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At the Hill AFB site, geotechnical testing indicated that both soil permeability and air
filled porosity were lower at Residence #1 than Residence # 2, see Table 4.4.5.1. Based
on these observations, one would predict less potential for VI at Residence #1 compared
to Residence #2. However, the attenuation factor analysis indicated similar VOC
attenuation at the residences during the first sampling event and less VOC attenuation at
Residence #1 compared to Residence #2 during the second sampling event. In fact,
during the second sampling event, no VOC were detected below the foundation of
Residence #2, indicating significantly less migration of VOC from groundwater
compared to Residence #1.

At the Altus AFB demonstration site, soil permeability appeared to be somewhat lower
than Hill AFB Residence #1, however, no clear differences were observed in VOC
attenuation between the Hill and Altus demonstration sites (see Section 4.3.4). The full
results of the geotechnical testing are presented in Appendix G.

Table 4.4.5.1: Results of Geophysical Testing.

Sample Location

Intrinsic Permeability to
Water (cm?)

Native Hydraulic
Conductivity (cm/sec)

Air Filled Porosity
(% of bulk volume)

Hill AFB Residence #1

56 x 101 +/-4.0x 10"

5.6 x 10° +/-4.0x 10°

5.3% +/- 3.0%

Hill AFB Residence #2

1.6x10° +/- 2.4 x 10°

1.6 x 10* +/- 2.3x 10*

12% +/- 2.4%

Altus AFB Building 418

33x10% +/-3.4x 10"

33x107+/-3.4x 107

12% +/- 2.3%

Note: Each value is the average of measurements from nine soil cores collected during sample point installation.

Vadose Zone Permeability Testing

In order to better understand the influence of unsaturated soil permeability on the
migration of VOC along the VI pathway, soil permeability was measured at a number of
the subsurface monitoring points around the test building. The testing procedures are
described in Section 3.5 and the data analysis method is shown in Appendix E.
Calculated permeabilities are shown in Tables 4.4.5.2 and 4.4.5.3, below.
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Table 4.4.5.2: Soil Permeability for Altus Site Demonstration Building.

Soil Permeability (cm?)
Sample Point July 2006 | December 2006
Upgradient Cluster
SG-1 1.1x 107 NM
SG-4 3.3x10%° 1.2x10%
MW-4 1.9x 107 1.6x 10"
Midgradient Cluster
MW-11 1.6 x 10° 9.8 x 10°
Downgradient Cluster
SG-8 3.5x10° 3.0x10°
SG-6 NM 5.0x 107
MW-8 2.8x10° 1.5x 107
MW-6 2.4x10% 2.9x107

Note: NM = Not measured during sample event.

Table 4.4.5.3: Soil Permeability for Hill Site Demonstration Buildings.

Soil Permeability (cm?)

Sample Point Residence #1 Residence #2
SG-3 (Upgradient) NM 6.7 x 107
SG-4 (Upgradient) 6.1 x 10™° 1.3x 107
SG-12 (Downgradient) 3.4 x 10 8.5x 10!
MW-1 (Upgradient) 7.1x10™ 5.8x 10"
MW-5 (Midgradient) 5.7 x 10™° 7.3x10™°
MW-9 (Downgradient) 6.6 x 10 NM

NM = Not measured during sample event.

At Altus AFB, the measured vadose zone permeability is consistent with literature values
for silty soil, the predominant soil type observed during the installation of the sample
points in March 2005. Lower permeabilities were measured at locations with higher soil
moisture (i.e., the upgradient cluster where perched groundwater is observed and the
deepest measurement location at the downgradient cluster screened below the
potentiometric surface of the water-bearing unit). The high permeability measured at
SG-1 (completed 1 ft bgs) may be attributable to preferential flow paths extending to the
ground surface.

Finding: The hypothesis that locations with lower soil permeability and lower air-filled
porosity are less susceptible to vapor intrusion was not supported by the limited data set
obtained.  No clear relationship was observed between soil permeability and VOC
attenuation.
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4.5 Recommendations for Vapor Intrusion Sample Collection

Under EPA guidance, groundwater and soil gas concentrations can be compared to published
screening values to identify sites at which no further evaluation of VI is required. The results of
this demonstration support the following recommendations specific to the collection of
groundwater or soil gas samples for the purpose of vapor intrusion pathway screening.

4.5.1 Groundwater Samples

Placement of Sample Points

In order for a groundwater plume to pose a potential VI threat, VOC must be able to
diffuse from groundwater to vadose zone soil gas across the top of the water table.
Because diffusion through groundwater is very slow, only VOC present near the top of
the water table pose a potential VI threat. A variety of factors can contribute to VOC
concentrations at the top of the water table that are lower than those found at greater
depth (Nichols and Roth 2006). In other cases, VOC concentrations at the top of the
water table may be higher than those found at depth. As a result, the top of the water
table should be targeted when collecting groundwater samples for vapor intrusion
screening. Typically, monitoring wells with 10 ft screens are used for delineation and
long-term monitoring of groundwater plumes. However, researchers have found that the
majority of traditional monitoring wells with longer screens have vertical flow of water
within the well (Elci, Molz et al. 2001), making it difficult or impossible to obtain a depth
discrete groundwater sample from such a well. As a result, smaller screened intervals (1
to 2 ft) are more appropriate for the evaluation of vapor intrusion.

Study Findings: At both Altus AFB and Hill AFB, monitoring wells with 1 ft screen
intervals placed at the top of the water table exhibited VOC concentrations markedly
different than near-by wells with 10 ft screens extending deeper in the groundwater-
bearing unit. At Hill AFB, the 1-ft screened monitoring wells at the top of the water table
exhibited TCE concentrations approximately 3 to 20 times lower than those measured at
near-by wells with 10-ft screens, however, at Altus, the 1ft screened monitoring well at
the top of the water-bearing unit exhibited TCE concentrations approximately 2 to 20
times higher than those measured at near-by wells with 10-ft screens placed deeper in the
groundwater-bearing unit. At Altus, the shallow groundwater-bearing unit is confined,
limiting recharge and potentially creating other factors resulting in high VOC
concentrations near the top of the water-bearing unit. However, in both study sites, the
difference in VOC concentration between 1-ft screen wells and 10-ft screen wells
illustrates the importance of short screen lengths placed at the top of the water-bearing
unit for the evaluation of the VI pathway.

Recommendation: Groundwater samples used for screening the VI pathway should be
collected from monitoring wells with short screens (< 2 ft) placed at the top of the water
table. At some sites, a cluster of vertically spaced wells will be required to account for
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temporal fluctuation in water table elevation and ensure that samples from the top of the
water table can be collected during all sampling events.

Sample Collection Methods
No special groundwater sampling methods are required to obtain samples for evaluation
of vapor intrusion.

4.5.2 Soil Gas Samples

Placement of Sample Points

A soil gas sample point is a temporary or permanent location within the vadose zone soils
from which a soil gas sample is collected. Although a variety of methods have been used
for the installation of soil gas sampling points, a comprehensive comparison of these
methods is not available. The choice between temporary or permanent sample points
should be made considering the potential need to collect multiple samples over time from
the same location.

Samples from soil gas sample points may be used for either pathway screening or direct
evaluation of vapor intrusion impacts. When used for pathway screening (i.e., to evaluate
whether VOC are migrating from the source into soil gas), the sample points should be
placed in close proximity to the source. For groundwater sources, the sample points
should be placed in close proximity to the water table (unconfined conditions) or directly
above the confining unit (confined conditions). For soil sources, the sample point should
be placed at the edge of the soil source area closest to the potentially impacted building.
For evaluation of VI impacts (i.e., to evaluate the migration of VOC from soil gas into
buildings), the sample points should be placed in close proximity to the potentially
impacted building, typically installed through the building foundation.

Study Findings: For the building-specific evaluation of vapor VI impacts, collecting soil
gas samples adjacent to the building, rather than below the building foundation,
eliminates the difficulty of obtaining access to the inside of the building. However, there
is significant uncertainty regarding whether samples collected adjacent to a building are
representative of chemical concentrations below the building. At two of the three test
buildings evaluated, shallow soil gas VOC concentrations below the building were higher
compared to VOC concentrations in soil gas adjacent to the building. At the third
building, shallow soil gas VOC concentrations were highest at one of the two sample
clusters completed adjacent to the test building. The dataset obtained was not sufficient
to determine whether this observed variability between below building and adjacent
sample points was higher than or similar to, the overall spatial variability observed in soil
gas VOC concentration.

Recommendation: Based on the uncertainty concerning the reliability of samples
collected adjacent to a potentially impacted building, below foundation samples should
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be used for the collection of soil gas samples used to evaluate building-specific vapor
intrusion impacts.

Sample Purge Volume

Prior to sampling a soil gas point, the point and associated sample line must be purged to
remove gas within the sample point and line that may not be representative of subsurface
VOC concentrations. The purge volume should be sufficient to thoroughly flush the
sample point and line but should minimize the disturbance of subsurface gas so that the
sample collected is representative of the immediate vicinity of the sample point.

