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We have utilized a simple method for the collection of gas samples from vapor intrusion investigation sites and the analysis of radon
concentrations at an offsite laboratory. The radon data can be used to evaluate the movement of soil gas through building foundations
at sites contaminated with volatile arganic compounds (VOCs) where vapor intrusion is a concern. The use of radon as a tracer for
the movement of soil gas into buildings minimizes the problem of indoor sources associated with the direct measurement VOCs. We
have used this method fo measure indoor to sub-slab attenyation factors in six buildings with the resulting values ranging from 0.0002
to 0.006 (dim). These values are similar to radon attenuation factors feported by other researchers, but are much lower than default
values for VOCs recommended in regulatory guidance {United States Envitonmental Protection Agency [USEPA], 2002). The vertical
radon concentration profile in soil gas can be used to evaluate soil gas mixing with the atmosphere to support the colfection of soil gas

samples for VOC analysis adjacent io, rather than below, a building.
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Introduction

Since 2000, regulators and the regulated community have be-
come increasingly concerned with the potential hazards of vapor
intrusion, the migration of volatile organic compounds {VOCs)
from contaminated soil or groundwater to indoor air. Detailed
investigations at a number of corrective action sites have docu-
mented elevated levels of chlorinated VOCs in houses located
above contaminated groundwater (Tillman and Weaver, 2005;
DiGiulio et al., 2006). In response, the United States Environ-
mental Protection Agency (USEPA) and many state regulatory
agencies have issued guidance specifying screening and field
investigation procedures for the identification of vapor intrusion
impacts at corrective action sites. Due to the limited understand-
ing of the site-specific factors that contribute to vapor intrusion
impacts, screening criteria for this pathway are very conservative
and most of the guidance documents rely primarily on the use of
field investigations for the identification of the vapor intrusion
impacts,

In its current form, the USEPA Subsurface Vapor Intru-
sion Guidance (USEPA, 2002) recommends a tiered approach
for evaluation of the vapor intrusion pathway at corrective ac-
tion sites consisting of: 1) preliminary pathway identification
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based on the presence of a source of volatile compound and
a receptor (i.e., a building), 2) an evaluation of volatile com-
pound concentrations usitg generic screening concentrations
and “semi-site-specific” screening concentrations (i.e., screen-
ing concentrations based on a limited set of site-specific fac-
tors), and 3) a site investigation to evaluate vapor intrusion by
direct measurement. Generic and semi-site-specific screening
concentrations included in the USEPA guidance have been de-
veloped using conservative subsurface-to-indoor air attenuation
factors. For chemicals for which the groundwater screening con-
centrations based on these default attenuation factors are below
the drinking water maximum contaminant levels (MCLs), the
screening concentrations included in the guidance document
have been set equal to the MCL (USEPA, 2002). For a number
of common VOCs such as trichloroethene (TCE) and benzene,
both the generic and the semi-site-specific groundwater vapor
intrusion screening limits are cqual to MCL (i.e., 5 pg/L for
these two chemicals). Asa result, a majority of corrective action
sites where USEPA guidance is applied will have VOC concen-
trations in groundwater exceeding these screening concentra-
tions and will require field-based site investigations to evaluate
the potential for vapor intrusion impacts. However, site-specific
evaluations of potentiaf vapor intrusion, particularly those in-
volving the measurement of indoor air VOC levels, can prove
to be highly problematic due to the presence of common indoor
sources of VOCs already present within buildings, resulting in
average background indoor air concentrations for SOMNtE COmmon
VOCs that exceed USEPA screening concentrations for indoor
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108 T, E. McHugh et al.

air (McHugh et al., 2004). Therefore, for VOCs associated with
common indoor sources, the direct measurement of concentra-
tions in indoor air is often not an effective method for identifying
vapor intrusion impacts.

