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EXECUTIVE SUMMARY

For petroleum-related volatile organic compounds (VOCs), current risk-based screening levels (such as
the California Human Health Screening Levels [CHHSLs]) for evaluating risk from vapor intrusion at
underground storage tank (UST) sites are extremely conservative. This conservatism is caused by not
considering biodegradation in site screening which generally drives further unnecessary site evaluation.
Recent models and field studies show that bioattenuation of petroleum hydrocarbons at retail sites is
significant (Abreu et al., 2009; API, 2009; Davis, 2009; Lahvis, 2011). Petroleum hydrocarbon VOCs (such
as, benzene, toluene, ethylbenzene and xylenes -BTEX) concentrations have been shown to attenuate by
several orders of magnitude within short vertical distances (e.g., < 2-3 m) in the unsaturated zone due to
biodegradation. The hydrocarbon VOC attenuation generally increases by an additional order of
magnitude (or more) when transport across a building foundation to indoor air is also considered (U.S.
EPA, 2008). The characteristic occurrence of rapid hydrocarbon attenuation in the unsaturated zone is
amenable to a site-screening methodology for vapor intrusion based on exclusion distances. Exclusion
distances are defined as VOC source-receptor (building) separation distances beyond which the risk of
vapor intrusion is assumed negligible. Note the source may be located in soil and/or groundwater.
Exclusion distances can be broadly defined for two types of sources: low-concentration (e.g., dissolvedphase) and high-concentration (e.g., light non-aqueous-phase liquid – LNAPL) sources as described
below.
Recent modeling studies and evaluations of field (soil-gas) data from numerous UST sites and sampling
locations demonstrate that biodegradation is sufficient to limit the potential for vapor intrusion at sites
with “low-concentration” (dissolved-phase) hydrocarbon sources (Abreu et al., 2009; Davis, 2009; Davis,
2010; Lahvis, 2011). For example, there is less than a 5% probability that benzene concentrations in soil
gas would exceed a low screening-level for vapor intrusion (50 ug/m3) at distances of 5 ft (~2 m) or more
above a dissolved-phase benzene concentration in groundwater < 1,000 ug/L. (Note, for comparison,
the CHHSL for benzene in soil gas is 83 ug/m3 for buildings on engineered fill.) Additional attenuation
(i.e., a shorter exclusion distance) is predicted to occur by transport modeling for dissolved-phase
sources displaced laterally from the building foundation (Abreu and Johnson, 2005). Vapor intrusion
risks are thus expected to be rare to non-existent at sites with low-concentration sources.
At sites with “high concentration” hydrocarbon sources (unweathered residual light non-aqueous phase
liquid (LNAPL) in soil and/or unweathered free-phase LNAPL on groundwater), transport modeling
shows that hydrocarbon VOCs will attenuate below levels of concern in the unsaturated zone within a
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distance of approximately 20 ft (~7 m) of the source. The transport modeling is based on assuming
reasonable approximations of source concentration and transport within the unsaturated zone
(including biodegradation rate). Soil-gas data collected at numerous retail, terminal, and manufacturing
sites with LNAPL sources would suggest that the model predicted attenuation above LNAPL sources is
conservative. Analysis of the field data at these types of sites shows that hydrocarbon VOCs are
attenuated below screening-level concentrations within 8 – 13 ft (~3 - 4 m). Biodegradation accounts
for more than 1,000x additional attenuation within 5 ft vertical distances of benzene sources in soil-gas
up to 10,000,000 ug/m3. Again, the attenuation is predicted to increase further for high (e.g., LNAPL)
sources displaced laterally from building foundations (i.e. the soil gas concentrations would attenuate in
even shorter distances).
The purpose of this document is to provide a technical justification for the proposed low-threat vapor
intrusion scenarios. The justification is based on current, state-of-the-art science on separation
distances between source and receptor that are human-health protective. A few of the most recent
studies cited below are awaiting publication (but are available for review). All cited studies should be
considered in the development of a rational, technically defensible approach to vapor intrusion
screening.
The four scenarios presented in the Low-Threat UST Closure Policy are:
Scenario 1: Unweathered LNAPL on groundwater
30 ft vertical source/building separation (exclusion) distance for unweathered (residual or freephase) LNAPL on groundwater
Scenario 2: Unweathered LNAPL in soil
30 ft lateral and vertical separation (exclusion) distance between a building foundation and an
unweathered LNAPL (residual or free-phase) source in soil.
Scenario 3: Dissolved phase benzene concentrations in groundwater
5 ft. vertical separation distance between a dissolved-phase source < 100 ug/L benzene and
a building foundation (no oxygen (O2) measurement)
10 ft. vertical exclusion distance for a dissolved-phase source < 1,000 ug/L benzene (no O2
measurement)
5 ft. vertical separation distance between a dissolved-phase source < 1,000 ug/L and a
building foundation (measured O2 in soil gas ≥ 4%)
Scenario 4: Direct measurement of soil gas concentrations
Application of an additional attenuation factor of 1000x to risk-based soil-gas criteria (i.e. vapor
sources) located 5 ft. from a building foundation
For each of these scenarios, screening criteria have been proposed that if met will identify the site as
posing a low human health threat resulting from the vapor intrusion pathway. The screening criteria
and low-risk scenarios are based on the science presented in this document; additional safety factors
were incorporated as a policy decision. For the two unweathered LNAPL scenarios (Scenarios 1 and 2),
the current science indicates that soil vapors above an LNAPL source will attenuate within a distance of
20 feet or less. However the two LNAPL scenarios include an additional safety factor of 10 feet so that
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the exclusion criteria for these cases are set to 30 feet. Likewise, in Scenario 3, the scientific studies and
field data indicate that the risk of vapor intrusion is negligible for building foundations located more
than 5 feet above plumes with much higher benzene concentrations (up to 15,000 ug/L in groundwater).
Again, the proposed screening criteria incorporate additional safety factors. In Scenario 4, research
indicates that soil gas concentrations will attenuate by more than 3 orders of magnitude within a
vertical distance of 5 feet. However, the “bioattenuation factor” applied in Scenario 4 is conservatively
defined at 3 orders of magnitude (1000-fold attenuation). The proposed bioattenuation factor (in
Scenarios 3 and 4) also requires that measured O2 concentrations in soil gas are greater than or equal to
4%. Biodegradation has been shown to be significant at concentrations well below this O2 threshold
(Borden and Bedient, 1996; Roggemans et al. 2001). In conclusion, each of the scenarios, by design, had
safety factors included and therefore the exclusion criteria will appear to be more conservative than
would be otherwise indicated if only basing the results on the modeling results and field data presented
in this document.
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INTRODUCTION