Study Findings: At each of the two demonstration sites, a purge study was conducted to
determine the effect of increasing purge volumes on sample VOC concentrations. For the
points tested, samples were collected following purges of 1 to 8 line volumes (i.e., the
volume of the sample point and associated tubing). The COC concentrations measured in
the samples typically increased between purges of 1 and 2 line volumes and were
relatively stable between 2 to 8 line volumes. COC concentrations were most stable in
the sample points with the lowest total line volumes, but were somewhat more variable
for sample points with larger line volumes. These results indicating stable VOC
concentrations over a broad range of sample line purge volume are similar to those
reported by other investigators at the Raymark Superfund site (DiGiulio, Paul et al. 2006)
and Cody, Wyoming site (McAlary and Creamer 2006) and indicate that VI investigation
results are unlikely to be distorted by minor variations in soil gas sample collection
methods.

Recommendation: A purge volume equal to 3 line volumes should be used to ensure
thorough flushing of the sample collection line but minimize the flow of gas in the
subsurface around the sample collection point induced by the purging process. Required
purge volumes should be minimized by using sample tubing with a small inside diameter
such as 1/8™ inch Nylaflow™ tubing (line volume = 1mL/ft).

Soil Gas Sample Leak Tracers

Leaks around sample collection points, or in sample lines, can result in samples that are
not representative of actual VOC concentrations at the sample point. Unlike soil or water
samples, it is difficult to ensure that a gas sample originated from the location of the
sample point. Ambient air may enter the sample container through leaks in the sample
lines or around the sample point casing. Vacuum testing of the sample lines can be used
to demonstrate an absence of line leaks, and leak tracer compounds can be used to
evaluate the integrity of both the sample point casing and the sample line.

Study Findings: During the study, a combination of vacuum testing and leak tracer
compounds were used to evaluate the integrity of soil gas sample point casings and
sample lines. If leak tracer compound was detected in a soil gas sample, the magnitude
of the leak was estimated by comparing the concentration of leak tracer in the sample to
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the concentration released around the sample point (approximately 5% by volume).
When leak tracers are used during sample collection, it is common to find detectable
concentrations of leak tracer in the soil gas sample (Personal communication from Matt
Lavis of Shell and Todd McAlary of Geosyntec), and therefore, leakage rates of less than
1% were not considered significant. However, during some sample events, the presence
of leak tracer compound in the soil gas samples indicated leakage rates between 1% and
10% for some samples. Application of a fresh bentonite seal around the top of the
sample point casing prior to sample collection reduced the concentration of leak tracer in
the sample, indicating that the leakage was primarily around the sample point casing and
not through the sample lines.

During one sample event, the leak tracer itself caused significant problems. During this
sample event, 1,1-difluoroethane (1,1-dfa, the propellant in duster spray) was used as the
leak tracer. In several samples, 1,1-dfa in the soil gas samples at concentrations
indicating a leakage rate of less than 1% resulted in elevated detection limits for the
target VOC, resulting in a failure to meet the data quality objective for detection limits in
these samples. For subsequent sampling events, sulfur hexafluoride (SFs), a compound
that does not cause interference with the detection of VOC by TO-15, was used as the
leak tracer compound.

Recommendation: A combination of vacuum testing of lines and leak tracers should be
used to ensure the integrity of soil gas samples. Above-ground sample lines should be
vacuum tested for tightness prior to sample collection and a leak tracer compound should
be released around the sample point casing during sample collection. Common leak
tracer compounds include pentane, isopropyl alcohol, helium, and SFe. The selection of
the leak tracer compound should be coordinated with the analytical laboratory to ensure
that its presence in soil gas samples will not interfere with the analysis of target
compounds. If leak tracer compound is detected in the soil gas sample, then the leakage
rate should be estimated and corrective action implemented as described in Table 4.5.2.1.

Table 4.5.2.1: Evaluation of Leakage in Soil Gas Samples.
Leakage Rate

(by volume) Corrective Action
<1% None. Leakage is not significant
1% to 10% Reduce leakage for future sampling events. Sample results should be considered

valid, but the source of leakage should be identified and controlled during future
sampling events.

>10% Reject results and resample. Analytical results may not be representative of
actual COC concentrations in soil gas at the sample point. Resample these
points using improved sample collection methods to reduce leakage.

Sample Containers
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Summa canisters are the most commonly used containers for the collection of soil gas or
air samples for off-site analysis of VOC. These canisters are typically provided by the
laboratory and are reused many times. As a result, care must be taken to prevent carry-
over contamination between sample events. TO-15 analytical procedures require batch
certification of Summa canisters following cleaning (i.e., testing of one canister per 20 to
ensure an absence of contamination). Most laboratories will provide individual clean
certification (i.e., testing of all canisters following cleaning) for an additional charge of
approximately $75 per canister.

Study Findings: During the project, one batch of analytical results was rejected due to
problems with carry-over contamination in the Summa canisters despite batch
certification. Other researchers have reported similar problems, although the prevalence
of carry-over contamination in batch certified Summa canisters is not known and likely
varies between laboratories. Individually certified clean Summa canisters and flow
controllers were used for subsequent sampling events and no further evidence of carry-
over contamination was noted.

Recommendation: Individually certified clean Summa canisters should be requested
when Summa canisters are used for VOC analysis of soil gas or air. Recent research
indicates that Tedlar bags are a suitable alternative to Summa canisters for VOC when the
holding time is less than two weeks (Paul 2007), however, some regulators may not
accept results for samples collected in Tedlar bags. For larger field programs, use of an
on-site mobile laboratory may be a cost-effective alternative to off-site analysis. When
using an on-site laboratory, gas samples may be collected in either Tedlar bags or gas-
tight syringes.

4.6 Recommended Approach for Building-Specific Investigation of Vapor Intrusion

Most available regulatory guidance recommends a step-wise approach for the evaluation of
potential vapor intrusion sites based on COC screening, pathway screening, and receptor
evaluation. Because a single source area has the potential to impact multiple receptors, this step-
wise approach will generally be the most efficient and cost-effective for the evaluation of vapor
intrusion. Regulatory guidance should be consulted for appropriate COC and pathway screening
procedures.

For sites where COC screening and pathway screening indicate COC may be migrating
from a local source through soil gas towards a building or buildings, a field investigation
is required to determine the presence or absence of vapor intrusion impacts to these
specific buildings. In this section, we provide our recommendation for a cost-effective
field investigation program that is likely to provide a reliable determination of the
presence or absence of a vapor intrusion impact. The investigator should keep in mind
that i) applicable regulatory guidance may impose additional or different investigation
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requirements and ii) the understanding of vapor intrusion is evolving rapidly and
recommended investigation approaches are likely to continue to evolve.

4.6.1 Building-Specific Vapor Intrusion Screening

A Dbuilding-specific field investigation is typically recommended when VOC
concentrations collected in close proximity to the source (i.e., in deep soil gas or shallow
groundwater) exceed conservative screening concentrations. However, prior to a detailed
evaluation of the target building, the investigator should conduct receptor screening by
comparing VOC concentrations in indoor air or below the building foundation to
conservative screening concentrations. The decision on whether to conduct screening
sampling of indoor air or below foundation soil gas will be building specific and may
include the following considerations:

Indoor Sources: Are indoor sources of VOC likely to contribute to measured VOC
concentrations in indoor air?

Building Access: Will building occupants allow penetration of the building foundation
for the collection of below-foundation gas samples?

Regulatory Requirements: Do applicable regulations or guidance specifically require the
use of indoor or below-foundation samples for screening?

For a typical, single-family residential building, one indoor air sample or three below
foundation soil gas samples should be collected. A larger number of samples are
required for screening due to the higher spatial variability in the distribution of VOC
within soil gas. If VOC concentrations are non-detect, or below conservative screening
concentrations, then no further immediate evaluation of VI is required for the building.
However, additional follow-up monitoring may be warranted at some buildings to
evaluate the potential for intermittent VI impacts to occur at other times. If VOC
concentrations are above conservative screening concentrations, then additional
evaluation of the building should be conducted. = Because VOC present below the
building foundation may originate from inside the building or from ambient air, caution
should be used in the interpretation of sample results indicating the presence of low VOC
concentrations below the building foundation (McHugh, DeBlanc et al. 2006).

4.6.2 Building-Specific Vapor Intrusion Evaluation
For buildings with VOC present in, or below, the building at concentrations above
conservative screening levels, the following comprehensive sampling program is likely to
provide a clear determination of the presence or absence of a VI impact at the target
building during the sampling event.
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Sample Collection and Analysis Program

In order to understand the origin of any VOC detected in the target building, samples for
VOC and radon analysis should be collected simultaneously from below the building
foundation, indoors and outdoors. A recommended typical sampling program is
summarized in Table 4.6.2.1. The use of consistent investigation methods between
building locations will provide comparable results that serve to provide an increased
understanding of vapor intrusion processes over time.

Table 4.6.2.1: Recommended Typical Sample Collection Program for Evaluation of
Vapor Intrusion.

Environmental Sample | Sample Number of | Sample

Medium Analyses Duration | Container Samples Locations

Ambient air VOC by TO-15" 24 hr 6 L Summa 1 Upwind
Radon’ Grab 0.5 L Tedlar 1

Indoor air VOC by TO-15" | 24 hr 6L Summa 1-2° Lowest floor
Radon® Grab 0.5 L Tedlar 1-2°

Sub-slab gas VOC by TO-15 Grab 04LorlL 3-5° Distributed

Summa below lowest

Radon® Grab 0.5 L Tedlar 3-5° floor

Note: 1) TO-15 SIM may be required for indoor and ambient air samples to achieve detection limits below regulatory
screening values. TO-15 analyses are conducted by numerous commercial laboratories. The TO-15 analyte list may vary
between laboratories and should be reviewed to ensure inclusion of all volatile COC.

