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•• …… from a practical point of view : one of the classical questionsfrom a practical point of view : one of the classical questions
of hydrogeology : of hydrogeology : 

delineation of protections zones around pumping wells delineation of protections zones around pumping wells 
in aquifers   in aquifers   …… integrating (as far as possible) all integrating (as far as possible) all 
available dataavailable data

•• “…“… the future of the future of «« dealing with heterogeneity dealing with heterogeneity »» in hydrogeology in hydrogeology 
depends largely on a conscious decision to better characterize, depends largely on a conscious decision to better characterize, 
describe and model the geology of the sites describe and model the geology of the sites …”…”

de de MarsilyMarsily et al., 2005et al., 2005

•• ““ ... the central question of whether the stochastic method, ... the central question of whether the stochastic method, 
which treats aquifer heterogeneity as a random field, is which treats aquifer heterogeneity as a random field, is 
applicable to real aquifers under field conditions, has not beenapplicable to real aquifers under field conditions, has not been
definitively answered"  definitively answered"  

M.P. Anderson, 1995M.P. Anderson, 1995
A. Dassargues 2006
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XVI International Conference, Copenhagen, Denmark, June 19-22 2006 



2

•• Capture zones Capture zones delineationdelineation in in aquifersaquifers
CoCo--conditional stochastic method for delineation of conditional stochastic method for delineation of 
timetime--related capture zone combined with an inverse related capture zone combined with an inverse 
modellingmodelling procedureprocedure

Application to a virtual (synthetic) study caseApplication to a virtual (synthetic) study case

Application to a real caseApplication to a real case

•• Conclusions/perspectives Conclusions/perspectives fromfrom a a practicalpractical point point ofof viewview

OutlineOutline

A. Dassargues 2006

CMWR XVI - Computational Methods in Water Resources
XVI International Conference, Copenhagen, Denmark, June 19-22 2006 
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•• TimeTime--relatedrelated capture zone (protection zone)capture zone (protection zone)

delineationdelineation basedbased on on thethe concept concept ofof traveltravel timetime

Groundwater protection zonesGroundwater protection zones

= area = area aroundaround thethe wellwell fromfrom whichwhich waterwater
isis capturedcaptured withinwithin a certain a certain timetime ttQQ

tt

tt’’ > > tt

tt’’’’ < < tt

based on the reliability of the based on the reliability of the hydrogeologicalhydrogeological models models 
depends strongly on our ability to describe the aquifer depends strongly on our ability to describe the aquifer 
system properties (system properties (KK, , nnee, ...), ...)
based on our knowledge of the geology (limited by the based on our knowledge of the geology (limited by the 
existing field data)existing field data)
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reductionreduction of of thisthis uncertaintyuncertainty byby fusionfusion of direct and indirect of direct and indirect 
measuresmeasures of of KK

A. Dassargues 2006

ObjectivesObjectives

Propose a Propose a stochasticstochastic methodmethod to to delineatedelineate protection zones,      protection zones,      
applicable to applicable to realreal studystudy case case 

withwith fusion fusion ofof data data fromfrom geophysicalgeophysical prospectingprospecting

quantificationquantification of the well capture zone uncertaintyof the well capture zone uncertainty

QQ
KK

KK KK

KK

KK
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hh hh
ρρ

ρρ

ρρ
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ParticleParticle
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KK and/and/oror ρρ

ResolutionResolution of the of the 
inverse inverse problemproblem

+ + selectionselection criterioncriterion

(Co(Co--)conditional )conditional 

Monte Carlo Monte Carlo 
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ProtectionProtection zone {zone {f(f(tt))}}
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StochasticStochastic
protectionprotection zoneszones

{{f(f(tt))}  }  
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lnlnK K oror lnln ρρ fieldsfields

ParameterisedParameterised fieldsfieldsOptimisedOptimised fieldsfields
ofof KK

µµ ,, σσ 22, , λλ
dd

∗∗ ∗∗

∗∗
∗∗
∗∗ ∗∗

γγ
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Conditional simulationsConditional simulations

Turning BandsTurning Bands
((MatheronMatheron, 1973 , 1973 ––

MantoglouMantoglou & Wilson,1982)& Wilson,1982)

