

first aquifer

Risk of instable Holocene aquitards (1)

clay/peat !

/

base peat

sand |

first aquifer

4 Jr seepagefinfiltration e piezometric head in aquifer

thickness aquitard
groundwater level
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Creeks cross the
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Temperature measurements

40 60 80 100 120
afstand (m)

Simulation of salt groundwater towards wells

diepte z [m]

-10

-20

-30

-40

Zoute wel in de Noordplas

stijghoogte=-5.6m N.A.P. Tij= 0.0 jr

1000 2000 3000 4000
lengte x [m]

Cone.: 50 100 200 300 600 1450 2000 2500 3500 |GoE pdel, novod
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Risk of instable Holocene aquitards (2)

Bp,aps slr=0m _: #
2 b oA
x::J _
Red=riskful - Ve
area slr=1m \ < J;"\
= : =0
slr=2m * A, {
'os,: &
AN (y._%\.
B
. ) e
S R 7
Rk - BN
s a7 '
1_*' d
Quantification hydrogeological impacts of sea level
rise T ————

804116425 ol boisontl plane a3 e, 75 muAP. Time=2000 AD

Saload.

Cones o ey ¢ 3 s

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)
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Modelling

3D models MNP

2.8M
nqmbgr cells o
grid size

62K
1250m

Noord-HoIIang

e
207
S
Texel 7
230K

Rijnland
1.2

100m
0 25 50 75 100 km

jlanden  __ yos
=

effect sea level rise on salt water intrusion

Characteristics 3D Cases (I):

3D modelling

geometry & subsoil

Case Kop van Texel Wieringer- Rijnland
Noord-Holland meerpolder

total land surface [km?] 2150 130 200 1100
L,*L, modelled area [km] 65*51 20*29 23*27 52*60
depth system [m -N.A.P] 290 302 385 190
aquifer hydr.cond. [m/d] 5-70 5-30 15-40 12-70
aquitard hydr.cond. [m/d] 0.12-0.001 0.01-1 0.012-0.056 2.5E-4-0.8
porosity 0.35 0.3 0.25 0.25
anisotropy [k,/K,] 04 04 0.25 0.1
long. dispersivity o, [m]** 2 2 2 1
# headé&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=0.77 m c=0.21'm c=0.77 m

* calibration with seepage & salt load in polders
“molecular diffusion=10-° m?2/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

Model of the island of Texel
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Texel

Characteristics of the island of Texel (1)

*Tourist island in summer time

-25  0.0km

eLand surface: 130 km?2

5.0

Polder areas:
1. Eijerland
2. Waal en Burg
3. Dijkmanshuizen
B 4. Hendrik polder

Sand-dune area at western side

N ‘De Slufter is a tidal salt-marsh

B North Sea surrounds the island

-275 -25.0 -225 -20.0 -175 -15.0 -125 -10.0 -7.5

0.0 25 50 75 10.0 125 150 175 20.0km

Texel

Texel: present 3D chloride distribution

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

Time=2000 AD

Conc.

18630
15000
12500
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150
50

0

[w] wdop
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Texel: reference case=autonomous development

digtance [km]

20

25

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

cone.
15000
10000
7500
s000
2500
1250
1000
300
150
S0

distance [kn]
Concentration changes in the top system as a function of time GOE

Texel

Texel: effect of sea level rise on salt load

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

Salt load changes inthe top system

| 807116725 cells

20

25

distance [km]
o
—— T T

5 10 15
distance [km]

Time= Oyr after2000 AD

Salt load
hadyr’

120000
30000
10000
5000
2500
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0
-100
-500
-2500
-50000

GOE, 2004

Texel
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Texel

Texel: change in seepage of the four polders
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Texel: change
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Model of the Province of Zuid-Holland

Case study: Province of Zuid-Holland

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

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

More seepage, more salt load?
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Land subsidence

45000 55000 65000 75000 85000 95000 105000 115000 125000 135000 145000
1 L 1 1 L 1 1 L 1 1

2050 & =
¢ Land subsidence
g B <-0.50
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4 [C]-02--01
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g B -01-00
€

- land rising

: Source:
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Location of the Province of Zuid-Holland
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Numerical model description

