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INTRODUCTIONINTRODUCTIONINTRODUCTION

Since mid 1990s Natural Attenuation has Since mid 1990s Natural Attenuation has 
progressed the understanding of progressed the understanding of ““degradationdegradation”” of of 
hydrocarbons hydrocarbons –– WiedemeierWiedemeier, ASTM, US EPA, ASTM, US EPA
NA NA –– ““biodegradation, dispersion, dilution, biodegradation, dispersion, dilution, 
sorption and sorption and volatization volatization and/or chemical and/or chemical 
biochemical stabilization of contaminantsbiochemical stabilization of contaminants…”…”
Biodegradation Biodegradation –– Primary mechanism of Primary mechanism of 
attenuating biodegradable contaminantsattenuating biodegradable contaminants
Bioremediation Bioremediation –– biochemical reactions of Natural biochemical reactions of Natural 
Attenuation ( five key oxidation/reduction Attenuation ( five key oxidation/reduction 
reactions)reactions)



Oxidation by Aerobic RespirationOxidation by Aerobic Respiration
7.5 O7.5 O22 + C+ C66HH66 ------ 6 CO6 CO22 + 3 H+ 3 H22O  O  
0.33 mg/L C0.33 mg/L C66HH66 degraded per mg/L Odegraded per mg/L O22 consumedconsumed

Oxidation by Nitrate ReductionOxidation by Nitrate Reduction
6NO6NO33

-- + C+ C66HH66 + 6H+ 6H-- ------ 6CO6CO22 + 6H+ 6H22O + 3NO + 3N22

0.21 mg/L C0.21 mg/L C66HH66 degraded per mg/L NOdegraded per mg/L NO33
-- consumedconsumed

Oxidation by Iron ReductionOxidation by Iron Reduction
30 Fe (OH)30 Fe (OH)33 + C+ C66HH66 + 60H+ 60H++ ------ 6CO6CO22 + 30 Fe+ 30 Fe22

++ + 78 H+ 78 H22O   O   
0.047 mg/L C0.047 mg/L C66HH66 degraded per mg/L Fedegraded per mg/L Fe22

++ producedproduced

REDOX REACTIONSREDOX REACTIONSREDOX REACTIONS



Oxidation by Sulphate ReductionOxidation by Sulphate Reduction
7.5 H7.5 H++ + 3.75 SO+ 3.75 SO44

22-- + C+ C66HH66 ------ 6CO6CO22 + 3.75 H+ 3.75 H22S + 3 HS + 3 H22O   O   
0.22 mg/L C0.22 mg/L C66HH66 degraded per mg/L SOdegraded per mg/L SO44

22-- consumedconsumed

Oxidation byOxidation by MethanogenesisMethanogenesis
4.5 H4.5 H22O + CO + C66HH66 ------ 2.25 CO2.25 CO22 + 3.75 CH+ 3.75 CH44

1.3 mg/L C1.3 mg/L C66HH66 degraded per mg/L CHdegraded per mg/L CH44 producedproduced



BTEX UTILIZATION FACTORSBTEX UTILIZATION FACTORSBTEX UTILIZATION FACTORS

Unit mass of hydrocarbon “degraded”
per unit mass of electron acceptor 
consumed or redox product produced
Aerobic Respiration 0.32 
Denitrification 0.21 
Iron Reduction 0.05 
Sulfate Reduction 0.21 
Methanogenesis 1.28 



EXPRESSED ASSIMILATIVE CAPACITYEXPRESSED ASSIMILATIVE CAPACITYEXPRESSED ASSIMILATIVE CAPACITY

EAC = UF EAC = UF ¦¦ CCbb –– CCpp¦¦
EAC EAC –– amount of hydrocarbon amount of hydrocarbon ““degradeddegraded””

based on amount of electron acceptor based on amount of electron acceptor 
consumed or redox product producedconsumed or redox product produced
UF UF –– utilization factorutilization factor

