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Notice

The information in this document has been funded wholly by the United States Environmental Protection
Agency under contract number EP-C-11-036 to the Research Triangle Institute. It has been subjected to
external peer review as well as the Agency’s peer and administrative review and has been approved for
publication as an EPA document. Mention of trade names or commercial products does not constitute
endorsement or recommendation for use.

Preface

This report entitled, “Assessment of Mitigation Systems on Vapor Intrusion: Temporal Trends,
Attenuation Factors, and Contaminant Migration Routes under Mitigated and Non-mitigated Conditions”
(EPA/600/R-13/241) is the second in a series of reports based on research performed to look at vapor
intrusion into a historical duplex in Indianapolis, Indiana. The research is being conducted to look at the
general principles of how vapors enter into this single residence.

The study was initiated in 2011 with the primary initial goal to investigate distributional changes in VOC
and radon concentrations in the indoor air, subslab, and subsurface soil gas from an underground source
(groundwater source and/or vadose zone source) proximal to a residence. Currently, the study has
extended more than 3.5 years in order to evaluate the effects due to seasonal variations on radon and VOC
vapor intrusion. As a result, a significant dataset has been generated that can be used to advance and
inform the understanding of vapor intrusion.

A series of at least four (4) reports are anticipated from the research at the Indianapolis duplex.

* The initial report entitled, “Fluctuation of Indoor Radon and VOC Concentrations Due to
Seasonal Variations” (EPA/600/R-12/673) examined the distributional changes in VOC and
radon concentrations in the indoor air, subslab, and subsurface from the ground water source into
a residence.

 This second report examines: (a) subsurface conditions that influence the movement of VOCs
and radon into the home; (b) effects of an installed mitigation system on VOC and radon
concentration into the residence; and (c) the influence of a winter capping event on vapor
movement into the home.

* The third report entitled, “Simple, Efficient, and Rapid Methods to Determine the Potential for
Vapor Intrusion into the Home: Temporal Trends, Vapor Intrusion Forecasting, Sampling
Strategies, and Contaminant Migration Routes” (EPA/600/R-15/XXX) will examine the use of
radon and other variables; such as weather data changes in temperature and differential pressure
between indoors and outdoors, as potential low-cost, easily monitored indicators of when to
sample for vapor intrusion events and when to turn on the mitigation system to reduce vapor
intrusion exposure to the residents. Select data trends through the years of study at this site are
also presented.

* The fourth report will provide information regarding the effectiveness of a soil vapor extraction
system in preventing vapor intrusion into the residence.

In general, because this work was conducted at a single residential duplex, it cannot be representative of
all sites and site conditions subject to vapor intrusion. However, it should be useful to compare the results
of this study of an older building in a temperate Midwest climate with other ongoing detailed studies,
such as the one conducted in a newer home in Layton, Utah for common threads that can be applied
across all vapor intrusion sites.
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A separate research report will be looking at the performance of passive sorbers for the monitoring of
vapor intrusion at multiples sites, including the Indianapolis duplex. It is anticipated that this report will
be released in late 2015.

It is anticipated that research will continue as new areas of scientific concern are identified and build on
the research that has been conducted to date. The publication of peer-reviewed journal articles on select
topics is also anticipated.
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1.0 Executive Summary

1.1 Contextin Overall Research Program

Vapor intrusion is the migration of subsurface vapors, including radon and volatile organic compounds
(VOCs),' in soil gas from the subsurface to indoor air. Vapor intrusion happens because there are pressure
and concentration differentials between indoor air and soil gas. Indoor environments are often negatively
pressurized with respect to outdoor air and soil gas, for example, from exhaust fans or the stack effect,’
and this pressure difference allows soil gas containing subsurface contaminant vapors to flow into indoor
air through advection. In addition, concentration differentials cause VOCs and radon to migrate from
areas of higher to lower concentrations through diffusion, which is can lead to vapor intrusion.

While vapor intrusion investigations have been ongoing for many years, several issues still remain. Vapor
intrusion site investigation costs are driven higher by the need for multiple samples per structure to
characterize the commonly observed spatial and temporal variability in indoor, subslab, and deep soil gas
concentrations. However, relatively few vapor intrusion assessment data sets have been published that
include both long-term monitoring and high-frequency sample collection for VOCs. Temporal variability
in VOC concentrations in indoor air is expected to be driven by variation in barometric pressure, house
operations, temperature, water table, and soil moisture. These phenomena have known but irregular
cycles on multiple time scales.

Subslab depressurization (SSD) is the predominant technology used for mitigating vapor intrusion.
Design practices for SSD systems have been adapted essentially verbatim from radon mitigation
experience. Few highly detailed long-term data sets have been published from tests of the effectiveness of
SSD mitigation systems on indoor air VOC concentrations from vapor intrusion.

1.2 Purpose and Objectives

The main initial goal of this project was to investigate distributional changes in VOC and radon
concentrations in the indoor air, subslab, and subsurface soil gas from an underground source
(groundwater source and/or vadose zone source) proximal to a residence. The time frame of this study
was more than 2.5 years in order to evaluate the effects due to seasonal variations on radon and VOC
vapor intrusion. Because this work was conducted at a single residential duplex, it cannot be
representative of all sites and site conditions subject to vapor intrusion. However, it should be useful to
compare the results of this study of an older building in a temperate mid-West climate with other ongoing
detailed studies, such as the one conducted in a newer home in Logan, Utah (Johnson et al., 2012; Holton
et al., 2013) for common threads that can be applied across all vapor intrusion sites.

We reported previously on our results from studies conducted in 2011-2012 prior to mitigation testing
(U.S. Environmental Protection Agency [EPA], 2012a). Here we report primarily new results of studies
conducted in 2012-2013, additional analyses of temporal variability encompassing the entire data set
collected, and the results of continuing research on six objectives initially established for the previous
(U.S. EPA, 2012a) research effort:

"Mercury in certain forms is sufficiently volatile and toxic to pose a vapor risk, but mercury vapor investigations are very site
specific and much rarer than those addressing VOCs and radon. As a result, mercury vapor intrusion is not discussed further in
this document.

’The stack effect is the movement of air into, upwards, and out of buildings, chimneys, flue gas stacks, or other containers
resulting from indoor/outdoor air density differences due to temperature and moisture gradients between indoor and outdoor air.
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1. Identify seasonal fluxes in radon and VOC concentrations as they relate to a typical use of
heating, ventilation, and air conditioning (HVAC) in the building.

2. Establish relationship between subslab/subsurface soil gas and indoor air concentrations of VOCs
and radon.

3. Determine the relationship of radon to VOC concentrations in, around, and underneath the
building.

4. Characterize the near-building environment sufficiently to explain the observed variation of
VOCs and radon in indoor air.