Measurement of sub-slab soil gas concentrations is a pre-
ferred approach by some regulatory agencies, but the actual
transport rate of the soil gas into the overlying structure is site
specific (McHugh et al., 2006). Hence, there is uncertainty in
what concentrations pose areal threat to indoor air quality. Radon
is a naturally occurring compound in soil gas for which vapor in-
trusion is usually the primary source in indoor air (Arvela et al,,
1988). In contrast to VOCs, indoor sources generatly contribute
little to the indoor radon concentration. As a result, the measure-
ment of radon concentrations in soil gas and indoor air may be a
useful tool for the evaluation of sites with potential VOC vapor
intrusion impacts (Mosley et al., 2004) as it allows determination
of s0il gas transport through the building foundation.

Uranium is present in all soils, with concentrations that are
typically a few parts per million {(ppm). Radon-222 is an inter-
mediate isotope in the uranivm-238 decay chain and the decay
of uranium in soil results in the emission of radon into the pore
space of all soils. Radon-222, itself, decays with a half-life of
3.84 days, leading to its loss from soil gas. As a result, in the
absence of gas exchange with the atmosphere, the steady-state
raden concentration (in activity, disintegrations/m?-time) in soil
gas is equal to the emission rate over the decay rate: Cragon =
E/), where E is the emission rate per unit volume of pore gas
{(pCi/m’® d) and A is the radon decay constant (0.18/d). Tanner
(1980) provided a comprehensive review of this process, noting
the importance of factors including uranium concentration, grain
size, soil mojsture, and organic content in controlling emissions.
The raden concentration in soil gas varies by location depending
primarily on the uranium concentration in soil, the soil porosity,
and the soil moisture.

Although radon vapor intrusion is considered to be most prob-
lematic in parts of the country with the highest soil gas radon
levels, all regions contain measurable concentrations of radon
in the sail gas. The radon concentration in typical soils ranges
from 240 to 2400 pCi/L (Swedjemark, 1986; Little et al., 1992)
and is mnuch higher than atmospheric radon concentrations (0.2~
0.7 pCi/L; USEPA, 1993). As a result, radon has the potential
to serve as a naturally occurring tracer for soil gas entry into
buildings at most corrective action sites around the country.

To use radon as a tracer for soil gas entry into a building, the
radon concentration must be measured below, inside, and outside
of the building. These measurements atlow for the calculation of
a building-specific attenuation factor that describes the dilution
of radon from the soil gas to indoor air. Although there are
three inexpensive and widely used methods to measure indoor
radon concentrations (charcoal canisters, electrets, and alpha-
tract detectors), all of these methods require long-term (48 hto 3
months) exposure durations. None of the methods are suitable for
measurement of radon concentrations in soil gas below buildings
because the measurement devices are relatively large and cannot

easily be placed below a building foundation for the required
sampling period. In addition, the high moisture levels in soil gas
interfere with the sorption of radon onto charcoal canisters, and
the gaseous diffusion constant in the vadose zone is unknown.
As a result, grab soil gas samples are the most effective means
to measure radon concentrations in soil gas.

In: this article, we present several applications where radon
was used to provide an improved understanding of VOC va-
por intrusion. We utilized a simpie method established by the
USEPA for the coliection of gas samples and analysis of radon
concentrations (USEPA, 1992). This evaluation procedure pro-
vides a low-cost and widely applicable method to evaluate the
movement of gas from shallow soils into buildings without the
confounding problem of background indoor sources common to
many VOCs.

Experimental Section

Installation of Sub-Slab Sampling Ports

Samples of soil gas from below the building foundation can be
collected through any sampling point that provides a tight seal
across the foundation. DiGiulio et al. (2006) have described a
commonly used sample point.

