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General Conceptual Model for Vapor
Intrusion
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OBJECTIVES

® Understand why there are so many
petroleum LUST sites yet petroleum vapor
intrusion (PVI) Is very rare

® Use Screening Criteria to exclude low-risk
sites from PVI pathway

SCOPE

® Build Petroleum Vapor Database from
field studies

Soil type, depth to GW, LNAPL presence, contaminant source concentrations

® Show mechanisms & characteristics of
petroleum hydrocarbon vapor biodegradation


Presenter
Presentation Notes
The objective of studying and evaluating the behavior of subsurface petroleum vapors is to understand why, with so many LUST sites worldwide, the PVI pathway is rarely complete. Advancing our knowledge enables us to develop screening criteria to determine when PVI investigations are necessary.

The scope of evaluating the PVI pathway involves collecting and compiling basic site data (Petroleum Vapor Database).  A LUST site must be fully characterized by collecting basic, good-quality data wherein the nature, extent & degree of contamination and contaminant sources are fully defined (required by 40 CFR Part 280) and provide knowledge of contaminant distribution in soil and groundwater, including temporal effects such as fluctuating DTW.  Once these subsurface characteristics are understood, LUST PMs can better understand if the PVI pathway may be complete and if VI investigations are really necessary.  VI investigations are costly and highly invasive to properties and their occupants, and unnecessary work should be avoided.

Detailed discussion of the Petroleum Vapor Database is provided in Davis R.V., 2009, LUSTLine #61.


Petroleum Vapor Database

Compilation of concurrent
source strength & soil vapor data

~170 Sites

~1000 measurements

MAP KEY

56 # Geographic Locations
(sites) Evaluated

304 # Paired concurrent
measurements of benzene
subsurface soil vapor &
source strength



Presenter
Presentation Notes
This map shows the number of geographic locations and soil vapor sample events (benzene) in the Petroleum Vapor Database (Davis, R.V., 2009; 2011).  The vapor data were collected over time from multi-depth exterior and sub-slab vapor sample points.  These data are used for evaluating subsurface vapor attenuation spatially and temporally. Data are currently available from sites in United States, Canada  and Australia. There are approximately equal numbers of geographic locations and soil vapor events for TPH measurements. 

The database contains measurements of GW depth and dissolved contaminant concentrations concurrent with the vapor samples, reports of LNAPL if present, soil boring logs, and soil type and adsorbed-phase contaminant concentration data.
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Presenter
Presentation Notes
Title 40 of the Code of Federal Regulations, Part 280 for leaking USTs requires that sites be fully characterized, and decisions be based on adequate subsurface investigation data. The full extent and degree of contamination and location and extent of contaminant sources must be delineated and well-defined.

The presence and thickness of clean soil above contaminant sources are generally known in the early phases of site characterization.  Clean soil contains the necessary oxygen for biodegrading PHCs and can be easily characterized with accurate logs of soil cores and samples.

Build a Site Conceptual Model based on site-specific data.

Volatile compounds associated with LNAPL, contaminated soil, and very high dissolved contaminant concentrations can generate very high vapor concentrations that, when in close proximity to buildings or utilities, can cause PVI.  Those conditions are the only known cases of petroleum vapor intrusion: There are no known or reported cases of petroleum vapor intrusion associated with low dissolved-phase concentrations at or near buildings or utilities.

Contaminants partition to vapor phase from soil and LNAPL source according to Raoult’s Law.  Contaminants dissolved in GW partition to vapor phase according to Henry’s Law Constant.  


Apartments

Case Study 1

Tesoro #40
Salt Lake City, Utah
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Contamination from
dispensers & USTs

® Very high concentrations of contaminant
source in soil & GW <5 feet below apartment
building foundation

® Vapors are biodegraded & fully attenuated
within few feet of clean soil overlying the source

® PVI pathway Is not complete


Presenter
Presentation Notes
Case Study 1 is an operating station responsible for a very high-strength dissolved gasoline plume at a shallow depth.  The plume extends off-site beneath two residential basement apartments. Because of the very high dissolved concentrations at shallow depth, the logical approach to addressing the potential for vapor intrusion was to install sub-slab vapor monitoring points in both apartments.

