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OBJECTIVES

Understand why so many petroleum LUST sites exist
vet petroleum vapor intrusion (PVI) is very rare:

» why PVl is so rare?

» What are the causes of PVI?

Show characteristics, mechanisms and degree of
vapor bioattenuation

Show distances of vapor attenuation, apply as
Screening Criteria, screen out low-risk sites

Avoid unnecessary, costly additional investigation,
soil gas/air sampling

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 by using basic, routine
field data enables us to develop screening criteria to determine when PVI
investigations are necessary.

Detailed discussion of the Petroleum Vapor Database is provided in Davis R.V.,
2009, LUSTLIne #61 and EPA Jan. 2013.




SCOPE QQﬁ

* Work Groups studied field research and
published literature

" EPA published information papers, reports,
drafted national guidance April 2013

" Field data compiled to an empirical EPA Petroleum
Vapor Database (published Jan. 2013)

%

> Basic field data: source strength and associated soil gas
measurements from thousands of sample points at
hundreds of sites

™

> Extensive peer review

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.

Time Line of Studies

2002: EPA OSWER Draft Guide for Vapor Intrusion Evaluations
2003-2005: EPA OUST/States Petroleum Vapor Intrusion Work Group
2005-2009: Continued independent data compilation, analysis
2009-2011: EPA OUST/States PVI Work Group Revived

2011-2014: Database much larger, EPA OUST peer-reviewed and published Database
Report Jan 2013, published modeling studies, validated Bio Vapor Model (Analytical

Model by DeVaull and McHugh, 2010), EPA OUST draft PVI guidance Apr 2013, ITRC
PVI guidance Oct 2014




Empirical Studies
Petroleum Vapor Database

International Compilation of Paired Measurements of Concurrent Contaminant
Source Strength & Associated Vapor Data

MAP KEY

56 # of geographic locations evaluated

304 # of paired concurrent measurements of
benzene subsurface soil vapor & source

56/304 strength

United States

Australia
112/608

170 Sites
925 Measurements

Davis, R.V., 2009-2011
McHugh et al, 2010

Wright, J., 2011, 2012, Australion data
Lahvis et al, 2013

EPA Jan 2013, 510-R-13-001

REFERENCES

Map showing the number of geographic locations and soil vapor sample events
(benzene) in the Petroleum Vapor Database (Davis, R.V., 2009, 2010, 2011).
EPA (2013) used the same data to develop screening criteria. The data were
collected over a 16-year time frame from multi-depth exterior and sub-slab vapor
sample points, and conventional groundwater monitoring wells. These data are
used for evaluating subsurface vapor attenuation spatially and temporally. Data
are currently available from sites in United States, Canada and Australia (Jackie
Wright, 2011, 2012). There are approximately equal numbers of geographic
locations and soil vapor events for benzene and TPH measurements.

The database contains measurements of GW depth and soil type, and
concurrent measurements of LNAPL and contaminant concentrations in the
adsorbed, dissolved and vapor phases. Available soil boring logs were studied to
better understand vadose zone soil characteristics.



Results of Studies of Subsurface
Petroleum Vapor Bioattenuation

>100 years of published research proves rapid
rates of biodegradation of PHCs by 1000s of
indigenous microbial species

Empirical database studies show PHC vapors
attenuate within a few feet of sources

No cases of PVI from low-strength sources

Causes of PVI are well-known




Causes of Petroleum Vapor Intrusion
Based on Field Evidence
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Vapor Intrusion Caused by High-Strength Sources:

= Direct contact or close proximity to buildings

= Preferential pathways: anthropogenic & natural

Drawing after Todd Ririe, 2009

Practical field experience and published literature of field studies show
that petroleum vapor intrusion impacts are generally associated with:

1) Direct contact of LNAPL or very high dissolved concentrations to a
building foundation

2) Close proximity of LNAPL or very high dissolved concentrations to a
building foundation that fluctuation GW levels bring contamination in
direct contact with building

3) Direct contact of LNAPL or very high dissolved concentrations to
building sumps, elevator shafts

4) Direct contact of LNAPL or very high dissolved concentrations with
preferential pathway (e.g., improperly-sealed utility lines)

Key Points:

Field data confirm that petroleum vapor intrusion impacts are associated
with high contaminant concentrations, and that vapor intrusion does
not occur with low concentrations of petroleum hydrocarbons
dissolved in groundwater or adsorbed in soil.