CCbb –– background concentration of background concentration of 
electron acceptor electron acceptor 

CCpp –– concentration of electron   concentration of electron   
acceptor in plumeacceptor in plume



CASE STUDYCASE STUDYCASE STUDY

Former Service Station located in a small Former Service Station located in a small 
town in Northeast Albertatown in Northeast Alberta

Operated for 30 yearsOperated for 30 years

Assessed in 2002 & 2004Assessed in 2002 & 2004



SITE PLANSITE PLAN



StratigraphyStratigraphy
2 m to 3 m of Clay Till
Clean – fine to medium grained sand

CASE STUDYCASE STUDY

Hydrogeology
Primarily confined aquifer

Groundwater levels approximately 2.2 m to 3.5 m below 
surface

Seasonal fluctuations of 0.5 m

Hydraulic Conductivity of 1 x 10-4 m/s to 5 x 10-5 m/s

Gradient  .002 m/m to .003 m\m

Groundwater velocity  11 m/year to 32 m/year



Cross SectionCross Section



Groundwater 
Flow

Groundwater 
Flow



Residual 
Impact

Residual 
Impact

Total BTEXTotal BTEX
200 200 µµg/g to g/g to 
20 20 µµg/gg/g

F1 and F2F1 and F2
2200 2200 µµg/g g/g 
to 200 to 200 µµg/gg/g



Dissolved 
Impact

Dissolved 
Impact

Total BTEXTotal BTEX
5 mg/L to 5 mg/L to 
30 mg/L30 mg/L

F1 and F2F1 and F2
2 mg/L to 2 mg/L to 
12 mg/L12 mg/L



Total BTEX Concentrations versus Location Along 
Plume Centre Line
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Total BTEX Concentrations versus Location Along 
Plume Centre Line

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

BH
10

7
TP

10
8

TP
10

9
BH

3

BH
20

1B

BH
20

2A

BH
20

2B BH
9

BH
10

4

BH
20

5

Locations

T
o

ta
l B

T
E

X

Groundwater (mg/L)



REMEDIAL/RISK MANAGEMENT 
OPTIONS

REMEDIAL/RISK MANAGEMENT REMEDIAL/RISK MANAGEMENT 
OPTIONSOPTIONS

Excavation  Excavation  
Economics and Practical issuesEconomics and Practical issues

Dual PhaseDual Phase
Economic issues due to water treatmentEconomic issues due to water treatment

Air SpargingAir Sparging
Vapour Migration Control issuesVapour Migration Control issues

InIn--SituSitu BioremediationBioremediation
Further EvaluationFurther Evaluation



WATERLOO EMITTER ™WATERLOO EMITTER WATERLOO EMITTER ™™

Rational Rational –– effective method of oxygen effective method of oxygen 
delivery and relatively simple technology delivery and relatively simple technology 
with potentially low maintenance issueswith potentially low maintenance issues
Developed and patented by University of Developed and patented by University of 
Waterloo Waterloo –– 1997, Wilson and MacKay1997, Wilson and MacKay
Diffusion device based on Diffusion device based on FickFick’’s s First First 
Law Law -- oxygen delivery is established by  oxygen delivery is established by  
concentration gradientconcentration gradient
Coil of silicon tubing pressurized, Coil of silicon tubing pressurized, 
providing a controlled and uniform providing a controlled and uniform 
delivery of dissolved oxygendelivery of dissolved oxygen



WATERLOO EMITTER ™WATERLOO EMITTER WATERLOO EMITTER ™™



Waterloo EmitterTM EVALUATIONWaterloo Waterloo EmitterEmitterTMTM EVALUATIONEVALUATION

Field and Laboratory ProgramField and Laboratory Program
Field Parameters and Geochemical testing Field Parameters and Geochemical testing 
(DO, Fe(DO, Fe22

++, NO, NO33
--, SO, SO44

22--, CH, CH44))
Current EACCurrent EAC
Potential EAC with delivery of OxygenPotential EAC with delivery of Oxygen