* variable-density groundwater flow

 coupled solute transport

« MOCDENS3D

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

* 400 *370 cells, 40 layers

* ~4 million active cells

* uses most accurate Dutch 3D subsurface
schematization available

* 9 aquifers and aquitards

e uses 5772 chloride concentration measurements

Position and name of aquitards

//\\\, / Hydrogeologic base

£
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3D interpolation of chloride-concentration

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

Histogram: depth Chloride measurements
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Initial chloride distribution

Z880RBEERE0.
SREESBEEREE8ga,

=)

=) = =) =

Present freshwater volume

27 billion m3

36% fresh, 14% brackish, 50% saline
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Results: Chloride conc. in 200 yrs

475000

450000

Province of Zuid-Holland, salinisation of the subsail

layer=2, -7.5 m N.A.P. Time=2000 AD
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Results: Chloride conc. in 200 yrs

Province of Zuid-Holland, salinisation of the subsail
row=70 Time=2000 AD
S0
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%1 50[-
[} |
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Results: freshwater head and seepage at 2000 AD

Time=2000AD 7 Y

(N

X

seepage

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

depth [ NAP]

475000

450000

425000 [ §

L Ben .
50000 75000
Seepage at -7.5m N.A.P. [mm/d]

TNO-NITG, GOE '04

Results: Salt load in 200 yrs

Province of Zuid-Helland, salinisation of the subsoil
layer=2, -7.5 m N.A.P. Time=2000 AD

475000

450000

Salt
80000
30000
10000
5000
2500
1000
500

\He k —— 250
=S 3 1‘#‘ b F) 100
I At I il = 1
50000 75000 100000
Salt load at -7.5m N.AP. [kg/haiyr]

425000

TNO-NITG, GOE '04
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Effect sea level rise, change in natural groundwater
recharge and land subsidence on freshwater head

in aquifer

Some regional modelling results

Freshwater head at -12.5 M.S.L.

Legenda
stijghoogte [m]

referentie: stijghoogte [m]
12.5 m-NAP, T=2075
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Difference in freshwater head on op -12.5 N.A.P.: G scenarios

Legend

difference in head (m)
<05
[ ]-05-04
[ ]-04--03
[ 1-03-02
[ 1-02-01
oo
oo
o1 -02
[ o02-03
[]o3-04
[ 1>04

Including change in natural groundwater recharge

G - ref: stijghoogte [m]

12.5 m-NAP, T=2075

G+ - ref: stijghoogte [m]
12.5 m-NAP, T=2075

Sea level rise is 60 cm

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

Legend

difference in head (m)
<05
[ ]-05-04
[ ]-04--03
[ ]-03-02
[ 1-02-01
oo
oo
o102
[ o02-03
[]o3-04
[ 1>04

W - ref: stijghoogte [m]
12.5 m-NAP, T=2075

12.5 m-NAP, T=2075

Sea level rise is 85 cm
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Difference in freshwater headon op -12.5 N.A.P.: W scenarios

Legend

difference in head (m)
<05
[ ]-05-04
[ ]-04--03
[ 1-03-02
[ 1-02-01
oo
oo
o1 -02
[ o02-03
[ o03-04
[ 1>04

W+&2mzss - ref: stijghoogte [m]
2.5-m-NAP, T=2075_

Sea level rise is 200 cm

Salinisation/freshening Netherlands?: Present situation

Legend
mg Cl/l

)
I s0- 100
[ 1200- 200
[ 200- 300
050
[ 500- 1000
[ 2000 - 2000
[ 2000 - 3000
I 3000 - 5000
- 50

referentie: mg Cl/l 7.5 m-NAP,
AN\ — T=2000

modelstudy
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Salinisation/freshening Netherlands?: Autonomous processes
Legend Legend
mg CIfl verschil in mg CIfl
= <-1,000
o5 -1000--500
-0 —
[ 1200- 200 [ 400--50
[ 200- 300 [ Js0-5
[ 300-500 [ Js-10
[ so0-100 ) om0
[ 2000 - 2000 [ 200 - 500
[ 2000 - 3000 [ 500 - 2000
I 3000 - 5000 A I 1000 - 2000 .
I - 5000 y \N“‘ referentie: mg CI/l 7.5 m-NAP, [ 2000 - 5000 \ < ref T=2075 - ref T=2000:
f—\\\ T=2000 I > 5000 S _\W\ierschll mg Cll 7.5 m-NAP
N ) Yy
modelstudy