2) Radon samples analyzed by Dr. Doug Hammond (dhammond@usc.edu) at the University of Southern California
Department of Earth Sciences using the extraction method of Berelson, 1987 and the analysis method of Mathieu, 1998.

3) Recommended number of samples for a typical residence with a 1000 - 2000 ft? foundation. Additional samples may be
appropriate for larger structures.

The recommendation to collect more sub-slab gas samples than indoor air samples is
based on the finding that spatial variability in VOC concentration is much higher in
subsurface gas than in indoor or ambient air. As a result, a larger number of spatially-
separated samples are required from below the building foundation in order to
characterize the distribution of VOC in this medium. Although 1 or 2 indoor air samples
will be sufficient to characterize VOC concentrations in this medium, additional targeted
indoor air samples should be added, if needed, to characterize the impact of suspected
indoor sources that cannot be removed from the building during the sampling event.

Data Evaluation
The identification of vapor intrusion impacts should be based on a weight-of-evidence
approach using the following data evaluation methods:

Indoor Air Data: If indoor VOC concentrations are below indoor screening levels then no
further immediate evaluation of vapor intrusion is required. Additional follow-up
monitoring may be warranted at some buildings to evaluate the potential for intermittent
vapor intrusion impacts to occur at other times.
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Evaluation of Potential VOC Sources: If indoor VOC concentrations exceed indoor
screening levels, then VOC and radon concentrations should be evaluated to help identify
the most likely source, or sources, of the indoor air impacts.

» Evidence of Ambient Sources: Ambient VOC concentrations greater than or similar to
indoor VOC concentrations indicate that ambient sources are likely the primary
source of VOC in indoor air.

» Evidence of Indoor Sources: Indoor VOC concentrations >10% of below foundation
concentration, and/or large differences in below foundation to indoor air attenuation
factors between VOC, indicate that indoor sources are likely the primary source of
one or more of the VOC in indoor air. For example, a PCE attenuation factor of 0.03,
and a TCE attenuation factor of 0.001 would suggest a likely indoor source of PCE.

» Evidence of Vapor Intrusion: The following factors together indicate that V1 is likely
the primary source of observed indoor air impacts: i) indoor VOC concentrations
greater than ambient VOC concentrations, ii) below foundation to indoor air
attenuation factors <0.01 and, iii) below foundation to indoor air attenuation factors
similar for all VOC and for radon.

For buildings where both indoor or ambient sources and vapor intrusion are contributing
to the observed indoor air impact, the indoor VOC concentration attributable to VI (Cia.vi)
can be estimated as:

Ciawi = ng X AFradon

Where Cgq is the VOC concentration in soil gas and AFgon iS the measured radon
attenuation factor. Where Cgy is the VOC concentration in soil gas and AFgon iS the
measured radon attenuation factor (i.e., (radoningoor-radoNampient)/radoNnsyp-siab). Using this
approach, the contribution of indoor VOC sources can be accounted for and the
calculated indoor VOC concentration attributable to vapor intrusion can be compared to
regulatory standards for indoor air to determine the need for mitigation of vapor intrusion
impacts.

Impact of Variability on the Evaluation: Analytical, spatial, and temporal variability in
measured VOC concentrations results in some uncertainty regarding the presence or
absence of a VI impact. If the average measured VOC concentration during a sample
event is close to the applicable screening value (e.g., +/- 50%), then additional sampling
may be warranted to provide a more definitive determination of the vapor intrusion
condition. When the initial investigation of the vapor intrusion pathway does not yield a
definitive determination of the presence or absence of a VI impact, then the cost of
further investigation must be balanced against the cost of mitigation. If the initial
investigation indicates that a vapor intrusion impact is unlikely, but the finding is not
definitive (i.e., the VOC concentration is close to, but below the screening value), then 1
to 3 follow-up sampling events is likely to be sufficient to confirm the initial findings. If
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the initial investigation indicates that a vapor intrusion impact is likely, but the finding is
not definitive (i.e., the VOC concentration is close to, but above the screening value),
then longer-term monitoring may be required and further monitoring is likely to confirm
an impact in the many cases. In this case, installation of a mitigation system may be the
most cost-effective approach because further monitoring is likely to indicate that
mitigation is, in fact, required. It should be noted, however, that the installation of a
mitigation system at a site where a VI problem has not been confirmed may create the
perception that an actual VI problem existed prior to the installation of the system. This
may create concerns regarding exposure prior to installation of the system, or during
periods where the system does not operate, and may increase the risk of litigation and
third-party claims.

Optional Additional Evaluation Methods
The following additional field evaluations may provide an improved understanding of
vapor intrusion conditions in the test building.

Cross-Foundation Pressure Gradient: The pressure gradient across the building
foundation largely controls the movement of VOC and other gases between the shallow
soil and the building interior. When the building foundation has cracks or penetrations
that support gas flow, gas will flow from the shallow soil into the building during times
when the building has a lower pressure than the soil (i.e., negative building pressure) and
gas will flow from the building into the shallow soil during times when the building has a
higher pressure than the soil (i.e., positive building pressure). A variety of building and
meteorological conditions can affect the pressure gradient across the building foundation,
including: building operating conditions, ambient temperature, wind conditions, changes
in barometric pressure, and pressurized gas sources.

Cross-foundation pressure gradient can be measured using a differential pressure
transducer with data logger such as the Omniguard 4. These pressure transducers can
measure positive and negative pressures gradients, providing an indication of advective
forces into and out of the building. The pressure transducer contains two pressure ports,
a reference port which is open to the indoor atmosphere and another port which was
isolated in the sub-slab atmosphere by tubing extending through the building slab and
sealed from the indoor atmosphere.

Cross-foundation pressure gradient measurements can be used determine the driving
force for transport across the building foundation during the sample collection event. The
predominant driving force for flow across the building foundation can be determined as
follows:

» A consistently high building pressure (i.e., positive building pressure) indicates the
potential for airflow from the building into the shallow soils.
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* A consistently low building pressure (i.e., negative building pressure) indicates the
potential for airflow from the shallow soils into the building.

* A pressure gradient varying between positive and negative building pressures
indicates the potential for bi-directional flow between the building and shallow soil
gas. Sufficient data should be collected to confidently determine whether the average
gradient is positive, negative, or zero.

Note that variations in pressure gradient at different locations within the building may
result in some transport in the opposite direction from that suggested by the measured
pressure gradient. However, the measured gradient will indicate the predominant
direction of flow through the foundation.

Induced Building Depressurization: Temporal variations in cross-foundation pressure
gradient may result in temporal variations in the presence and magnitude of vapor
intrusion impacts. In other words, the magnitude of VI impacts may be highest during
periods of sustained negative building pressure. If sampling is conducted only under
normal building operating conditions, several sampling events may be required to
determine the full range of potential vapor intrusion impacts. However, through the
induction of a negative building pressure, building conditions can be created allowing the
maximum magnitude of VI impact to be evaluated during a single sampling event.
Following the collection of baseline samples, a low-pressure condition can be created in
the target building through the placement of a box fan in the window blowing out.
Following a stabilization period of 6 to 12 hours, the original sampling program can be
repeated. The two datasets generated from this program (baseline and depressurization)
can be used to evaluate the potential for VI impacts over a range of building
pressurization conditions.

4.6.3 Evaluation Costs

Costs for the recommended building-specific investigation of VI have been estimated
using typical laboratory costs and assuming that investigations of multiple buildings will
be conducted by an experienced team of investigators. Labor hours will likely be higher
for personnel without significant experience in vapor intrusion investigations due to the
additional time required for project planning and reporting. Similarly, labor hours will
likely be higher for the investigation of a single building because planning and reporting
tasks cannot be spread between several buildings. Typical unit costs for laboratory
analyses and materials are provided in Table 4.6.3.1, typical costs for initial screening are
provided in Table 4.6.3.2, and typical costs for comprehensive building evaluation are
provided in Table 4.6.3.3.
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Typical
Item Cost
VOC analysis by TO-15 (Includes Summa can rental for individually certified $310
clean canisters)
VOC analysis by TO-15 SIM (Includes Summa can rental for individually $340
certified clean canisters)
Radon analysis (Includes Tedlar bag for sample collection) $110
Hammer drill for installation of sub-slab sample points (1 day rental) $50
Differential pressure transducer/logger (purchase) $1300
Differential pressure transducer/logger (1 week rental) $350
Table 4.6.3.2: Typical Costs for Screening of a Single Family Residence.
Estimated
Item Cost
Labor: Project planning - 2 hrs; field program - 4 hrs; analysis and $1,000
reporting - 4 hrs.
Laboratory:  Indoor air - 1 sample for VOC analysis by TO-15 SIM or $340 to
Sub-slab - 3 samples for VOC analysis by TO-15. $930
Materials: Indoor air - none or $0 to $50
Sub-slab - Hammer drill rental
Total Costs: Indoor Air Screening | $1,300
Total Costs: Sub-Slab Screening | $2,000

Note: Assumed labor costs of $100/hr.
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Table 4.6.3.3: Typical Costs for Evaluation of a Single Family Residence.