It is well recognized that petroleum hydrocarbons rapidly biodegrade in the presence of O2 (i.e., when
conditions in the unsaturated zone are aerobic1). The degree of biodegradation depends largely on O2
availability of and the O2demand created by the biodegradation reaction. One of the critical factors
affecting O2 demand is source strength/type (e.g., LNAPL or dissolved phase).
Various researchers (Fischer et al., 1996; Lahvis et al., 1999; DeVaull, 2007; Davis, 2009; and Hartman,
(2010) have shown that conditions in the unsaturated zone are aerobic, and that for “lowconcentration” sources (weathered residual in soil and/or dissolved concentrations in groundwater), the
degree of biodegradation is significant. . At these sites, the demand for O2 resulting from
biodegradation generally exceeds O2 availability. The hydrocarbon concentrations (mainly BTEX)
decrease by several orders of magnitude over relatively short (e.g. <2 m) vertical distances. For low
concentration hydrocarbon sources, the attenuation will tend to be significant very near the water table
(i.e., capillary zone). These assertions are supported both by theory (modeling) (DeVaull, 2007, Abreu
et. al. 2009, API, 2009) and by field observation (Lahvis and Baehr, 1996; API, 2009; Davis, 2009). Work
by Abreu and Johnson (2005) predicts a greater degree of vapor attenuation at sites where the source is
displaced laterally from the building foundation.
Researchers have also documented rapid biodegradation of petroleum vapors at sites underlain by
LNAPL sources. At such UST sites, exclusion distances determined by analyzing benzene concentrations
in soil gas have been estimated to be in the range of 8 to 15 feet (Davis, 2009; Hartman, 2010; Lahvis,
2011). The greater exclusion distance for LNAPL sources compared to dissolved-phase sources is largely
related to the additional demand for O2 (noted above) created by LNAPL sources and the tendency for
LNAPL sources to be distributed above the capillary zone. Lahvis and Baehr (1996) showed the capillary
zone to be an active zone of biodegradation and hydrocarbon attenuation). The presence of residualphase LNAPL can, however, be difficult to identify because LNAPL may not readily appear in
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Bordon and Bedient (1986) and Roggemans et al. (2001) define minimum thresholds for aerobic biodegradation of 100 ug/Lwater (0.24%) and 2%, respectively.