Salinisation/freshening Netherlands?: climate change

Legend Legend
mg Cl/l verschil in mg Cl/l
. <100
I -1000- 500
- 0-50
I =0 100 o
[ 200--100
[ 100- 200 -100- 50
[ 200- 300 [0
[ s00- 500 [Jso-10
[ 500- 1000 [ 10-20
[ 2000 - 2000 [ 200 - 500
[ 2000 - 3000 [ 500 - 2000
I 3000 - 5000 M‘ < I 1000-2000 A
I > 5000 )\(\N‘ referentie: mg Cl/l 7.5 m-NAP, [ 2000 - 5000 > < ref T=2075 - ref T=2000:
8 T=2000 I > 5000 .\ verschil mg Cl/l 7.5 m-NAP
P B e ?
T . Uy
g .
N < W+ - ref: verschil mg Clil [, < W+&2m zss - ref: verschil
SN 75mNAR T=2075 S \___mg Cl 7.5 m-NAP, T=2075
A N
85 cm sea level rise 200 cm sea level rise
modelstudy
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Effect climate scenarios in 2075 on

freshwater head

Legenda

B Gecrease head
["] depends on scenario
B increase head

Increase or decrease head for all
climate scenarios G, G+, W, W+

Modelstudie PZH

salinisation

Legenda
]

B decrease conc
[ ] depends on scenario
| increase conc

Increase or decrease concentration for all
climate scenarios G, G+, W, W+

Rainwater lens

Rainwater lenses in an agricultural setting

Shallow dynamic freshwater bodies flowing upon brackish-
saline groundwater

—density dependent
—-dynamics: seasonal & long-year
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Salinisation of the phreatic groundwater in

—_— et

Position of brackish-saline interface

Salinisation of the phreatic groundwater in Zeeland

Dynamic rainwater lenses floating on saline groundwater

L thickness rainwater lens varies due to

Situatie in de winter neerslagoverschot A .

FLTL Ll the dynamics in seasonal and long-year
natural groundwater recharge

stijghoogte 1ste watervoerend pakket
Situatie in de zomer neerslagtekort

|1 N A O D A A A

7 stijghoogte 1ste watervoerend pakket
il
___waterloop
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Factors controlling fresh-salt interface

fituTtionliannte{ Precipitationsurp'“su l l l

v v v v v v

piezometric head first aquifer ‘ Surface water level ‘

Comp. cover
Layer (k,d,S)

Important factors:

-natural groundwater SIS IR
recharge

-geology

-distance between ditches
-water levele ditches
-capacity drainage system

Salinity of groundwater

Salinisation surface water

VERZITNGSKAART VAN HET POLDERWATER summer time

‘ IN DE PROVINCIE ZEELAND. 1

| Juiniel e d Ryl

VERZILTINGSKAART VAN HET POLDERWATER

IN DE PROVINCIE ZEELAND. | n t er t | n? é
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Position of the ground surface

Vs y
VAN o o [ duinen
'y % 2] vt

maaiveld m NAP
-
B 5t 25
A 2502
v | 2wts
] 45wt
[ 1tt05
I 05 t0t0
I owtos
[Jostett
B 1t s
B 5t
2otz
I 25003
B 5 otas
s
s
[Jsutzs
[ 75tet 10
| Bl

£

Salinisation surface water

VERZITNGSKAART VAN HET POLDERWATER summ é? time

IN DE PROVINCIE ZEELAND. 1

Moo Z0MORETING.

VERZILTINGSKAART VAN HET POLDERWATER
IN DE PROVINCIE ZEELAND.
GEMD0DE ZOMETOESTHO
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Problem definition dynamic
freshwater lenses

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

The salinisation will increase due to:
e sea level rise

e climate change

e water level management

How to tackle the problem?