Signature Characteristics of Subsurface Aerobic
Biodegradation and Observed Distances of
Vertical Attenuation
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Vapor profiles of multi-depth vapor probes showing the 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.

=Typical 02, CO2, PHC vapor profiles: petroleum vapors naturally biodegrade &
attenuate with sufficient thickness of non-source vadose zone soil

= 1000’s of such measurements yield consistent, predictable results

=Extent & magnitude of vapor attenuation can be quantified, & Screening Criteria
developed & applied



Vapor Bioattenuation Limited by
Contaminated Soil

Conneaut, OH VMP-1 = Oxygen
(Roggemans, 1998; Roggemans et al., 2001)
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PHC vapors cannot attenuate because there is insufficient thickness of non-
source 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.



Importance of Shallow Vapor Completion Points

Example of apparent non-attenuation until
shallow soil vapor point installed

VW-11 Hal’s, Green River, Utah
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This slide shows benzene and TPH multi-depth vapor profiles of vapor well VW-
11 from two different sampling dates, the earlier 8/06 event having no shallow
completion above the LNAPL soil, thus fails to determine if vapors attenuate and
if PVI pathway is complete.

Vapor concentrations are very high within the contaminated soil zone (red
shading) 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 dispelling the notion that
short-circuiting might occur.



Methods for Deriving
Screening Criteria

10



Characterize Site, Collect Basic Data

= Define extent & degree of soil & GW
/\ contamination (CFR Title 40 Part 280)

» Construct Conceptual Site Model

Gas Station

Building = Apply Screening Criteria
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- Site characterization is routine and necessary in order to know if receptors are
impacted. Title 40 of the Code of Federal Regulations, Part 280 for leaking USTs
requires that sites be fully characterized by conducting subsurface investigations
wherein the full extent and degree of contamination are defined. The presence and
thickness of non-source soil above contaminant sources are generally known in the
early phases of site characterization by advancing soil borings, logging the borings, and
completing as GW monitoring wells.

- Non-source soil, also called “Clean Soil.” is free of LNAPL and contains the necessary
oxygen for biodegrading PHCs. Clean, non-source soil is easily characterized by logging
borings/MWs, field PID measurements , visual and olfactory observations of soil cores,
and collecting soil samples and analyzing for constituents of concern.

- Build a Conceptual Site 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.

1



Method for Determining Thickness of Non-Source
Soil Required to Attenuate Vapors Associated with
Dissolved Sources
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Formula: Distance between top of dissolved groundwater source and deepest clean vapor point =
thickness of non-source soil needed to attenuate vapors

Vapor Profiles

Left Panel: Benzene vapor concentrations emanating from a very high-strength
dissolved source attenuate with 4.94 feet of overlying soil.

Right Panel: Benzene vapor concentrations emanating from a low-strength dissolved
source are very low, and attenuate with 4 feet of non-source overlying soil and only 4

feet above the groundwater surface.



Method for Determining Thickness of Non-Source
Soil Required to Attenuate Vapors Associated with
Dissolved Sources
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Formula: Distance between top of dissolved groundwater source and deepest clean vapor point =
thickness of non-source soil needed to attenuate vapors

Vapor Profiles

Left Panel: Benzene vapor concentrations emanating from a very high-strength
dissolved source attenuate with 4.94 feet of overlying soil.

Right Panel: Benzene vapor concentrations emanating from a low-strength dissolved
source are very low, and attenuate with 4 feet of non-source overlying soil and only 4

feet above the groundwater surface.