Sample Collection and Storage

Gas samples can be collected using a polypropylene syringe
{60 cc or larger volume is preferred) with a buty] rubber or other
gas-tight plunger. Holding time in this type of syringe should be
less than 30 min, as radon can diffuse through the syringe walls.
Storage tests indicate the radon loss rate from polypropylene
syringes is approximately 50%/day (data not shown). Different
syringes should be used to collect samples with high (below
foundation} and tow (indoor air) concentrations because some
radon may adsorb to the walls of the syringe, resulting in cross-
contamination between samples. For below-foundation samples,
the syringe can be attached to the sampling point using a sam-
pling train as iitustrated in Figure 1. The sampling point and
sampling train have a combined volume of less than 5 mL. Prior
to sample collection, 10-20 mL of gas are typically purged from
the system, resulting in purging of several line volumes with
minimatl distarbance of the sub-slab soil gas. For indoor or am-
bient samples, the syringe can be filled directly and sealed with
a polycarbonate stopcock.

The samples can be transferred from the syringe to a Ted-
lar bag (SKC Inc., PA} or other gas-tight container for storage
and shipment prior to analysis. Approximately 100-300 cc of
sample can be injected into an empty Tedlar bag (0.5 L) fitted
with a polypropylene fitting. These bags are manufactured from
DuPont PVF film, by several suppliers. Because samples can be
depressurized durimg air shipment, no more than 300 mL of gas
should be collected in a 500-mL bag, Some care should be used
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Fignre 1. Sub-slab sample point and sampling train used to collected sub-
slab gas samples for radon analysis. Sample peint components adapted
with permission from DiGiulio, D., Paul, C. Cody, R., et al. 2006. Assess-
ment of Vapor Intrusion in Homes Near the Raymark Superfund Site Using
Basement and Sub-Slab Air Samples, USEPA Office of Rosearch and De-
velopment, EPA/GGO/R-05/147, March 2006.

in handling these bags, as they can abrade and develop pinhole
teaks if ground against rocks or sandy soils.

Choosing an appropriate storage container is critical, asradon
diffuses into and through many types of rubbers and plastics.
Others have reported very low radon loss from Mylar {Sievers
Instruments, Boulder, CO), aluminized Mylar, or Tedlar bags
(USEPA, 1992). We have confirmed thesc findings through lab-
oratory storage tests using Tedlar bags (Table 1) and evacuated
counting cells, glass vials, Summa canisters, and aluminized
Mytar bags (data not shown). Loss of radon from the storage con-
tainers appears to be negligible for periods of at least 810 days.

Inaddition, we have compared evacuated counting cells, glass
vials through the collection of field replicate samples in these
containers (Table 2). For this analysis, replicate grab samples
were collected using evacuated counting cells and evacuated
glass vials. Both sample containers were shipped to the labo-
ratory by overnight express delivery. The counting cells were
analyzed directly while the gas in the glass vials were trans-
ferred to separate counting cells in the laboratory for analysis.
Both sample collection and storage containers yielded compa-
rable results,

Also, for some indoor samples, a 48-h charcoa) canister sarm-
ple was also collected. For these samples, the charcoal canister
was placed at the sample location for 48 h in accordance with the
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Table 1. Storage rests of field samples

Holding time  Activity*

Sample iD Container (days) (pCI/L)  SSD** (%) 2nd/1st

U5 8007.900A  Tedlar 1.48 479 + 13 2.6 1.04
10.04 497 £ 20

QC-L Tedlar 2.02 670 £ 17 2.6 1.04
10.03 695 21

U5 8007.901 Tedlar 1.50 12247 8.0 0.89
10.44 109+ 5

T12-1-091305  Tedlar 1.03 243 &6 4.5 1.07
11,15 259 k&5

T11-1-091395  Tedlar 1.04 287 7 33 0.95
11.15 274+ 5

Cali 5 1.03 287 &7 [.5 0.98

11.15 281 x5

Mean 37 1.00

*Decay corrected based on radon decay constart of 0.1803 day ! Uncertainty
based on counting statistics only, **S8D is one sampie standard deviation of the
duplicates for each bag,

manufacturer’s instructions and then shipped to Accustar Labs
(Medway, MA} for analysis. As discussed in the introduction,
the charcoal canisters are not suitable for soil gas analyses due to
the high moisture levels in soil gas. For the indoor air samples,
however, the analytical results from the charcoal canisters were
similar to those for (he gas grab samples, with no consistent
bias observed. All of the tested sample containers appear to pro-
vide satisfactory performance for sample collection and storage
for up to a week. However, Tedlar bags were most convenient
because they are widely available, easy to handle, and their flex-
ibility keeps pressure at ambient when samples are withdrawn
for analysis in the laboratory.