In less than 1 year of release discovery, the full extent of soil-phase and dissolved contamination was fully defined, receptors identified, 3 rounds of GW monitoring were conducted, nearby residents contacted, and sub-slab vapors sampled beneath the adjacent residences. 


Contractor: Terracon, Salt Lake City, Utah, Ben Bowers contact
UDEQ Facility ID 4001070, Release ID MJK
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Presenter
Presentation Notes
The apartment complex houses families comprised of adults and many children all of whom are home most of the time.  Total area of the complex is 2275 ft2 (35ft x 65ft).  Dissolved concentrations in GW range up to 10,000 ug/L benzene and 46,000 ug/L TPH at 8 feet below grade, and the apartment living space is 3 feet below grade.
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Presenter
Presentation Notes
UDEQ directed the full delineation of contaminated soil and groundwater, and installation of sub-slab vapor monitoring points. Depth to groundwater is 8 feet below grade, and the GW monitoring event shown here indicates dissolved benzene concentration beneath apartment slabs up to 14,000 ugL benzene. 

The apartment foundation slabs and living space are 3 feet below grade, and because very high dissolved concentrations exist beneath the apartments, one sub-slab vapor monitoring point was installed in each apartment.

There are 5 feet of soil separating the slab from the top of groundwater.



Long-Term GW Monitoring
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Presenter
Presentation Notes
MW-21 is adjacent to the apartments. 

Hydrographs such as this help show the effects of seasonal groundwater fluctuations on corresponding dissolved contaminant concentrations.  They also help verify locations of contaminated soil zones.  These hydrographs show that slight decreases in depth to water case significant increases in contaminant concentrations.
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Presenter
Presentation Notes
This boring log from a groundwater monitoring well adjacent to the apartments shows the contaminated soil zone within the zone of water table fluctuation, commonly called the “smear zone.”

Soil contamination is evidenced by photoionization detector (PID) measurements, visual observations of petroleum odor and staining, and soil samples analyzed by a fixed laboratory.  Contaminated soil is shown by the shaded area.  The highest concentrations in soil samples are shown for benzene and TPH.


PVI Investigation



Presenter
Presentation Notes
Sub-slab vapor monitoring points were installed using simple techniques and accepted standard practices.
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Presenter
Presentation Notes
This cross-section of the affected area shows contamination in close proximity to the building, enough evidence to warrant a vapor intrusion investigation.

A cross-section of the affected area shows groundwater and soil contamination in close proximity to the building in high enough concentrations to warrant a vapor intrusion investigation. GW is 8 feet deep, and dissolved benzene in GW ranges up to 14,000 ug/L, TPH up to 87,000 ug/L.  Soil data (brown shading) shows high adsorbed phase contamination near the groundwater surface, commonly called the “smear zone.”  The extent of soil contamination beneath the buildings could not be measured and is estimated from the nearby soil borings.

Although sub-slab benzene exceeds the EPA OSWER 2002 Draft VI guide value of 3.1 ug/m3, this exceedance is insignificant.  The sub-slab TPH vapor concentrations are well below indoor air risk-based screening levels and the PVI pathway is therefore considered incomplete.


Case Study 2
Ogden Mini Mart, Ogden, Utah

Gasoline LNAPL directly beneath building slab, PVI reported by
building occupants, mitigation implemented immediately
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Presenter
Presentation Notes
LNAPL on shallow GW lies between 0 and 3 feet directly beneath the on-site building.  Vapor intrusion was exacerbated by the building’s out-of-code HVAC system caused a building negative pressure, did not permit free air exchange, and drew vapors up into the building.


