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e ... "'numeroustheoretical papers have been published based on a
stochastic description| of aquifer heterogeneity: (Neuman, 1982;
Sudicky & Huyakorn, 1991; Yeh, 1992) but the central guestion of
whether the stochastic method, which treats aquifer heterogeneity’as a
random field; is applicable to real aguifers under field conditions; hias
not been|definitively’answered?

V.. Anderson, 1995

... therture oi « dealinofwithrheteregeneity» i hydregesiony;
dependsiiangelyionia consciousi decision o hEer characterize;
describerand imodelfthe geelogy o thersites: >

derviarsilyerallr2005

e emiapracticalpenreiviewANthwe maiRiclassical /g UesteRSIo)
nYyelraejolae)y
- cgliglgziion of grateeiions Zaes cletiplel ol olnefwells
i) zlejUlifers:
SWasierdispesalisticiesimNonWipEmealisAayers
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|ULg| Outline

o= Aguifers: capture zones delineation

> Co-conditional stechastic method for delineation of
time-related capture zone combined withian inverse
modelling procedure

> Application to a virtual (synthetic) study case
> Application to a real case
» Lessons

« [Lowi penrmeabilitylayers: seluterliuxes and transier times
> Objectives

> Application with Keashandidatia

> Applicationwith GIhERiranspeiipaamEeLersiasiiand
cleitel

> EEE5EHS
S CONCIUSIBNS/PESPECHVESHTONaPIECH Cal EBINRGVIEW,
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General context: groundwater profection

s Time-related capture zone (protection Zzone)

=) delineation based on the concept ofi travel time

= anea aneund the welllirem whichh\water;
isicaptured withintas certaintime:r

=
pasedionrereliabiliizeiRthesydieoEsleicalimeuElS
depencsistrenaly onreurallliiAierd EScrlvertneraguiier
Sy/stem| pProperties (K8 #e, »..)

eseclontouFkneledaeroiftnerdeciogyA(imiedNyiiie
existingNieldiceie)
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IHetierogeneity

» Hydrogeologicall properties ====p heterogeneous

m==) |regular distribution of
groundwater flow: and
selute tramsport

s Ecyy, ponctual and
spread data

s SEUICE Glf UNCE NI m—

o Paiicientirackine s el eying el patireiimaginaAVater
particulesplacedhintargretndwatersienaield
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|ULg
Hard data and sof 1 datia

Field data

4 \

Direct measurements; ofi A Indirect measurements of A°

(generally few) (gealegicallor hydrogeological mfermations;,
results provided fromigeophysical
PrOSPECHONS) EXPER ao\VICE) ..")

s Redice uncertaimty ol the predictions

4 \

PIEZOMENIC Electical
flezlels) /) resIStvities
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U
Ob)jectives

Propose a stochastic method to delineate protection zones,
applicable toireal study case

VA guantification oiftherwell Captiure Zzone UNCErtainty;

VA reduction offthistinceraintyyintegratinofdirect (hard data) and
Inellrget (Suft cleitel) mesisiies of (€

A. Dassargues, M. Huysmans & C. Rentier 2005

Geostatistical v (Co-)conditional
4

-
analysis Viente Carlo
Simulations

2
po 0% 4 InK or In p fields

Reselution erithe
Inversepreklem

—

SSelectionrcheEron

Parameterisatior

Optimisediields
Ol A

J
&c PEIIEE

K treickin)
SIOCHaSTIC

P'iezpme'tric ProLEcHoN Zone JiD) PIOLECHORNZOINES
disubupen L)y
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Stansiicel
——

analysis

Flow simulation




U

Conditional simulations

ol
P53

~CY _ >}< NCS — ,.;\“YCS -
S(x) = 7 (x)* 2¥S(x) ~ 4 (x)

X
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U

Conditional simulations

2i°(x) = 7 (x 77 (x) -

Conditional Non-cond.
Simulation = Kriging Simulation
(@S) (NCS)

Kriging o
the:NCS

NUming Bands
(Mettneron, 1978 —
Meanitaglou & Wilsan, L982)

‘Begt Line:r ‘Noise!
Uplicjue Esitignztos (zero ait thle measirement goinis)
-+ Southing
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|ULs]

conditional simulations

>¥;

G(x) = z(x) +

Non cond: Estimation
= | simulatien 0)Y/
Simulation NES ofitherNEeS

Vianyicelleciedisolitdaianeasuiements
—  getier calfeleiefseion of e s geltel elfelglliny