Sample Analysis

Radon concentrations in the collected gas samples were mea-
sured using alpha scintillation counting in accordance with es-
tablished USEPA protocois (USEPA, 1992). In the laboratory,
an aliquoet of gas was withdrawn from the sample container into
a syringe with a butyl rubber plunger, equipped with a two-way

Table 2. Comparison of sample collection containers Jor analysis of
radon in gases®

Activity (pCi/L}
Evacuated Chatcoal
Sample location counting cell  Glass vial  canister
Hill AFB Res. #1 Indoor 2 0.16 0.21 <04
Hill AFB Res. #1 Indoor 4 429 0.4 0.4
Hill AFB Res. #1 Sub-slab | 746 636 —
Hili AFB Res. #2 Indoor 1 0.25 0.33 0.4
Hill AFB Res. #2 Sub-siab 3 156 149 —
Hill AFB Res. #2 Soil Gas 5 701 629 —

*Note: Charcoal canisters were analyzed by Accustar Labs (Medway, MA)
using the United States Environmental Agency {USEPA) Method #402-R-93-
004 079. Analytical precision for the other methods is the larger of 4% or
£0.10 pCi/L
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polycarbonate stopcock. If the sample was drawn from a rigid
container, then the pressure in the syringe was less than am-
bient, and the syringe stopcock was closed after drawing the
sample, the plunger pushed in to raise pressure above ambient,
the stopcock opened to allow pressure to reach ambient, and
then closed while the sample volume was read. The sample was
passed through a drying column of CaS04 into a pre-evacuated
Lucas-type counting cell (Lucas, 1957; Mathieu et al., 1988).
The counting efficiency for each cell was determined as a func-
tion of the density of the gas in the counting cell (Sarmiento
et al., 1976).

Results and Discussion

Comparison of Radon and Volatile Organic
Compound Attenuation

We have used the analysis procedures described previously to
measure radon concentrations in and below two single-family
residences located in Utah and one smatit office building located
in Oklahema (Table 3}. These measurerients have been used
to compare radon migration through the building foundation to
VOC migration. For these three buildings, ambient, indoor, and
betow-foundation radon and below-foundation VOC samples
were coliected as grab samples while the ambient and indoor
VOC samples were 24-h composites. For each sampling event,
samples were collected from three separate locations within each
medium (i.e., ambient, indoor, and below-foundation) and the
results are reported as the average +/— the standard deviation
for the three sample locations. The standard deviation is typi-
cally higher for below-foundation samples, reflecting the higher
spatial variability within this medium. The VOC samples were
analyzed by USEPA Method TO-15 (USEPA, 19992) with se-
lective ion monitoring used for the indoor and ambient samples
in order to obtain the lowest possible detection fimits. We did
not change or control building operating conditions during sam-

ple collection and we allowed the building occupants to conduct
their normal activities. The impact of chemicals from soil gas on
indoor air quality is often expressed in terms of an attenuation
factor, which is defined as the ratio of the measured concentra-
tion of the volatile chemical of concern (for example, benzene) in
indoor air (Cb; corrected by subtracting the ambient air concen-
tration) divided by the measured concentration of the chernical
in soil gas (Cs; i.c., AF = Cs/Cb) (Interstate Technology & Reg-
ulatory Council [ITRC], 2007). For stable compounds without
indoor sources, the concentration of soil-sourced chemicals in a
building depends on the rate of gas inflow from the soil {Qs) rela-
tive to the total ventilation rate in the building (Qb). Asaresult,a
measured attenuation factor reflects the ratio of gas flow (advec-
tion and diffusion) through the building foundation to relative
total building ventilation. However, for radioactive compounds,
an additional factor must be considered to account for radioac-
tive decay (X;8/day for radon). The effect of radivactive decay
on the attenuation factor is

