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Vapor Intrusion at Petroleum Release SitesVapor Intrusion at Petroleum Release Sites

EPA OUST reports confirmed releases at 470,000 EPA OUST reports confirmed releases at 470,000 
locations (360 000 closed) but vapor intrusion (VI) islocations (360 000 closed) but vapor intrusion (VI) islocations (360,000 closed), but vapor intrusion (VI) is locations (360,000 closed), but vapor intrusion (VI) is 
found to be significant at very few locationsfound to be significant at very few locations
Evaluation of VI at these sites via indoor airEvaluation of VI at these sites via indoor airEvaluation of VI at these sites via indoor air Evaluation of VI at these sites via indoor air 
measurements is difficult due to background effectsmeasurements is difficult due to background effects

Distinguish contribution from subDistinguish contribution from sub--surface sources surface sources 
Target concentrations may be below background levelsTarget concentrations may be below background levels

VadoseVadose--zone biodegradation has been shown to zone biodegradation has been shown to 
attenuate vapor intrusion of petroleum hydrocarbonsattenuate vapor intrusion of petroleum hydrocarbonsattenuate vapor intrusion of petroleum hydrocarbons.  attenuate vapor intrusion of petroleum hydrocarbons.  
This should influence:This should influence:

Site assessment approachSite assessment approach
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Regulatory screening levels Regulatory screening levels 



Regulatory Approach for Petroleum SitesRegulatory Approach for Petroleum Sites

Range of regulatory approaches to address VI Range of regulatory approaches to address VI 
assessment for petroleum hydrocarbonsassessment for petroleum hydrocarbons

USEPA:  2002 Draft Guidance not recommended for UST USEPA:  2002 Draft Guidance not recommended for UST 
sitessitessitessites
Many regulatory agencies follow ASTM or 2002 USEPA Many regulatory agencies follow ASTM or 2002 USEPA 
Draft Guidance ExamplesDraft Guidance Examples

Leads to low screening levels (e.g., < 5 ug/L in groundwater)Leads to low screening levels (e.g., < 5 ug/L in groundwater)

A few regulatory agencies include a 10X biodegradation A few regulatory agencies include a 10X biodegradation 
factorfactorfactorfactor

Empirical evidence suggests these approaches are Empirical evidence suggests these approaches are 
overly conservative for most petroleum release sitesoverly conservative for most petroleum release sites
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overly conservative for most petroleum release sitesoverly conservative for most petroleum release sites



OutlineOutline

Background on vadose zone biodegradationBackground on vadose zone biodegradationg gg g

Modeling approachesModeling approaches

Site characterization/assessment strategySite characterization/assessment strategy

M d li t d t l t VI iM d li t d t l t VI iModeling study to evaluate VI screening Modeling study to evaluate VI screening 
criteria for petroleum compoundscriteria for petroleum compounds
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Vapor Intrusion with BiodegradationVapor Intrusion with Biodegradation
Conceptual ModelConceptual ModelConceptual ModelConceptual Model
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Vapor Intrusion with BiodegradationVapor Intrusion with Biodegradation
Conceptual Models (Chemical Distribution)Conceptual Models (Chemical Distribution)Conceptual Models (Chemical Distribution)Conceptual Models (Chemical Distribution)
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Evidence of Vadose Zone BiodegradationEvidence of Vadose Zone Biodegradation

Fitzpatrick and Fitzgerald, 1996Fitzpatrick and Fitzgerald, 1996
Review data collected from large set of sites withReview data collected from large set of sites withReview data collected from large set of sites with Review data collected from large set of sites with 
VOCs located near buildings.  VOCs located near buildings.  
Marked difference in attenuation factors for Marked difference in attenuation factors for 
hl i d l d h d bhl i d l d h d bchlorinated solvents compared to hydrocarbons.  chlorinated solvents compared to hydrocarbons.  

Conclude that aerobic degradation is significant Conclude that aerobic degradation is significant 
for petroleum hydrocarbons sites.for petroleum hydrocarbons sites.p yp y

Various Site StudiesVarious Site Studies
Researchers collect hydrocarbon and oxygen soil Researchers collect hydrocarbon and oxygen soil 
gas data.gas data.
Evidence of biodegradation:Evidence of biodegradation:

Oxygen depletion with depthOxygen depletion with depth
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Hydrocarbon depletion near surfaceHydrocarbon depletion near surface
Carbon dioxide generation with depthCarbon dioxide generation with depth



Evidence of Vadose Zone BiodegradationEvidence of Vadose Zone Biodegradation
EXAMPLE SOIL GAS PROFILES
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Empirical Attenuation Factor Empirical Attenuation Factor ––
USEPA DatabaseUSEPA DatabaseUSEPA DatabaseUSEPA Database
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Conditional Criteria for Aerobic BiodegradationConditional Criteria for Aerobic Biodegradation