3

groundwater monitoring wells. In such cases, one may rely on general LNAPL indicator “rules of
thumb”, including:
Presence of LNAPL
Direct evidence:
current or historical evidence of LNAPL in soil (known release area) or at the water table
(visible/reported in nearby groundwater monitoring wells)
Indirect evidence:
hydrocarbon VOC concentrations in groundwater approaching (> 0.2) effective solubilities
(Bruce et al., 1991) (e.g., benzene > 3 mg/L; BTEX or TPH gasoline range organics (GRO) > 20
mg/L; TPH diesel range organics (DRO) > 5 mg/L)
total hydrocarbon VOC concentrations in soil of TPH GRO > 100 - 200 mg/kg(2); TPH DRO > 10
- 50 mg/kg) (see ASTM, 2006, Alaska DEC, 2011)3
TPH vapor readings from a photo-ionization detector (PID) of > 1,000 ppm (recent gasoline
releases), > 100 ppm (recent diesel/historic gasoline releases), and > 10 ppm (historic diesel
releases) (Alaska DEC, 2011). Note that weathered LNAPL typically has a significantly
reduced VOC content and therefore represents a lesser vapor intrusion risk than
unweathered NAPL.
proximity (e.g., < 20 ft to a known release area)
It is important to note that although hydrocarbon VOC concentrations approaching effective solubility
limits in groundwater can be used as an indirect indicator of residual-phase LNAPL, dissolved-phase
hydrocarbon concentrations are not necessarily good metrics for the development of screening criteria
(i.e., separation distances) or assessing the vapor intrusion risk potential. Benzene concentrations in
soil-gas have shown to be poorly correlated with benzene concentrations in shallow groundwater
(Lahvis, 2011). The poor correlation can be attributed to 1) the inability to accurately measure watertable concentrations using monitoring wells screened across the water table and 2) bioattenuation of
hydrocarbon vapors in the capillary zone. Hydrocarbon VOC concentrations in soil gas are also expected
to be poorly correlated with VOC concentrations in groundwater in cases where residual-phase LNAPL
sources are present above the water table. Screening (exclusion) distances should therefore be defined
on the basis of source type (LNAPL and groundwater) rather than source (groundwater) concentration.
Lastly, the exclusion criteria defined for benzene are assumed to be conservative for naphthalene, which
is currently considered a carcinogen via the inhalation exposure route and, in certain cases, a potential
risk driver. This assertion is based on fact that naphthalene is relatively less volatile than benzene (i.e.,
has a much lower solubility value and Henry’s Law coefficient than benzene) and is also highly
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TPH (GRO) between 100 to 200 mg/kg may indicate may indicate the presence of LNAPL. TPH (GRO) less than 100 mg/kg is a
good indication that there is no LNAPL present.
3
The primary driver for vapor intrusion is benzene. For petroleum-based fuels other than gasoline, benzene is not found at
levels that would cause a vapor intrusion problem.
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susceptible to biodegradation (Anderson et al., 2008; GSI, 2010). The screening criteria described here,
while developed for benzene, are therefore assumed to be protective of naphthalene vapor intrusion.
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TECHNICAL BACKGROUND – Discussion of
Biodegradation Effects

This section presents the results of model studies and field data that support the proposed vapor
intrusion exclusion criteria. The results are discussed first for “low-concentration” source cases followed
by “high-concentration” sources cases.

3.1

Low-Concentration Sources (weathered residual in soil and/or
dissolved concentrations in groundwater)

For purposes of this technical justification, low concentration sources at petroleum UST sites are defined
as dissolved-phase hydrocarbon concentrations. Low concentration sources are therefore composed
primarily of the more soluble (aromatic) VOC LNAPL constituents, benzene, toluene, ethylbenzene,
xylenes, and naphthalene. Of these constituents, benzene is the primary risk driver for vapor intrusion
because of its relatively higher toxicity and vapor migration potential. Note: weathered LNAPL is
analogous to low-concentration sources in cases where the LNAPL is depleted of VOCs.
3.1.1

Model Studies

Results from numerical (3-dimensional) models (see Figures 3, 4 and 10 below[ Abreu et al.,
2009])indicate essentially complete attenuation of benzene soil gas concentrations (between 7 and 14
orders of magnitude – expressed as attenuation factors < 1E-07) within 2 m to 3 m away from a
relatively low (< 10 mg/L) benzene source concentration in an unsaturated sand.4 The simulations also
assumed biodegradation occurred only in the aerobic portion of the unsaturated zone (i.e., where O2
concentrations exceed 1%). This threshold for aerobic biodegradation contrasts with the 0.24% O2
threshold defined by Borden and Bedient (1996). An aerobic biodegradation rate of 0.79 hr-1 was
assumed for benzene, which is consistent with the mean of published rates defined by DeVaull (2007).
Note that while this degradation rate may seem high, the model only simulates biodegradation in the
portion of the unsaturated zone where there is sufficient O2 (> 1 %) to support biodegradation. The
modeled hydrocarbon vapor source concentration, < 10 mg/L, is assumed to be consistent with a
dissolved-phase source (see Abreu et al. [2009] – Figure 10). Lastly, the attenuation is expected to
increase for a similar range of source concentrations and degradation rates in lower permeability soils
(e.g., silty clay) (see Figure 19 from API, 2009) and for sources displaced laterally from building
foundations (see Figure 9 from Abreu and Johnson, 2005). The attenuation increases for the latter
scenario because hydrocarbon transport tends to be vertically upwards (toward the soil surface) rather
than laterally towards the receptor. Hence, there is little potential for vapor intrusion to occur at sites
where the dissolved-phase source is separated laterally from a building foundation.
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A 10 mg/L hydrocarbon soil gas source would equate to a ~40 mg/L source of BTEX in groundwater assuming a vapor/aqueous
phase partition coefficient of around 0.25 (Morrison, 1999) assuming the source were dissolved.
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The following figures show the results of the modeling studies:
The figures from Abreu et al. (2009) (Figures 3 and 4) show benzene and O2 profiles predicted by
transport modeling for low-concentration vapor sources and two different foundation
configurations (basement and slab, respectively) in a sand unsaturated zone for a reasonable
approximation of the hydrocarbon biodegradation rate ( = 0.79 hr-1).
Figure 3 from Abreu et al (2009).
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Figure 4 (Abreu et al., 2009)