AF == Cs/Cb = Qs/(Qb + AV) )

where AF == attenuation factor, Cs = measured concentration of
the chemical in soil gas, measured conceniration of the volatile
chemical of concern (benzene), Qs = gas inflow from the soil,
Qb = total ventilation rate in the building, and V = the building
volume. The same equation (with » = 0) applies to anonradioac-
tive gas. From Eq. (1), it can be determined that the relationship
between the attenuation rate for a non-radioactive gas {AFyR)
and the attenuation factor for a radioactive gas {AFR) is

AFnr = AFR(14+AER) 2)

where ER = Qb/V is the building air exchange rate. In most
buildings, the air exchange rate is greater than or equal to 6/day
(USEPA, 2002). For a building with an air exchange rate of
6/day the attenuation factor for radon would be 3% lower than
the attenuation factor for benzene (i.e., 0.181/6). This difference

Tuble 3. Comparison of vadon and volatile organic compaund concentrations ai three buildings with slab foundations*

Below- Measured

Compound foundation soil gas Indoor air Ambient air attenuation factor
Hill AFB, Utah Residence #1, March 2006

Radon (pCi/L) 68 +/—54 (1) 0.6 +/-0.2 0.18 0.006

TCE (ug/m3) 8.4 +/—8.6 0.075 +/—-0.016 0.092 +/-0.085 NC
Hill AFB, Utah Residence #2, March 2006

Raden (pCi/L) 427 +-/—283 0.8 +/—-0.01 0.18 (2} 0.001

TCE (ug/m3) «<0.94 0.14 +/-0.044 0.055 +/—-0.017 NC
Altus AFB, Oldahoma Building 418, July 2006

Radon (pCi/L) 571 /43 0.35 +/-0.09 0.13 0.0004

TCE (ug/m3} 50 +/—62 9.5 +/-22 12 /5.7 NC

PCE (ug/m3) 401 +/—-501 0.26 +/—-0.06 Q.12 +/-0.03 0.0003
Altus AFB, Oklahoma Building 418, December 2006

Radon (pCi/L) 702 /441 0.8 +/-0.1 03 0.0007

TCE (ug/m3) 21 +/—-17 0.13 +/-0.042 0.063 +/—0.021 0.0033

PCE (ug/m3) 348 +/-283 0.42 +/-0.17 0.17 +/~0.038 0.0007

*Note: 1} Table shows average radon activity /- standard deviation for buildings with samples from three or more locations; and 2) radon concentration in
ambient air for Hill AFB Residence #2 measured at Residence #1. NC = no attenuation factor calculated when ambient air concentration greater than indoor air
concentration or when chemical is not detected below building foundation; PCE, tetrachloroethene; T CE, trichloroethene.




would be lower for buildings with higher air exchange rates, Ag
a result, the impact of radon decay on measured attenuation
factors can be neglected in typical analyses without significant
eITor.

For the three buiIdings where we measured both radon and
VOC concentrations, the measured radon attenuation factors
ranged from 0.0004 t0 0.006 with an average attenuation factor
0f0.003 (Table 3). This is similarto the typical attenuation factor
of'0.0016 predicted by Little et 4. (1992), the average radon at-
tenuation factor of 0.004 from a study of 10 single-family houses
in New York (Mosley et al., 2004), and the average attenuation
factor of 0.004 from a study of 9 single-family houses in Strat-
ford, Connecticut (DiGiulio et al,, 2006). Note, however, that the
radon attenuation factors for the houses in New York and Con-
necticut were not corrected for ambient radon concentrations.
As a result, these radon attenuation factors may be biased high
and therefore underrepresent the true radon attenuation at these
locations.