A. Dassargues, M. Huysmans & C. Rentier 2005
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|U I Conditioning on measured /
b2l T1iPOUGH aniinverse modelling procedure

mm=) requires parameterisation (zonation in ‘facies’)

mm— oW to perform that without loosing the
geostatistical properties of the K fields 2

Actual variationirange fo) Inks

l. Zorlatior)

aVec
Kci<hcr<Kes=Kci~Kcs

s {jjeshoelds\Valuesifordividinoiin: facies o tnifermiValie
(K,i=1,...,5)

A. Dassargues, M. Huysmans & C. Rentier 2005

Which threshold values (S)) ?

»  Principle : minimum variance within each ‘facies’

mmm) MiNIMISing function f°

Ne Ngi

f=2.> (nk,; ~InkK,)’

i=1 j=1

N ;.
> di
anI. :721111\” A= IHVC

T

Ink
b b 4 & b kbR

N yi Jj=1

classified InK data

B HEntheNValEIoATC =" aVerageNValley fiacies
D seiverasinitalvaluesnNheadieinno)Zzon s eithEN aCcIES
D OpIHIMISECNByAEN IVESENIOCEC UIE
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| U]-gl After the inverse procedure:
S selection criterion (order critierion)

o after optimisation| ofi the A values;in each ‘facies’, we add the
selection| criterion| that the initial respective erder must be
respected! Kci < Kci+1)

o) relaxing:
= Ol ene permutation

= climinatinefrealisations et respecting this Chteron
asi«irealistichields i argeelogicalipoint CIVIEV:

A. Dassargues, M. Huysmans & C. Rentier 2005
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|ULg e
Statistical analysis

Capture zone probability: distribution

[CAP(x,0)] =1L
n

= prohability that a tracer particle released at a particular
locationiis capturedt by therwelllwithin a specifieditime

(O 005 [:(0:5) [:(0:95) (1)

Thelisolines R connect the \
|oCatioNSHNIHENCAPWIthhE
Szlfe grogeolliny o(CLPCe 1)) =

A. Dassargues, M. Huysmans & C. Rentier 2005

|ULgl .
Synithetic study case

Groundwater model
representing
« d reference situation »

very: similar to alluvial aquiifer
conditions "
Not at scale

Heterogenepus
Kequivalent ; Kequivalent

" Alluvial plain boundary

A. Dassargues, M. Huysmans & C. Rentier 2005



Constiruction of' a reference
capiire zone

One non-conditional K—field generation: reference medium

s Recference protection zone f(7)
(by direct groundwater flew: simulation and particle tracking)

= Create sets of kG, /z and p

TRéf
Ke(im/s) ~Pl /

@=160NTIE/N

A. Dassargues, M. Huysmans & C. Rentier 2005

lU]—gI Creating realistic
‘measured data sets’

s Creating a (&) hydraulic conductivity: data set

=) 1 fEW Measurement points’: value
from the K field

s Creatinga () pIezemenic hEads data)Set

m—  [IEWSTEASUEMENFPOIRISENAIUE
e ENeierenceNionAield

A. Dassargues, M. Huysmans & C. Rentier 2005
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|ULg| Creating realistic
e measured datia sets’ (following)

» Creating a (p) geeelectrical resistivity data set

Data measured and collected in
many: sites ofi the alluvial sediments
of the: River Meuse

mmmp correlation between Inktand Inp

) cltificiall genernation ofia prdata
set fiom) the reference Aefield

considerninorN(OrrasiaandemidWanitaim
2 stendandmoemalidistrbibienianc e
standandideviationieitheNEgressionesidual;

lop.=by+ b, Wi+ o 1Y (D, 1)

SO0NEsIsivityAvalUESHdistfbuiedien
2N eMEeORARICGCHIES

A. Dassargues, M. Huysmans & C. Rentier 2005

|ULs]

UMNIVERSITE de Ligge

Application 1o fihe synthetic study case

[CAP(x,1)| Kis, Jiis)] [CAPC )| Kos, 15|
Up [CARCeD) ICAP(x.1)| Kas, liz5] [CAP(x.1)| Kos, Ji5]

[CAPG )| Kis, Vs, piso] | [[CAPGe) | Kas, Vizs, piso)