Thickness Clean Soil Required to Attenuate

Benzene Vapors, feet
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-
o

2009-2011 Analysis of Petroleum Vapor
Database for Dissolved Sources
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- The Petroleum Vapor database (Davis 2009, 2011) contains high-quality data from
hundreds of paired field measurements of dissolved-phase and associated vapor-phase
benzene and TPH.

- Different methods of data analysis yield consistent results of the thickness of non-
source overlying soil necessary to fully attenuate vapors from their respective dissolved
source strengths (Davis 2009; EPA 2013; Lahvis et al 2013).

Criteria for Evaluating Data Set
- Non-source 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 by EPA and Lahvis et al 2013

14



Method for Determining Thickness of Non-Source
Soil Required to Attenuate Vapors Associated with
NAPL and Soil Sources
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This Method shows how the empirical database was analyzed for vapor attenuation
from LNAPL sites. This Method shows how much soil that contains no LNAPL-
contaminated soil, including smear zone, can be used for screening out LNAPL sites,
and is also used for screening out sites that have contaminated soil-only with no
groundwater impacts.

Hal's Green River, Utah site shown in this slide is 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 non-source overlying soil to attenuate vapors associated with LNAPL
and contaminated soil-only sites in the database.

Note

Another method, Method 1 (not shown here), 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.
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Thickness of Clean Soil Overlying LNAPL
Required to Attenuate Vapors, feet
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17 exterior/near-slab + 19 sub-slab = 36 total
BTPH SV Sample Event over LNAPL & Soil Sources

1 Refinery Site

Required to Attenuate Vapors,[feet

Thickness of Clean Soil Overlying|LNAPL
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Sites Sites

with LNAPL and Soil Sources

8 feet of non-source soil attenuates vapors associated

This plot shows all LNAPL UST and non-UST sites in the database that were
evaluated using the Method shown on the previous slide. The maximum soil
thickness of non-source 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, or 30-
100 ug/m3, <DL (which may vary; full attenuation verified by samplers/authors)
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The Database Report is a compilation and analysis of field data from Davis
2009-2011 and more recent data from various US states and Australia. The
database consists of thousands of measurements of soil gas and associated
source strengths from hundreds of sites.
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EPA 2013 Results of Vapor Attenuation
from Dissolved Sources
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5 feet of overlying soil attenuates vapors associated with
dissolved sources: Benzene 5,000 ug/L, TPH 30,000 ug/L

EPA OUST 2013, Figure 16 a and b.
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LNAPL Indicators

LNAPL INDICATOR

MEASUREMENTS

Current or historic presence of LNAPL
in groundwater or soil

Visual evidence:

Sheen on groundwater or soil, soil staining, measurable thickness

Groundwater, dissolved-phase
PHCs >0.2 times effective solubilities
(Bruce et al. 1991)

Benzene =>3-5mg/L
TPH-gro >20-30 mg/L
TPH-dro >5 mg/L

Soil, adsorbed-phase
PHCs >effective soil saturation (Csat)

Benzene =10 mg/kg
TPHg >250-500 mg/kg

Soil field measurements
Organic vapor analyzer/PID/OVA of
soil cores

Gasoline-contaminated seil: >500 ppm-v
Diesel-contaminated soil: ~ >10 ppm-v

Soil Gas measurements

02 shows no increase and CO2 shows no decrease with
increasing distance from source
Elevated aliphatic soil gas concentrations (eg Hexane >100,000

ug/m3

(after EPA 2013 and Lahvis et al 2013)

Numerous field and numerical studies have identified indicators of LNAPL.
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EPA 2013 Results of Vapor Attenuation
from LNAPL Sources

a Benzene vs. Distance - NAPL (UST only) b Benzene Conditional Probability - NAPL (UST only)
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15 feet of overlying soil attenuates vapors associated
with LNAPL Sources

The vertical distance method involved plotting soil vapor concentration versus
distance above a source and estimating the probability for the soil vapor
concentration to be less than a given concentration threshold for different
distances above the contamination source (EPA 2013). The LNAPL-associated
vapors attenuate 15 feet above the source in 95% of the measurements.

