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Groundwater contaminant Groundwater contaminant 
transport         transport         

Predictions (models) used to:Predictions (models) used to:
•• To estimate long term societal/ecological To estimate long term societal/ecological 

impactsimpacts
•• Assign risk to prioritize remediation needsAssign risk to prioritize remediation needs
•• Plan efficient remedial designPlan efficient remedial design

Understanding and incorporating Understanding and incorporating 
heterogeneous distributions of subsurface heterogeneous distributions of subsurface 
properties properties authenticallyauthentically will allow us to do will allow us to do 
all of these better!all of these better!



Reactive transportReactive transport

Hydraulic Conductivity, KHydraulic Conductivity, K
Parameters that describe rateParameters that describe rate--
controlling reactions controlling reactions 
•• ‘‘ExtentExtent’’ of reaction, e.g. of reaction, e.g. KdKd, , KspKsp, or , or 

properties that control extentproperties that control extent
•• Reaction rate, Reaction rate, krkr
Need to know these everywhere in Need to know these everywhere in 
space and timespace and time



Reactive transport Reactive transport –– we want the we want the 
‘‘completecomplete’’ picture in picture in space&timespace&time!!
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Reactive transport Reactive transport –– we want the we want the 
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Relate reactivity to permeability? Relate reactivity to permeability? 
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A A REAL REAL picture. . . picture. . . 
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Relations between Relations between 
chemical/physical properties chemical/physical properties 

Permeability, kPermeability, k Reactivity, Reactivity, KdKd

xx



There are no complete spatial There are no complete spatial 
data sets  data sets  

218.2

218.4

218.6

218.8

219

219.2

219.4

219.6

219.8

4 6 8 10 12 14 16

Horizontal distance along transect

El
ev

at
io

n 
(m

, m
sl

)

<-1.76
>-1.76 to -1.02
>-1.02 to -0.28
>-.28 to 0.09
>0.09 to 0.46
>0.46



Financial sponsorship from: Financial sponsorship from: 

US National Science FoundationUS National Science Foundation
American Chemical SocietyAmerican Chemical Society--PRFPRF
University Consortium SolventsUniversity Consortium Solvents--inin--
Groundwater, Waterloo Centre for Groundwater, Waterloo Centre for 
Groundwater ResearchGroundwater Research
AWRA and NGWA student scholarshipsAWRA and NGWA student scholarships



Groundwater contaminant Groundwater contaminant 
transport         transport         

Predictions (models) used to:Predictions (models) used to:
•• To estimate long term societal/ecological To estimate long term societal/ecological 

impactsimpacts
•• Assign risk to prioritize remediation needsAssign risk to prioritize remediation needs
•• Plan efficient remedial designPlan efficient remedial design

Understanding and incorporating Understanding and incorporating 
heterogeneous distributions of subsurface heterogeneous distributions of subsurface 
properties properties authenticallyauthentically will allow us to do will allow us to do 
all of these better!all of these better!



Can geochemical heterogeneity Can geochemical heterogeneity 
cause cause nonidealnonideal transport?transport?
Modeling studies suggest importance Modeling studies suggest importance 
heterogeneous distributions of aquifer heterogeneous distributions of aquifer 
physical and chemical propertiesphysical and chemical properties
•• graingrain--scalescale
•• mesomeso--scalescale
Chemical property heterogeneity data Chemical property heterogeneity data 
for limited; little basis for exploration of for limited; little basis for exploration of 
the problem based on observations the problem based on observations 



Heterogeneity at multiple scales: Heterogeneity at multiple scales: 
a a geologicgeologic perspectiveperspective
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CFB BordenCFB Borden



““NonidealNonideal”” reactive solute reactive solute 
transport in the Stransport in the S--W testW test

““IdealIdeal””, R=, R=vvww/v/vrr=constant, =constant, αα consistentconsistent
•• NonreactiveNonreactive ((nonsorbingnonsorbing) tracer) tracer

•• Reactive (Reactive (sorbingsorbing) organic contaminant) organic contaminant

““NonidealNonideal”” RR≠≠constantconstant, , αα ininconsistentconsistent
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MCGMCG
massive coarse grainedmassive coarse grained

DPLDPL
distinct plane laminateddistinct plane laminated

MFG MFG 
massive fine grainedmassive fine grained

CPXSCPXS
complex complex 
cross stratifiedcross stratified

How do sediment properties How do sediment properties 
vary spatially?vary spatially?

DPLDPL



Map Map lithofacieslithofacies, measure , measure 
permeability and sorptionpermeability and sorption

KdKd ==
sorbedsorbed PCE concentration (q)  PCE concentration (q)  

dissolved PCE concentration (C)dissolved PCE concentration (C)

R=R=ff ((KdKd)                      )                      



Permeability (k) distribution Permeability (k) distribution 
differs by differs by lithofacieslithofacies
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Some Some lithofacieslithofacies have have 
distinct sorption signaturesdistinct sorption signatures
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Relations between Relations between 
chemical/physical properties chemical/physical properties 

We suggest that trends can be explained by We suggest that trends can be explained by 
differential differential ““averagingaveraging”” for each property for each property 
combined with combined with lithologiclithologic differences differences 

LithofaciesLithofacies

Permeability, kPermeability, k Reactivity, Reactivity, KdKd??