Figure 10 from Abreu et al. (2009) is a plot of the hydrocarbon (benzene) attenuation factor in
the unsaturated zone versus source vapor concentration for a range of source/building
foundation separation distances assuming a representative biodegradation rate ( = 0.79 hr-1)
and a sand unsaturated zone:
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Figure 10 from Abreu et al. (2009)

Figure 19 from API (2009) is a plot of the hydrocarbon (TPH-gasoline) attenuation factor in
the unsaturated zone versus source vapor concentration for a range of source/building
foundation separation distances assuming a representative biodegradation rate and two soil
types, a sand and a silty-clay:
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Figure 19 from API (2009)

Figure 9 from Abreu and Johnson (2005) is a plot of the attenuation factor in the
unsaturated zone versus source edge-building separation distance predicted in a sand
unsaturated zone for a slab-on-grade building foundation. Biodegradation was not
considered in the model analysis.
Figure 9 from Abreu and Johnson (2005)
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3.1.2

Field Data

Two hydrocarbon soil-gas databases were used to support the development of exclusion distance
criteria. One was compiled by Robin Davis (Davis,2009) and the other by Jackie Wright (Wright, 2011).
The Davis (2009) database is being used to support the development of new state (see
http://www.swrcb.ca.gov/ust/luft_manual.shtml ) and federal (US EPA OUST) vapor intrusion guidance.
The cited databases are publically available. Davis (2009) compiled the database from measurements at
58 retail, distribution, and manufacturing sites across several states, including California. Wright’s 2011
database includes soil-gas data collected from 124 additional retail, distribution, and manufacturing
sites in Australia. Both databases include soil-gas data collected from on and off-site locations.
Approximately 16% of the soil-gas data are measurements taken directly below building foundations
(i.e., sub-slab). The field data support the model results discussed in the previous section. An analysis by
Davis (2009) indicates that benzene concentrations in soil gas are completely attenuated within 5 feet or
less of groundwater containing up to 6 mg/L (or ~1,500,000 ug/m3 vapor phase equivalent5) benzene
(see Figure 5 below from Davis, 2009). The analysis includes data from “non-retail” locations.

It is important to note in Figure 5, that the exclusion distance (and vapor intrusion risk potential) is
relatively independent of the benzene source concentration over the approximate range of dissolved

5

Assuming equilibrium partitioning between soil-gas and groundwater and a Henry’s Law coefficient of 0.25 m3/m3 for benzene.
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phase concentrations up to 6,000 ug/L. The development of more conservative groundwater
concentration-based exclusion distances (e.g., specific exclusion distance criteria for 100 ug/L and 1,000
ug/L sources) was a policy decision.
Davis (2009) did not screen out sites with potential residual LNAPL sources above the water table (i.e.
LNAPL in soil). Note that residual LNAPL in soil and free-phase LNAPL on groundwater will pose similar
vapor-intrusion risks. The latter are sites where LNAPL is observed in groundwater monitoring wells
located in the source area. However, Davis (2009) found that the thickness of “clean” soil required to
fully attenuate vapors to health-protective concentrations (i.e., the exclusion distance) decreased from
~15 feet (Figure 5) to 8 feet when considering LNAPL sources in soil in the absence of free-phase LNAPL
on groundwater (Davis 2010 – see Figure from Davis in Section 3.2.2).
Lahvis (2011) analyzed soil-gas data collected above dissolved-phase sources where efforts were taken
to identify and screen out sites with LNAPL above the water table (i.e LNAPL in soil). The analysis
filtered out sites with either direct evidence of LNAPL (current, historical) or indirect evidence of LNAPL
(soil-gas measurements collected near potential sources (i.e., locations within 25 ft of USTs and
dispensers). . The analysis did, however, include soil-gas data from sites with dissolved-phase (source)
concentrations up to 15 mg/L benzene and 75 mg/L BTEX. Lahvis (2011) included these additional data
to assess an “upper bound” on exclusion distances for dissolved-phase sources, realizing that dissolvedphase concentrations greater than 3 mg/L benzene and 20 mg/L BTEX may potentially indicate the
presence of a residual-phase LNAPL source (Bruce et al. , 1991). In other words, Lahvis (2011) included
soil-gas data from sites with potential LNAPL sources to be conservative in estimating the exclusion
distances for dissolved-phase sources. The Lahvis study included soil-gas data from both Davis (2009)
and Wright (2011). This study shows that benzene in soil vapor is attenuated below a relatively
conservative soil-gas screening level of 50 ug/m3 when the dissolved benzene source is 5 vertical feet or
greater from the receptor. Note that more than half of the soil-gas measurements were taken from
sites with source concentrations of benzene dissolved in groundwater ranging from 1 to 15 mg/L.
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Figure from Lahvis (2011)
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The results shown in the figure from Lahvis (2011) were then used by to define exclusion distance
criteria based on a conditional probability assessment as shown in the following figure:
Figure from Lahvis (2011)
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The results indicate that the probability of observing benzene vapor concentrations in excess of a
conservative screening level (i.e. 100 ug/m3) at distances greater than 5 ft above the dissolved phase
source at retail sites is less than 5%. The water table would have to be essentially in contact with a
building foundation for there to be a potential concern for vapor intrusion for this class of low
concentration sites.