EPA (Jan. 2013, primary author lan Hers) evaluation of non-USTs (refineries and
terminals) indicates 18 feet of non-source soil are required to attenuate vapors,
but the certainty is lower (90% confidence) due to the small population of non-
UST data.
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Lahvis et al 2013 Results of Vapor
Attenuation from LNAPL Sources
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Lahvis et al 2013 evaluated the empirical data is an similarly rigorous way as
EPA OUST.

This Figure 6 from Lahvis et al 2013 GWMR shows a plot of benzene
concentrations is soil gas vs. distance above LNAPL source. Plot includes 467
soil gas samples collected at 73 UST sites and 204 vertical sampling locations.
Non-detect values are plotted at reporting limit. Greater than 95% of the
benzene soil-gas concentrations are < 30, 50, or 100 ug/m3)beyond a distance
of approximately 13 ft (4 m) above the LNAPL source.
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Results of Empirical Studies for
Screening Criteria

Dissolved-Phase, Screening Distance 5 feet
» Benzene <5 mg/L
= TPH  <30mg/L

LNAPL, Screening Distance 15 feet
* Benzene >5 mg/L
= TPH >30mg/L

= Benzene 10 mg/kg
= TPH 500 mg/kg (EPA proposing 250 mg/kg)

Soil Required to Bioattenuate Vapors

= Biologically active, contains sufficient oxygen and moisture

" EPA, others: 100 mg/kg TPH is clean enough to qualify as non-source soil

= Limited field studies show that LNAPL-free contains sufficient oxygen to
bioattenuate vapors

The empirical database studies show a high probability that PHC vapors
associated with various source strengths attenuate within a few feet of the
source.



EPA OSWER
Modeling Studies

February 2012 EPA 530-R-10-003

Conceptual Model Scenarios
for the Vapor Intrusion Pathway

htp:// 0 ms-v11final-2-24-2012.pdf

Office of Solid Waste and Emergency Response
U.S. Environmental Protection Agency
Washington, DC 20460

EPA 2012, Lilian Abreu primary author.
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Building with
Besement LNAPL Vapor Source
> 200,000,000 ug/m3
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EPA 2012, Figure 35: Effect of source depth and source-building lateral
separation distance on the distribution of hydrocarbon and oxygen in soil gas for
a high-strength source (LNAPL). Hydrocarbon and oxygen concentration
contour lines are normalized by source and atmospheric concentrations,
respectively. The source vapor concentration is 200 mg/L at 8 meters deep (26
feet). Biodegradation rate (lamda) = 0.18h-1.

The source concentration is attenuated by 100,000-fold within 20 feet in the
vertical direction and 16 feet in the lateral direction. The slightly shorter distance
of lateral attenuation is due to the presence of a larger area of non-source,
oxygen-rich soil.
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Results of
Modeling Studies

" Modeling results are more
conservative than empirical studies

» Modeled distances of LNAPL-associated vapor
attenuation is greater than field observations

» LNAPL-associated vapors attenuate in less
distance laterally than they do vertically
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Investigating the PVI Pathway

Case Studies

26



Characterize Site
Define extent/degree of
contamination

Construct Conceptual Site Model

Is Contamination
Beneath Buildings?

YES

Are Vertical
Screening Distance
Criteria Met?

Does Exterior or Sub-
Slab Soil Gas Attenuate
to Acceptable
oncentrationsg

Do Preferential

Buildings Within
Lateral Screening
Distance?

NO

Does Indoor/Outdoor
Air Sampling Indicate
No PVI?

Pathways Exist?