Results of Field &
Published Studies

® Clean solil contains sufficient oxygen
needed to biodegrade vapors (aerobic)

® Afew feet of clean soil provides a natural
barrier to PVI

® No reported cases of PVI from low-
strength sources

® Causes of PVI are predictable & well-
understood


Presenter
Presentation Notes
The characteristics of subsurface petroleum vapor attenuation and causes of vapor intrusion by petroleum hydrocarbons are well-understood.  For vapors to biodegrade and attenuate, there must be a sufficient thickness of clean, aerobic soil that contains oxygen between 1% (DeVaull, 2007) and 6% (Davis R.V., 2009; Sanders and Hers, 2006).

There are no reported cases of vapor intrusion from low dissolved source strengths.  All reported cases of vapor intrusion from petroleum sources are caused by LNAPL/free product, contaminated soil or very high dissolved concentrations in direct contact or proximity to buildings or anthropogenic/engineered preferential pathways such as sumps, elevator shafts, improperly sealed utility conduits into buildings, and groundwater cleanup systems (i.e. air sparging) that do not adequately capture vapors.


Causes of Petroleum
Vapor Intrusion
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Presenter
Presentation Notes
Causes of PVI are well-known and predictable, and are caused by very high-strength sources in direct contact or close proximity to buildings/utilities.
Drawing provided by Todd Ririe, 2009 .


The Science of
Petroleum Hydrocarbon

Biodegradation &
Vapor Attenuation



Aerobic Biodegradation and
Oxygen Mass Balance

Petroleum Aerobic
Hydrocarbon Bacteria
C6H6 + 7.502 > 6C0O2 + 3H20

® Aerobic bacteria use oxygen to degrade the hydrocarbon
for the carbon.

® The waste product is carbon dioxide and water



Conceptual Model of Aerobic
Petroleum Vapor Biodegradation

e Aerobic biodegradation
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Process
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Lahvis, Hers, Davis, Wright, DeVaull (2012, in process)



Signature Characteristics of
Aerobic Biodegradation
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Presenter
Presentation Notes
Signature characteristics of aerobic biodegradation of petroleum hydrocarbon (PHC): Aerobic soil microbes use oxygen in the process of capturing the carbon as food from the petroleum hydrocarbon.  The resulting waste product is carbon dioxide.  Therefore, near the contaminant source, O2 is depleted and CO2 is enriched.  As the PHC is biodegraded, PHC vapor concentrations decrease, and O2 and CO2 rebound to near-atmospheric concentrations.


Non-Attenuation of Vapors due to Lack
of Clean Overlying Soll
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Presenter
Presentation Notes
PHC vapors cannot attenuate because there is insufficient thickness of clean soil overlying the contaminated soil source.  Without shallower vapor completion points, there is no way of knowing if vapors decrease and soil oxygen concentrations increase before reaching an overlying receptor.
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Importance of Shallow Vapor
Completion Points
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Presenter
Presentation Notes
This slide shows benzene and TPH vapor profiles of vapor well VW-11 from two different sampling dates, the earlier 8/06 event having no shallow completion. Vapor concentrations are very high within the contaminated soil zone (patterned area) and, from the 8/26/06 sampling event where the shallowest vapor sample was obtained from 4 feet deep, vapors appear to not attenuate below the overlying paved road. However, on 6/27/07, vapor samples obtained from 2.5 feet deep showed nearly complete vapor attenuation.  Leak testing confirmed the good integrity of each completion point.

Some practitioners maintain that vapor completion points set too shallow (some say <5 feet deep) may be subject to short-circuiting or otherwise drawing in atmospheric air, causing a false-negative effect on vapor analyses.  Others argue that this effect is not occurring at most sites because, according to standard sampling practices, vapor samples are obtained relatively quickly (“grab samples”) and draw vapor in from the area directly around the completion point. Studies in Utah show that only faulty completion points or unnecessarily long sampling times result in drawing in atmospheric air. VW-11 is an example that shows the benefits of shallow completion points out-weighing the perception that short-circuiting might occur.