Estimated
Item Cost
Standard Evaluation
Labor: Project planning - 8 hrs; field program - 10 hrs; analysis $2,600
and reporting - 8 hrs.
Laboratory: ~ Ambient air - 1 sample for VOC analysis by TO-15 SIM $3,060
and 1 sample for radon analysis.
Indoor air - 2 samples for VOC analysis by TO-15 SIM
and 2 samples for radon analysis.
Sub-slab - 4 samples for VOC analysis by TO-15 and
4 samples for radon analysis.
Materials: Hammer drill rental $50
Total Costs for Standard Evaluation | $6,700
Optional Additional Evaluations
Building Depressurization: Following collection of baseline samples, induce $4,060
negative building pressure and repeat field sampling program (10 hrs labor plus
sample laboratory program as baseline sampling)
Cross-Foundation Pressure Gradient: Measure cross-foundation pressure $450
gradient during field program (1 hr labor plus transducer rental)

Note: Assumed labor costs of $100/hr.

4.6.4 Impact of Investigation Program on Attenuation Factor Accuracy

As discussed in Section 1.3, at least 24 states have issued or are developing guidance on
vapor intrusion. These guidances provide disparate and sometimes conflicting
recommendations for the field investigation of vapor intrusion. As a result, there is
currently no standard practice for the field investigation of VI and investigation
approaches vary widely between sites. However, the results of this demonstration
indicate that spatial variability in subsurface VOC concentrations is a significant source
of uncertainty and should be accounted for in the design of the VI investigation program.
Based on this finding, the investigation program presented in Section 4.6.2 recommends
the collection of a greater number of sub-slab gas samples (3-5) than indoor air samples
(1-2). The impact of sample design on the accuracy of the vapor intrusion has been
evaluated below through an evaluation of the impact of sample design on the accuracy of
calculated attenuation factors.

Use of Attenuation Factors in Vapor Intrusion Evaluations: Attenuation factors, the ratio
of indoor air to subsurface VOC concentration, have been widely used by the EPA and
others to characterize VI at corrective action sites. Upper-bound attenuation factors have,
in turn, been used to develop subsurface VOC concentration screening values considered
protective against VI impacts (EPA, 2002). For this purpose, the EPA has developed a
database of attenuation factors measured at corrective action sites where vapor intrusion
has been evaluated. After attempting to correct for the influence of background indoor
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air sources, the EPA has identified an upper-bound (90" or 95" percentile) attenuation
factor and used this attenuation factor to calculate subsurface VOC concentrations that
are not expected to cause unacceptable impacts to indoor air. For example, the 2002 EPA
vapor intrusion guidance uses a sub-slab attenuation factor of 0.1. As a result, a sub-slab
benzene concentration of less than 31 ug/m® would be considered unlikely to cause an
indoor air benzene concentration of greater than 3.1 ug/m® (i.e., the target indoor air
concentration for 10 risk). The use of a 95™ percentile attenuation factor to calculate
subsurface screening concentrations is usually interpreted as being conservative
(protective) for 95% of buildings. However, if spatial variability in VOC concentration
contributes significantly to the variability in the measured attenuation factor, then 95"
percentile attenuation factors will be higher than the value needed to protect 95% of
buildings.

The attenuation factors in the EPA vapor intrusion database have been calculated using
single paired subsurface and indoor air VOC measurements. Because of spatial
variability in VOC concentrations in the subsurface, the attenuation factor calculated
based on a single subsurface and a single indoor VOC measurement will vary from the
true attenuation for that residence. As a result, the 95" percentile attenuation factor from
a database of single paired subsurface and indoor air measurements will reflect both i) the
error between the measured attenuation factor and the actual attenuation factor for each
building due variability on VOC concentration and ii) the actual variability in VOC
attenuation between buildings. The added variability associated with the error between
the measured attenuation factor and the true attenuation factor for each building results in
a 95" percentile attenuation factor higher than needed to be protective of 95% of
buildings.

Impact of Spatial Variability on Measured Attenuation Factors: To better understand the
impact of variability in VOC concentrations on attenuation factors, we used a Monte
Carlo approach to simulate the measurement of attenuations factors. For this purpose, we
assumed log-normal distribution of VOC concentrations in the subsurface gas with a
coefficient of variation of 1.0 and a log-normal distribution of VOC concentration in
indoor air with a coefficient of variation of 0.25. The average subsurface VOC
concentration was set as 1000 times the average indoor concentration, so that the average
true attenuation factor would be 0.001. We then generated 5,000 attenuation factors based
on simulated measurements from these populations. The resulting average and upper-
percentile attenuation factors are shown in Table 4.6.4.1.
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Table 4.6.4.1: Distribution of Measured Attenuation For a Building with a True
Attenuation Factor of 0.001, Assuming Log-Normal Spatial Variability.

Attenuation Factor (Error) from 5,000 Iterations

Sampling Scheme Median Average 90" Percentile | 95" Percentile
1 Subsurface /

1 Indoor Air 0.0014 0.0022 0.0044 0.0062
Measurement (1.4x) (2.2x) (4.4%) (6.2x)
3 Subsurface /

3 Indoor Air 0.0012 0.0014 0.0023 0.0029
Measurements (1.2x) (1.4x) (2.3x) (2.9x)
5 Subsurface /

1 Indoor Air 0.0011 0.0012 0.0020 0.0024
Measurements (1.1x) (1.2x) (2.0x) (2.4x)

The Monte Carlo simulation indicates that the variability in VOC concentration will
result in a 95" percentile attenuation factor that is 6.2 times higher than the true
attenuation factor in a database of attenuation factors based on single subsurface gas and
indoor air measurements. It is interesting to note that for assumed log-normal
distributions, even the average measured attenuation factor is 2.2 times higher than the
true attenuation factor for this sampling scheme. The simulation further indicates that the
use of multiple measurements to calculate the attenuation factor will reduce the impact of
variability on the upper-percentile attenuation factors. The 95" percentile attenuation
factors calculated from three subsurface and three indoor air measurements is only 2.9
times higher than the true value. Because the variability in the subsurface is higher than
the variability in indoor air, a sampling scheme of five subsurface and one indoor air
measurement yields a 95" percentile attenuation factor only 2.4 times higher than the true
value.

The Monte Carlo simulation confirms that spatial variability in VOC concentration can
have a large impact on the upper-bound attenuation factor in a database compiled using
single paired subsurface and indoor measurements. In the absence of any variation in
attenuation between buildings, spatial variability can result in a 95™ percentile attenuation
factor more than six times the true value. However, the use of multiple measurements to
calculate the attenuation factor can significantly reduce the impact of spatial variability.
This evaluation suggests that all available data should be used to develop a single
attenuation factor for each building evaluated, rather than calculating an attenuation
factor for each single paired measurement.
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5.1 Cost Reporting
As a site characterization technology, the key cost components of the demonstration were i)
sample point installation, ii) sample collection and analysis, and iii) data analysis and reporting.
Costs for each field event are presented in Tables 5.1.1 and 5.1.2. Representative unit costs are
presented in Section 5.2

5. Cost Assessment
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Table 5.1.1: Contractor and Materials Costs.
Sample Event
Altus 1 Hill 1 Hill 2 Altus 2 Altus 3
Cost Category Sub Category | March 2005 | Sept 2005 Mar 2006 Jul 2006 Dec 2006
Project planning N/A N/A N/A N/A N/A
and preparation
Installation of Contractor $8.700 $8.700 N/A N/A N/A
monitoring points Costs ’ '
adjacent to building
by direct push
technology Materials Costs $920 $5,100 N/A N/A N/A
(12 wells and 8 SG
points in 3 clusters)
Installation of Contractor
monitoring points Costs N/A N/A N/A N/A N/A
through foundation
(3 Sub-slab ptsand | Materials Costs $100 $100 N/A N/A N/A
4 deeper SG pts)
Materials,
. consumables,
Sample collection equipment $4,100 $5,700 $1,400 $800 $500
rental, shipping
Geotechnical
samples (9 $2,700 $4,800 N/A N/A N/A
samples/blding)
Saﬁ:?:swater $1,700 $2,400 $2,900 $1,400 $1,400
Sample analysis Airlgas sample
(Mobile lab) $20,500 $20,500 N/A N/A N/A
Air/gas sample
(Off-site lab) N/A $5,800 $22,000 $12,100 $9,900
Radon $500 $700 $2,900 $800 $1,000
Data evaluation and
reporting Consumables $100 $100 $100 $100 $100
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Consultant Labor Requirements (Hours).

Sample Event

Altus 1 Hill 1 Hill 2 Altus 2 Altus 3

Cost Category Sub Category | March 2005 | Sept 2005 | Mar 2006 Jul 2006 Dec 2006
Project planning Ef]'gelr:]tésetr/ 170 200 120 100 50
and preparation Technician 20 30 10 40 10
Insta_llat_lon of_ Sme_ntlst/ 50 40 N/A N/A N/A
monitoring points Engineer
adjacent to building
by direct push
technology Technician 40 20 N/A N/A N/A
(12 wells and 8 SG
points in 3 clusters)
Insta_llat_lon of. SC|e'nt|st/ 10 20 N/A N/A N/A
monitoring points Engineer
through foundation
(3 Sub-slab ptsand | Technician 20 40 N/A N/A N/A
4 deeper SG pts)

. Scientist/ 110 100 80 60 60
Sample collection Engineer

Technician 0 0 0 0 0

. Scientistf N/A N/A N/A N/A N/A

Sample analysis Engineer
Technician N/A N/A N/A N/A N/A

Data evaluation and gf]'gelr:;tr/ 400 230 120 110 60
reporting Technician 130 80 40 30 10

5.2 Cost Analysis

Representative unit costs for each component of the VI investigation program are provided in

Table 5.2.1.
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Table 5.2.1: Representative Unit Costs for Vapor Intrusion Investigation.