Field measurements at parcels
- 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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EC locatie loc10 EC locatie loc1 EC locatie locé

S H ] H
s
g . 3 = H
: = : ‘
{ 1|1 {
1
i i F Salt
T oo # # 3107708 ¥ dlStrlbUtlon In
L ' i | .
#5000 P ‘ 31 savio i time
ooupe : 030408 : | oausios i
§ L - § « §4
- " B mSlem® L] *: *® ECmSiom®™ -

EC locatie loc7 EC locatie loc8

m

Loc 5 50m WA ¥ 4 ¥ g

c 6 100m

cm below surface

o708
1[/10:08

08
Fossil Creek ridge 5 e S ; ci‘.m;ua

¢ " ECTmsom®
Loc 11: 300m
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« TEC
sampling
EM31
CVES

« HEM
« ECPT

Numerical models (2D and 3D)

mpa ison I{‘ en nimning“t.achniq.u‘e.s (1/5)

"
o
60.0 ]
400 | i
350 3
20 i |
|
e i1
1 1 |
16.0 k| +
14.0 ™~
12.0 e
110 i,
10.0 b= 1 oies]
80 f
as Fossil Creek ridge L
a0 T
5.0 bR e ‘g «
40 e’
30 o Lot
g 10
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Local 3D model of the agricultural plot

TMU.‘ -
e

Legend
AHN (m NAP)

Modelling:

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

Code:
MOCDENS3D

Assessing effects:

* autonomous salinisation

* sea levelrise

* changing recharge pattern
* (adaption measures)

Comparison model with EM31, CVES, profiles

= e =ese | Cl-profiles

*  Observation points Cl-profies

Contourlines EM31sesults > 'M:H::mm 'E o measured
5 2
\ 150 “H——_L_\_ e
I o = modeled
[Jeseo. . s ] X : Cl-concentration (mg/l)
Y : depth (m)

0 W00 6000 SO0 12000 18000 D Xo0 w0 wo 1
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Comparison 3D model and CVES

CVES

Site 11 - Renesse

Apparent resistivity (Ohm-m)

South-East North-West

15000-20000
[ 125005000
10000-12500
7500-10000
5000-7500
[ 10005000
500-1000
300500
100-300

HEM data

central depth apparant resistivity chloride concentration model

=15000
-4,5m
12000
9000
= % £000

20000.0
300

3000

-9,5m =0

2 -145m

A

-21,5m
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Climate change scenario (dry): model result

To be continued...

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

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

e Compare model results of different scales and give
recommendations
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Model the dynamics of fresh-brackish-

salt interface

Regenwaterlens Wetterskip Fryslan

2015.0 AD

=

£

E

o

a

) Cone.

o
5000
4000
2800
1000
300
150
a0

25 a0 75 100 125 150
lengte [m]
THO '05

Model the dynamics of fresh-brackish-

salt interface

diepte (m -mv)

Regenwaterlens Wetterskip Fryslan

20153.0 AD

Gone.

5000
4000
2500
1000
300
180
a0

25 50 75 100 125 150
lengte [m]

THO "05
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Thickness of the lens and salt load to
surface water varies

Thickness rainwater lens

(m)

- oo~

35

—s—reference case: seepage=0.3 mm/day
—=—seepage=0.5 mm/day

noA

25

T
[ W YA ALY,

YoM /™ "

05

VW T A

2026 2026 2027 2028 2020 2030 2031 2032 2033

depends on seepage

Time (AD)

Chloride concentration under

—+—reference case:seepage=0.3mm/day
5000 { —=—seepage=0.1mm/day

4500
sl AT
Sas00 LA A AL ottt
T AW T i
{=1] U 4 ¥ v ¥
E£2500
52000
1500
21000
500 e it
0

2025 2026 2027 2028 2029 2030 2031 2032 2033 2034
Time (AD)

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 507100 years

*Modelling techniques are available to assess possible effects
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Recommendations (salinisation Dutch aquifers):

*Number of quality measurements should be

increased

*Feasibility study is necessary to implement potential

technical measures to compensate salt water intrusion

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

LAND
WATER v
LE =
------ FRESH 4/
SUBMARINE DISCHARGE ---~~ GROUNDWATER
OF FRESH GROUNDWATER A —
i —

; SHALLOW AQUIFER
~ BRACKISH WATER
SEA WATER

FRESH GROUNDWATER
DEEP CONFINED AQUIFER e

DEEP SEDIMENTS

Burnett et al, 2006
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Why study SGD?

Nutrients are transported from land to sea via SGD pathway

Precipitation

Evaporation

a4

B o e

k" V/ .g;%&n -

B

i P, e ;}M T.i

Symbols: IAN.umces.edu

Why study SGD?