5. Determine whether the observed changes in indoor air concentration of volatile organics of
interest can be mechanistically attributed to changes in vapor intrusion.

6. Evaluate the extent to which groundwater concentrations and/or vadose zone sources control soil
gas and indoor air VOC concentrations at this site.

New objectives established for the 2012-2013 studies include the following:

= Better define the particular subsurface conditions that influence the movement of VOCs and
radon into this home. These conditions were expected to include differences in air permeability
on a spatial scale of 1 to 20 ft in the vadose zone beneath and immediately adjacent to the
structure, along with information on potential preferential pathways and conditions beneath the
foundation slab.

= Design, install, and monitor a mitigation system based on the predominant vapor intrusion
mitigation technology—SSD. We wish to determine how well the mitigation system worked in
reducing indoor radon and VOC concentrations for this particular well-studied duplex.

= Capture a winter snow/ice capping event to monitor its influence on radon and VOC vapor
movement into the home.

Because this report is the second report in a series of four, it should be regarded as an interim field report
that provides results through the spring of 2013 along with initial information on the performance of the
mitigation system at the duplex. Additional studies and reports are in progress that will test some of the
associations developed from this study and provide longer term tests of mitigation system performance.
As a result, interpretations and conclusions drawn in this report are subject to change as additional
information and insights are gained on vapor intrusion processes at this duplex.

1.3 Methods

This study was conducted at a highly instrumented pre-1920 residential duplex. The house was devoid of
potential indoor VOC sources, but one half of the structure was operated as if occupied (provision of
heating and cooling). To characterize the basement of this residential duplex, serving as a vapor intrusion
research house, several sampling devices have been installed: seven conventional subslab ports, four ports
similar to conventional subslab ports, seven external nested soil gas points (5 depths per point), and five
nested soil gas points below the basement (4 depths per point). This provides for collection of an
unusually comprehensive data set to formulate three-dimensional visualizations of seasonal VOC
concentrations.

In our overall study design, we used weekly measurements to observe our dependent variable—indoor air
concentration. We expected the indoor air concentration to depend on the flux from vapor intrusion from
soil gas. Our dependent variable is thus controlled by a series of independent variables with different time
cycles that affect the vapor intrusion process, including air temperature, barometric pressure, wind, soil
moisture, soil temperature, groundwater level, and HVAC operation. In the course of this study, we
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monitored or measured most of these independent variables or their surrogates and different frequencies
balancing on the general desire for continuous measurements against logistic considerations.

The strategy for the SSD mitigation system installation was to select an experienced radon and VOC
mitigation contractor and ask them to perform a “typical” active SSD system installation but with greater
documentation and reporting for the research purpose. We also added some additional valves and
sampling ports to the “typical” system to facilitate much more intensive monitoring than is usually
conducted for an SSD mitigation system designed for radon.

Figure 1-1 shows the various types of samples and sampling frequency employed for each across this
study. The more continuous variables (shown with black lines) are used in time series analysis in Sections
9 and 10. With respect to radon measurements, continuous measurements (weeklong electrets or
continuous AlphaGUARD data) were taken for indoor air, while short-term grab samples were used to
characterize soil gas. Similarly, the primary VOC measurements were weeklong Radiello samples (for the
entire project) and continuous measurements with an on-site gas chromatograph (GC) (during critical
project phases) for indoor air, with TO-17 grab samples to characterize soil gas on a weekly basis.
Meteorological, observational, and pressure differential (Setra) data were collected essentially
continuously during the entire project.

1.4 Conclusions

As noted above, this document is a field report updating results of a study in progress. Because
measurements and analyses are ongoing and future work is planned to test the validity of some of the
correlations and conclusions drawn at this point in the project, the results should be regarded as
preliminary and subject to change in the third and fourth reports of this series.

1.4.1 Conceptual Site Model: VOC Data

Although chloroform was detected in groundwater, the currently measured concentrations were too low to
account for the peak chloroform concentrations observed in soil gas. This suggests that there may be

(1) other sources of chloroform such as combined sewers® or drinking water mains* that leak below grade,
(2) higher groundwater concentrations at some locations near the site, or (3) chloroform mass stored in
the vadose zone from a historic release. For PCE, the results indicate a groundwater source, but the
narrow range of variability in PCE concentrations over time make it unlikely that variability in
groundwater concentrations is the only source of the observed changes in soil gas or indoor air
concentrations observed in this study. The variability in indoor air PCE concentrations is also influenced
by subsurface, building-related, and meteorological variables. The potential that other sources of PCE
may exist in the vadose zone or combined sewer lines cannot be ruled out at this point.

1.4.2 Mitigation System Performance—Radon

The mitigation system installed in the duplex met or exceeded all conventional performance tests as well
as more comprehensive tests involving pressure differentials and continuous indoor radon monitoring.
Radon reductions greater than 90% were observed, and all measured radon levels were below 4 picocuries
per liter (pCi/L) with the mitigation system on.

3Chloroform can form in sewers that receive bleach-containing products.

4Groundwater chloroform concentrations at this duplex are lower than the mean and peak drinking water concentrations for
Indianapolis (19 ppb and 82 ppb).
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1.4.3 Mitigation System Performance—VOCs

The mitigation system did not perform as well with VOCs as it did with radon. During 7 months of
mitigation system operation, immediate VOC reductions in indoor air were observed but the system only
achieved a reduction of just over 60% of VOC indoor air concentrations before mitigation. However,
additional decreases in indoor VOC levels were observed near the end of the monitoring period reported
in this document (May 2013). During these periods of mitigation system operation, the system was also
observed to increase soil gas levels below the slab and at depth below the duplex, suggesting that VOCs
are being redistributed by the mitigation system and that soil gas concentrations close to the building may
be enhanced by drawing higher concentrations of VOCs from greater depths. In addition, several snow
events corresponded to increases in indoor air VOC levels during mitigation that were not observed for
radon.
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Figure 1-1. Temporal coverage of data sets collected (red line indicates the cutoff date for this
report).

Dots represent discrete sampling events. Bars represent continuous sampling methods. The red line indicates the cutoff date for

data used in this study (May 2013). TO-15 is a summa cannister sampler; TO-17 is an active (pumped) sorbent tube sampler;

SKC 575 and Ultra III are badge-style passive sorbent samplers; Setra is a differential pressure measurement device; GC = gas

chromatograph; Electret and AlphaGUARD are radon measurement devices; Cts = continuous. See Section 3 for additional
information on measurements and methods.

1.44  Meteorological Effects on Vapor Intrusion

To assess the relationship between meteorological parameters and vapor intrusion, we used visual
examination of temporal trends in stacked plots of indoor air, soil gas, and subslab concentration data
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along with quantitative time series methods. Results from these lines of evidence are summarized in
Table 1-1. In summary, the data suggest that multiple meteorological variables likely interact in complex
ways to affect VOC vapor intrusion at this duplex.