At the two residences in Utah, TCE was a known subsur-
face contarninant while both TCE and PCE were detected in the
subsurface at the building in Oklahoma. No VOC attenunation
factors could be caleulated for the two residences in Utah be-
cause ambient TCE concentrations were greater than the indoor
TCE concentrations at Residence #1 and TCE was not detected
below Residence #2. For the building in Oklahoma, an attenua-
tion factor could be calculated for PCE for both sample events
(i.e., July 2006 and December 2006), but for TCE an attenuation
factor could be calculated only for the December 2006 sampling
event because the ambient TCE concentration was higher than
the indoor TCE concentration for the July 2006 event. For the
Oklahoma site, the attenuation factors for PCE closely matched
the attenuation factors for tadon, but the attenuation factor for
TCE was higher, suggesting a potential indoor source of TCE.

At alf three buildings studied, the radon appeared to be a
more useful tracer of soil gas movement through the building
foundation than TCE. At all three buildings, the radon concen-
tration indoors was greater than the ambient concentration. The
differences were statistically significant (p < 0.05) for all three
buildings; however, given the Hinited data set and measurement
error associated with the low radon concentrations the statistical
significance may be over stated. In contrast, ambient or indoor
TCE sources masked any itnpact of vapor intrusion on the in-
door concentration of TCE at the three buildings during at least
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one sampling event. The studies of single-family residences in
New York and Connecticut (Mosley et al., 2004; DiGiulio et al.,
2006) found that radon generally overpredicted the VOC g
tenuation factor (i.e., underpredict VOC attenuation); however,
correction for ambient radon might have decreased or elimi-
nated this overprediction. Taken together, the results from this
study and the findings of the other researchers suggest that radon
generally serves as a sensitive and conservative tracer for soil
gas migration through the building foundation. Radon analy-
ses are sufficiently sensifive to measure attenuation factors of
<0.001,

Radon Measurements at Sites without Yolatile Organic
Compound Contamination

Becauseradon is present in all soil gas, radon can be used to eval-
uate soil gas migration into buildings even at sites not impacted
by VOCs in the subsurface. This can be useful for understand-
ing the susceptibility of certain building types or geographical
areas to vapor intrusion. In addition, the measurement of radon
attenuation factors can be used to better characterize the range of
attenuation factors observed between buildings, supporting the
selection of upper-bound attenuation factors for vapor intrusion
pathway screening,

We measured radon concentrations at five residences in
Houston, TX, without known VOC impacts in the subsurface and
atone school building with chlorinated VOCs present in ground-
water but not detected below the building foundation (Tables 4
and 5). Two of the residences and the school had slab foundations
while the other three residences had pier and beam foundations.
In Houston (and many Gulf Coast areas), houses with pier and
beam foundations sit 23 ft above the ground surface with a dirt
floor crawl space separating the structure from the at-grade soils,
The crawl space is typically ventilated through smali apenings
located on the walls around the parameter of the crawl space.

For the three slab-on-grade buildings, the radon attenuation
factors (0.0002-0.0003) were at the low end of the range of
attenuation factor values reported for residences in other areas
{Table 4). For the three pier and beam residences studied, the
crawl space radon concentration was only 1.2-2.6 times the
ambient radon concentration (Table 5). Although we did not
measure the soil gas radon concentration at the pier and beam
houses, we assumed that the concentrations were similar to the

Table 4. Measured radon concenltrations in soil gas, indoor aiv, and ambient qir - for slab-on-grade buildings in Houston, Texas®

Activity (pCisL)
Below foundation
Sample location soil gas Indoor air Ambient air Attettuation factor™
Houston, TX, Residence #1 649 -/-296 0.44 +/—0.11 0.33 (.0002
Houston, TX, Residence #2 1283 +/—382 0.50 +/—0.10 0.12 0.0003
Houston, TX, Private Schoo! 482 0.16 — {(.G003

*Average radon activity +/-standard deviation for buildings with samples from three or more locations, ** Attenuation factor for private school building ot

corrected for radon concentration in ambient air.
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Table 5. Measured radon concentrations in crawl space and ambient air
Jor pier and beam houses in Houston, Texas