Nutrients are transported from land to sea via SGD pathway

Evaporation

Symbols: IAN.umces.edu
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Zl::mzw:ter ground surface]
discharge =
\_ph -

fresh groundwater

Philippines

Submarine Groundwater Discharge @

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
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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

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
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1. Rijnland model: land reclamation case

Rijnland

1. Land reclamation in front of the coast

depth [m N.AP ]

-40

do
o

-120

-160

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

land

reclamation Time= 0yr

arlemme|
pelder

10 20 30 40 50
distance [km]

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

G. Oude E ssink, '03
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Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder

Calculated present phreatic water head

Reference: present situation Inundation polder

3 30 25 20 15 10 &5
45 40 35 30 2 20 15 10

50

55

60 55 50 45 40

60

5 10 15 20 25

Freshwater head [m]

6.0 50 40 30 20 10 00 -10 -20 -30 -40 -50 -6.0 -7.0

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

Reference: present situation Inundation polder

35 30 25 20 15 10

40

45

[fo]
0
o]
©
5 10
Seepage [mmiday]: Seepage [mm/day]:
100 20 -10 050 -125 010 000 010 026 060 10 100 <00 20 -1D 050 -025 010 000 0.0 025 050 10 100
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Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder
Calculated salt load on -10 m M.S.L.
Reference: present situation Inundation polder

(=]

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

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

Rijnland
2. Rijnland model: Inundation Haarlemmermeerpolder

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

_?' Time= 0yr

Seepage [mm/day]

-0.10
025
-0.50
075
-1.00
-1:50
-200
-10.00

0 10 20 30 40 50
X [km]
Seepage changes at -10 m N.A.P. TNO-NITG, G. Oude E ssink, '03
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Rijnland

2. Rijnland model: Inundation Haarlemmermeerpolder

including autonomous development, sea levelrise and

0

10

20

40

§0

60 k
0 10 30 50

X [km]
Salt load changes at-10 m N.A.P.

Rijnland model: inundation Haarlemmermeer polder

land subsidence

- Time= 0 yr

Salt load [kgha/yr]

G0000
28000
10000
5000
2500
1000
100

-100
-1000
-5000
-120000

TNO-NITG, G. Oude Essink, 03

Rijnland

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

Rijnland model (row 72): Inundation Haarlemmermeer polder

Time= 0yr

Haaremmermeer
older
brackis
40 seepage
&
<
= 80
E
£
& 120
=
-160
10 20 30
distance [km]

Conc.: &0 150 300 1000 2500 5000 TS00 10000 12500 15000

G. Oude E ssink, '03
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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 subsuface
due to fresh water injection
and a sea level rise of 0.6 m per century

Profile Amsterdam Waterworks-polder Groot-Mijdrecht
Haarl. meer

polder Time after 1990 AD

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

160 g, .

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

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

5. Physical barrier (conc, 1000 yr)

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

HaaH. meer
polder Time after 1990 AD

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

160 g, .

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

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

Profile Amsterdam Waterworks-polder Groot-Mijdrecht
Haarl. meer

polder Time after 1990 AD

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

160 g, .

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

Conc.: 40 150 300 1000 2000 5000 7500 10000 12500 15000
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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):
7 fE_B|p EE) & (CVi)+(C_C)W—RdAC
ot 0x OX; | OX; n,
change dispersion advection source/sink decay

in concentration diffusion

Dj;=hydrodynamic dispersion [L2T]
R4=retardation factor [-]
A=decay-term [T]
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Solute transport equation: column test (I):

Pollutant distribution at +=0

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

modelling

Solute transport equation: column test (I1):

Pollutant distribution at t >0
Advection
A

Cc

Advection+diffusion
A
C

\_
P

Advection+diffusion+dispersion
A
c

xV

xV

modelling
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modelling

Solute transport equation: column test (111):

‘{ldvecfiomdiffusion+dispersion+refardaﬁon(linear isothermal)

c —
i retardation
! .
x=vt /R x
:ﬁdvecfiomdiffusion+dispersion+refardafion+decay
A
C [}
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

modelling

Solute transport equation: diffusion (I)

diffusion is a slow process: diffusion equation

only 1D-diffusion means: R;=1, V;=0, 1=0 and W=0
oC 0°C
=~ _-D .