Variance Variance KdKd= Variance k!= Variance k!

5 6 7 8 9 10 11 12 13 14 15

horizontal distance along section (m)

-3.0
-2.5
-2.0

de
pt

h 
bg

s 
 (m

)

-2.50 -1.39 -0.28 0.83 1.94

5 6 7 8 9 10 11 12 13 14 15

horizontal distance along section (m)

-3.0
-2.5
-2.0

de
pt

h 
bg

s 
(m

)

Reactivity

Permeability



Heterogeneous Borden Heterogeneous Borden 
carbonaceous matter extractcarbonaceous matter extract

Petrography by Bertrand Petrography by Bertrand LouigiLouigi, University of , University of TTüübingenbingen

Incident white lightIncident white light Fluorescence modeFluorescence mode

••FusiniteFusinite
••VitriniteVitrinite ((aVaV) w/ ) w/ 
small small inertiniteinertinite (i)(i)

••VitriniteVitrinite in amorphous groundmassin amorphous groundmass

••Amorphous Amorphous 
organic organic 

matter in matter in 
network network 

~64 ~64 μμmm

~164 ~164 μμmm

~100 ~100 μμmm

~72 ~72 μμmm



ConclusionsConclusions--combined combined 
interpretation of field& lab interpretation of field& lab expsexps

NonidealNonideal 11stst--order transport dynamics are (or order transport dynamics are (or 
may bemay be……) geochemical! ) geochemical! 
--Heterogeneity at multiple scales may be Heterogeneity at multiple scales may be 
important in plume scale behaviorimportant in plume scale behavior
--Extremely small proportion of the total Extremely small proportion of the total 
aquifer may exert a control on transport.aquifer may exert a control on transport.

Spatial information and  underlying geochemical Spatial information and  underlying geochemical 
(and physical) sedimentary aquifer (and physical) sedimentary aquifer 
properties can be obtained through properties can be obtained through 
lithofacieslithofacies mapping and correlationmapping and correlation



Two Central Issues to Start Two Central Issues to Start 
DiscussionDiscussion

Rational methods to connect point geochemical Rational methods to connect point geochemical 
measurement information within a realistic geologic measurement information within a realistic geologic 
context context 
•• What are the relations between what we image and the What are the relations between what we image and the 

hydrogeochemical/hydrogeophysicalhydrogeochemical/hydrogeophysical properties that we need properties that we need 
to know?to know?

•• How can we develop means to How can we develop means to evalulateevalulate the correlation  the correlation  
between reactivity and permeability within a between reactivity and permeability within a fmnfmn or unit? or unit? 
Between Between fmnsfmns/units?/units?

Identification of Identification of ‘‘rate controlling processesrate controlling processes’’ pertinent pertinent 
to a spatial/temporal scale of interest? (including to a spatial/temporal scale of interest? (including 
reaction rates, grainreaction rates, grain--scale, scale, ‘‘layerlayer--scalescale’’ processes)processes)



Heterogeneity at multiple scales: Heterogeneity at multiple scales: 
a a geologicgeologic perspectiveperspective
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Two carbonaceous phases  Two carbonaceous phases  
causing causing sorption&retardationsorption&retardation??

+

PCE        Adsorbent        Absorbent

Description: “hard” “soft”
Composition: aromatic polar groups
HOC Sorption: “high”, n<1 Kocfoc, n~1
e.g.: soot, char, hard coal humic acid



Adsorption dominates when Adsorption dominates when 
[PCE]<~10,000 mg/L[PCE]<~10,000 mg/L

Absorption (empirical) dominates when Absorption (empirical) dominates when 
[PCE]>~10,000 mg/L[PCE]>~10,000 mg/L
‘‘Hard CHard C’’ αα CaCOCaCO33 contentcontent
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Transport implicationsTransport implications

““LensesLenses”” of high sorption will result in of high sorption will result in 
enhanced plumeenhanced plume--scale scale dispersivitydispersivity for for 
reactive solutesreactive solutes
GeochemicalGeochemical control of plume dynamics control of plume dynamics 
consistent with this distribution! consistent with this distribution! 



Is microIs micro--scale chemical heterogeneity scale chemical heterogeneity 
important to R prediction?important to R prediction?

What is the What is the sorbentsorbent causing causing 
contaminant retardation? contaminant retardation? 
Where is the Where is the sorbentsorbent??
What are the characteristics of What are the characteristics of sorbentsorbent
interactions with PCE? interactions with PCE? 



Sorption depends nonlinearly Sorption depends nonlinearly 
on concentration (n<1)on concentration (n<1)
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““NonidealNonideal”” organic contaminant organic contaminant 
plume decelerationplume deceleration
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