Activity (pCi/L)
Sample location Crawl space air Ambient air
Houston, TX, Residence #3 0.41 0.33
Houston, TX, Residence #4 0.31 0.12
Houstor, TX, Residence #5 0.30 0.iz2

stab foundation residences located in the same general area.
These results indicate high radon attenuation between soit gas
and crawl space air and suggest that pier and beam houses in
Houston have a low susceptibility to vapor intrusion impacts.
This finding is in contrast to USEPA guidance that suggested
that houses with dirt floor crawl spaces have an increased sus-
ceptibility to vapor intrusion (USEPA, 2002). This may indicate
a difference in susceptibility between houses with above-grade
crawl spaces {common along the Gulf Coast) and houses with
partially or completely below grade crawl spaces (more common
in the northeast, midwest, and northwest),

The presence of elevated radon concentrations below the
building foundation at the two Houston slab-on-grade residences
and the school further demonstrates the suitability of radon as a
tracer over a broad range of geographic areas. The USEPA classi-
fies individual counties in the United States as low, moderate, or
high potential for indoor radon problems based on the expected
radon emission rates from soils in these areas (USEPA, 1999b).
The test locations in Texas (Table 4) and Oklahoma (Table 3)
are classified as low radon potential areas while the test focation
in Utah (Table 3) is classified as moderate radon potential. The
soil gas radon levels in all these areas were more than sufficient
to reach good measurement precision in short counting times,
indicating that accurate soil gas radon measurements should be
obtainable in most locations across the United States. We found
that the soil gas radon concentrations at our test sites in Texas and
Oklahoma (both classified as low radon potential) were higher
than at our Utah test site (classified as moderate radon potential).
This finding is consistent with the USEPA’ warning that their
classification scheme is approximate and that local variations in
radon potential are significant (USEPA, 1999D).

Vertical Radon Concentration Profiles

At some sites, the preferred location to measure VOC concentra-
tions in the shallow subsurface is adjacent to rather than below
the target building (ITRC, 2007). Collecting soil gas samples
adjacent to the building eliminates the need to gain access to
the inside of the building and the need to penetrate the building
foundation. However, locations adjacent to the building are of-
ten exposed to the atmosphere (i.e., not covered by pavement or
other Jow-permeability cover), allowing gas exchange between
the soil and atmosphere. As a result of this gas exchange, chem-
ical concentrations in shallow soil gas adjacent to a building
may be lower than chemical concentrations in soil gas below
the same building. It may be possible to control for this bias by
collecting samples at a sufficient depth so that exchange with the
atmosphere is negligible. However, the required depth is likely
to vary from site to site depending on soil type and other factors.

At the test site in Oklahoma, we measured the vertical radon
and VOC concentration profiles in soil gas below and adjacent
to the test building in order to determine whether radon could be
used to make a site-specific determination of the depth at which
gas exchange with the atmosphere does not affect chemical con-
centrations in soil gas adjacent to the building. The concentra-
tions of radon, TCE, and PCE were measured at one [ocation
adjacent to the Oklahoma test building and one location below
the test building at depths of 0.5 ft (below building only), 1, 2,
3,and 4 ftin July and December 2006 (Table 6). Adjacent to the
building, the radon concentration was low at a depth of 1 ft but
higher and relatively stable from 24 ft. Radon concentrations in
December were approximately 30% higher than the July values.
These data, while limited, imply that soil gas values as shallow
as 2 ft below ground surface are not significantly affected by
dilution from the atmosphere and that seasonal variations in the
soil gas concentrations at depths of 2 ft below ground surface or
deeper are not large.