[CAPGs)| K, Vs, paool | [CAPCe) [ Kes, V125, paon)

f=1,5, 10, 20 ceys

A. Dassargues, M. Huysmans & C. Rentier 2005
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|U]_g| Performance quantification

(afiter van Leeuwen &/ a/., 2000)
o

(@)
o wyiand waz = a measure of the @ B 0

surface between IF'® and T@W - and
hetween [0 and [(©-25)

* wy = deviation of PO with regards
VOrTReS

s e sz =S oWl TRer ISAWE
ncludedin the zone 1Yand
003

A. Dassargues, M. Huysmans & C. Rentier 2005

|U]-gl For each realisation,
keomeeied compufation of the 20-day.

capiiure zone ===p CaPD

A. Dassargues, M. Huysmans & C. Rentier 2005
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ULsl

m—— strong effect of the co-conditioning

A. Dassargues, M. Huysmans & C. Rentier 2005
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Syniihetic case: summary.

s .
At
mk=0; 1y

A. Dassargues, M. Huysmans & C. Rentier 2005

lU]—glEffec‘r of the zonation in facies and

. .
selection on the spatial structure ?

gram : FaciesOptimise lnK

l_InKZ5[00015]
N paOptimise 1nKO15

w

0.8 | (b2 J
N v
o | \ \/J ) J

AT

0.5

0.4

eliminated
after inverse modellin
procedure

0.3

0.2 A\

Varicgram : Flcicsﬂptimi‘sn_ln‘h‘ﬂia )

Variogram : FaciesCptimise lnK093

Variogram : Simul_lnKZ5[00093]

0.1 i

9.0 o 100 200 EL 400
Distance . <
A. gues, M. Huysmans & C. Rentier 2005




Alluvial sediments
Tournaisian
Fameznian (Cinzy)

Famenian (Souv-Pré)

Famenian (Esneux)

U]-gl Application to a real case
(Anseremme near Dinant, Belgium)

A. Dassargues, M. Huysmans & C. Rentier 2005
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U]-gl Application to a real case
(Anseremme near Dinant, Belgium)

N

Depth  Reration 8 RMS emor= 145 %
~5|] 0

Resistivity in Ohm.m
[ ) [ [ [ () [
| 1 461 | BT 18 n2 k%)

Ll

clay " silts

saturated sands ' saturated gravels'

EQuIvalenmvale eiiprekiaiied e oEVeE]
layer(@litvialisediment)

A. Dassargues, M. Huysmans & C. Rentier 2005

U]-gl Application to a real case
(Anseremme near Dinant, Belgium)

- conditioning| on Inp: (293 data points)

- inverse medelling  onihi (8 data points)

- verifiying the coherence of the ebtained K
lieldsiwithiregardsiteithe 8 data peints, of
measured A

1041
L1623 350

Variogramme de Inp

100 150 200 250
Distance h (m)

A. Dassargues, M. Huysmans & C. Rentier 2005




|U]_g| Application to a real case
Anseremme near Dinant, Belgium

»

100 OO 300 400 506 €00 700 100 FOD 300 400 500 €00 700

A. Dassargues, M. Huysmans & C. Rentier 2005

U].gl Application to a real case
(Anseremme near Dinant, Belgium)

1 = 24 hours

&> ‘; To0m
I Vg

A. Dassargues, M. Huysmans & C. Rentier 2005



| U]—gl Lessons

stochastic co-conditional approaches bring Improvements
it does not spare us the acquisition of measured data
selection| of ‘best” locations for geophysical measurements
it piezometric heads are usedifor inverse modelling
parametersaton)/ zonaton in facies:
thieshelds values)/ selection criteron
statistics;enremaining realisations
IiFSElecion cliteion Nettoolad
geosiaustcallstiiciurerseems ioNe preseved

tHENECIES ZONES CalerdiS|eInE PESSIk]ENINKSHONE
ioURdNVItIICHES GEREHCAIESEH EGIeRIcallanalySsIS