Microbiological ProgramMicrobiological Program
HAB BART Tests HAB BART Tests -- Heterotrophic BacteriaHeterotrophic Bacteria
Potential for Biological pluggingPotential for Biological plugging

ModellingModelling
Predict Long Term PerformancePredict Long Term Performance



RESULTSRESULTSRESULTS

Depressed DO levels within plumeDepressed DO levels within plume
Depressed NODepressed NO33

-- levels within plumelevels within plume
Elevated FeElevated Fe22

++ levels within plumelevels within plume
Depressed SODepressed SO44

22-- at leading toe of plumeat leading toe of plume
Slightly elevated CHSlightly elevated CH44 levels within levels within 
plumeplume
Clear Clear ““lines of evidencelines of evidence”” of inof in--situ situ 
bioremediation occurring bioremediation occurring -- NANA

FIELD & 
LABORATORY 

PROGRAM

FIELD & 
LABORATORY 

PROGRAM



14.4Total BTEX (BH9)

1.62EAC Total

0.0020.0016.00020.0018Methanogenesis

0-2037Sulfate Reduction

0.163.160.01.013.17Iron Reduction

0.41.92.1< 0.2Dentrification

1.063.33.70.4Aerobic respiration

EA ConcentrationDate

EACDeltaBackgroundPlumeLocation

BTEXBH105BH9Sample ID

SUMMARY OF EXPRESSED ASSIMILATIVE CAPACITY 
(EAC)

Insufficient “Capacity”

25 to 30 mg/L 10



RESULTSRESULTSRESULTS

Significant correlation between HAB Significant correlation between HAB 
population and Hydrocarbon population and Hydrocarbon 
concentrations and evidence of concentrations and evidence of 
oxidative aerobic activity within plumeoxidative aerobic activity within plume
Increased Biodegradation rates Increased Biodegradation rates 
possible if aerobic environment  possible if aerobic environment  
(oxidative bubble) maintained or (oxidative bubble) maintained or 
increased for HAB to dominate increased for HAB to dominate 
Biomass build up could create Biomass build up could create 
potential for biological plugging potential for biological plugging –– must must 
be monitored, protocols developedbe monitored, protocols developed

Microbiological 
Program

Microbiological 
Program



Log HAB Populations versus Location Along Plume 
Centre Line
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BIOSCREEN – Model OverviewBIOSCREEN BIOSCREEN –– Model OverviewModel Overview

BIOSCREEN is a simple, spreadsheetBIOSCREEN is a simple, spreadsheet--
based model developed by the US EPA based model developed by the US EPA 
as a natural attenuation decision as a natural attenuation decision 
support systemsupport system
BIOSCREEN is based on the widely BIOSCREEN is based on the widely 
used Domenico analytical solute used Domenico analytical solute 
transport modeltransport model



BIOSCREENBIOSCREEN

Domenico Model with Instantaneous Domenico Model with Instantaneous 
Reaction Superposition AlgorithmReaction Superposition Algorithm



BIOSCREEN can be used to assess three BIOSCREEN can be used to assess three 
different solute transport scenarios:different solute transport scenarios:

Transport without biodegradationTransport without biodegradation

Transport with biodegradation modelled       Transport with biodegradation modelled       
as a first order decay processas a first order decay process

Transport with biodegradation modelled Transport with biodegradation modelled 
as an instantaneous reactionas an instantaneous reaction

BIOSCREEN – Model OverviewBIOSCREEN BIOSCREEN –– Model OverviewModel Overview



BIOSCREEN – Model LimitationsBIOSCREEN BIOSCREEN –– Model LimitationsModel Limitations

The BIOSCREEN Model is a screening The BIOSCREEN Model is a screening 
tool only. It  approximates more tool only. It  approximates more 
complicated processes that occur in the complicated processes that occur in the 
fieldfield
Simple groundwater flow conditions are Simple groundwater flow conditions are 
assumedassumed
Uncertainties in a number of parameters Uncertainties in a number of parameters 
are lumped together in the decay are lumped together in the decay 
coefficientcoefficient