As expected, based on stack effects, cold temperatures contributed to greater vapor intrusion. This was
expected from knowledge of the stack effect mechanism. The evidence also indicates that both snowfall
and snow/ice accumulation can increase VOC vapor intrusion, although this effect may be absent for
radon and is complex for VOCs. Snow varies in moisture content and; thus, air permeability from one
snow event to another and as a snow accumulation ages over time. There is relatively little evidence of
rain effects on VOCs, but there is evidence suggestive of a rain effect on radon. Barometric pressure
change appears to have effects on radon and probably VOCs, although the interactions are complex and
additional work on the time series data is needed to determine how best to analyze the effects of
barometric pumping on vapor intrusion in the duplex. There also is evidence of an association between
winds from westerly directions with vapor intrusion in the 422 portion of the duplex, but the evidence for
an effect of wind velocity is equivocal. Additional study is needed to assess how to best model the
complex interactions between meteorological variables and vapor intrusion at this site, as well as to see
how different meteorological and building conditions can lead to different results at other sites.

1.4.5 Preferential Pathways and Conceptual Site Model: Helium Tracer and
Geophysical Tests

Four helium tracer tests performed pairwise with common subsurface injection locations yielded similar
overall patterns of tracer distribution in soil gas outside the building with and without mitigation system
operation. The variability between paired tests (mitigation on and mitigation off) was more pronounced
beneath the building where the mitigation system would have been expected to have the most significant
influence on airflow. The similar patterns between tests performed in different subsurface areas (i.e.,
different injection points) suggest control by common features of soil stratigraphy or the building
envelope. Helium tracer concentrations suggest easy horizontal migration toward the building over
distances of up to 20 ft and rapid vertical migration from 13 ft to 6 ft bls at the injection cluster. However,
lower helium concentrations at certain ports suggest subsurface heterogeneity and preferential flow paths
that could not be fully mapped with only the four tests conducted.

Geophysical tests confirmed the location of many known features in and around the duplex, including the
shallow, moist silty clay layer overlying the deeper sand/gravel outwash layer and the shallower (7-7.5 ft
bls) silt/clay layer. Ground penetrating radar (GPR) results suggest that the concrete slab varies from 0.5
to 0.7 ft in thickness with an irregular undulating contact with the underlying fill material and resulting
gaps where soil gas may pool or move preferentially.
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Table 1-1. Summary of Lines of Evidence for Meteorological Factors Influencing Vapor Intrusion in This Study (Blank cells reflect types
of analysis not completed for a given parameter)

Cold Exterior Rain .
Snow or Ice Barometric : :
Snowfall Accumulation Tempera_\tures (or Ev_entsl Pressure West. L2 High W_md
Substantial Change Rainfall NW Winds | Velocity
on Ground p Changes
in temperatures) Amount
Apparent Temporal Association with Possibly for
VOC Concentrations in Indoor Air Yes Yes Yes chlorofzrm
(Section 6, also EPA 2012a)
Apparent Temporal Association with
VOC Concentrations in Wall Ports Yes Yes Weak Some
or Subslab Ports (Section 6)
Apparent Temporal Association with |  Yes in . . .
. - . Yesinsome | Yesinafew | Yes in afew
Large Subslab to Indoor Differential some Yes in some cases
; cases cases cases
Pressure Events (Section 9.1) cases
Apparent Trend in XY Graph of.
Meteorological Parameter vs. Yes No Yes No
Subslab/Indoor Differential Pressure
(Section 9.1 and EPA 2012a)
Apparent Trend in XY Graph of — Yes for No for PCE,
Meteorological Parameter vs. VOC Yes for PCE, not definitive Yes No. clear. Not definitive | PCE, No for Yes for
. . for chloroform relationship
Concentration (Section 9.2) chloroform | chloroform
. . . NoO
Correlation with Radon in
Quantitative Time Series Analysis No Yes in most analvses Yes in some | Yesin most Yes in some
(sections 10.1 to 10.4); 422 Y analyses analyses analyses
Basement and Office
Correlation with Chloroform in Yes in one of two cases with
Quantitative Time Series Analysis opposite signs for the Yes No Yes in some
(Sections 10.5 and 10.7); 422 coefficients of the current analyses
Basement and past weeks.
Correlation with PCE in Quantitative Yes in one of two cases but Yes, although
Time Series Analysis (Sections 10.6 . XP y coefficients are both No Yes No No
negative coefficient for the " .
and10.8), 422 Basement current week positive and negative
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1.4.6 Temporal Variability and Trends

PCE levels in indoor air follow the general trend of starting higher at the beginning of the project (January
2011), dropping to a low in early summer, and rising slightly and leveling out through the end of the
intensive premitigation study period (February 2012). This general trend was attributed primarily to
temperature, because the winter of 2010—2011 was much more severe than the winter of 2011-2012.

During mitigation testing, which began in October 2012, radon dropped quickly with mitigation and
remained low, while indoor air PCE concentrations first dropped then rose to levels above those observed
in the March 2011 to September 2012 time period (see February and March period in Figure 1-1). Given
that soil gas levels also tended to rise at times during mitigation, we postulate that VOCs can be moved
close to the structure either by a cumulative stack effect during a severe winter or by operation of an SSD
mitigation system. It is unknown whether this VOC migration effect toward the slab will be common at
sites with other geological formations or contaminant distributions or whether it would continue to occur
at this site with longer operation of the mitigation system. Because our mitigation testing included several
on-off cycles over one winter, we also do not know whether more substantial reductions in indoor air
VOC concentrations would be achieved with continuous operation of the SSD mitigation system.
However, spatial patterns changed dramatically when mitigation was operating, indicating that at least
during initial operation the mitigation system was influencing both soil gas and indoor air concentrations.

1.4.7 Summary

These results suggest that current chemical vapor intrusion mitigation system designs, based on radon
systems experience, may produce designs that are highly effective for radon but not as effective for
VOCs, at least during the initial months of system operation. This finding suggests a need for longer term
confirmation of post-mitigation VOC concentrations and replication of this study’s findings in other
environments. Specifically, buildings of other ages/designs in conditions similar to this (15 to 20 ft to
groundwater, moderate strength source, and coarse deep geology) should be tested. This finding should
also prompt more intensive studies of long-term mitigation system performance in commercial buildings
and in other geographies. The current trend of TCE being managed based on short-term exposure
thresholds provides additional impetus for such studies, because radon and other VOCs are not usually
managed based on short-term health effects.