ConditionalConditional
SimulationSimulation

(CS) (CS) 
==

NonNon--condcond..
simulationsimulation

(NCS)(NCS)

)x(CS
jz )x(NCS

jz==

KrigingKriging ofof
thethe NCSNCS

__KrigingKriging ++

‘‘Best Linear Best Linear 
Unique EstimatorUnique Estimator’’

+ smoothing+ smoothing

‘‘NoiseNoise’’
(zero at the measurement points)(zero at the measurement points)

)x(z∗ )x(NCS
jz

∗__++
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Conditional simulationsConditional simulations

)x(z∗ )x(NCS
jz++

xx xx

xx

z (x)

xx1 x2 x3

__ )x(NCS
jz ∗

)x(CS
jz ==

A. Dassargues 2006
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CoCo--conditional simulationsconditional simulations

CoCo--conditionalconditional
simulationsimulation

==
Non cond.Non cond.
simulation simulation 

NCSNCS

Estimation Estimation 
by by cokrigingcokriging
of of thethe NCSNCS

__CokrigingCokriging ++

…… by this by this cokrigingcokriging (fusion of secondary data),(fusion of secondary data),
a better a better caracterisationcaracterisation of the spatial variability of the spatial variability isis obtainedobtained

)x(SC
jz )x(z∗ )x(SNC

jz )x(SNC
jz

∗
== __++
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(Co(Co--)conditional simulations)conditional simulations

Data Data AvailabilityAvailability
•• KK conditionalconditional simulationssimulations of of lnlnKK

•• KK andand ρρ coco--conditionalconditional simulationssimulations of of lnlnKK

•• ρρ conditionalconditional simulationssimulations of of lnlnρρ

A. Dassargues 2006
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ActualActual variation range forvariation range for lnlnKK
--∞∞ ++∞∞

--∞∞ ++∞∞S1     S2    S3    S4S1     S2    S3    S4

C1    C2    C3    C4   C5C1    C2    C3    C4   C5
avec avec 

KKC1C1<<KKC2C2<<KKC3C3<<KKC4C4<<KKC5C5

ZonationZonation

thresholds values for dividing in thresholds values for dividing in ‘‘faciesfacies’’ of uniform value of uniform value 
((KKii, i = 1,...,5), i = 1,...,5)

Conditioning on measured Conditioning on measured h h 
through an inverse through an inverse modellingmodelling procedureprocedure
…… requiresrequires parameterisationparameterisation ((zonationzonation in in ‘‘faciesfacies’’))

HowHow to to performperform thatthat withoutwithout loosingloosing thethe
geostatisticalgeostatistical propertiesproperties ofof thethe K K fieldsfields ? ? 

A. Dassargues 2006
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•• PrinciplePrinciple : : minimum variance within each minimum variance within each ‘‘faciesfacies’’

minimisingminimising functionfunction f f 

thenthen thethe value value ofof KKCCii = = averageaverage value / value / faciesfacies
serve as initial value in (serve as initial value in (notnot adjoiningadjoining) zones ) zones ofof thethe faciesfacies
optimisedoptimised by by thethe inverse inverse procedureprocedure

∑∑
= =

−=
cN

1i

diN

1j
iij KKf 2)ln(ln

cN1,i,
diN

1jdi
iji K

N
K =∑

=
= lnln 1

Which threshold values (Which threshold values (SSii) ? ) ? 

classified lnK data
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After the inverse procedure:After the inverse procedure:
selection criterion (order criterion)selection criterion (order criterion)

•• afterafter optimisation optimisation ofof thethe KK values in values in eacheach ‘‘faciesfacies’’, , wewe addadd thethe
selectionselection criterioncriterion thatthat thethe initial respective initial respective orderorder must must bebe
respectedrespected :  :  KKCCii < < KKC(C(ii+1)+1)

or or relaxingrelaxing::
onlyonly oneone permutationpermutation

as as «« irrealisticirrealistic fieldsfields for a for a geologicalgeological point point ofof viewview »»
eliminatingeliminating realisationsrealisations notnot respectingrespecting thisthis criterioncriterion

A. Dassargues 2006
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StatisticalStatistical analysisanalysis
CaptureCapture zone zone probabilityprobability distributiondistribution