Comparison of Field Data
to Models that Account
for Blodegradation &
Vapor Attenuation

- Abreu & Johnson Numerical Model
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Presenter
Presentation Notes
Dr. Lilian Abreu (Arcadis) (2009, Figure 3) developed a 3-D numerical model to simulate the behavior of petroleum hydrocarbon vapors in the subsurface beneath buildings.
The source represents a total petroleum hydrocarbon mass that includes aromatics and aliphatics.
This mass is then modeled as a single component represented by benzene.
The Model also simulates atmospheric oxygen diffusing downward into the subsurface soils where it facilitates bio-degradation of petroleum hydrocarbon vapors.
Independent evaluation of the Petroleum Vapor database by Lahvis and Davis found correlation of vapor source strength to dissolved concentrations and presence of LNAPL.
The Model corroborates findings of attenuation relative to source strength observed in the Petroleum Vapor Database: Benzene vapors associated with all three source strengths are attenuated to 10 ug/m3 below the building slab within short distances above the source.

Shown here are 3 Model runs simulating a 10 m x 10 m (30 ft x 30 ft) building with basement scenario with 3 different vapor source strengths all located 3 meters (10 feet) beneath a building slab.
As the vapors diffuse upward, they are attenuated as shown by the “iso-attenuation contours.” 
Top panel shows the Model run using a vapor source strength of 100,000 ug/m3 benzene.  According to field data in the Petroleum Vapor Database, this is a weak source strength associated with about 1000-4000 ug/L dissolved benzene in groundwater where vapors attenuate rapidly over short distances.
Middle panel shows a moderate source strength of 1,000,000 ug/m3 which is associated with dissolved benzene >4000 ug/L.
Bottom panel showing 10,000,000 ug/m3 vapor source representative of LNAPL sources.
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Comparison of Field-Measured Soil Gas Data
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Presenter
Presentation Notes
Vapor profile field data with site and contaminant features comparable to numerical model simulation shown in previous slide: Very high source strength typical of LNAPL at large refinery sites, coarse-grained soil, ~9 feet below a slab-on-grade building that measures ~30 feet wide.  Field vapors are fully attenuated ~3 feet below slab.  Model under-predicts vapor attenuation by up to 10,000x.


B
Comparison of Field-Measured Soil Gas

Data to BioVapor Analytical Model

Beaufort, NJ-VW-2 (Lahvis et al, 1999) AF=0.1, 02=1%, foc=0.5%

BioVapor

Beaufort, NJ-VW-2 (Lahvis, et al, 1999), AF=0.1, 02=1
Beaufort, South Carolina

Find it at: api.org


Presenter
Presentation Notes
The BioVapor Model one of many tools and "lines of evidence" we can use to evaluate the PVI Pathway. 
 It is a useful tool to compare and confirm what we know about actual site conditions and characteristics, as shown in the site conceptual model for a particular site.
The Model is very useful when there are vapor concentrations at depth but no vapor data between the at-depth vapor point and the overlying receptor.
 The Model is not intended for exclusive use to screen out/exclude sites from the PVI pathway.�
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Presenter
Presentation Notes
Vapor profiles of field data compared to BioVapor Model using dissolved source and three scenarios, each using the same attenuation factor (AF) and O2 and foc concentrations: 1) overlying bare earth; 2) overlying pavement (actual on-site condition, however the bare earth scenario most accurately reflects the field data), and; 3) specified depth of aerobic zone, which in this case is known from multi-depth SV points, and can also be determined from routine soil boring logs.