Representative | Representative

Cost Category Sub Category Unit Unit Cost

Installation of monitoring L\t/lsélrlé(e):)ng well (1" diameter, 10 ft depth w/ 2 monitoring well $415

points adjacent to building =g tr > 0o i meter, 5 ft depth wi 27 | :

by direct push technology screen) soil gas point $415
Sub-slab point (3/16” diameter penetration

. _— through foundation w/ fittings installed for sub-slab point $33
Installation of monitoring -
> . sample collection)

points through foundation - - — -
Soil gas point (4 ft depth, 1” sample point soil aas point $27
connected to surface by 1/8” tubing) gasp
Geotechnical samples soil core $315
E(332r(f3)g)ndwater samples (VOCs by Method water sample $100
gg)/gas sample (by Method 8260 in Mobile air/gas sample $350
Air/gas sample (by Method TO-15 at off-site .

Sample analysis lab) air/gas sample $310
ﬁlbr)/gas sample (by Method TO-15 at off-site air/gas sample $340
Radon (gas sample at off-site lab) air/gas sample $100
Radon (by carbon canister, indoor and air sample $25
ambient air only) P
SFg (by NIOSH Method 6602) air sample $95

Note: Representative costs include all materials and labor costs for contractors and laboratory. Representative costs do not
include labor costs for consultant oversight, field work, sample collection, data analysis, or reporting.

6. Implementation Issues

6.1 Environmental Checklist

No permits or approvals from regulatory agencies are required for implementation of a VI field
program. Underground utility clearance required for the installation of the groundwater and soil
gas monitoring points should be obtained from the appropriate authority.

For the purpose of data evaluation, applicable regulatory screening values should be identified
from state regulatory guidance. In the absence of applicable state guidance, base policies should
guide the selection of appropriate EPA guidance or other applicable sources for vapor intrusion
screening values.

6.2 Other Regulatory lIssues

Project results have been presented in peer-reviewed publications, conference presentations, and
communications with state and EPA regulators. Specific technology transition tools used to
communicate the results of our current project include:
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Peer-Reviewed Publications:

McHugh T.E., Hammond, D.E., Nickels, T., Hartman, B., 2007, “Use of Radon Measurements
for Evaluation of VOC Vapor Intrusion: Method and Application”, Manuscript accepted for
publication in Environmental Forensics.

Gorder, K., McHugh, T.E., Case, J., Holt, M., 2007, Analysis of Indoor Vapor Intrusion Data
from Hill Air Force Base, Utah, Manuscript Submitted for Peer-review to Groundwater
Monitoring and Remediation

McHugh, T.E., de Blanc, P.C., and Pokluda, R.J., 2006, “Indoor Air as a Source of VOC
Contamination in Shallow Soils Below Buildings” Soil and Sed. Contam., Vol. 15, No. 1, pp.
103-122, January 2006.

McHugh, T.E. Ahmad, F. Connor, J.A., 2004, “Empirical Analysis of Groundwater-to-Indoor-
Air Exposure Pathway Based on Measured Concentrations at Multiple Groundwater Impact
Sites” Env. Forensics. Vol. 5, No. 1, pp. 33-44, March 2004.

McHugh, T. E., J. A. Connor, F. Ahmad, and C.J. Newell, 2003,“A Groundwater Mass Flux
Model For Groundwater-To-Indoor-Air Vapor Intrusion”, Paper H-09, in: V.S. Magar and
M.E. Kelley (Eds.), In Situ and On-Site Bioremediation—2003. Proceedings of the Seventh
International In Situ and On-Site Bioremediation Symposium (Orlando, FL; June 2003).
ISBN  1-57477-139-6,  published by  Battelle  Press,  Columbus,  Ohio,
www.battelle.org/bookstore.

Contributions to Regulatory Guidance:

McHugh, T.E, and Lundegard, P.D., 2005, “Use of Cross-Foundation Pressure Gradient for
Understanding Vapor Intrusion”, to be included in EPA Guidance for Evaluating the Vapor
Intrusion to Indoor Air Pathway from Groundwater and Soils.

Review and Comment on Numerous Draft State Vapor Intrusion Guidance Including Draft
Guidance from New York, New Jersey, and Michigan.

Conference Presentations:

McHugh, T.E., T.N. Nickels, 1.O’Brien, “Detailed Field Investigation of Vapor Intrusion
Processes™, Fifth International Conference on Remediation of Chlorinated and Recalcitrant
Compounds, Monterey, California, May 2006.

McHugh, T.E., “Indoor Air as a Source of VOC Contamination in Shallow Soil Below
Buildings”, Southeast Asia Environmental Forensics Conference, Taipei, Taiwan, September
19-20, 2005.

McHugh, T.E., “Vapor Intrusion Investigation Methods”, APl Petroleum Vapor Intrusion
Workshop, Costa Mesa, California, August 17, 2005.

McHugh, T.E., J.A., Connor, “Methods for Characterization of Exposure to Volatile Chemicals
Due to Vapor Intrusion:, 2005 NGWA Ground Water and Environmental Law Conference,
Baltimore, Maryland, July 21-22, 2005.
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McHugh, T.E., J.A., Connor, “Methods for Characterization of Background Indoor Air and
Subsurface Vapor Intrusion”, Fourth International Conference on Remediation of
Chlorinated and Recalcitrant Compounds, Monterey, California, May 2004.

In addition, after approval of the final report, we will develop a Fact Sheet on cost-effective
vapor intrusion investigation methods suitable for distribution to regulators and the regulated
community.

6.3 End-User Issues

The results of this vapor intrusion investigation project will benefit other vapor intrusion
investigators, managers of corrective action sites with potential vapor intrusion issues, and
regulators overseeing vapor intrusion evaluations. As discussed in Section 2 of this report,
current state and federal guidance documents on vapor intrusion provide disparate and
sometimes contradictory, recommendations for evaluation of the vapor intrusion pathway. As a
result, project managers currently face significant uncertainty in planning a vapor intrusion
investigation approach. The stepwise screening and field investigation approach will benefit
facility managers by providing investigation results that support a defensible evaluation of vapor
intrusion. In addition, the use of a consistent investigation approach between buildings and sites
will provide comparable data sets that support an increased understanding of the factors
contributing to vapor intrusion impacts.

It is important to note that the recommended approach for the evaluation of vapor intrusion
impacts may not satisfy all regulatory requirements. Because the variations between vapor
intrusion guidance documents, the end user should review the applicable guidance and modify or
supplement the recommended approach to ensure that regulatory requirements are satisfied.
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TABLE D.10
RESULTS OF SULFUR HEXAFLUORIDE LEAK TRACER ANALYSES
ESTCP: Vapor Intrusion Study
Altus Air Force Base, Altus, Oklahoma
Building 418
Sample Location Tracer Used Result ug/m3 Result ppbV % Leakage
Indoor 1 No 35,907 5,900 NA
Indoor 2 No 34,690 5,700 NA
Indoor 2 Dup No 32,864 5,400 NA
Indoor 3 No 79,118 13,000 NA
SG-4 Yes 11,563,400 1,900,000 3.85%
SG-5 Yes 9,738 1,600 0.00%
SG-6 Yes 2,008 330 0.00%
SG-7 Yes 1,217 200 0.00%
SG-8 Yes 913 150 0.00%
SG-8 Dup Yes 1,156 190 0.00%
SG-9 No 4,321 710 NA
SG-10 No 1,217 200 NA
SG-11 No 730 120 NA
SG-12 No 1,704 280 NA
SS-1 No 578 95 NA
SS-2 No 1,339 220 NA
SS-2 Dup No 463 76 NA
SS-3 No 1,887 310 NA
HS-4 Yes 45,036,400 7,400,000 15.01%
HS-6 Yes 243,440 40,000 0.08%
HS-8 Yes 1,217 200 0.00%
HS-11 Yes 31,647 5,200 0.01%
HS-12 Yes 6,086 1,000 0.00%
NOTES:

1. Sample locations are presented on Figure D.1.

2. % leakage = SF6 concentration / 300,000,000

3. Samples were analyzed by Columbia Analytical Services, Simi Valley, California.
4. ND = not detected. N/A = not applicable (no leak tracer used).
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TABLE D.11
RESULTS OF GROUNDWATER ANALYSES
ESTCP: Vapor Intrusion Study

Altus Air Force Base, Altus, Oklahoma

GROUNDWATER
SERVICES, INC.