∑=
=

n

1k
k

t,xI
n
1t,xCAP ))(()]([

= = probabilityprobability thatthat a tracer a tracer particleparticle releasedreleased atat a a particularparticular
location location isis capturedcaptured by by thethe wellwell withinwithin a a specifiedspecified timetime

The The isolinesisolines ΓΓ((ii)) connectconnect the the 
locationslocations in the in the CAPCAP withwith the the 
samesame probabilityprobability pp((CAPCAP((x,tx,t)) = )) = ii

ΓΓ(0,95)(0,95)ΓΓ(0,5)(0,5)ΓΓ(0,05)(0,05)ΓΓ(0)(0) ΓΓ(1)(1)

A. Dassargues 2006
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SyntheticSynthetic studystudy casecase

RiverRiver

Alluvial plain boundary

Kequivalent
Heterogeneous

K-field Kequivalent

BB

AA

Q BBAA

Not at scale

GroundwaterGroundwater modelmodel
representingrepresenting

«« a a referencereference situationsituation »»

veryvery similarsimilar to alluvial to alluvial aquiferaquifer
conditionsconditions

A. Dassargues 2006

K K ((m/sm/s))

≥≥1010--11

1010--22

1010--33

<10<10--44

One nonOne non--conditionalconditional KK––field generation: reference mediumfield generation: reference medium

Reference protection zone Reference protection zone f(f(tt) ) 
(by direct groundwater flow simulation and particle tracking)(by direct groundwater flow simulation and particle tracking)

Create sets of Create sets of ‘‘measured datameasured data’’ KK, , hh and and ρρ

QQ = 60 m= 60 m33/h/h

τRéf

Construction of a reference Construction of a reference 
capture zonecapture zone

A. Dassargues 2006
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•• CreatingCreating a (a (h)h) piezometricpiezometric headsheads data setdata set

•• CreatingCreating a (a (K)K) hydraulichydraulic conductivityconductivity data setdata set

in in fewfew ‘‘measurementmeasurement pointspoints’’: value : value 
fromfrom thethe KK fieldfield

in in fewfew ‘‘measurementmeasurement pointspoints’’: value : value 
fromfrom thethe referencereference flowflow fieldfield

Creating realistic Creating realistic 
‘‘measured data setsmeasured data sets’’

A. Dassargues 2006

artificialartificial generationgeneration ofof aa ρρ data                   data                   
set set fromfrom thethe referencereference KK fieldfield
considering  N(0,1) as a random draw within considering  N(0,1) as a random draw within 
a standard normal distribution and         the a standard normal distribution and         the 
standard deviation of the regression residual, standard deviation of the regression residual, 

300 300 resistivityresistivity values, distributed on values, distributed on 
12 12 tomographictomographic profilesprofiles

lnlnρρii = b= b00 + b+ b11 lnlnKKii + + σσ .N.Nii (0,1)(0,1)

Data Data measuredmeasured andand collectedcollected in in 
manymany sites sites ofof thethe alluvial alluvial sedimentssediments
ofof thethe River MeuseRiver Meuse

correlationcorrelation betweenbetween lnlnKK andand lnlnρρ

•• CreatingCreating a a ((ρρ)) geoelectricalgeoelectrical resistivityresistivity data setdata set

Creating realistic Creating realistic 
‘‘measured data setsmeasured data sets’’ (following)(following)

σ)

A. Dassargues 2006
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Application to the synthetic study caseApplication to the synthetic study case

[[CAPCAP((xx,,tt)| )| KK2525, , hh2525, , ρρ300300]][[CAPCAP((xx,,tt)| )| KK1515, , hh1515, , ρρ300300]]
[[CAPCAP((xx,,tt)| )| hh1515, , ρρ300300]]
[[CAPCAP((xx,,tt)| )| hh2525, , ρρ300300]]

300 300 ρρ

[[CAPCAP((xx,,tt)| )| KK2525, , hh2525, , ρρ150150]][[CAPCAP((xx,,tt)| )| KK1515, , hh1515, , ρρ150150]]
[[CAPCAP((xx,,tt)| )| hh1515, , ρρ150150]]
[[CAPCAP((xx,,tt)| )| hh2525, , ρρ150150]]