BIOSCREEN – Modelling ObjectivesBIOSCREEN BIOSCREEN –– Modelling ObjectivesModelling Objectives

To assess the extent of the benzene To assess the extent of the benzene 
plume through timeplume through time
To assess benzene degradation rates To assess benzene degradation rates 
presently occurring at the sitepresently occurring at the site
To assess the feasibility of To assess the feasibility of 
hydrocarbon remediation by hydrocarbon remediation by 
enhancing aerobic biodegradation enhancing aerobic biodegradation 
processesprocesses



BIOSCREEN – Modelling ProcessBIOSCREEN BIOSCREEN –– Modelling ProcessModelling Process

Development of conceptual model and Development of conceptual model and 
characterization of sitecharacterization of site--specific  specific  
BIOSCREEN input parametersBIOSCREEN input parameters
Calibration of model to current site Calibration of model to current site 
conditionsconditions
Sensitivity analysis to determine key Sensitivity analysis to determine key 
parameters and ongoing data parameters and ongoing data 
requirementsrequirements



BIOSCREEN 
Modelling Process

BIOSCREEN 
Modelling Process



BIOSCREEN INPUTBIOSCREEN INPUT



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

2 Years2 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

3 Years3 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

5 Years5 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

6 Years6 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

8 Years8 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

9 Years9 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

11 Years11 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

12 Years12 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

14 Years14 Years



BIOSCREEN
OUTPUT

BIOSCREEN
OUTPUT

Benzene ConcentrationBenzene Concentration
vsvs

DistanceDistance

15 Years15 Years



BIOSCREEN - ConclusionsBIOSCREEN BIOSCREEN -- ConclusionsConclusions

Biodegradation of benzene is most Biodegradation of benzene is most 
closely approximated by a first order rate closely approximated by a first order rate 
constantconstant
The dissolved plume is likely already at The dissolved plume is likely already at 
steadysteady--state conditionsstate conditions
If dissolved oxygen levels of 25 to 30 If dissolved oxygen levels of 25 to 30 
mg/L can be achieved, offmg/L can be achieved, off--site regulatory site regulatory 
compliance is expected to occur within compliance is expected to occur within 
10 to 20 years10 to 20 years



PROPOSED FIELD TEST PROTOCOLSPROPOSED FIELD TEST PROTOCOLSPROPOSED FIELD TEST PROTOCOLS

Pure Oxygen versus Air Pure Oxygen versus Air –– avoid nutrients avoid nutrients 
in emittersin emitters
Nutrient addition at edges of plume Nutrient addition at edges of plume ––
““enticeentice”” biomass away from emittersbiomass away from emitters
150 mm well diameter for 100 m emitter 150 mm well diameter for 100 m emitter ––
avoid tight spacingavoid tight spacing
Continuous operation Continuous operation -- avoid biomass avoid biomass 
movement toward emittersmovement toward emitters
BART testing to assess biomass BART testing to assess biomass 
accumulation and biological pluggingaccumulation and biological plugging



SUMMARYSUMMARYSUMMARY

Based on site characterization data Based on site characterization data 
and preliminary evaluation, the and preliminary evaluation, the 
Waterloo EmitterWaterloo Emitter™™ may be an may be an 
effective technology for delivery of effective technology for delivery of 
oxygen to enhance Inoxygen to enhance In--Situ Situ 
BioremediationBioremediation
Protocols and a monitoring program Protocols and a monitoring program 
have been established for a field trialhave been established for a field trial



FIELD PILOT TESTFIELD PILOT TESTFIELD PILOT TEST

October 2004 October 2004 –– next weeknext week
A A ““FenceFence”” of two rows of of two rows of 
5 wells 5 wells 
Effective spacing 1.5 mEffective spacing 1.5 m

Field Trial Location