Conclusions from
Models

- UNDER-predict subsurface
attenuation by 10xxxXx

- OVER-predict PVI by 10xxxx



Developing
Screening/Exclusion
Criteria to Screen Out

PVI Low-Risk Sites
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Method for Developing Screening
Criteria for Dissolved Sources

Multi-Depth Vapor Monitoring Well
Beaufort, SC, Lahvis et al 1999
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Presenter
Presentation Notes
Diagram of a multi-depth vapor monitoring well in cross-section.  The Petroleum Vapor d-base contains high-quality data for many sites like this that include concurrent measurements of  benzene and TPH sample events that were evaluated line-by-line.  These data include depth to groundwater, dissolved concentrations and proximal and concurrent multi-depth soil vapor concentrations.

Method: subtract depth of deepest clean vapor sample point from the depth to groundwater.  In this case, it takes 8 feet of overlying soil to attenuated vapors associated with 16,000 ug/L benzene dissolved in GW.  This method is conservative because it does not account for contaminated smear zone soils that may be present.
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Presenter
Presentation Notes
The Petroleum Vapor d-base contains enough high-quality data to determine thickness of clean overlying soil necessary to fully attenuate vapors from their respective dissolved source strengths. There are numerous paired benzene and TPH SV & GW field measurements from about 100 geographic locations. Conservative screening criteria emerge showing that vapors associated with dissolved benzene sources of about 1,000 ug/L or less, and TPH sources of 10,000 ug/L or less are attenuated with 5 feet of clean overlying soil.  

NOTE: The sample events that require over 8 feet of clean soil are from sites where the sample intervals are 8-10 feet apart or there is unreported soil contamination or free product. Attenuation at these sites likely occurs in 8 feet or less based on the trend shown by all the other data in the d-base.

Criteria for Evaluating Data Set
- Clean soil overlies groundwater (dissolved sources)
- Known depth to groundwater and dissolved sources
- Groundwater & soil vapor data collected at about same time (concurrent) from close proximity
- Complete attenuation of soil vapors defined by shallow soil vapors =  0 or <DL (which does vary; full attenuation verified by samplers/authors)
- Majority of soil vapor measurements from multi-depth soil vapor points, representative sub-slab events included
- LUST sites AND refineries
 -LNAPL sites evaluated separately


Method for Developing Screening
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Presenter
Presentation Notes
1 method (Method 1) was first introduced in LUSTLine #61 (Davis, R.V., 2009). It uses an overly conservative method by subtracting the deepest SV point where vapors are attenuated from the depth to groundwater, an evaluation consistent with that for dissolved plumes.  That method unnecessarily accounts for smear zone contaminated soil and cannot be used for screening out contaminated soil-only sites.

Method 2, shown here,  is more realistic and representative, and can also be used for screening out LNAPL and contaminated soil-only sites.

Hal’s Green River, Utah site shown in this slide was the subject of a vapor intrusion investigation, and long-term groundwater and soil vapor monitoring. LNAPL extends about 300 feet down-gradient of the site and numerous multi-depth soil vapor monitoring wells were installed.  This vapor profile shows high vapor concentrations at the deep depth (15 feet) in the most highly contaminated part of the smear zone.  The vapors are fully attenuated vapors just above the contaminated smear zone soil at 11 feet.  This data set therefore plots on the graphs for all sites in the database as requiring 4 feet of clean overlying soil to attenuate vapors associated with LNAPL and contaminated soil-only sites in the database. 
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Results for LNAPL & Soil Sources

Benzene TPH
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Presenter
Presentation Notes
This plot shows all LNAPL sites in the database that were evaluated using Method 2. The maximum soil thickness of CLEAN soil, required to attenuate vapors associated with LNAPL sources and contaminated-only soil sites is 8 feet, including refinery sites. 