ot 0z

similarity with non-steady state groundwater flow equation

2
s _199 . n A 45

ot ox SAX’
t+At t NAt TAt t t t
=+ —+—— @, — 20, + ¢,
¢| ¢| S S sz (¢|+1 ¢| ¢|—1)
T ol %(c;+1 —2c!+Cl,) % <05
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Solute transport equation: diffusion (11)

modelling

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

% f TN Time (year)

o 12000 —0

é I =500

< —=—5000

]

‘g 8000 /’\w 7 20000

e | = /. 80000

) / [

2 may o= —— 175000

S 4000 e

g - —— 220000
—— 350000

0 4 ; ‘
50 100 150 200
Depth (m)
modelling

Solute transport equation: diffusion (111)

Animation as a function of 350.000 years

Depth z [m]
3 ~ (4] [\
o L] o ¢t
T

=

n

<
T

0yr
150 —
175 -
200 A L L L L
0 4000 8000 12000

Concentration [mg CI-{I]
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MOCDENS3D

Groundwater flow equation (MODFLOW, 1988)

Darcy
_ K904 kP90 K.piQ( O p—ps
ow XY uooy u \oz  p
Continuity [
9
o |
o buoyancy
Freshwater head AT
s -P
P9

Advection-dispersion equation (MOC3D, 1996)

_Vjac  sW(EC'-O)I_ ¢
Rf axi an

oc_ 1
ot an

oC
nDijTXj

Equation of state: relation density & concentration

o
axi

Piik =Pt G i)

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)

row (i) ——
‘)/Layer (k) ncoL &Y

— Ar

AX j
row direction
NRO‘V\// Aci / w di i
—— column direction Az
l NLAY
l layer direction Av,
MODFLOW

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

Continuity equation (I)

In - Out = Storage
z(kﬂ)i % +3( ﬂ)_w:ss@
OX ox) oy Yoy) oz oz ot

_g Ad
.G =8 v AV

MOCDENS3D

Continuity equation (11)

) _ Qext,i,j,k
ZQi =S, A_¢AV | ‘ J :-AX ) Qi-v/2,jk
Al AT e

: / Az
o Qij-1/2.k |
In = positive — S L _E1Qij12k
//,
Qir12jk L=~

Qi,j—l/Z,k + Qi,j+1/2,k + Qi—llz,j,k + Qi+1/2,j,k + Qi,j,k—llz + Qi,j,k+l/2 + Qext,i,j,k

B
At

=SS, AV
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MOCDENS3D

Flow equation (Darcy’s Law)

element i,j-1k element i j,k

i ]

i ¢i,j»1,k ik Q = Surface*q — Surface*k%
=== ™
Alz_ //// 9/{,]»1/2,k Ay7_

L_AX —Pl

¢i,'— Kk _¢i,',k
Qi,j—l/Z,k = ki,j—l/Z,k Ay AZ#
Qi jrzn = CRivi—lIZ,k(¢i,j—1,k _¢i,j,k)

ki,j—llz,k Ay Az

where CR; ./, = Ax

is the conductance [L2/T]

MOCDENS3D

Density dependent vertical flow equation

b =

K,P9 [5¢f PP J Q, = surface*q,

u \oz p 0 —
f = surface*k, {ﬂ +MJ

N A
z Z az pf

¢ i, j.k= _¢ i,
Qi k2 =Kijkan AXAY( S 1AZ R BUOY, ;\v>
Qi,j,k—l/Z = CVi,j,k—l/2(¢f a4y J, k=1 _¢f,i,j,k + BUOYi,j,k—l/ZAZ)
(Bi ik +Pi k) 2= Py
P

where BUOY,;, 1/, :[ ] =buoyancy term [-]

ki,j,k—llz AXAy

where CV, 4, = e

=conductance [L2/T]
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MOCDENS3D