A. Dassargues, M. Huysmans & C. Rentier 2005

|ULg| Outline

o [Low penmeabilitylayers: seluterluxes and transier times
> Objectives

> Application with Keashandidatia

> Application\with GIheRiranspeiipaamEeLersiasiiand
cleitel

> EEE5EHS
2 CONCIUSIBNS/PESPECHVESHTONa R CH CalNEBINRGVIEW,

A. Dassargues, M. Huysmans & C. Rentier 2005
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|U l Co-conditional stochastic

simulations; in low: permeability: layers
» Aim /cbjectives:

impact of the heterogeneity oni the vertical solute
transport throughia very: lew: permeability’ layer
) {ransfer times
mmm) (UaNtfication of the solute fluxes
Case! study: of the Boemi clay:
radieactive waste dispesallunderstudy,

s Vertical heterogeneity oit i corelatediwithisecondary
dates

= resistivityvalues

S gammesiely,

= glrainisizeN(d);)

SithesiratigrephicecelumnNdesechplverdaiz) uieud
idicaions calculziedMsy e EarmatiBnivicro
Imager(Clayi=assancyiciey =25 Clayeyisand
= 8; sandi=4)

A. Dassargues, M. Huysmans & C. Rentier 2005

|U l Co-conditional stochastic
simulations; in low: permeability: layers

— Sands of Mol

Sands of Kasterion

— Bands of Diesd and Dessal

- Gands of Antwsrn
Sands ol Voor

e

0km - .-

SCRCENFIRZIMIONE . . .

dmm VWater fiow diraction n the aquider | Leakage directon through the squiterd — F: Taull area

A. Dassargues, M. Huysmans & C. Rentier
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ULl —
ow. permeability layers: datai sets
; y lay

» Spatial structure of (K|, ) in each of the three horizontal
sub-layers g Directon 0

a8t
o072
9,083
aos4
a0as
0,036
0027

oo \ariogiams, in the three
distinguished Zenes

K-measurements Mol-1

**

[+

'&3’13"0‘\.‘» g "

-]
L
.

*
.

log K [mi=]

o o8 18 27 30 a5 sS4 83 73 a1
"
. Dassargues, M. Huysmans & C. Rentier 2005

|U]-gl Low! permeability:layers: data sets

UNIVERSITE de Li

» Spatial structure of (K|, ) in each of the three horizontal
sub-layers

Vieasurements oi
electrical resistivity,
gamme ey, grainrsizeand
lithelegy/as seit daite

K-measurements Mol-1

**

Npse ¢ e 02000 E

[+
depth [m]

Poswtion URF
=

depth [m]

"l:’q
«

depth [m]

.
le *

log K [mi=]

d40 [mici

Eitnology incdiceior:
1 =clay : 2 = sancdy clay:
3 = clayay sand: 4 = sz

A. Dassargues, M. Huysmans & C. Rentier 2005
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ULl Co-kriging and Co-conditional
simulations

K-measurements Mol-1

=]

**

Crossrvanogiamibgiy =GR Crossaimogliam Iogk =

[+

'&3’13"0‘\.‘» g "

-]
L

.

le *

log K [mi=]

Cross-varlogram 19gi, = d, - N R

A. Dassargues, M. Huysmans & C. Rentier 2005

ULl Co-kriging and Co-conditional
simulations

K-measurements Mol-1

**

»»gm. "o‘.'.t" ~
depth [m]
depth [m]

[+

"l:’q
«

.

*
.

log K [mi=]
log K[m/s]

log K[m/s]

Co-conditional sirmulziion)

of logid, using resistvity,

ez 2y, greln size znd
lithiology zis soft et

Colriging lagic, with
res1SEVILY, ozimmzl r2y,
ofrzln) size el litfoloc)y

A. Dassargues, M. Huysmans & C. Rentier 2005
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ULl  ¢o-conditional simulations

UMNIVERSITE de Ligge

Variogram of logK, in the
deepest zone ofi the
‘ 0.03 Nug() +0.56 Sph(3.2) | formation

5 amonol 100 simulaticns o the K

usinarseguentialfsimulatenwithrhistoaiam reproduction
1o ose g s (@z et all;; 2008)) replacine Kigina oy e co=kiieing s

1 Nug() + 23.8 Sph(5.9) = Co-condienalsimulaiens

18 27 35 45 54 63 72 &1
i

Cross-veriogrzig of
resistivity anlcl ozl
EYARRHENE EEPESIZONE

of the formetir)

A. Dassargues, M. Huysmans & C. Rentier 2005

|U I Modelling advective tiravel time
4

Histogram Histogram

N
o
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N
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=
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SELELLLESL S SLLLLLL LS
S S
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Advective travel time [year] Advective travel time [year]
... co-copditiopedl ... condition e

ol Soft deie only o neagel deizl

... neludipe the soft deitzl ihereases ine mesy) adveciive travel tre and incresses e
stapczare cdaviziion (larger verizncs) ...
neczse ft s Introducing 2 nlgner variaoility of the simulated fycraulic concuctivity
VEINES