The results reported here provide little support for the common guidance that vapor intrusion sampling
must be timed around rain events greater than one half inch. While there may have been some effects on
vapor intrusion of major seasonal flooding events that changed the local water table by approximately 5
ft, there was not any apparent effect on indoor air concentrations from more moderate rain events. The
results reported here do suggest that snow events, snow cover, and/or frozen soils may temporarily
increase vapor intrusion.
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Figure 1-2. Indoor air concentrations of PCE (top panel) and radon (middle and bottom panels)
with mitigation on (black bars), passive mitigation (no fan, gray bars), and mitigation
off (no bar). Snow and frozen ground events are indicated by blue bars and red dots.

A large number of variables have been shown here to most likely have an interactive effect on VOC vapor
intrusion, including cold temperatures, snow/ice, barometric pressure, and wind direction. Practitioners
should thus expect to not be able to explain in detail temporal patterns drawn from small data sets (for
example, three or four rounds of VOC sampling). However, after results from this study are confirmed in
studies of other buildings, it may be possible to develop recommendations to guide selection of “near
worst case” indoor air sampling conditions for specific sites based on each site’s known characteristics
such as climate, stratigraphy, and source characteristics.
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2.0 Introduction

Vapor intrusion is the migration of subsurface vapors, including radon and volatile organic compounds
(VOC:s), in soil gas from the subsurface to indoor air. Vapor intrusion happens because there are pressure
and concentration differentials between indoor air and soil gas. Indoor environments are often negatively
pressurized with respect to outdoor air and soil gas, for example, from exhaust fans or the stack effect,’
and this pressure difference allows soil gas containing subsurface contaminant vapors to flow into indoor
air through advection. In addition, concentration differentials cause VOCs and radon to migrate from
areas of higher to lower concentrations through diffusion, which is another cause of vapor intrusion.

For VOC:s, the vapor intrusion exposure pathway extends from the contaminant source, which can be free
product (nonaqueous phase liquids or NAPLs), VOCs sorbed to the geologic matrix, or contaminated
groundwater, to indoor air exposure points. Contaminated matrices may include groundwater, soil, soil
gas, and indoor air. VOC contaminants of concern typically include halogenated solvents such as
trichloroethene (TCE), tetrachloroethene (PCE), chloroform, and the degradation products of TCE and
PCE, including dichloroethenes and vinyl chloride. These halogenated VOCs were widely used and are
toxic and degrade very slowly in the subsurface, making them priority contaminants of concern through
the vapor intrusion exposure pathway at many hazardous waste sites nationwide. Petroleum
hydrocarbons, such as the aromatic VOCs of benzene, toluene, ethylbenzene, and xylenes (BTEX), are
also contaminants of concern for vapor intrusion, but because they degrade much more readily in the
subsurface, they are much less likely to lead to a vapor intrusion problem (U.S. Environmental Protection
Agency [U.S. EPA], 2012p).

Radon is a colorless radioactive gas that is released by radioactive decay of radionuclides in soil, where it
migrates into homes through vapor intrusion in a similar fashion to VOCs. Radon is high in areas where
the radioactive precursors to radon occur at relatively high concentrations in soil (as with the subject
house of this investigation) and affects many more homes across the United States than halogenated
VOCs. Low-cost testing and effective mitigation methods are available for radon, and the radon exposure
pathway has been studied extensively by EPA and other organizations and thus contributes to a
conceptual understanding of the vapor intrusion process.

VOC vapor intrusion is less well studied than radon and is the primary focus of this research project. In
particular, the study focuses on halogenated VOCs, which are relatively recalcitrant (resistant) to
biodegradation in aerobic soils and groundwater (with typical half-lives of a year or more; Howard et al.,
1991); in contrast, radon has a radioactive half-life of about 3.8 days (Cohen, 1971). Of the two primary
VOC:s subject to investigation under this project, PCE is generally considered quite recalcitrant, with an
aerobic half-life in groundwater of 1 to 2 years (Howard et al., 1991). Studies of chloroform
biodegradation under aerobic conditions are mixed, with some showing recalcitrance (e.g., a 0.2- to 577
year half-life in Howard et al., 1991) and others showing moderate cometabolic biodegradation with
methylene chloride and chloromethane as sequential degradation products (Air Force Center for
Environmental Excellence [AFCEE], 2004; Agency for Toxic Substances and Disease Registry
[ATSDR], 1997).

Current practice for evaluating the vapor intrusion pathway involves a multiple line of evidence approach
based on direct measurements in groundwater, external soil gas, subslab soil gas, and/or indoor air.
Modeling approaches ranging from simple constructs, such as attenuation factors to one-dimensional
models to three-dimensional models, are frequently used as an aid to data interpretation and predictive

The stack effect is the overall upward movement of air inside a building that results from heated air rising and escaping through openings in the
building super structure, thus causing an indoor pressure level lower than that in the soil gas beneath or surrounding the building foundation
(http://www.epa.gov/iag/glossary.html).
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tool. No single line of evidence is considered definitive, and direct measurements can be costly, especially
where significant spatial and temporal variability require repeated measurements at multiple locations to
assess the chronic risks of long-term VOC exposure accurately.

The main focus of this report is to better characterize this variability by collecting a detailed long-term
data set of week-long measurements of subslab soil gas, external soil gas, and indoor air, on a single
building that is affected by vapor intrusion of radon and VOCs. By examining both short-term and long
term (average annual) concentrations, the project provides valuable information on how to best take and
evaluate measurements to estimate long-term, chronic risk for VOCs. Special attention was paid to
snow/ice events and flooding events as potential causes of dramatic temporal variability. We then
implemented a common mitigation technology—subslab depressurization (SSD)—to evaluate the
effectiveness of this approach as a tool for reducing indoor concentrations and the temporal variability.
Radon concentration fluctuations were also measured because if radon can be shown to indicate when
there is a potential for chemical (i.e., VOC) vapor intrusion, radon, which is much cheaper to measure
than VOCs, could be an important tool in improving the investigation and mitigation of chemical vapor
intrusion using SSD. In addition, there is much research on radon intrusion into indoor air that could
provide valuable lessons for chemical vapor intrusion.

The study reported here is an extension of work conducted and published in a previous report (U.S. EPA,
2012a). The earlier study examined the:

= passive sorbent performance over various timescales,

= an evaluation of the usefulness of soil gas samples taken externally to the building,

= heating, ventilation, and air conditioning (HVAC) system cycles,

= the use of temporary vs. permanent subslab ports, and

® induced depressurization within a building as a vapor intrusion evaluation strategy (fan testing).

The previous study helped define additional research questions addressed in this study such as the:

= gpecific geologic and anthropogenic features that influence contaminant transport in this specific
case (and by implication may be important in other similar urban neighborhoods),

= relative role of groundwater and vadose zone sources, and

= control of radon and VOC vapor intrusion variability through SSD mitigation.