3.1.3 Summary of Low Concentration Sources
In summary, field data from UST petroleum release sites shows minimal vapor-intrusion-to-indoor air
risk above dissolved-phase only hydrocarbon sources. At low-concentration sites, benzene, the primary
risk driver for vapor intrusion, will be attenuated below conservative soil-gas screening limits within 5
feet above the water table.

3.2

High-Concentration Sources (unweathered residual in soil
and/or free-phase LNAPL on groundwater)

3.2.1 Model Studies
As shown in the attached figures (Figures 5 and 7 from Abreu et al. [2009]), benzene is predicted to
completely attenuate in the unsaturated zone above an LNAPL source within ~ 7m (20 ft) of the source6.
Abreu et al (2009) used benzene to represent the greatest potential risk posed by soil vapor from an
unweathered LNAPL vapor source. This LNAPL source will primarily consist of aliphatic hydrocarbons.
The modelis assumed to be conservative when considering benzene biodegradation assumptions (see
note 7 below.).

6

Note Figures 5 and 7 from Abreu et al. (2009) were slightly modified to highlight the technical justification.
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Figure 5 (modified) from Abreu et al. (2009)
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Figure 7 (modified) from Abreu et al. (2009)

Vapor attenuation is predicted to increase for LNAPL sources displaced laterally from the basement
foundation (Abreu and Johnson, 2005).

3.2.2 Field Data
A recent analysis of a soil-gas database by Davis (2010) indicates that the model-predicted attenuation
cited above is conservative. Davis (2010) found source-receptor separation distances of only 8 ft.
attenuated soil-gas vapors associated with benzene and TPH from LNAPL sources to below health-risk
screening criteria(see the following figure from Davis [2010]). The Davis (2010) analysis includes
residual LNAPL sources in the unsaturated zone.
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In addition, Lahvis (2011) demonstrates in the following figure that benzene concentrations in soil gas
generally decrease by more than 4 orders of magnitude at source-recpetor separation distances of > 13
feet at LNAPL sites:
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Figure from Lahvis (2011)
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From a conditional probability standpoint, benzene concentrations in soil gas will attenuate below 50
and 100 ug/m3 at distances of > ~25 ft and >~ 13 ft above the source in greater than 95% of cases,
respectively.

16

Figure from Lahvis (2011)
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Again, lateral separation exclusion distances would be expected to be less than the vertical exclusion
distances for the reasons previously presented.

3.2.2 Summary
Most recent field data analyses indicate that 8 to 13 feet of clean soil (soil with no LNAPL present)
between source and receptor is sufficient to reduce soil-vapor concentrations to below healthprotective levels for the vapor-intrusion-to-indoor air pathway at sites with LNAPL sources in either soil
or groundwater.

3.3

Technical Background Conclusions

Researchers have demonstrated that soil-vapor benzene concentrations above low-concentration
sources attenuate up to 6 orders of magnitude in the unsaturated zone within short vertical distances
(e.g., < 5 ft) due to biodegradation. Biodegradation is sufficient to essentially eliminate these sites from
further vapor intrusion consideration.
At sites with high concentration sources (e.g., unweathered LNAPL sources), 8 to 13 feet of clean soil
(i.e. TPH <100 mg/kg) are required to fully attenuate hydrocarbon vapors to health-protective
concentrations for the vapor-intrusion-to-indoor air pathway. The attenuation due to biodegradation
would be equally or more significant for LNAPL sources separated laterally from building foundations
(i.e. a shorter distance would be required for attenuation to health-protective concentrations). Some of
the referenced studies have been accepted for publication, but are awaiting the respective Journal
publication dates. They are available for review. It is important to consider these “state of the science”
17

results in the development of rational, technically defensible, approaches to vapor intrusion risk
assessment.
Please note that the Stakeholder Group that developed the Low-Threat UST Policy Petroleum
considered the cited technical sources when developing the vapor-intrusion scenarios and associated
risk criteria presented in the Low-Threat Policy. In addition, as a statewide policy consideration, the
Stakeholder Group applied source-to-receptor separation distance and source concentration safety
factors that make the proposed vapor-intrusion-to-indoor-air screening criteria more conservative than
they would otherwise be if considering the scientific literature alone. These safety factors include
greater separation distances and lower threshold concentrations than those found by researchers to be
health protective.
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THE FOUR LOW-THREAT VAPOR INTRUSION SCREENING SCENARIOS