Density dependent groundwater flow equation

Qi,j—llz,k = CRu j-1/2, k(¢f i,j-1k — 0 i, k) : J_ Qi Qextem
Q (¢ —¢ ) I Ty A Qi

i,j+l/2k Ij+l/2k o0, j+1,k i,k k_yl "
Q—1/21 —1/2] (¢ i-1,j ¢f i j,k) : / -
Q _¢ ) 12,k |

i+1/2,jk — |+1/2 Jk\Pf i,k fi,].k — gL _G1Qijsk

=7 -
1 -
Qi+12k L=~
TQi,j,k+1l2

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

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

t t+At
_ SS » (b f,i,j,k_(b ik AV

b At

MOCDENS3D

The term Q,, . ik

Takes into account all external sources

Rewriting the term:

t+At
Quxtinjx = Pi,j,k¢i,+j,k+ Q'iik
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MOCDENS3D

Thé variable density groundwater flow equation

Qi ivak Qi ok T Qg T Quarz i T Qi jkcwz + Qi jwcsrrz + Qe ik

_ SS » ¢tf,i,j,k_t¢tf+,iA,tj,k AV

and: b A
Qe jx = Pi,j,k¢tf+,iA,tj,k+Qli,j,k
gives:
CVijucr2Btiiia T CCruz 1Bt i i + CRY uak P a
+(=CV, ;1= CCousa 1 —CR. 12k =CR 2 —CChyia s~ CVi sz + HCOF, | i
+CR; juaoxBriisak T CChuz ikt in + CVijiesra Bt s = RHS;
with :
HCOF, ;, =P, ;, —SC1 ;, /(At)
RHS, |, =—Q' ;. —SCL ;¢ ;. /(A1)
- CV’,j,k—l/Z BUOYi,j,k—l/ZAVk—]./Z + CVi,j,k+1/2 BUOYi,j,k+1/2AVk+1/2

SCY, ;, =SS, AV

ijk

MOCDENS3D

Equation of state

|- +p )2
BUOYi,j,k—l/zz (pl,j,k—l/Z Zl,j,k) P+
f

Ps—Pi Cijx

L = a2t hlldd

pl,j,k pf pf C
or

Pijk = Pt (1+ ﬁci,j,k)

S
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MODFLOW

Method of Characteristics (MOC)

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

oC_0fpeC]| o (Cvi)+(c:—c)'w

ot 0ox ! OX; _axi 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

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

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

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

MOC3D

Steps in MOC-procedure

1. Determine concentration gradients at old timestep k-1
2. Move particles to model advective transport

3. Concentration of particles to concentration in element node
4. Determine concentration gradients on new timestep k*

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

Konikow and Bredehoeft, 1978
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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

MOC3D

Reflection in boundary
i-1 i i+1
no-flow boundary

er o ari g
center of grid ce
j-1 =
flow line L
[ \
] Az 5

@ particle on previous location
computed location of particle

W corrected location of particle

j#l

[— A\ Y =]
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MOC3D

| | |
Stability criteria (111) \ R
—_» X --—» * --—» * —1»
3. Courant criterium O C |
v i v
* Node element 0
+ Particle o L . S B S
\ Velocity direction : i : Y : i :
\Movement particles * j\ *
(] l . . l L] \ . | L[]
0<€<=~1 \ v
GAX A
X,max Vy,max Vz,max

Courant criterion: places where timestep is smaller than 40 days
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Numerical dispersion and oscillation

Concentration Concentration
Overshooting

Exact solution C

C

Numerical dispersion

e

\ V2
N . " X - " T > X
Numerical dispersion Oscillation Q[ﬁdershooting

DAt DAt
Cl =Cl+—(Cla-2C1 +C,) 17 <05

2
ot 0z

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 <2to 4

VAX
where: Pg =—
h
\% = effective velocity [L/T]
AX = dimension grid cell [L]
D, = hydrodynamic dispersion [L2/T]
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3D problems

Numerical dispersion problem (11)

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

AX<2a, to 4o,

where o = longitudinal dispersivity [L]

What does that mean?

I oy is small, then AX should be small too!!