1. Microbes are present   
BTEX degrading microbes found in every soil investigated

2. Oxygen 
h 0 1 /L i ilgreater than ~0.1 mg/L in soil pore water 

(0.3% v/v in pore air)
3. Energy Source3. Energy Source 

food (hydrocarbons)
4. Inorganic Mineral Nutrients 

nitrate, phosphate, ammonia at natural background levels.
5. Water  

i il ( il bl h il i i l)

10From DeVaull et al., 1997

moist soil (available water greater than wilting potential)



Summary of BTEX Degradation RatesSummary of BTEX Degradation Rates
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Biodegradation ModelingBiodegradation Modeling

Different models with varying levels of Different models with varying levels of 
hi ti ti il blhi ti ti il blsophistication are availablesophistication are available

Screening BioScreening Bio--Model Model (Lahvis, 2006)(Lahvis, 2006)
Bi d d ti th h t dBi d d ti th h t dBiodegradation throughout vadose zoneBiodegradation throughout vadose zone
Dominant Layer Model Dominant Layer Model (Johnson et al., 1999)(Johnson et al., 1999)
Biodegradation in userBiodegradation in user defined degradation zonedefined degradation zoneBiodegradation in userBiodegradation in user--defined degradation zonedefined degradation zone
Oxygen Limited Model Oxygen Limited Model (DeVaull, 2007)(DeVaull, 2007)
Biodegradation in zone of sufficient oxygenBiodegradation in zone of sufficient oxygenBiodegradation in zone of sufficient oxygenBiodegradation in zone of sufficient oxygen
Three Dimensional Model Three Dimensional Model (Abreu & Johnson, 2005)(Abreu & Johnson, 2005)
Numerical code calculating VOC and oxygen fateNumerical code calculating VOC and oxygen fate
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Numerical code calculating VOC and oxygen fate Numerical code calculating VOC and oxygen fate 
and transportand transport



Dominant Layer Model (DLM)
(Johnson et al 1999)(Johnson, et al., 1999)

Mixing in Breathing Zone

Convective Transport into Building

Biodegradation Zone

VOCs Diffusive Transport

PartitioningSource

VOCs

Requires additional data collection for bio indicators Requires additional data collection for bio indicators 
Calibrate model with site soil gas profile data toCalibrate model with site soil gas profile data to
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Calibrate model with site soil gas profile data to Calibrate model with site soil gas profile data to 
determine biodegradation parametersdetermine biodegradation parameters



Three-Dimensional Numerical Model
(Abreu and Johnson 2005)(Abreu and Johnson, 2005)

Model DescriptionModel Description
33--D vadose zone F&T model D vadose zone F&T model 
Evaluate building type, source Evaluate building type, source 
scenarios, and biodegradation kineticsscenarios, and biodegradation kinetics

Model ResultsModel ResultsModel ResultsModel Results
Impact of biodegradation Impact of biodegradation 
Significance of lateral migrationSignificance of lateral migration
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Key Transport PhenomenaKey Transport Phenomena

Hydrocarbon Flux from Hydrocarbon Flux from Oxygen Flux from SurfaceOxygen Flux from Surface
SourceSource

Diffusion rate from Diffusion rate from Diffusion rate from Diffusion rate from 
sourcesource

Source concentrationSource concentration
Effective diffusion Effective diffusion 

sourcesource
Surface fluxSurface flux
Effective diffusion Effective diffusion 

coefficientcoefficient
Diffusion path lengthDiffusion path length

Degradation rateDegradation rate

coefficientcoefficient
Diffusion path lengthDiffusion path length

Degradation rateDegradation rateDegradation rateDegradation rate
KineticsKinetics
Oxygen availabilityOxygen availability

Degradation rateDegradation rate
KineticsKinetics
Oxygen utilizationOxygen utilization
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Vadose Zone BiodegradationVadose Zone Biodegradation
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attenuation factorattenuation factor Potential impact on attenuation factor: 
10 to >>1000 x



Investigation Approach to Evaluate Investigation Approach to Evaluate 
VadoseVadose--Zone BiodegradationZone BiodegradationVadoseVadose Zone BiodegradationZone Biodegradation

Follow approach of API, 2005 Follow approach of API, 2005 
and Johnson et al 1999 toand Johnson et al 1999 to

Soil surface
Soil gas profile 
sampling points

and Johnson et al., 1999 to and Johnson et al., 1999 to 
quantitatively evaluate soil gas quantitatively evaluate soil gas 
profile dataprofile data

CO2 O2

Data collectionData collection
Soil gas profileSoil gas profile
Lithology and soil physical Lithology and soil physical VOCs

propertiesproperties
Data analysisData analysis

Data consistencyData consistencyata co s ste cyata co s ste cy
Vapor transport modelingVapor transport modeling