150 150 ρρ

[[CAPCAP((xx,,tt)| )| KK2525, , hh1515]]
[[CAPCAP((xx,,tt)| )| KK2525, , hh2525]]

[[CAPCAP((xx,,tt)| )| KK1515, , hh1515]]
[[CAPCAP((xx,,tt)| )| KK1515, , hh2525]]

[[CAPCAP((xx,,tt)])]0 0 ρρ

25 25 KK15 15 KK0 0 KK

tt = 1, 5, 10, 20 = 1, 5, 10, 20 daysdays

A. Dassargues 2006

ΓΓ(1)(1)

ΓΓ(0)(0)

•• wwa1 a1 andand wwa2a2 = a = a measuremeasure ofof thethe
surface surface betweenbetween ΓΓ(0)(0) andand ΓΓ(1)(1) ; ; andand
betweenbetween ΓΓ(0.05)(0.05) andand ΓΓ(0.95)(0.95) ΓΓ(0.95)(0.95)

ΓΓ(0.05)(0.05)

Performance Performance quantificationquantification
((afterafter van Leeuwen van Leeuwen & al.,& al., 2000)2000)

•• wwbb = = deviationdeviation ofof ΓΓ(0.5)(0.5) withwith regards regards 
to to ττRRééff ΓΓ(0.5)(0.5)

ττRRééff

•• wws1 s1 andand wws2 s2 = = howhow far far ττRRééff isis wellwell
includedincluded in in thethe zone zone ΓΓ(0)(0) andand
ΓΓ(0,05)(0,05)

ΓΓ(0)(0)ττRRééff

ΓΓ(0.05)(0.05)

A. Dassargues 2006
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nnKK = = nnhh = 25;= 25; nnρρ = 0= 0

For each For each realisationrealisation,,
computation of the 20computation of the 20--day day 
capture zone capture zone CaPDCaPD

nnKK = = nnhh = = nnρρ = 0= 0

nnKK = = nnhh = 15; = 15; nnρρ = 0= 0

Γ(0,5)

ττRRééff

A. Dassargues 2006

nnKK = = nnhh = 15; = 15; nnρρ = 150= 150 nnKK = = nnhh = 25;= 25; nnρρ = 150= 150nnKK = = nnhh = 15; = 15; nnρρ = 300= 300 nnKK = = nnhh = 25;= 25; nnρρ = 300= 300

nnKK = = nnhh = 25;= 25; nnρρ = 0= 0

…… strong effect of the costrong effect of the co--conditioning conditioning 

nnKK = = nnhh = 15; = 15; nnρρ = 0= 0

A. Dassargues 2006
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nnKK =0;=0; nnhh = 25;= 25; nnρρ = 300= 300nnKK = 0= 0; ; nnhh = 15; = 15; nnρρ = 150= 150

SyntheticSynthetic case: case: summarysummary

nnKK = = nnhh = = nnρρ = 0= 0

A. Dassargues 2006
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Application to a real case Application to a real case 
((AnseremmeAnseremme nearnear DinantDinant, , BelgiumBelgium))

TournaisianTournaisian

FamenianFamenian (Ciney)(Ciney)

FamenianFamenian ((SouvSouv--PrPréé))

FamenianFamenian ((EsneuxEsneux))

Alluvial Alluvial sedimentssediments

A. Dassargues 2006

P1

P2
Pr1

Pz2
Pz3

Pr3
Pr2

Pz1

Pz5

Pz6
Pz4

hh

xx

xx

xx
xx KK

ρρ

Application to a real case Application to a real case 
((AnseremmeAnseremme nearnear DinantDinant, , BelgiumBelgium))

A. Dassargues 2006
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Unsaturated alluvial 
sediments

Equivalent value Equivalent value ofof ρρ obtainedobtained in in thethe gravelgravel
layer (alluvial layer (alluvial sedimentsediment))

clay silts

saturated sands saturated gravels

dry sands
dry gravels or

limestone bed rock

Bed rock

saturated gravels
loams

Bed rock

saturated gravels

Application to a real case Application to a real case 
((AnseremmeAnseremme nearnear DinantDinant, , BelgiumBelgium))