In addition to the effects of installing and operating an SSD mitigation system on VOC and radon levels
in soil gas and indoor air, the new research report provides additional research on the effect of snow and
frozen ground cover on vapor intrusion, as well as a longer term data set. For topics where significant new
data were obtained after September 2012, we interpret the new evidence in conjunction with that reported
previously.

2.1 Background

An overview of the VOC vapor intrusion pathway is shown in Figur e 2-1; the building in which exposure
occurs is shown in the center. Three main routes of VOC migration have been defined:

*  Movement of VOC vapors from shallow soil sources through the unsaturated (vadose) zone

» Transport of VOCs through groundwater, followed by partitioning of VOCs from the most
shallow layer of groundwater into vadose zone soil gas

» Vapor movement through preferential pathways such as utility corridors
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In portions of these three routes, advective forces predominate, and in others diffusive forces dominate
transport. The final step of vapor intrusion typically involves soil gas moving from immediately below
the building slab into the indoor air, which is normally envisioned as an advective process for most slabs,
although it may be diffusive with very well-sealed slabs. This subslab space is often significantly more
permeable than the bulk vadose zone soil, either because a gravel drainage layer was intentionally used or
the soils have shrunk back from the slab in places. In those cases, the subslab space is expected to serve as
a common plenum allowing the lateral mixing of VOCs that reach the building through multiple
pathways. In other cases, the subslab space may not be so interconnected, resulting in differing subslab
VOC concentrations at different locations across the slab.

Viksler Tatile W

Figure 2-1. An overview of important vapor intrusion pathways (U.S. EPA graphic).

It has been argued that in addition to the average advective force, there is an important and even dominant
role in transport under some conditions (such as high permeability) for the fluctuating element of the
pressure field, which, like diffusion, contributes to the movement of mass from high to low concentration
zones (Robinson and Sextro, 1997; Robinson, Sextro and Fisk, 2007; DeVaull 2012, 2013).

Vapor and liquid transport processes and their interactions with various geologic and physical site settings
(including building construction and design), under given meteorological conditions, control migration
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through the vapor intrusion pathway. Variations in building design, construction, use, maintenance, and
subslab composition and temporal variation in meteorological factors (e.g., atmospheric pressure,
temperature, and precipitation and its infiltration) all influence vapor intrusion. Utility corridors, such as
the backfill around water lines or partially full sanitary or combined sewers, can provide routes of
preferential migration through the vadose zone. Advective flow into a building can occur through cracks
in the floor, below grade walls, or at incompletely sealed utility penetrations in the building envelope. NJ
DEP (2013) summarizes other important factors that can affect vapor intrusion at many sites:

=  Dbiodegradation of VOCs as they migrate in the vadose zone,
®  site stratigraphy,

= soil moisture and groundwater recharge,

= fluctuations in water table elevation, and

= temporal and inter-building variations in the operation of ventilation systems in
commercial/industrial buildings.

These and other factors combine to create a complex and dynamic system controlling vapor intrusion at a
particular site.

This project explored and further developed several promising cost-effective techniques to evaluate the
vapor intrusion pathway and improve data quality. Two primary tools were investigated: (1) using
modified sorbent-based measurement techniques for time-integrated measurements of indoor air VOCs
and (2) using radon measurements for assessing VOC vapor intrusion. The project also investigated
measurements of pressure differentials (subslab vs. indoor), meteorological conditions, crack size, and air
exchange rates in the context of the chemical-specific measurements described above. These physical
measurements are not stand-alone tools nor are they the emphases of the current research program, but are
necessary supporting tools for developing a conceptual understanding of spatial variability, temporal
seasonal effects, and a mass balance around a building subject to vapor intrusion.

211 Variability in Vapor Intrusion Studies

This project focused on observing changes in vapor intrusion over a >2-year period both with and without
SSD mitigation. In order to express quantitatively our goals for this project, it is necessary to understand
the causes and typical ranges of spatial and temporal variation in various matrices studied for vapor
intrusion assessment.

Through measurements of radon and VOC vapor intrusion under various conditions, several studies have
provided insight into the complexity of temporal variability in indoor air concentrations attributable to
vapor intrusion—the primary focus of this work. Nazaroff et al. (1987) studied how induced-pressure
variations can influence radon transport from soil into buildings with roughly hourly resolution. In a more
recent study, Mosley (2007) presented the results of experiments, showing that induced building-pressure
variations influence both the temporal and spatial variability of both radon and chlorinated VOCs
(CVOCs) in subslab samples and in indoor air (hourly sampling for radon). Schuver and Mosley (2009)
have also reviewed numerous studies of radon indoor concentrations, in which multiple repeated indoor
air samples were collected with hourly, daily, weekly, monthly, 3-month, and annual sample durations for
study periods of up to 3 years; however, detailed soil gas radon data sets are much rarer.

Several radon studies have demonstrated that barometric pressure fluctuations can affect the transport of
soil gas into buildings (Robinson and Sextro, 1997; Robinson et al., 1997). The impact of barometric
pressure fluctuations on indoor air is influenced by the interaction of the building structures and
conditions, as well as other concurrent factors, such as wind (Luo et al., 2006, 2009). Changes in
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atmospheric conditions (e.g., pressure, wind) and building conditions (e.g., open doors and windows) may
temporarily over- or under-pressurize a building. Based on long-term pressure differential data sets
acquired by ARCADIS and EPA’s National Risk Management Research Laboratory (NRMRL) at a
different Indianapolis study site (the Wheeler building) at which both radon and VOCs are being
measured in both subslab and indoor air, other factors that may cause temporal and spatial variability in
soil vapor and indoor air concentrations include:

= fluctuation in building air exchange rates due to resident behavior/HVAC operations,
= fluctuations in outdoor/indoor temperature difference, and
= rainfall events and resultant infiltration and fluctuations in the water table elevation.

The pressure difference between a house-sized building and the surrounding soil is usually most
significant within 1 to 2 m of the structure, but measurable effects have been reported up to 5 m from the
structure (Nazaroff et al., 1987). Temperature differences or unbalanced mechanical ventilation are likely
to induce a symmetrical pressure distribution in the subsurface, but the wind load on a building adds an
asymmetrical component to the pressure and distribution of contaminants in soil gas.

Folkes et al. (2009) summarized several large groundwater, subslab, and indoor air data sets collected
with sampling frequencies ranging from quarterly to annually during investigations of vapor intrusion
from chlorinated VOC plumes beneath hundreds of homes in Colorado and New York. They analyzed
these data sets to illustrate the temporal and spatial distributions in the concentration of VOCs. Their
analysis demonstrated that although the areal extent of structures affected by vapor intrusion mirrored the
plume of chlorinated VOCs in groundwater, not all structures above the plume were affected. It addition,
they found that measured concentrations of VOCs in indoor air and subslab soil gas can vary considerably
from month to month and season to season, and that sampling results from a single location or point in
time cannot be expected to represent the range of conditions that may exist spatially or at other times.