The Stakeholder Group convened by the SWRCB considered the available current and relevant scientific
studies when developing the following low-threat vapor-intrusion-to-indoor air criteria. The four basic
vapor-intrusion scenarios are:
Scenario 1: Unweathered LNAPL on groundwater
30 ft vertical source/building separation (exclusion) distance for unweathered (residual or freephase) LNAPL on groundwater
Scenario 2: Unweathered LNAPL in soil
30 ft lateral and vertical source/building separation (exclusion) distance for an unweathered
LNAPL (residual or free-phase) LNAPL source in soil and a building foundation
Scenario 3: Dissolved phase benzene concentrations in groundwater
5 feet vertical separation distance between a dissolved-phase source < 100 ug/L benzene
and a building foundation (no oxygen [O2 ] measurement)
10 feet vertical exclusion distance for a dissolved-phase source < 1,000 ug/L benzene (no O2
measurement)
5 ft. vertical separation distance between a dissolved-phase source < 1,000 ug/L and a
building foundation (measured O2 in soil gas > 4%)
Scenario 4: Direct measurement of soil gas concentrations
Application of an additional thousand-fold biodegradation attenuation factor to risk-based soilgas concentration criteria (CHHSLs) when the source is located more than 5 feet from a building
foundation
Scenarios 1 and 2 are will usually be associated with “high”-concentration sources. Scenario 3 is
associated with a “low” concentration source, and Scenario 4 may be associated with either “low” or
“high” concentration sources. The following section details the technical justification(s) for each of the
sets of low-threat exclusion criteria expressed in the four scenarios. Benzene is assumed to be the
primary risk driver for vapor intrusion at petroleum hydrocarbon sites. The vapor-intrusion exclusion
distance criteria determined for benzene are assumed to be health-protective for other potential
hydrocarbon VOCs such as ethylbenzene and naphthalene. For ethylbenzene, this assumption is based
on 1) ethylbenzene is expected to have similar source concentrations and fate and transport properties
18

as benzene (Abreu et al., 2009), and 2) soil-gas concentrations from UST petroleum release sites show a
strong correlation between benzene and ethylbenzene concentrations in soil-gas measured concurrently
from the same soil-gas probe (see following figure from Lahvis [written communication]):
Figure from Lahvis (written communication)
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The exclusion distance criteria determined for benzene are assumed to be conservative for naphthalene
because 1) naphthalene is typically present in gasoline at lower fractions as benzene, 2) naphthalene is
likely present at very low concentrations (mass fraction of 0.0026) in diesel (Potter and Simmons, 1998),
and 3) naphthalene is less volatile, and has similar (if not, higher) degradation rates as benzene (GSI,
2010).
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4.1

Scenario 1: Unweathered LNAPL on Groundwater
30 ft vertical source/building separation (exclusion) distance for unweathered (residual or
free-phase) LNAPL on groundwater

The proposed 30 feet exclusion distance7 is conservative based on:
Model theory shows full attenuation within 7 m (~ 20 ft) of a high concentration LNAPL source
assuming reasonable approximations of the biodegradation rate (see Figures 5 and 7 below
from Abreu et al., 2009)8. The use of benzene to represent an unweathered LNAPL vapor source
(which will primarily consist of aliphatic hydrocarbons) is assumed to be conservative with
respect to benzene biodegradation assumptions (linked to O2 availability)9.

7

8
9

The top of the residual-phase source can generally be assumed to be consistent with the historic high water-table elevation.
Note Figures 5 and 7 from Abreu et al. (2009) were slightly modified to highlight the technical justification
In this model, biodegradation is linked to O2 availability. Biodegradation is not simulated when O2 concentrations in the
unsaturated zone fall below 1%. Relative to benzene, aliphatic hydrocarbons are less susceptible to biodegradation because
they partition less to the aqueous phase (pore water) where biodegradation takes place. Simulating LNAPL with a single
benzene source will thus be conservative with respect to O2 demand (and benzene biodegradation) compared to simulating
LNAPL using a primarily aliphatic hydrocarbons.
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7 7mm

Depth bgs (m)

Figure 5 (modified) from Abreu et al. (2009)

7m

Depth bgs (m)

Figure 7 (modified) from Abreu et al. (2009)

For LNAPL and residual sources, field (soil-gas) data show full attenuation within 8 ft of the
source (see figure, below, from R. Davis [2010] – also published in Hartman [2010]).
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Method
2Davis
Results
for
Figure from
(2010)
LNAPL & Soil Sources
Benzene: 48 exterior/near-slab +
22 sub-slab = 70 total

TPH: 17 exterior/near-slab +
18 sub-slab = 35 total

Benzene SV Sample Event over LNAPL & Soil Sources

TPH SV Sample Event over LNAPL & Soil Sources
Near-Slab Multi-Depth, Sub-Slab

Thickness of Clean Soil Overlying LNAPL
Required to Attenuate Vapors, feet

Thickness of Clean Soil Overlying LNAPL
Required to Attenuate Vapors, feet

Near-Slab Multi-Depth, Sub-Slab
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~8 ft CLEAN overlying soil attenuates vapors
associated with LNAPL/Soil Sources

The following figure from Lahvis (2011) shows a greater than 95% probability that benzene
concentrations in soil gas will attenuate below a conservative screening level for benzene in soil gas of
50 and 100 ug/m3 (alternatively, a < 5 % probability of observing benzene concentrations > 100 ug/m3)
at distances of > ~25 ft and > ~13 ft from a LNAPL (residual or free-phase) source, respectively.
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Figure from Lahvis (2011)
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30

Scenario 2: Unweathered LNAPL in Soil
30 ft lateral and vertical source/building separation (exclusion) distance for an unweathered
LNAPL (residual or free-phase) LNAPL source in soil and a building foundation

The same technical justification provided for Scenario 1 applies to Scenario 2. The proposed 30 feet
lateral off-set distance is even more conservative for sources displaced laterally as indicated in the
following figure from Abreu and Johnson (2005). For example, an additional order of magnitude of
attenuation is predicted for plume centerlines displaced 10 m (~30 ft).
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Figure 9 from Abreu and Johnson (2005)

As discussed in the technical background section 3.2.2, 13 feet is more than adequate to fully attenuate
vapors derived from LNAPL sources in soil and groundwater; therefore providing a 30’ lateral distance
screening criteria provides an additional safety factor.