Reduce uncertainty in vadose Reduce uncertainty in vadose 
zone vapor transport componentzone vapor transport component

17

zone vapor transport component zone vapor transport component 
of VI modelingof VI modeling



Soil Gas Profile DataSoil Gas Profile Data

Soil gas profile underneath 
building may be different than g y
that outside building footprint.
Often sub-slab data is 
unavailable (e g siteunavailable (e.g., site 
redevelopment)
Evaluate soil gas data to 
address uncertainty in subSoil gas address uncertainty in sub-
surface transport (diffusion 
and biodegradation)

i ii i

Soil gas 
samples

Reassess vapor intrusion Reassess vapor intrusion 
evaluation from subsurface evaluation from subsurface 
source (include convection source (include convection 
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and ventilation effects)and ventilation effects)



Modeling ProcessModeling Process
Biodegradation ScenarioBiodegradation Scenarioodeg ada o Sce a oodeg ada o Sce a o

Soil Gas Profile Data Vapor Diffusion / 
Degradation ModelDegradation Model

DominantDominant
LayerLayer

ZZ ZZ

yy

Source
CC

Source
CC

19

Source Source



Modeling ProcessModeling Process
Biodegradation ScenarioBiodegradation Scenarioodeg ada o Sce a oodeg ada o Sce a o
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Modeling process considers site-specific hydrogeology, vadose-zone 
biodegradation, and accounts for potential building effects on soil gas profile



Example EvaluationExample Evaluation
Chemical Release SiteChemical Release SiteChemical Release SiteChemical Release Site

Approach:Approach:
Soil gas VOC concentration profile data and Soil gas VOC concentration profile data and 
soil property data available (benzene primary soil property data available (benzene primary 
h i l f )h i l f )chemical of concern)chemical of concern)

Use DLM to develop conservative siteUse DLM to develop conservative site--specific specific 
estimates for biodegradation rate andestimates for biodegradation rate andestimates for biodegradation rate and estimates for biodegradation rate and 
biodegradation intervalbiodegradation interval
Assess data consistency (profiles for degradableAssess data consistency (profiles for degradableAssess data consistency (profiles for degradable Assess data consistency (profiles for degradable 
and recalcitrant compound)and recalcitrant compound)
Compare VI attenuation factors to noCompare VI attenuation factors to no--degradation degradation 
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Soil Gas ProfilesSoil Gas Profiles
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Soil Gas ProfilesSoil Gas Profiles
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Biodegradable vs. Recalcitrant CompoundsBiodegradable vs. Recalcitrant Compounds
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Biodegradation Modeling ResultsBiodegradation Modeling Results

Benzene soil gas profiles demonstrate that vadose Benzene soil gas profiles demonstrate that vadose 
bi d d i i i ifibi d d i i i ifizone biodegradation is significantzone biodegradation is significant

Dominant Layer Model can be used to simulate soil Dominant Layer Model can be used to simulate soil 
filfilgas profilesgas profiles

Calculated degradation rate constants are Calculated degradation rate constants are 
conservative and consistent with literature valuesconservative and consistent with literature valuesconservative and consistent with literature values conservative and consistent with literature values 
(0.05 (0.05 –– 0.6 per day)0.6 per day)
Conservative estimates result in 2 to 3 orders ofConservative estimates result in 2 to 3 orders ofConservative estimates result in 2 to 3 orders of Conservative estimates result in 2 to 3 orders of 
magnitude reduction in predicted contaminant vapor magnitude reduction in predicted contaminant vapor 
intrusionintrusion
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Modeling Evaluation of VI Screening Modeling Evaluation of VI Screening 
Criteria for Biodegradable CompoundsCriteria for Biodegradable CompoundsCriteria for Biodegradable CompoundsCriteria for Biodegradable Compounds

Abreu and Johnson 3Abreu and Johnson 3--D model used to calculate vapor D model used to calculate vapor 
intrusion attenuation factors for various site conditions:intrusion attenuation factors for various site conditions:

Source strength and depthSource strength and depth
S il tS il tSoil typeSoil type
Building typeBuilding type
Degradation rateDegradation rateDegradation rateDegradation rate

Improve understanding of the key factors that affect Improve understanding of the key factors that affect 
vapor intrusion for aerobically biodegradable conditionsvapor intrusion for aerobically biodegradable conditionsvapor intrusion for aerobically biodegradable conditionsvapor intrusion for aerobically biodegradable conditions
Improve VI screening approach and sampling criteria for Improve VI screening approach and sampling criteria for 
low source concentration  (e.g. dissolved phase) low source concentration  (e.g. dissolved phase) 
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( g p )( g p )
petroleum hydrocarbon sitespetroleum hydrocarbon sites



“Look“Look--up” a Semi Site Specific Attenuation Factorup” a Semi Site Specific Attenuation Factor

USEPA 2003

27

USEPA, 2003

Available AF presented in regulatory guidance documents do 
not consider biodegradation.