In a study of the vapor intrusion pathway at the Raymark Superfund site, DiGiulio et al. (2006) showed
that measured concentrations of CVOC:s in subslab exhibited spatial and temporal variability between
neighboring houses and within individual houses. Similar variability in subslab CVOC concentrations
within and between houses has been observed during vapor intrusion evaluations of several sites in New
York State (Wertz and Festa, 2007).

In scenarios with coarser soils (e.g., sands, gravels), the soil gas permeability is high, and changes in
building pressurization may affect the airflow field and the resultant soil vapor concentration profiles near
buildings. In scenarios with fine-grained soils (e.g., silts, clays), the soil gas permeability is low and soil
gas flow rates (Qs) may be negligible and not affect the subsurface concentration. Nevertheless, in both
soil-type scenarios, over-pressurization of the building may still significantly reduce the indoor air
concentration because of the reversal of soil gas flow direction from the building into the soil (Abreu and
Johnson, 2005, 2006).

A wind-induced, non-uniform pressure distribution on the ground surface on either side of a house may
cause spatial and temporal variability in the subslab soil vapor concentration distribution if the wind is
strong and the soil gas permeability is high (Luo et al., 2006, 2009). In addition, during or after a rainfall
event, the subsurface beneath the building may have a lower moisture content than the adjacent areas
because of water infiltration.

2.1.1.1 Spatial Variability

Spatially, reports of several orders of magnitude variability without apparent patterns between indoor air
and subslab concentrations for adjacent structures in a neighborhood are very common (see, for example,
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U.S. EPA, 2012c). Six orders of magnitude in subslab concentration variability were reported by Eklund
and Burrows (2009) for a commercial building of 8,290 sq ft. As shown in Figure 2-2, Schumacher and
coworkers (2010) observed more than three orders of magnitude concentration variability in shallow soil
gas below a slab over a span of 50 lateral feet, suggesting a strong effect of impervious surfaces both in
limiting soil gas exchange with the atmosphere and in maintaining relatively high concentrations of
VOCs in shallow groundwater. They also observed two orders of magnitude concentration variability
with a depth change of 10 ft in the unsaturated zone within one borehole. Although these publications,
unlike this study, are for larger nonresidential properties, they do support the general conclusion that
spatial variability can be over several orders of magnitude at vapor intrusion sites.

Lee and coworkers (2010) observed two orders of magnitude variability in subslab concentration beneath
a small townhouse. Studies by McHugh and others (2007) have generally found markedly less variability
in indoor air concentrations than in subslab concentrations, probably due to the greater degree of mixing
in the indoor environment.
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Figure 2-2. Soil gas and groundwater concentrations below a slab (Schumacher et al., 2010).
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2.1.1.2 Temporal Variability

Temporal variability has been summarized by ITRC (2007),
which states in Section D.4.10:

Temporal Variability Example:
IBM site, Endicott, New York

Variations in soil gas concentrations due to temporal effects are Recentdata from a large site in

L S o Endicott, New York, collected over a
pr.mq pally due tq temperature char]g(.as, precipitation, .and activities 15-month period showed soil gas
within any overlying structure. Variations are greater in samples taken concentration variations ofless than
close to the surface and dampen with increasing depth. In 2006 there a factor of 2 at depths greaterthan
were a number of studies on temporal variation in soil gas 5 feetbls.

concentrations, and more are under way or planned in 2007 by USEPA

and independent groups. To date these studies have shown that short-term variationsin soil gas concentrations at
depths 4 feet or deeper are less than a factor of 2 and that seasonal variationsin colder climates are less than a
factor of 5 (Hartman 2006). Larger variations may be expected in areas of greater temperature variation and
during heavy periods of precipitation, as described below.

Temperature. Effects on soil gas concentrations due to actual changesin the vadose zone
temperature are minimal. The bigger effect is due to changes in an overlying heating or
HVAC system and the ventilation of the structure due to open doors and windows. In colder
climates, worse-case scenarios are most likely in the winter season. The radon literature
suggests that temporal variationsin soil gas are typically less than a factor of 2 and that
seasonal effects are less than a factor of 5. If soil gas values are more than a factor of 5
below acceptable levels, repeated sampling is likely not necessary regardless of the season.
If the measured values are within a factor of 5 of allowable risk levels, then repeated
sampling may be appropriate.

Precipitation. Infiltration from rainfall can potentially impact soil gas concentrations by
displacing the soil gas, dissolving VOCs, and by creating a“ cap” above the soil gas. In
many settings, infiltration from large storms penetrates into only the uppermost vadose zone.
In general, soil gas samples collected at depths greater than about 3-5 feet bgs or under
foundations or areas with surface cover are unlikely to be significantly affected. Soil gas
samples collected closer to the surface (<3 feet) with no surface cover may be affected. If the
moisture has penetrated to the sampling zone, it typically can be recognized by difficulty in
collecting soil gas samples. If high vacuum readings are encountered when collecting a
sample or drops of moisture are evident in the sampling system or sample, measured values
should be considered as minimum values.

Barometric Pressure. Barometric pressure variations are unlikely to have a significant effect
on soil gas concentrations at depths exceeding 3-5 feet bgs unless a major stormfront is
passing by. A recent study in Wyoming (Luo et al. 2006) has shown little to no relationship
between barometric pressure and soil gas oxygen concentrations for a site with a water
table at ~15 feet bgs.

In summary, temporal variationsin soil gas concentrations, even for northern climates, are minor compared with
the conservative nature of the risk-based screening levels. If soil gas values are a factor of 5-10 times below the
risk-based screening levels, therelikely is no need to do repeated sampling unless a major change in conditions
occurs at the site (e.g., elevated water table, significant seasonal changein rainfall)...
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And in Section D.8 of the same document, ITRC notes:

Short-term temporal variability in subsurface vapor intrusion occurs in response to changes in weather conditions
(temperature, wind, barometric pressure. etc.), and the variability in indoor air samples generally decreases as the
duration of the sample increases because the influences tend to average out over longer intervals. Published
information on temporal variability in indoor air quality shows concentrations with a range of a factor of 2-5 for
24-hour samples (Kuehster, Folkes, and Wannamaker 2004; McAlary et al. 2002). If grab samples are used to
assess indoor air quality, a factor of safety (at least a factor of 5) should be used to adjust for short-term
fluctuations before comparing the results to risk-based target concentrations. Long-term integrated average samples
(up to several days) aretechnically feasible, using a slower flow rate thisis the USEPA recommended approach for
radon monitoring). Indoor air sampling during unusual weather conditions should generally be avoided.