DUPLICATE DUPLICATE
SAMPLE LOCATION: MW-1* MW-2 MW-3* MW-5 MW-5 MW-7 MW-9 MW-10 MW-10 WL-436 WL-437 WL-643 Trip Blank Field Blank
SCREEN INTERVAL (ft BGS):| 9.5-10.5 7.5-8.5 5.5-6.5 9.5-10.5 9.5-10.5 7.5-8.5 9.5-10.5 7.5-8.5 7.5-8.5 6.3-16.3 6.3-16.3 4.4-14.4 NA NA
SAMPLE TYPE:| Groundwater | Groundwater | Groundwater | Groundwater | Groundwater | Groundwater | Groundwater [ Groundwater | Groundwater | Groundwater | Groundwater | Groundwater | Groundwater | Groundwater
SAMPLE DATE: 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06 12/19/06
COMPOUND mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
Compounds of Interest
Acetone <0.00087 <0.00087 0.0175 <0.00087 <0.00087 <0.00087 0.00361 0.0471 0.0456 <0.00087 <0.00087 <0.00087 <0.00087 <0.00087
Benzene <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038 <0.00038
Bromodichloromethane <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042
Bromoform <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065 <0.00065
Bromomethane <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021 <0.00021
Carbon Disulfide <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047
Carbon Tetrachloride <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027 <0.00027
Chlorobenzene <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003 <0.0003
Chloroethane <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059 <0.00059
Chloroform <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028
Chloromethane <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047
Dibromochloromethane <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032 <0.00032
1,1-Dichloroethane <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044 <0.00044
1,2-Dichloroethane <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 0.00179 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047 <0.00047
1,1-Dichloroethene <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033 <0.00033
cis-1,2-Dichloroethene <0.00038 0.00108 <0.00038 0.0186 0.02 0.00906 0.0122 0.00178 0.00176 0.00525 <0.00038 <0.00038 <0.00038 <0.00038
trans-1,2-Dichloroethene <0.00031 <0.00031 <0.00031 0.00237 0.00258 0.00436 <0.00031 <0.00031 <0.00031 <0.00031 <0.00031 <0.00031 <0.00031 <0.00031
1,2-Dichloroethene (total) <0.00067 0.00108 <0.00067 0.021 0.0226 0.0134 0.0122 0.00178 0.00176 0.00525 <0.00067 <0.00067 <0.00067 <0.00067
1,2-Dichloropropane <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039 <0.00039
cis-1,3-Dichloropropene <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042
trans-1,3-Dichloropropene <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004
Ethylbenzene <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037 <0.00037
2-Hexanone <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075 <0.00075
Methylene Chloride <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056 <0.00056
Methyl Ethyl Ketone (2-Butanone) <0.00108 <0.00108 <0.00108 <0.00108 <0.00108 <0.00108 <0.00108 0.00607 0.00499 <0.00108 <0.00108 <0.00108 <0.00108 <0.00108
4-Methyl-2-pentanone (MIBK) <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006 <0.0006
Styrene <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034
1,1,2,2-Tetrachloroethane <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042 <0.00042
Tetrachloroethene (PCE) 0.00107 0.00263 <0.00042 0.00638 0.00525 0.00205 <0.00042 <0.00042 <0.00042 0.0039 <0.00042 0.00158 <0.00042 <0.00042
Toluene <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004 <0.0004
1,1,1-Trichloroethane <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028 <0.00028
1,1,2-Trichloroethane <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062 <0.00062
Trichloroethene (TCE) 0.00579 0.0112 0.00139 0.105 0.108 0.0352 0.00121 <0.00038 <0.00038 0.00837 0.00266 0.00698 <0.00038 <0.00038
Vinyl Chloride <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034 <0.00034
Xylenes (total) <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095 <0.00095

NOTES:

1. All groundwater samples were analyzed by Severn Trent Laboratories, Inc., Houston, Texas Method 8260B.

2. Screen intervals indicated for WL-436, and WL-437 are estimated based on knowledge of other wells in the area.
3. Detected analytes are presented inbold type.
4. < = not detected at detection limit shown. * = well did not recover after purge, sample collected before purging.
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TABLE D.12
RESULTS OF TO-15 ANALYSES
ESTCP: Vapor Intrusion Study

Altus Air Force Base, Altus, Oklahoma

GROUNDWATER
SERVICES, INC.

Duplicate
SAMPLE LOCATION: SG-4 SG-5 SG-6 SG-7 SG-8 SG-8 SG-9 SG-10 SG-11 SG-12
SAMPLE TYPE: Soil Gas Soil Gas Soil Gas Soil Gas Soil Gas Soil Gas Soil Gas Soil Gas Soil Gas Soil Gas
SAMPLE DATE: 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006

NG/SCREEN DEPTH (ft bgs): 4 1 2 3 4 4 1 2 3 4
COMPOUND | ug/m3 | ug/m3 | ug/m3 | ug/m3 | ug/m3 | ug/m3 | ug/m3 | ug/m3 | ug/m3 | ug/m3
Compounds of Interest
Acetone 85 120 79 66 72 100 82 <0.82 78 100
Benzene <0.27 <0.18 <0.19 <0.19 1.2 <0.19 <0.19 <0.2 <0.2 4.6
Bromodichloromethane <0.2 <0.14 <0.15 <0.14 <0.15 <0.14 <0.15 <0.15 <0.15 <0.16
Bromoform <0.44 <0.3 <0.32 <0.31 <0.32 <0.31 <0.32 <0.33 <0.33 <0.35
Bromomethane <0.89 <0.62 <0.64 <0.62 <0.65 <0.64 <0.65 <0.67 <0.66 <0.72
2-Butanone (MEK) 28 22 19 11 13 22 27 14 20 26
Carbon Disulfide 5.7 2.1 1.7 2.2 35 9 14 15 <0.28 15
Carbon Tetrachloride <0.25 <0.17 <0.18 <0.17 <0.18 <0.18 <0.18 <0.19 <0.19 <0.2
Chlorobenzene <0.39 <0.27 <0.28 <0.27 <0.29 <0.28 <0.29 <0.29 <0.29 <0.32
Chloroethane <0.38 <0.26 <0.27 <0.26 <0.27 <0.27 <0.27 <0.28 <0.28 <0.3
Chloroform <0.31 <0.22 <0.23 <0.22 <0.23 <0.22 <0.23 <0.23 <0.23 <0.25
Chloromethane <0.19 <0.13 1.2 <0.13 1.8 <0.13 <0.14 <0.14 <0.14 <0.15
1,2-Dibromoethane <0.39 <0.27 <0.28 <0.27 <0.29 <0.28 <0.29 <0.29 <0.29 <0.32
1,2-Dichlorobenzene <0.44 <0.3 <0.32 <0.31 <0.32 <0.31 <0.32 <0.33 <0.33 <0.35
1,3-Dichlorobenzene <0.41 <0.28 <0.29 <0.28 <0.3 <0.29 <0.3 <0.3 <0.3 <0.33
1,4-Dichlorobenzene <0.36 <0.25 <0.26 <0.25 <0.26 <0.26 <0.26 <0.27 <0.27 <0.29
1,1-Dichloroethane <0.22 <0.15 <0.16 <0.15 <0.16 <0.16 <0.16 <0.16 <0.16 <0.18
1,2-Dichloroethane <0.28 <0.19 <0.2 <0.2 <0.21 <0.2 <0.21 <0.21 <0.21 <0.23
1,1-Dichloroethene <0.2 <0.14 <0.15 <0.14 15 <0.14 <0.15 <0.15 <0.15 <0.16
cis-1,2-Dichloroethene <0.23 <0.16 <0.17 <0.16 <0.17 <0.17 <0.17 <0.18 <0.17 <0.19
trans-1,2-Dichloroethene <0.33 <0.23 <0.24 <0.23 <0.24 <0.23 <0.24 <0.25 <0.24 <0.26
1,2-Dichloropropane <0.22 <0.15 <0.16 <0.15 <0.16 <0.16 <0.16 <0.16 <0.16 <0.18
cis-1,3-Dichloropropene <0.27 <0.18 <0.19 <0.19 <0.19 <0.19 <0.19 <0.2 <0.2 <0.21
trans-1,3-Dichloropropene <0.19 <0.13 <0.14 <0.13 <0.14 <0.13 <0.14 <0.14 <0.14 <0.15
Dibromochloromethane <0.33 <0.23 <0.24 <0.23 <0.24 <0.23 <0.24 <0.25 <0.24 <0.26
Ethylbenzene <0.34 <0.24 <0.25 <0.24 <0.25 <0.25 <0.25 <0.26 <0.26 6.5
2-Hexanone 9.2 31 3.8 39 35 6.2 6.3 2.3 4.6 5
m,p -Xylenes <0.72 <0.5 <0.52 <0.5 <0.53 <0.51 <0.52 <0.54 <0.54 66
4-Methyl-2-pentanone <0.17 <0.12 <0.12 <0.12 <0.13 <0.12 <0.13 <0.13 <0.13 <0.14
Methyl tert-Butyl Ether <0.36 <0.25 <0.26 <0.25 <0.26 <0.26 <0.26 <0.27 <0.27 <0.29
Methylene chloride <0.34 <0.24 <0.25 <0.24 <0.25 <0.25 <0.25 <0.26 <0.26 <0.28
o0-Xylene <0.41 <0.28 <0.29 <0.28 <0.3 <0.29 <0.3 <0.3 <0.3 22
Styrene <0.27 <0.18 <0.19 <0.19 <0.19 <0.19 <0.19 <0.2 <0.2 <0.21
1,1,2,2-Tetrachloroethane <0.38 <0.26 <0.27 <0.26 <0.27 <0.27 <0.27 <0.28 <0.28 <0.3
Tetrachloroethene (PCE) 87 4.1 19 33 40 34 43 59 140 180
Toluene <0.33 <0.23 <0.24 <0.23 <0.24 <0.23 <0.24 <0.25 <0.24 33
1,1,1-Trichloroethane <0.14 <0.099 <0.1 <0.099 9.8 <0.1 <0.1 <0.11 15 <0.11
1,1,2-Trichloroethane <0.25 <0.17 <0.18 <0.17 <0.18 <0.18 <0.18 <0.19 <0.19 <0.2
Trichloroethene (TCE) <0.25 <0.17 <0.18 <0.17 <0.18 <0.18 <0.18 <0.19 12 16
Trichlorofluoromethane 3.2 <0.14 <0.15 12 1.2 <0.14 1.6 2 2.6 2.6
Trichlorotrifluoroethane 120 1.8 4.9 6.5 7 6.5 11 16 51 39
Vinyl Chloride <0.34 <0.24 <0.25 <0.24 <0.25 <0.25 <0.25 <0.26 <0.26 <0.28
NOTES:

1. Sample locations are presented on Figure D.1.

. Samples were collected in 1L Summa canisters back filled with 600 ml nitrogen, and were analyzed by Columbia Analytical Services, Simi Valley, California by method TO-15.

2
3. Detected analytes are presented in bold type.
4. <= Not detected at the detection limit shown.
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TABLE D.12 GROUNDWATER
RESULTS OF TO-15 ANALYSES SERVICES, INC.
ESTCP: Vapor Intrusion Study
Altus Air Force Base, Altus, Oklahoma
SAMPLE LOCATION: MW-4 MW-6 Mw-8 MW-11 MW-12 SS-1 SS-2 SS-3
SAMPLE TYPE: Headspace Headspace Headspace Headspace Headspace Sub Slab Sub Slab Sub Slab
SAMPLE DATE: 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006 12/19/2006

NG/SCREEN DEPTH (ft bgs): 3.5-4.5 5.5-6.5 3.5-4.5 5.5-6.5 3.5-4.5 0.5 0.5 0.5
COMPOUND | ug/m3 | ug/m3 [ ug/m3 [ ug/m3 | ug/m3 | ug/m3 ug/m3 ug/m3
Compounds of Interest
Chloromethane <0.22 19 <0.14 <0.13 <0.13 <0.14 <0.14 <0.15
Vinyl Chloride <0.4 <0.25 <0.25 <0.25 <0.25 <0.25 <0.26 <0.27
Bromomethane <1 22 <0.65 <0.64 <0.64 <0.66 <0.66 <0.69
Chloroethane <0.44 7 <0.27 <0.27 <0.27 <0.28 <0.28 <0.29
Acetone 140 330 100 74 98 58 86 94
Trichlorofluoromethane <0.24 1.6 <0.15 <0.15 <0.15 20 21 1.8
1,1-Dichloroethene <0.24 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.16
Methylene chloride <0.4 <0.25 <0.25 <0.25 <0.25 <0.25 <0.26 <0.27
Trichlorotrifluoroethane 76 59 6.3 4.2 2.3 540 590 6
Carbon Disulfide 3.4 3.2 <0.27 2.1 <0.27 3.7 1.9 10
trans-1,2-Dichloroethene <0.38 <0.24 <0.24 <0.23 <0.23 <0.24 <0.24 <0.25
1,1-Dichloroethane <0.26 <0.16 <0.16 <0.16 <0.16 <0.16 <0.16 <0.17
Methy! tert-Butyl Ether <0.42 <0.26 <0.26 <0.26 <0.26 <0.26 <0.27 <0.28
2-Butanone (MEK) 46 66 9.5 10 17 17 23 26
cis-1,2-Dichloroethene <0.27 <0.17 <0.17 <0.17 <0.17 <0.17 <0.17 <0.18
Chloroform <0.37 35 <0.23 <0.22 <0.22 <0.23 <0.23 <0.24
1,2-Dichloroethane <0.33 <0.2 <0.2 <0.2 <0.2 <0.21 <0.21 <0.22
1,1,1-Trichloroethane <0.17 <0.1 <0.1 <0.1 <0.1 <0.1 <0.11 <0.11
Benzene 3.1 1.2 11 1.3 <0.19 <0.2 <0.2 <0.21
Carbon Tetrachloride <0.29 <0.18 <0.18 <0.18 <0.18 <0.18 <0.19 <0.19
1,2-Dichloropropane <0.26 <0.16 <0.16 <0.16 <0.16 <0.16 <0.16 <0.17
Bromodichloromethane <0.24 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.16
Trichloroethene 5.9 560 <0.18 12 10 29 33 1.8
cis-1,3-Dichloropropene <0.31 <0.19 <0.19 <0.19 <0.19 <0.2 <0.2 <0.21
4-Methyl-2-pentanone <0.2 8.3 <0.12 <0.12 <0.12 <0.13 <0.13 <0.13
trans-1,3-Dichloropropene <0.22 <0.13 <0.14 <0.13 <0.13 <0.14 <0.14 <0.15
1,1,2-Trichloroethane <0.29 <0.18 <0.18 <0.18 <0.18 <0.18 <0.19 <0.19
Toluene 12 1.3 <0.24 1.9 <0.23 <0.24 <0.24 1.4
2-Hexanone 16 7.6 4 15 6.6 33 5.7 10
Dibromochloromethane <0.38 <0.24 <0.24 <0.23 <0.23 <0.24 <0.24 <0.25
1,2-Dibromoethane <0.46 <0.28 <0.28 <0.28 <0.28 <0.29 <0.29 <0.3
Tetrachloroethene 81 120 38 25 43 480 540 33
Chlorobenzene <0.46 <0.28 <0.28 <0.28 <0.28 <0.29 <0.29 <0.3
Ethylbenzene <0.4 <0.25 <0.25 <0.25 <0.25 <0.25 <0.26 <0.27
m,p-Xylenes 34 <0.52 <0.52 <0.51 <0.51 <0.53 <0.54 <0.56
Bromoform <0.51 <0.31 <0.32 <0.31 <0.31 <0.32 <0.33 <0.34
Styrene <0.31 <0.19 <0.19 <0.19 <0.19 <0.2 <0.2 <0.21
0-Xylene 14 <0.29 <0.29 <0.29 <0.29 <0.3 <0.3 <0.32
1,1,2,2-Tetrachloroethane <0.44 <0.27 <0.27 <0.27 <0.27 <0.28 <0.28 <0.29
1,3-Dichlorobenzene <0.48 <0.29 <0.29 <0.29 <0.29 <0.3 <0.3 <0.32
1,4-Dichlorobenzene <0.42 <0.26 <0.26 <0.26 <0.26 <0.26 <0.27 <0.28
1,2-Dichlorobenzene <0.51 <0.31 <0.32 <0.31 <0.31 <0.32 <0.33 <0.34
NOTES:

1. Sample locations are presented on Figure D.1.

. Samples were collected in 1L Summa canisters back filled with 600 ml nitrogen, and were analyzed by Columbia Analytical Services, Simi Valley, California by method TO-15.

2
3. Detected analytes are presented in bold type.
4. <= Not detected at the detection limit shown.
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TABLE D.13
RESULTS OF SOIL PERMEABILITY TESTING

ESTCP: Vapor Intrusion Study
Altus Air Force Base, Altus, Oklahoma

Cluster Sample | Air Flow Rate (Q) Vacuum (P) Slope Permeability
Location Point (L/min) | (cc/min) [ (in. H) | (in. H2O)| of Q vs. P (cm2)
Upgradient SG-4 0.35 350 4 54.4 1.7455053 1.19E-10
0.5 500 10.5 142.8
0.6 600 14.5 197.2
MW-4 1 1000 5 68 2.4108004 1.64E-10
12 1200 9 122.4
1.3 1300 14 190.4
Midgradient MW-11 3 3000 0.147 2 547.61905 9.81E-09
5 5000 0.37 5
8 8000 0.81 11
Downgradient SG-8 15 1500 0.15 2 445.53687 3.04E-08
25 2500 0.29 4
3.3 3300 0.44 6
3.7 3700 0.59 8
5 5000 0.81 11
8 8000 1.18 16
SG-6 3.6 3600 0.15 2 734.88372 5.01E-08
5 5000 0.22 3
9 9000 0.66 9
MW-8 3.2 3200 0.15 2 820 1.47E-08
5 5000 0.29 4
7 7000 0.44 6
8 8000 0.59 8
MW-6 1 1000 0.22 3 143.83202 2.58E-09
1.8 1800 0.44 6
2.7 2700 1 11
3.6 3600 1.25 17
5 5000 2.21 30

Parameter Values for Soil Permeability Calculations

Parameter Symbol | Value |Units Basis

Viscosity of air viscosity | 1.73E-04 |g/cm-s (poise) Literature (40 deg. F)

Length: Soil gas pt L 5.08 |cm Screen length for soil gas points (2 inches)

Length: Mont. Well L 30.48 [cm Screen length for monitoring well points (12 inches)
Diameter: Soil Gas D 1.6 cm Inside diameter for soil gas points