Petroleum Hydrocarbon Site Soil Vapor Alpha 
Comparison to USEPA Fig 3 (filtered data)Comparison to USEPA Fig. 3 (filtered data)
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Measured attenuation factors for hydrocarbons can be orders of magnitude 
below “no-degradation” model predictions.  Determining AF for 
biodegradable compounds is more complex, but the idea is the same.



Variables Considered in ModelVariables Considered in Model

VariableVariable RangeRange

Soil TypeSoil Type Sand, siltSand, silt

Building foundationsBuilding foundations SlabSlab onon grade basementgrade basementBuilding foundationsBuilding foundations SlabSlab--onon--grade, basementgrade, basement

FoundationFoundation--source separationsource separation 1 1 -- 10 m10 m

Vapor source concentrationVapor source concentration 0.004 to 400 mg/L0.004 to 400 mg/L

Equivalent groundwater sourceEquivalent groundwater source 0 017 to 1700 mg/L0 017 to 1700 mg/LEquivalent groundwater source Equivalent groundwater source 
concentrationconcentration

0.017 to 1700 mg/L0.017 to 1700 mg/L

First order degradation rates*First order degradation rates* 0, 0.079, 0.79, 2 hr0, 0.079, 0.79, 2 hr--11

29*  Aqueous-phase biodegradation rates
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Effect of Vapor Source Concentration

• Oxygen utilization 
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Simulation Assumptions
Sand soil
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Effect of Vapor Source Depth
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Effect of Source Concentration and Depth
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( g )
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Effect of Building Type

At low source strength:
• Hydrocarbon soil gas profileHydrocarbon Oxygen • Hydrocarbon soil gas profile 

is not affected by building 
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• Near foundation soil gas
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near foundation source 
( )

Simulation Assumptions
Sand soil
Cvs = 4 mg/L
λ = 0.79 h-1



Effect of Soil Type and Source DepthEffect of Soil Type and Source Depth
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Vapor Source 40 mg/L
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Simulation Assumptions
Vapor Source Depth from Foundation (m)

Sand , NO BIO Silt , NO BIO
Sand , λ = 0.79 (1/h) Silt , λ = 0.79 (1/h)

S u o ssu p o s
Basement Scenario
Cvs = 40 mg/L
λ = 0.79 h-1
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Compare Results to Semi-Site Specific Attenuation Factors 
in USEPA 2002 Draft Guidance



Modeling Study ImplicationsModeling Study Implications

Findings of modeling study may be used to:Findings of modeling study may be used to:
Develop improved VI screening processDevelop improved VI screening process

Use theory to help interpret field dataUse theory to help interpret field data
Define exclusion criteria which could then be simply Define exclusion criteria which could then be simply 
validated with field data (e.g., Ovalidated with field data (e.g., O22))
Will permit focus on sites with higher probability of VIWill permit focus on sites with higher probability of VIWill permit focus on sites with higher probability of VI Will permit focus on sites with higher probability of VI 
concernsconcerns

Develop sampling strategiesDevelop sampling strategies
NearNear--slab soil gas sampling is appropriate for slab soil gas sampling is appropriate for 
moderate to low concentration sources moderate to low concentration sources 

li b d fi / ili b d fi / i
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Sampling strategy may be used to confirm/support site Sampling strategy may be used to confirm/support site 
conceptual modelconceptual model



ConclusionsConclusions

VadoseVadose--zone biodegradation significantly limits zone biodegradation significantly limits 
vertical migration of petroleum hydrocarbons from vertical migration of petroleum hydrocarbons from 
subsub--surface sourcessurface sources
SiteSite--specific evaluation approach may be used to specific evaluation approach may be used to 
quantitatively assess bioquantitatively assess bio--attenuation factorsattenuation factors
Th ff t f bi d d tiTh ff t f bi d d ti i b t ti li b t ti lThe effect of biodegradation on The effect of biodegradation on αα is more substantial is more substantial 
for moderate to low source concentrations (i.e. for moderate to low source concentrations (i.e. 
dissolveddissolved--phase) or larger sourcephase) or larger source--foundation distancesfoundation distancesdissolveddissolved--phase) or larger sourcephase) or larger source--foundation distancesfoundation distances
Incorporation of bioIncorporation of bio--attenuation for dissolvedattenuation for dissolved--phase phase 
petroleum hydrocarbon sites is supportedpetroleum hydrocarbon sites is supported
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petroleum hydrocarbon sites is supportedpetroleum hydrocarbon sites is supported