A. Dassargues, M. Huysmans & C. Rentier 2005
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|U]_g Adding the effect of:
exacavation induced fractures

» Fractures geometry and properties: extent, aperture,
spacing, dip, arientation

L1l I I || 11—
SRS RN RS AR 4

I S I S S I

o N & o ®

Induced SHESRPIERES

>

o,

Fracture spacing [m] Fracture dip[]

Aperture: random Orientation: strike
number between 0 and perpendicular to the
50 um gallery axis

Use of FRAC3DVS

(Therrign & Sucdiclky, 1998
Therdzn gt zl., 2003)

A. Dassargues, M. Huysmans & C. Rentier 2005

UL Fluxes results for 3 radionuclides
(AdVCCTiOH + DifoSiOﬂ + D@CGY)

o Se-79, 1-129, Tic-99 (moest Important in terms of dose

rates) (Mallants et al.,1999; details onl the source conditions;in Huysmans &
Dassargues, 2005)

rlatgigejeneiiy el It cleeatnit Oplly for &

A. Dassargues, M. Huysmans & C. Rentier 2005



Total I-129 flux through lower clay-aquifer

interface

1.40E+06 T

Total I-129 flux through upper clay-aquifer
interface
1.40E+06

Total Se-79 flux through lower clay-aquifer

interface

1.20E+07 T
A

Total Se-79 flux through upper clay-aquifer
interface

.20E+07

Total Tc-99 flux through lower clay-aquifer

interface

9.00E+06

8.00E+06 %

7.00E+06

Flux(Balyear)

6.00E+06

Flux(Bqlyear)

Total Tc-99 flux through upper clay-aquifer
interface

9.00E+06

8.00E+06
7.00E+06 - K

6.00E+06 -

|

5.00E+06

4.00E+06
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0.00E+00
0

1000000 2000000 3000000 4000000
Time(year)

5.00E+06
4.00E+06 - \

2.00E+06
1.00E+06 ‘g

0.00E+00
0 1000000 2000000 3000000 4000000
Time(year)

airaVveraue diiferencereiralplitsoNe e ERMNENIUXES O]
HENIEIE G0 ENECUS aRUNIENOICUENECUSINOHE]

meximuimiVal e eirtiE diifErencENSHI0Ys

Inlelleziias tnlett trzlls oot 0Y clalvecton anlly s el sell]
Ingesiziges o) inis mode)]

UMNIVERSITE de Ligge

A. Dassargues, M. Huysmans & C. Rentier 2005

.. and diffusion ?

» Peclet number for low permeability: layers:
Vp, (m/s) = Darcy’s velocity,

wherne

X (m) distance,

n (-) = diffusion accessible porosity,
D, (m?/s) = effective diffusion| coefficient. :

o diffusion expected te e dominant: F — _nD gradC
e

s [ cterogeneity of the diffuision accessible porosity, 2
s |)cterogeneity of the effective diffuision coefficient 2
S 750Ul 25 9% smaller computealiuxess

iplepleiefoef2peiny g inle elifitision gelrelleicrs gioyeil o) areive -l
muchiarger efecihan e NEICroyEnemy ok

... for mlore detalls: efr ifie gaoer givern oy Marljle Fuysmeans |

A. Dassargues, M. Huysmans & C. Rentier 2005
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UL Conclusions:
. from a practicall poinit: of view

- advantages of including available geological /' geophysical /
hydregeological data

- Optimizing soft data measurements is required ...

- threugh' conditioning), field measurements are taken as criterial of
physicallplausibility’ ... infaddition te the pure spatial correlation
as capiured by variograms

- assumpten that geclogy generates) sediment facies:

-\genetic/genesisimedelsimedelling rockiiermation processes sheuld
helprmorerandimere!

SWHERNZeNES Corespondinaiieriacies are definedi oo deal
Withrercalilsratieny?

“ikeeping theroEomEl CIthENaCIES: Changesin
parametersivaliesiandiind chienaierselection

< zlousitent of e ofeoneiny foreieltzl el foireion’ (Rl
izl 2000)

A. Dassargues, M. Huysmans & C. Rentier 2005
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