Mitigate
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Case Study — Salina, Utah

Steps for Investigating

the PVI Pathway
@Preliminary Site Data: Extent and

Convenience Store

Indoor Air Benzene

degree of contamination delineated, 20 Event 3.7 ug/m3
top of LNAPL source <15 ft below 34 event < 3.5 ug/m3
building slab: Does not screen out. %

Qutdoor Air_Benzene
2 Event <3.6 ug/m3
3 event < 3.1 ug/m3

Exterior vapor point installed: High @

vapor concentrations 1.5 ft below

grade. @

@Sub-slab vapor point installed:
Vapors detected in initial event.
Subsequent multiple concurrent
vapor sampling events indicate PVI
pathway not complete.

@IndoorAir, Outdoor Air and Sub-
Slab vapors vapor concentrations
indicate PVI pathway not complete.

Sub-Slab_Benzene
15 ft 2 Event 43 ug/m3

34 event < 4.2 ug/m3 2™

==

Near-Slab Benzene
1t Efnt 7800 uy/m3

30 Feet
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Multi-Depth Vapor Conventional Groundwater

Monitoring Point Monitoring Well
0
Cement Well cap,
Tubing,nylon airtight
ubing,
Vapor Point gny l sealed
6-inch Well casing PVC ——

stainless steel sched. 40
screen

Bentonite

"]

10—

(%)
T
()
S
(U]
2
o
7]
[=2]
-
[F]
7]
("9

Well screen, PVC
sched. 40

Soil Gas -
Samples

Soil gas samples collected from deepest point of multi-depth vapor probes, and from
GW MW screened across water table (Jewell and Wilson 2011 GWMR; Wilson et al
2013 NTC). Preferred sample collection in Summa canisters and analysis of COCs by TO-
15 and fixed gases by ASTM-1946.

Purge 3 volumes prior to sampling. Helium leak check on initial sampling events.

The limitation of sampling soil gas in GW MWs is the inability to determine
vertical attenuation of vapors.



Conclusions of Studies

Sites can be well-characterized and
screened for PVI by measuring soil gas in
existing GW MWs

Sampling soil gas in existing GW MWs enhances
precision in defining LNAPL edge

Lateral distance of attenuation is less than or
comparable to vertical

15 feet vertical screening distance for LNAPL
can be applied in lateral direction
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Screening Criteria
U.S. and Australia
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Reference

Database &

Benzene SG
Screening Level

Screening/
Exclusion Distance

Screening/Exclusion

Concentration Other

Site Type

Interational

(ug/m?)

(feet)

Benzene, TPH (ug/L) Criteria

UST sites. 18 ft for non-UST

EPAQUSTSI0" Petroleum vapor 50,100 B <9000, <30.000 LNAPL sites. Non-source soil
Database <250 mg/kg TPH
: International
Davis, R\V. Non-detect (0- 5 <1000, <10,000 .
(2009-2012) Petroleum Vapor <1000) 8 LNAPL UST and non-UST sites.
Database
. . Dissolved phase only, BTEX
Lahvis et al R.V. Davis & J. 0 <15,000 "
(2013) Wright 30, 50, 100 13 LNAPL ::IS)‘AOOD ug/L. UST retall sites
Empirical database
McHugh et al (Colorado, Davis 10 <1000, 10,000
(2010) 20086), & published 30 LNAPL
literature
Peargin & :
Kolhatkar (2011) Chevran, all sites 1] <1000
15 >1000
q Australia & U.S. sites,
Wright, J. (2011) UST+ refineries 10, 50, 100, 1000 5 <1000
30 LNAPL
various references, 5 <100 no SG Oxygen measured
California RV Davis, McHugh et 50, 100
al 5 <1000 with SG Oxygen measured =4%
10 <1000 no SG Oxygen measured
30 LNAPL
5 <1000 no SG Oxygen requirernen
various references, Distances apply vertically &
(RV Davis, McHugh) 30 LNAPL horizontally
i i 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 L NAPL Distances apply vertically &
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THANK YOU