4.3

Scenario 3: Dissolved Phase Benzene Concentrations in
Groundwater
5 ft. vertical separation distance between a dissolved-phase source < 100 ug/L benzene
and a building foundation (no oxygen (O2) measurement)
10 ft. vertical exclusion distance for a dissolved-phase source < 1,000 ug/L benzene (no O2
measurement)
5 ft. vertical separation distance between a dissolved-phase source < 1,000 ug/L and a
building foundation (measured O2 in soil gas ≥ 4%)

These separation distances are conservative with respect to protecting human health based on the
following:
Complete attenuation (~ 1E-07) is predicted within 2 m (6 ft.) of a soil gas source of benzene <
10 mg/L (assumes an approximate 40 mg/L dissolved phase benzene concentration, based on an
approximation of benzene partitioning between soil gas and groundwater [dimensionless
Henry’s Law constant = 0.25]- see attached Figure 10 from Abreu et al. [2009]10). Even greater

10

Note figure from Abreu et al. (2009) was slightly modified to highlight the technical justification
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hydrocarbon attenuation (lesser exclusion distances) is predicted for dissolved-phase sources in
other less permeable (e.g., silty clay) unsaturated zone systems (Abreu et al, 2009). The
attenuation is complete for the entire vapor (dissolved-phase) concentration range. The
dissolved phase concentrations (especially) (i.e., 100 ug/L) and proposed exclusion distance
specified in this scenario are therefore assumed to be very conservative. Note: in the figure
below, “L” is the distance to the foundation from the source.

Figure 10 from Abreu et al. (2009)

Model theory shows > 9 orders of magnitude (i.e. complete) attenuation (for reasonable
approximations of the biodegradation rate = 0.79 hr-1) within a source/building separation
distance of L=3 m (10 ft) in a sand unsaturated zone (Abreu et al. (2009)). This magnitude of
attenuation is applicable for a benzene vapor source < ~10 mg/L (or ~40 mg/L dissolved phase
source in groundwater assuming reasonable approximations for benzene partitioning between
soil gas and groundwater (i.e., a dimensionless Henry’s Law constant = 0.25). Even greater
hydrocarbon attenuation (lesser exclusion distances) is predicted for dissolved-phase sources in
other less permeable (e.g., silty clay) unsaturated zone systems (Abreu et al, 2009). The
attenuation is complete for the entire vapor (dissolved-phase) concentration range. The
dissolved phase concentrations (especially) (1,000 ug/L) and proposed exclusion distance
25

specified in this scenario are therefore assumed to be very conservative. Note: in the figure
below, “D” is the overall source depth and “L” is the distance to the foundation from the source.
Figure 6 from Abreu et al. (2009)

Field soil-gas data show complete soil-gas attenuation within 5 feet above benzene
concentrations in groundwater of up to 6 mg/L (Davis, 2009).
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Field (soil-gas) data from Davis (2009) and Wright (2011) show benzene concentrations in soil
gas attenuate below 80 ug/m3 (see Figure 1) and 20 ug/m3 (see Figure 2) within 10 feet above
the water table for dissolved-phase benzene concentrations up to 1,000 ug/L and 100 ug/L,
respectively at petroleum UST release sites.
Figure 1 - Lahvis (written communication)

SOIL-GAS CONCENTRATION (ug/m3)

100

includes: BENZENE
CONCENTRATIONS IN
GROUNDWATER < 1,000 ug/L
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103 SAMPLES

1

Measured
Non Detect @ 1/2 Detection Limit
95th Percentile
0.1

0

10

20

30

40

50

DISTANCE ABOVE WATER TABLE (ft)
Figure 1. Benzene concentrations in soil gas as a function of distance above the
water table for concentrations in groundwater < 1,000 ug/L. Analysis is based on soil
gas data from Davis (2009) and Wright (2011).
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Figure 2 - Lahvis (written communication)
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Figure 2. Benzene concentrations in soil gas as a function of distance above
the water table for concentrations in groundwater < 100 ug/L. Analysis is
based on soil gas data from Davis (2009) and Wright (2011).

The probability of benzene vapor concentrations near the receptor exceeding a conservative
screening level of 50 ug/m3 is less than 5 % at petroleum-UST release sites with benzene
concentrations in groundwater < 1,000 ug/L. The probability is less than 5% regardless of
the source-receptor separation distance (see Figure 3 – Lahvis [written communication]).
The water table would have to be essentially in contact with a building foundation to create
a potential concern for vapor intrusion at low concentration sites.
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Figure 3 from Lahvis (written communication)
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Figure 3. Probability of encountering benzene concentrations in soil gas
above conservative screening-level concentrations of 10, 50, and 100 ug/m3
at various distances above the water table at retail-only locations. The data
are associated benzene (source) concentrations in groundwater < 1,000 ug/L
and are taken from the databases reported in Davis (2009) and Wright (2011).