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
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problems

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

Position profile through Amsterdam Waterworks, Rijnland
polders and Haarlemmermeer polder

Zandvoort ~

Haarlem

Cruqmus

0

[ profile
I city

problems

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

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

Stress period:
1 2 !
'Deep groundwater extraction

w

20

[uny
(S,

(8)]

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

Extraction [106 m3per yr]
(=Y
o

1860 1880 1900 1920 1940 1960 1980 2000
Time in years
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problems

Effect of o, on the salinisation of the aquifer (111)
a,=1m
Initial situation: 154 years ago
Profile Amsterdam W aterworks-Haarlemmemeerpolder
i extractions
long. disp.=1 m
% 50
2
E-100
§'.150
2500 5000 7500 10000 12500
Length of the system [m]
EE T T T [
problems
Effect of o, on the salinisation of the aquifer (1V)

o, =10 m
Initial situation: 154 years ago

Profile Amsterdam Waterworks-Haarlemmermmeerpolder

long. disp.=10 m extractions Time= 0.0 yr

Depth below M.S.L. [m]
5\ '
[an]

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

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

N

aquifer boundary

MODFLOW

Numeric model

area of<constant head

223



MODFLOW

Boundary conditions in MODFLOW
)

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

o0k wbNrE

MODFLOW

Packages in MODFLOW

Well package

River package
Recharge package
Drain package
Evaporation package
General head package
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1. Well package

Qwell - Qi,j,k

MODFLOW

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

in an element as:

t+At 1
Qext,i,j,k = i,j,k¢ i,j,k+Q ik
Qext,i,j,k =-10 (in= positive)

Q'i,j,k =-10

MODFLOW
2. River package (1)
river loses water river gains water
¢riv (I)i‘j‘k
__ | = | ___ ?' ¢riv e
i [ ...
element i,j,k element i,j,k
¢riv - ¢i ik
= KLw| =S
QI’IV M
KLW
Qriv = T(¢riv - ¢i,j,k ) = Qriv = Criv (¢riv - ¢i,j,k )
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MODFLOW
2. River package (11)

Qriv = Criv (¢riv B ¢i,j,k )

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

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

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

Qi;x=60 and B, =-20

i,jk —

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 riverht

KLW

where Criv = is the

conductance [L2/T] of the river
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2. River package (1V)

Leakage to the groundwater system

I |

[
_RBOT

PAVAITANRN

element i,j,k

Special case:

MODFLOW

|f ¢i,j,k<RBOT' then Ql’iv = Cl’iv (¢riv _ RBOT)

2. River package (V)

head ¢ in element ij,k (L)

S
[
=
S
N D
A D; £
= |River £
= o
= River stage
_\?: ----------------------------
5 - "
9 elevation of the bottom g
...... Z. . of theriver.ned BBQL « . -« o,
[ 1 o
O 1 'g
E : -
E '
<= 1
1
1

Into the aquifer

Leakage through river bed

MODFLOW

Out of the aquifer
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3. Recharge package

Q... = |AXAyY

MODFLOW

MODFLOW

4. Drain package )
ijk
ern = Cdm (¢i,j,k h d) S drain
/. d
- . ¢I-Yj£
Special case: =
element i jk

if ¢y <d than Q, =0

Drain

leakage rate

drain elevation

leakage rate=0

head ¢ in element i,j,k (L)

No leakage into drain Leakage into drain

Leakage into a drain
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5. Evapotranspiration package

Evapotranspiration |MaximumET rate

- _ =
< |SURF=ET surfaceelevation _J ______ N
= n ©
c
£ afis
X -
5 W 2
e b EXEL=extinction elevation _ _ | ¢
= ()
kS
o L ET rate=0

MODFLOW

Evapotranspiration (ET)

6. General head boundary package

Qghb = Cghb (¢ghb - ¢i,j,k) -

head ¢ in element i,j,k (L)

¢|‘j‘k

MODFLOW

element i,j,k

(bghb

General head boundary

1
slo@e: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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1 (name).bas-file

2 (name).bcft-file

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

5 (name).riv-Tile

6 (name).drn-file

7 (name).ghb-file

8 (name).sip-file

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

Time indication MODFLOW

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

MODFLOW
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Flow time step and solute time step

determination of a
new velocity field

determination of a new solute
concentration in each particle

Ar=flow time step=1 year determination of a
new velocity field

N\

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

W Stress Stress Stress
g Period 1 Period 2 Period 3
2 l l
o
£ 5 . 5
=% I'me *  Tine “, Time Time lime Time
E_ Step | Step 2 Step | Siep 1 Step 2 Siep 3
2 :
E, -,
.
\
Time .
Step 2 5
=. i " ) I .

~ = = =

2 g Z 2

Z 7 7 z

= = = =

8 & & e

w @ w w

by % = ]

= = = =

— ra et -

UOHE[NLUIG JO PUT
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