In Section D.11.8, ITRC goes on to discuss the effect of meteorological changes on vapor intrusion:

A variety of weather conditions can influence soil gas or indoor air concentrations. The radon literature suggests
that temporal variationsin the soil gas are typically less than a factor of 2 during a season and |less than a factor of
5 from season to season). Recent soil gas data from Endicott, New York and Casper, Wyoming are in agreement
with the radon results. For soil gas, the importance of these variables will be greater the closer the samples are to
the surface and are unlikely to be important at depths greater than 3-5 feet below the surface or structure
foundation.

The most frequent time interval of observation in routine vapor intrusion practice has been 8- to 24-hour
integrated samples. In this project, multiple durations of observation of indoor air concentrations were
compared, including automated discrete samples collected on 3-hour intervals and passive samples with
varying integration times: 24—48 hours, 7 days, 14 days, 28 days, 91 days, 182 days, and 364 days.

A team led by Paul Johnson (Johnson et al., 2012; Holton et al., 2013) reported more than 2 years of high
frequency observation of a home overlying a chlorinated solvent groundwater plume in Layton, Utah. At
the time of this report, key preliminary observations at that site with regard to temporal variability
included the following:

®  Indoor air variability in TCE of about three orders of magnitude was observed.

= The near-source data, such as deep soil gas, were more consistent in time than the near-surface
data sets such as subslab air or indoor air.

= The temporal trend was characterized by “long periods of relative VI inactivity with sporadic VI
activity” and “long periods of relative VI activity with sporadic VI inactivity” (Johnson, 2012).

= “24-h samples are not a very practicable option at the resolution required for robust VI pathway
assessment” (Holton, 2013).

2.1.1.3 Measurement Variability

Beyond spatial and temporal variability, the underlying uncertainty of the measurements used to assess
vapor intrusion must also be considered. Many measurements of vapor intrusion, both in indoor air and
subslab soil gas, have traditionally relied on Summa canister samples analyzed by methods TO-14/TO-15.
(U.S. EPA, 1999a, 1999b). Method TO-15 specifies an audit accuracy of 30% and a replicate precision of
25% as performance criteria. But even those figures do not fully convey the interlaboratory variability
observed for these methods when applied to the low concentrations typical of indoor air studies. As Lutes
and coworkers (2010) reported:

= “In two recent TO-15 or 8260 interlaboratory comparisons administered by the company ERA
for gas phase samples the acceptance range for tetrachloroethylene results were: 4.31-22.3 ppbv
(July—Sept 2009 study) and 31.6-74.1 pg/L (October—November 2007 study).”
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= “For comparison in a 2007 TO-14/TO-15 study conducted by Scott Specialty Gasses the reported
values for toluene reported by 12 labs varied from 3.1 to 18.6 ppbv.”

2.1.2  Vapor Attenuation Factors

One common way of evaluating the impact of subsurface vapors on indoor air quality is to compute the
ratio of indoor air concentration to subslab soil vapor concentration. EPA has defined the resulting
“attenuation factor” as follows: “The attenuation factor, a, is a proportionality constant relating indoor air
concentrations (Cindoor air) t0 the concentrations of vapors in soil gas (Csoil gas) Or groundwater (Cgroundwater)
concentrations.” For soil gas to indoor air, the equation is as follows:

Cindoor air = 0sG X Csoil gas.

For groundwater, a similar equation is used except that the dimensionless Henry’s Law Constant (H) is
used to convert the dissolved VOC concentration in groundwater to the corresponding equilibrium vapor
concentration:

Cindoor air = AGwW X Cgroundwater x H.

A larger o indicates less attenuation, and a smaller value indicates more attenuation. The greater the
attenuation factor, the greater the indoor air concentration.

Note that both of these equations assume that all of the indoor air VOC concentration (Cindoor air) 18 from
vapor intrusion. In many cases, this is not the case because of VOC-containing products in the indoor
environment. At this site, VOCs are not in use because the house is not occupied, so all VOCs over the
outdoor ambient air concentration can be attributed to vapor intrusion.

Within any one given site, the attenuation factors

= between groundwater and indoor air typically vary 2 to 3 orders of magnitude and

= between external soil gas and indoor air typically vary 2 to 4 orders of magnitude.

Subslab soil gas and indoor air typically vary 2 to 4 orders of magnitude (Dawson and Schuver, 2010).
EPA recently published a compilation of attenuation factor data (U.S. EPA, 2012c) that analyzes spatial
and temporal variability. Because the case with the most rounds of data discussed in the compilation as an
example of temporal variability has only six rounds, this report is expected to provide a valuable addition
to the literature regarding attenuation factors in a residential structure.

21.3 Potential for Use of Radon as a Surrogate for VOC Vapor Intrusion

Radon, a naturally occurring radioactive gas, is a potentially useful surrogate for assessing VOC vapor
intrusion because the physics of radon intrusion into indoor air is similar to VOC vapor intrusion. Radon
is ubiquitous in the soil and present at measurable quantities in soil gas throughout the United States.
Indeed, much of the research in VOC vapor intrusion is an expansion of earlier work on radon intrusion.
Applications of radon as a VOC surrogate have been proposed for the following reasons (Lutes, 2009;
Mosley, 2007; Mosley, 2008; Schuver, 2009):

= Estimating attenuation factors, with the measured radon attenuation factor serving as a surrogate
for the attenuation that may be occurring for VOCs

= Screening of large populations of housing units/buildings, with the presence of radon above
ambient levels in indoor air serving as evidence of soil gas influence
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Use as a line of evidence to help distinguish indoor sources of VOCs where VOC indoor
concentrations are higher than would be inferred based on the radon attenuation factor. Also,
differing responses of radon and VOC:s to building pressurization/depressurization tests could be
used to assess the potential for indoor sources

Locating soil gas entry points, when higher radon readings are observed near entry points

Verifying SSD mitigation system performance based on the reduction of indoor air radon
concentrations during SSD system operation.

Radon provides a nearly unique surrogate for VOC vapor intrusion because its presence in the indoor
environment is usually a result of radon in the soil gas immediately surrounding a building. In theory, the
entry mechanisms are believed to be the same for VOCs and radon in soil gas. Thus, measured radon
entry rates should be a good predictor of relative entry rates for VOCs. The advantages of using radon as
a surrogate measure for VOC vapor intrusion characterization include:

Measurements of radon are easier, more accurate and precise, and much less expensive than
canister measurements of VOCs (typically less than 10% of the VOC analysis cost). Passive
indoor sampling for radon costs approximately $5 to $20 per sample. Active radon sampling
(indoor air and subslab) uses some of the same equipment and setup as for VOCs. This
minimizes sampling times and cost. Continuous measurement devices for radon are also
available ranging from consumer grade devices under $150 to professional grade instruments
under $10,000.

High levels of indoor radon identify buildings that are vulnerable to soil gas entry.