Diameter: Mont. Well D 3.2 cm Inside diameter for monitoring well points

Units Conversion 1.07E-06 From calculation methods sheet

L/D Term: Soil Gas 0.368579 Calculated (=L/D)

L/D Term: Well Pt 0.096779 Calculated (=L/D)
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Environmental Security Technology Certification Program
(ESTCP)

DETAILED FIELD INVESTIGATION OF VAPOR INTRUSION
PROCESSES

Appendix E

Example Calculations

E.1  Attenuation Factors

Calculation E.1.1A  Sub-Slab to Indoor Air Attenuation Factor (No Correction for Ambient
Air Concentration)

Calculation E.1.1B  Sub-Slab to Indoor Air Attenuation Factor (Corrected for Ambient Air
Concentration)

Calculation E.1.2 Estimated Indoor Air VOC Concentrations Due to Sub-Slab Vapor
Intrusion

Calculation E.1.3 Deep Soil Gas to Indoor Air Attenuation Factor

Calculation E.1.4 Groundwater to Indoor Air Attenuation Factor

E.2  Mass Flux

Calculation E.2.1 Lateral Mass Flux in Shallow Groundwater Under Demonstration
Building

Calculation E.2.2 Vertical Mass Flux Across Groundwater-Soil Gas Interface

Calculation E.2.3 Vertical Mass Flux in Soil Column Under Demonstration Building

Calculation E.2.4 Mass Flux Through Demonstration Building Foundation

E.3 Statistical Calculations
Calculation E.3.1 Standard Deviation

E.4  Other Calculations
Calculation E.4.1 Building Air Exchange Rate
Calculation E.4.2 Line Volume for Subsurface Sample Collection Methods

GSI Environmental Inc. Detailed Investigation of Vapor
ESTCP Project No. ER-0423 Intrusion Processes
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APPENDIX D: DATA EVALUATION CALCULATIONS

E.1ATTENUATION FACTORS

Calculation E.1.1A: Sub Slab to Indoor Air Attenuation Factor (No Correction for Ambient
Air Concentration)

— CIA
AFSS—IA ~ Cs
Where:
AFssia = Sub-slab to indoor air attenuation factor (unitless)
Ca = Average radon or TCE concentration in indoor air
(Average from Table 8 for radon ; Table 6 for TCE, PCE)
Css = Average radon concentration in sub-slab,

(Average from Table 8 for radon ; Table 5 for TCE, PCE)

Example Calculation: Slab Attenuation Factor Using Radon Data

— 083
AFSS—IA 702

AFssia=1.2x10°

Calculation Results: Sub-slab to Indoor Air Attenuation Factor

Average Sub-Slab Average I ndoor Attenuation
Compound Conc. (pCi/L) Conc. (pCi/L) Factor
Radon 702 0.83 0.0012
TCE 21 0.13 0.0062
PCE 348 0.42 0.0012

Note: For average concentration, all detected values were averaged for each location, then location concentrations
averaged to calculate overall average indoor or sub-slab concentration.
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APPENDIX D: DATA EVALUATION CALCULATIONS

Calculation E.1.1B: Sub Slab to Indoor Air Attenuation Factor (Corrected for Ambient Air
Concentration)

— CIA_CAA
AFSS—IA - Css

Where:
AFsgia = Sub-slab to indoor air attenuation factor (unitless)
Ca = Average radon or TCE concentration in indoor air

(Average from Table 8 for radon; Table 6 for TCE, PCE)
Can = Average radon or TCE concentration in ambient air

(Average from Table 8 for radon; Table 6 for TCE, PCE)
Css = Average radon concentration in sub-slab,

(Average from Table 8 for radon; Table 5 for TCE, PCE)

Example Calculation: Slab Attenuation Factor Using Radon Data

0.83-0.30
702

AFSS—IA

AFssa= 7.6 x 107

Calculation Results: Sub-slab to Indoor Air Attenuation Factor

Average Sub-  Average |ndoor Average
Slab Conc. Conc. (pCi/L or  Ambient Conc. Attenuation
Compound (pCi/L or ug/m® ug/m”) (pCi/L or ug/m®) Factor
Radon 702 0.83 0.3 0.00076
TCE 21 0.13 0.063 0.0033
PCE 348 0.42 0.17 0.00072

Note: For average concentration, all detected values were averaged for each location, then location concentrations

averaged to calculate overall average indoor or sub-slab concentration.

NC = Not calculated because ambient TCE concentration greater than indoor TCE concentration.
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APPENDIX D: DATA EVALUATION CALCULATIONS

Calculation E.1.2: Estimated Indoor Air VOC Concentrations Due to Sub-Slab Vapor
Intrusion

C|A = CSSXAFSS—IA

Where:
Cia = Estimated \VOC concentration in indoor air due to vapor intrusion (ug/m®)
Css = Average VOC concentration in sub-dlab,
(ug/m®, average value from Table 5, TO-15 results)
AFsgia = Sub-slab to indoor air attenuation factor for radon

(Uncorrected: 1.2 x 10°% Corrected for ambient: 7.6 x 10

Example Calculation: Estimated indoor TCE concentration

Cs = 21 ug/m®, average of sub-slab TCE measurements by TO-15 from Table 5

Cia = 21 ug/m® x 1.2x10°3

Cia = 0.025 ug/m®

Calculation Results: Estimated VOC Concentration in Indoor Air from Vapor Intrusion

Average Sub- Estimated I ndoor Measured

Compound Slab Conc. Conc. dueto VI Indoor Conc.
(ug/m®) (ug/m®) (ug/m®)

Using Radon AF Not Corrected for Ambient
TCE 21 0.025 0.13
PCE 348 0.41 0.42
Using Radon AF Corrected for Ambient
TCE 21 0.016 0.13
PCE 348 0.26 0.42

Note: Measured indoor TCE concentration is average from Table 6.
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APPENDIX D: DATA EVALUATION CALCULATIONS

Calculation E.1.3: Deep Soil Gasto Indoor Air Attenuation Factor

_ CIA
AFSG—|A T Cq
Where:
AFsc.ia = Deep soil gasto indoor air attenuation factor (unitless)
Csxs = VOC concentration in shallowest measured well headspace sample (ug/m®,
average, Table 4)
Ca = VOC concentration in Indoor Air from Vapor Intrusion

(ug/m3, see Calc. D.1.2)
Example Calculation: Deep Soil Gas to Indoor Air Attenuation Factor For TCE

Css = 5.5 ug/m®

— 0.025
AFSG— IA. 7 55

AFssia=3.0x 103

Calculation Results: Deep Soil Gas to Indoor Air AF

Average Deep SG Conc.

Compound (ug/m®) Deep SG to |A AF
Using Radon AF Corrected for Ambient
TCE 5.4 3.0x 10°

PCE 54 49x10°
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APPENDIX D: DATA EVALUATION CALCULATIONS

Calculation E.1.4 Groundwater to Indoor Air Attenuation Factor

— CIA
AFGW—IA T CguxH'
Where
AFcw.ia= Groundwater to indoor air attenuation factor (unitless)
Ca = VOC concentration in Indoor Air (ug/m3, see Calc. D.1.2)
Cow = VOC concentration in Groundwater (average of shallowest water samples, see
Fig. 6)
H’ = Henry's Law constant (0.765 PCE; 0.428 TCE,

http://www.tnrcc.state.tx.us/permitting/trrp.htm)

Example Calculation: Groundwater to Indoor Air Attenuation Factor for TCE

_ 0016 _
AI:GW—IA ~ 12,300x0.428

AFew.|A =31x 10_6

Calculation Results: Groundwater to Indoor Air AF

Groundwater Conc.

Compound (ug/m®) GW to|A AF
Using Radon AF Corrected for Ambient Radon Conc.
TCE 12,300 31x10°

PCE 963 3.6x10*
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E.2 MASSFLUX

Calculation E.2.1: Lateral Mass Flux in Shallow Groundwater Under Demonstr ation
Building

Fow =Cow X Ax(Q

Where

Fow =  Latera mass flux through shallow groundwater under demonstration building
(ug/day)

Cow =  Concentration of constituent in groundwater (ug/ft3, from upgradient well WL-
436, see Fig. 6)

A = Areathrough which flux is occurring (57 ft x 2 ft = 114 ft?, width of building in
direction of GW flow x 2 ft depth)

q = Darcy velocity = k x i = (0.076 ft/day)

k = Hydraulic conductivity (8.0 x 10°ft/min, average hydraulic conductivity
measured at the nearest 2 wells: WL 139 & WL-315, RFI report for Altus AFB)

[ =  Hydraulic gradient (0.0066, average value in vicinity of demonstration building,
RFI report for Altus AFB, Figure 4.5-2)

Example Calculation: Mass flux of PCE in groundwater
Cow = 3.9 ug/L (from upgradient well WL-436, see Fig. 6) = 110 ug/ft®
Few = 110 ug/ft® x 114 ft* x 0.076 ft/day

Fow = 956 ug/day

Calculation Results: Lateral mass flux in shallow groundwater

GW Mass Flux
Compound Groundwater Conc. (ug/ft®) (ug/day)
Perchloroethene (PCE) 110 960
Trichloroethene (TCE) 240 2,100
cis-1,2-Dichloroethene 150 1,300