The probability of benzene vapor concentrations near the receptor exceeding a (very)
conservative screening level (i.e., 10 ug/m3) at petroleum-UST release sites with benzene
concentrations in groundwater < 100 ug/L is less than 5% regardless of the source-receptor
separation distance (see Figure 4 from Lahvis [written communication]). The water table
would have to essentially be in contact with a building foundation to create a potential
concern for vapor intrusion at low concentration sites.
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Figure 4 from Lahvis (written communication)
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Figure 4. Probability of encountering benzene concentrations in soil gas
above conservative screening-level concentrations of 10, 50, and 100 ug/m3
at various distances above the water table at retail-only locations. The data
are associated benzene (source) concentrations in groundwater < 100 ug/L
and are taken from the databases reported in Davis (2009) and Wright (2011).

The model results from Abreu et al. (2009) (see Figure 3 below) show O2 concentrations in
excess of ~17% (0.8 * 21%) for a hydrocarbon (benzene) vapor source concentration of 1
mg/L (1,000 ug/L) (see plots in middle of the figure). This benzene (or BTEX) vapor source
concentration is roughly equivalent to a dissolved phase source concentration of ~4,000
ug/L, which is > the maximum dissolved-phase benzene concentration “1,000 ug/L” defined
for Scenario 3. This calculation assumes:
a) the dissolved-phase source is primarily BTEX (the most soluble hydrocarbon
fraction)
b) vapor/aqueous partitioning occurs according to Henry’s law, and
c) a dimensionless Henry’s La w partition coefficient for benzene (or BTEX) of 0.25.

Analyses of soil-gas data from Davis (2010) and Wright (2011) show that O2 concentrations
in soil gas are > 4% at sites with dissolved-phase sources of benzene in groundwater up to
15 mg/L (see Figure from Lahvis (2011).
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Figure 3 from Abreu et al (2009)

Figure from Lahvis (2011)
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Figure. Oxygen concentrations measured in soil gas at various distances
above dissolved-phase hydrocarbon (benzene) sources in groundwater with
concentrations < 15 mg/L Analysis is based on soil gas data from Davis
(2009) and Wright (2011).
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Scenario 4: Direct Measurement of Soil Gas Concentrations
Application of a thousand-fold attenuation factor to risk-based soil-gas criteria (i.e. CHSSLs)
for sources located more than 5 vertical feet from a building foundation.
Model results (see Figure 10 from Abreu et al., 2009) show that biodegradation produces an
approximate 10,000-fold attenuation of benzene concentrations in soil-gas up to ~10 mg/L or
10,000,000 ug/m3 within 2 m (5 ft) of a building foundation for reasonable approximations of
the degradation rate in a sand unsaturated zone11 . The proposed one thousand-fold additional
attenuation for benzene concentrations in soil gas up to 85,000 and 280,000 ug/m3 located
more than vertical 5 feet from a building foundation is thus deemed conservative for residential
and commercial settings, respectively.

Modified Figure 10 from Abreu et al. (2009)

additional attenuation
= ~1.E-04 related to
biodegradation

No Biodegradation L = 2m (approximate)

Measured field soil-gas (benzene) concentrations from Davis (2009) and Wright (2011)
collected from vertically nested vapor probes support the model theory (see Figure below

11

Figure modified to show ‘No Biodegradation L = 2m (approximate)’ and additional attenuation to highlight technical
justification.
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from Lahvis [written communication]). More specifically, these data show that benzene
attenuation in the unsaturated zone generally exceeds 1000-fold within a 5 feet vertical
distance of a benzene (source) soil-gas concentration range between 10,000 and 100,000
ug/m3 (see Figure 5 – middle box). Similar attenuation is observed for benzene soil gas
(source) concentrations ranging between 100,000 and 1,000,000 ug/m3 (see Figure 5 – left
hand box). Less attenuation is observed for benzene soil gas (source) concentrations
ranging between 1,000 and 10,000 ug/m3 (see Figure 5 – right hand box). The statistics are
affected for this concentration range, however, by non-detect values reported at ½ the
detection limit. The soil-gas data are from the databases described by Davis (2009) and
Wright (2011) for petroleum-UST release locations. This finding supports the model theory
of Abreu et al. (2009) and the proposed use of a 1000-fold soil-gas bioattenuation factor..

ATTENUATION FACTOR (DIMENSIONLESS)

Figure from Lahvis (written communication)
SOIL GAS ATTENUATION FACTORS (BENZENE)
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Each box encloses 50% of the data with the median value of the variable displayed as a line. The top and bottom
of the box mark the limits of ± 25% of the variable population. The lines extending from the top and bottom of
each box mark the minimum and maximum values within the data set that fall within an acceptable range
defined by the software. Any value outside of this range, called an outlier, is displayed as an individual point.

Figure 5. Box plots based on statistical analysis of benzene soil-gas data collected concurrently from
vertically nested probe locations separated by distances ≤ 5 ft. The soil-gas data are taken from the
databases reported in Davis (2009) and Wright (2011).
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