∑
=

=
n

i i

itot ee
1 ρρ

A. Dassargues 2006

-- conditioningconditioning on on lnlnρρ (293 data points)(293 data points)

-- inverse inverse modellingmodelling on on hh (8 data points)(8 data points)

-- verifiyingverifiying thethe coherencecoherence ofof thethe obtainedobtained KK
fieldsfields withwith regards to regards to thethe 3 data 3 data 
points  points  ofof measuredmeasured KK

Application to a real case Application to a real case 
((AnseremmeAnseremme nearnear DinantDinant, , BelgiumBelgium))

A. Dassargues 2006
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Application to a real case Application to a real case 
((AnseremmeAnseremme nearnear DinantDinant, , BelgiumBelgium))

A. Dassargues 2006

tt = 24 = 24 hourshours tt = 50 = 50 daysdays

ττ of a of a previousprevious 3D 3D deterministicdeterministic modelmodel
ττ of a of a previuouspreviuous 2D 2D deterministicdeterministic modelmodel

Γ(0,5) Γ(0,5)

Application to a real case Application to a real case 
((AnseremmeAnseremme nearnear DinantDinant, , BelgiumBelgium))

A. Dassargues 2006
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•• stochastic costochastic co--conditional approaches bring improvementsconditional approaches bring improvements
•• it does not spare us the acquisition of measured data it does not spare us the acquisition of measured data 
•• selection of selection of ‘‘bestbest’’ locations for geophysical measurements locations for geophysical measurements 

can be crucial can be crucial 
•• if if piezometricpiezometric heads are used for inverse modelling heads are used for inverse modelling 

parameterisation / parameterisation / zonationzonation in in ‘‘faciesfacies’’
thresholds values / selection criterionthresholds values / selection criterion
statistics on remaining realisationsstatistics on remaining realisations
if selection criterion not too bad if selection criterion not too bad 

geostatisticalgeostatistical structure seems to be preservedstructure seems to be preserved
•• the the ‘‘faciesfacies’’ zones can be disjoint zones can be disjoint …… possible links to be possible links to be 

found with more found with more ‘‘geneticgenetic’’ based geological analysisbased geological analysis

Lessons Lessons 

A. Dassargues 2006

-- advantages of advantages of fusioningfusioning available geological / geophysical / available geological / geophysical / 
hydrogeologicalhydrogeological data data 

-- optimizing soft data measurements is required optimizing soft data measurements is required ……
-- assumption that geology generates assumption that geology generates ‘‘sediment sediment faciesfacies’’
-- genetic/genesis models modelling rock formation processes shoulgenetic/genesis models modelling rock formation processes should d 

help more and more ? help more and more ? 
-- when zones corresponding to when zones corresponding to ‘‘faciesfacies’’ are defined, are defined, …… how to deal how to deal 

with a calibration ?with a calibration ?
* keeping the geometry of the * keeping the geometry of the faciesfacies: changes in: changes in

parameters values and find criteria for selectionparameters values and find criteria for selection
* adjustment of the geometry: * adjustment of the geometry: ‘‘gradual deformationgradual deformation’’ ((HuHu

et al., 2001)et al., 2001)
-- future combination with multiple point future combination with multiple point geostatisticalgeostatistical techniques ?techniques ?

CConclusionsonclusions

A. Dassargues 2006
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-- FNRS FNRS BelgiumBelgium
-- SWDESWDE
-- DGRNEDGRNE

________________________________________________________________________________________

ThankThanks !s !
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Effect of the Effect of the zonationzonation in facies and in facies and 
selectionselection onon the the spatialspatial structurestructure ??

…… before before zonationzonation
and  and  optimisationoptimisation

acceptedaccepted
…… after after zonationzonation
and and optimisationoptimisation…… before before zonationzonation

and and optimisationoptimisation
acceptedaccepted

…… after after zonationzonation
and and optimisationoptimisation

…… before before zonationzonation
and  and  optimisationoptimisation

refusedrefused
…… after after zonationzonation and  and  

optimisationoptimisation

eliminatedeliminated
…… after inverse after inverse modellingmodelling

procedureprocedure

A. Dassargues 2006