Below the building, radon concentrations increased consis-
tently with depth. This variation may be attributable to variations
in soif uranium content. Mose likely, the radon increase may re~
flect depth-dependent increases in soil moisture, which increases
the efficiency of radon emission or decreases in porosity with
depth. While the cause for this variation is unclear, it is relevant
to note that the radon concentrations adjacent to the building at a
depth of 2 ft or greater below ground surface are within a factor

Table 6a. Fertical concentration profiles below and adjacent to Okiahoma test building: Julv 2006*

Below building

Adjacent to building

Sample depth Radon {pCi/L) PCE (jugim®) TCE (g/m®) Radon (pCi/L} PCE {p.g/m*) TCE (1g/m?)
0.5ft 542 140 27 s — —

1 ft 540 GG 5 1i3 <470 <470

2 & 741 120 <.} 594 99 <4.7

31t 997 269 30 666 130 <2

4 ft 1306 43 i3 665 130 <i.2

*PCE, tetrachloroethene; TCE, trichloroethene.
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Table 6b. Verticgl concentration profiles below and adiacent to Hdahoma tese building: December 2006

Below building

Adjacent to building

Sample depth Radon (pCi/L) PCE (ug/m®) TCE (ug/m?) Raden (pCi/L) PCE (pg/m*) TCE (ug/m?)
0.5ft 193 23 — e —
i 391 43 <0.18 363 4,] <0.17
2ft 1068 59 <0.19 744 19 <0.18
3ft 1127 140 873 33 <0.17
44 1591 180 881 40 <0.18

*PCE, tetrachloroethene; TCE, trichloroethene.

of two above or below the concentration under the building at
the same depth implying that near-building soil gas data from
depths of 2 ft or deeper would have given a reasonable estimate
of the concentrations under the building,

At the three deeper sample points located adjacent to the
building (i.c., 2, 3, and 4 ft), the PCE concentration was within a
factor of two above or below the concentration measured directly
below the building (i.e., 0.5 ft below ground surface). Thus, at
depths where the radon concentration is not depressed, the PCE
conceniration was representative of that directly below the build-
ing. Atthe 2-ft depth interval, the TCE concentration was similar
below and adjacent to the building (i.e., non-detect). However,
below the building, TCE is detectable at both shallower and
deeper depth intervals. Groundwater is the only known source
of subsurface VOCs in the vicinity of this building and the rea-
son for the observed distribution of TCE below the building is
not clear,

Although this is a very limited data set, the results suggest
that the vertical radon concentration profile adjacent to a build-
ing may be useful for identifying the sample depth at which VOC
concentrations are most likely to be representative of VOC con-
centrations below the building. Although this sampling approach
would not eliminate the need to characterize spatial variability,
an absence of elevated VOO concentrations at multiple locations
adjacent 1o a building could be used to Justify a decision not to
sample within or below the building if the accompanying radon
analyses indicated that the lack of VOCs was not due to mixing
of soil gas with the atmosphere. The results obtained suggest
that additional study is warranted to validate this potential in-
vestigation approach.

Discussion

Radon measurements provide a simple, yet reliable method to
improve our understanding of vapor intrusion at sites with VOCs
present in the subsurface. The gas samples can be collected us-
ing a variety of storage containers including evacuated counting
cells, evacuated canisters or glass vials, and Tedlar bags. These
samples can be shipped to an offsite laboratory and can be stored
forup to 10 days without significant loss of sample integrity. For
indoor air samples, offsite analysis of gas samples provides re-
sults similar to those obtained from charcoal canjsters commonly
used for home radon testing,

Our results along with those of other researchers indicate that
radon is a sensitive tracer for the movement of soil £as across
a building foundation. Even in low radon concentration areas,
typical radon concentrations in soil gas are more than 1,000
times higher than typical ambient radon concentrations (.2 to
0.7 pCi/L). As a result, for buildings where no soi gas is moving
through the building foundations, the measured radon attenua.
tion factor will typically be <0.001 even without correcting for
ambient radon. Because very low concentrations of VOCs in
soil gas below a building foundation are considered a potential
health threat (USEPA, 2002), accurate methods are needed for
the site-specific evaluation of soil gas through building founda-
tions. Qur results indicate that radon measurements allow for
this site-specific evaluation of the soil gas to indoor air attenua-
tion factor and are less prone than some VOCs to confounding
by indoor or ambient sources. In addition, vertical profiles of
radon concentration in the soil gas may be useful for a variety of
other applications such as determining the appropriate sampling
depth for VOCs in soil gas adjacent to a buiiding.
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