Criteria for Evaluating Data Set
- Known/suspected depths and intervals of uncontaminated soil, top of contaminated soil and LNAPL smear zone, and deep contaminated SV
- Complete attenuation of soil vapors defined by shallow soil vapors =  0, <DL (which may vary; full attenuation verified by samplers/authors)



Screening Criteria—Published & Cited Values (after Lahvis & Devaull, 2011)

Benzene Soil Gas Screening/Exclusion Screening/Exclusion

Database & Screening Level Distance Concentration Other
Reference Site Type (ug/m3) (feet) Benzene (ug/L) Criteria

Davis, R.V. (2009, 2010) {;‘;Sg‘raggt';i'azgtm'e”m Non-detect 5 <1000 5 feet for TPH <10,000 ug/L

8 LNAPL 30 ft poorly-characterized sites

R.V. Davis & J. Wright (retail Dissolved phase only, BTEX <75,000

Lahvis et al (2012) - e 100 0 <15,000
sites only, no refineries) ug/L
15 LNAPL
McHugh et al (2010) varlous_publlgatlons, 10 Dissolved phase only
professional judgement
30 LNAPL
Peargin & Kolhatkar .
(2011) Chevron, all sites 300 0 <1000
15 >1000
Wright, J. (2011) Australia & U.S. sites, all 10, 50, 100, 1000 5 <1000
sites + refineries
30 LNAPL
_ various references, R.V. 5 <100 no SG Oxygen measured
California Davis. McHuah et al 50, 100
avis, Mcrugh et a 5 <1000 with SG Oxygen measured >4%
10 <1000 no SG Oxygen measured
30 LNAPL
various references, (RV 5 <1000 no SG Oxygen requirement
. . AFs for GW & SG
Indiana Davis 2009-2010, McHugh et . .
LNAPL Distances apply vertically &
al 2010) 30 -
horizontally
5 <100 no SG Oxygen measured
New Jersey various uncited references
5 <1000 with SG Oxygen measured >2%
10 <1000 no SG Oxygen measured
100/30 LNAPL/Gasoline Horizontal & vertical distance
_ 5 <1000 Exclusion distances apply vertically &
Wisconsin Davis, R.V., 2009 , Luo et al NONE horizontally

2009, McHugh et al, 2010
20 >1000

30 LNAPL



Screening Criteria
EPA OUST PVI Guide 3-15-12 draft)

Table 3. Required Vertical Separation Distance Between Contamination and Building
Foundation, Basement, or Slab.

Vertical
Media Benzene TPH Separation
Distance (feet)*

Soil NA <1,000 5
(me/ke) NA 1,000 to 100,000 (LNAPL?) | 10
NA >100,000 (LNAPL) 15
Groundwater | < 1,000 <10,000 5
(ug/L) »1,000 to 10,000 (LNAPL?) | >10,000 to 50,000 (LNAPL?) |10
>10,000 (LNAPL) »50,000 (LNAPL) 15

*Vertical separation distance represents the thickness of clean (TPH < 100 mg/kg), biologically
active soil between the source of PHC vapors (LNAPL, residual LNAPL, or dissolved PHCs) and
the lowest (deepest) point of a receptor (building foundation, basement, or slah).




Conclusions

PVI pathway not complete when following criteria apply:

Dissolved Sources

5 feet CLEAN soil overlying Benzene <1,000 ug/L, TPH <10,000 ug/L
>5 feet CLEAN soil overlying Benzene >1,000 ug/L, TPH >10,000 ug/L"

LNAPL Sources

8 feet CLEAN soil overlying top of LNAPL smear zone or soil sources

Soil Sources

5 feet CLEAN soil = TPH <100 mg/kg, PID <100 ppm-v (gasoline), <10 ppm-v
(diesel)

Vapor Sources

Petroleum vapors are attenuated below the receptor
If measuring soil vapor, analyze ALL COCs, 02, CO2, methane, others
Oxygen to Carbon Dioxide ratios demonstrate petroleum biodegradation




Flow chart in
3-15-12 draft
EPA OUST
PVI guide
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Recommendations

® Fully characterize sites, determine full
extent, degree of contamination

® Collect basic field data to assess PVI
pathway

® Apply Screening/Exclusion Criteria in
deciding if PVI investigation is
necessary
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