Because of the low sampling/analytical costs for radon, it is possible to conduct more field
measurements than with VOCs. This, in turn, can increase confidence in the field evaluation.

Because the SSD mitigation systems can be expected to behave similarly for radon and VOCs in
the vicinity of the building, radon measurements before and after installation of vapor intrusion
mitigation systems may be useful for assessing SSD mitigation system performance for VOCs as
well.

In summary, the limited data gathered to date suggest that radon measurement may be an inexpensive,
semi-quantitative surrogate for VOC measurement when characterizing vapor intrusion and may
significantly enhance vapor intrusion characterization and decision making, particularly when used in
conjunction with subslab sampling. However, several key aspects and assumptions of this approach need
to be verified before it can be put into widespread use. For radon to be a valuable surrogate for VOCs:

Radon detection in building interiors should be quantitatively possible across the wide range of
subslab concentrations encountered in the United States. Ideally these measurements can be
made with inexpensive passive methods (i.e., charcoal or electrets).

The radon route and mechanism of entry should be similar to that of VOCs of interest, once both
species are present in the subslab soil gas. This would imply that the subslab attenuation factors
for radon and VOCs are similar.

Variance in the natural vadose zone (unsaturated soil) radon concentration across a given
building footprint should be low enough to allow radon to be a useful indicator.

Concentrations of radon and the VOCs of concern should be well correlated in subslab soil gas.
This would not necessarily be expected based on the fact that radon and VOCs have different
sources. However, they may indeed be approximately correlated if the VOC(s) of interest and
radon are both widely dispersed in deep soil gas. In this case, the concentrations of both radon
and VOC:s at various locations in the subslab may be controlled primarily by the ratio of flow
from the deep soil gas to the flow from ambient air (in which both VOC and radon
concentrations would be expected to be low).
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= Interior sources of radon should be negligible.

The loss rates to sink effects in the indoor environment should be similar or negligible for radon and
VOC:s so that the air exchange rate forms the primary control on indoor air concentration once vapor
intrusion has occurred.

To our knowledge, this concept was first applied in a relatively small study (Cody et al., 2003) at the
Raymark Superfund Site in Connecticut. The study compared the intrusion behavior of radon and
individual VOCs by determining attenuation factors between the subslab and indoor (basement) air in 11
houses. The results indicated that the use of radon measurements in the subslab and basement areas was
promising as a conservative predictor of indoor VOC concentrations when the subslab VOC
concentrations were known. Further work at the Raymark site (U.S. EPA, 2005b) statistically compared
basement and subslab concentration ratios for radon and VOCs associated with vapor intrusion. Of six
test locations, three showed that basement/subslab concentration ratios for radon and VOCs associated
with subsurface contamination were similar. Three had statistically different ratios, suggesting that further
research was needed to evaluate the usefulness of radon in evaluating vapor intrusion. Conservative
VOC:s (those believed to be associated only with subsurface contamination) were a better predictor of
other individual volatile compounds associated with vapor intrusion than was radon.

A three-building complex, commercial case study of the radon tracer approach was published by Wisbeck
et al. (2006). Radon and indoor air attenuation factors were calculated for five sampling points and were
generally well correlated. Subslab radon concentrations varied by approximately a factor of 10 across the
five sampling points.

Results of an earlier test program at Orion Park Housing units at Moffett Field have been preliminarily
reported (Mosley, 2007). Results showed:

= Low levels of radon can be measured with sufficient accuracy to be used in analysis of vapor
intrusion problems.

= Radon is a promising, low-cost surrogate for soil gas contaminants; however, as with VOCs
themselves, the complete distribution under the slab must be known in order to properly interpret
its impact on indoor measurements.

= Unexpectedly, the subslab areas under each unit were segmented. The four subslab sampling
points installed in one unit were not in good communication with one another. An introduced
tracer, SFg, moved very slowly and not very uniformly under the slab.

= Results showed that for soils like these with poor communication, a subslab measurement at a
single point is not very reliable for estimating potential vapor intrusion problems. The average
value of subslab measurements at several locations also may not yield a reliable estimate of
indoor concentrations. When subslab communication is poor, one must identify a connection
between subslab contaminants and a viable entry path.

The potential usefulness of the radon tracer was studied in 2007 to 2010 by EPA NRMRL at Moffett
Field in California and in the Wheeler building in Indianapolis. These studies are summarized in three
draft peer-reviewed papers that have been submitted for EPA internal review:

= Vapor Intrusion Evaluation Using Radon as a Naturally Occurring Tracer: In this paper, we
compile data from five study sites where radon has been used in VOC vapor intrusion
investigations and attenuation factors were calculated. A total of 17 buildings are included in the
data set, a mix of commercial and residential, in a wide variety of geographical areas within the
United States. Attenuation factors were roughly correlated between radon and VOCs.
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= Randomized Experiment on Radon Tracer Screening for Vapor Intrusion in a Renovated
Historical Building Complex: This study focused on a renovated former industrial facility now
being reused as residential, public, and office space. Fifty locations within the complex were
originally screened for radon using passive sampling techniques. Then two subsets of these
sample locations were selected for passive VOC sampling, one randomly and the other based on
the radon information. The upstairs radon-guided samples were significantly higher in TCE than
the randomly selected locations. The portions of the building complex where the radon guidance
appeared to provide predictive power were understandable in terms of the building design and the
concept of the open basement serving as a common plenum.

= Case Sudy: Using Multiple Lines of Evidence to Distinguish Indoor and Vapor Intrusion Sources
in a Historic Building: This paper uses data sets developed at the Southeast Neighborhood
Development Corporation (SEND) Wheeler Arts Building site in Indianapolis, Indiana, to
demonstrate the use of multiple lines of evidence in distinguishing indoor from subsurface
sources in a complex multiuse, multiunit building. The use of radon as a quantitative tracer for
vapor intrusion source discrimination is shown as well as the use of differential pressure data as
an additional line of evidence. Box and whisker plots of the distribution of indoor air pollutants
on multiple floors are used to distinguish pollutants with predominant subslab sources from those
with predominant indoor sources. Those pollutants that the box and whisker analysis suggest have
indoor sources are also corroborated from the literature as having very common indoor sources
expected in this building, including arts and crafts activities, human exhalation, consumer
products, and tobacco smoking.

A recent review presentation by Schuver (2013) thus summarizes the usefulness of radon as a
“qualitative/semi-quantitative indicator of building specific susceptibility to near-surface soil-gas/vapor
intrusion” and “a signature of the building-specific responses to environmental changes” and a “key (3™[
strike) evidence basis for demonstrated-potential for chem-VI.” Steck (2012) summarizes an EPA
document currently under development that describes lessons learned from radon that can be applied in
vapor intrusion research and practices.

214 Passive VOC Sampling

Sorbent-based methods are an emerging technology for vapor intrusion assessment. Current standard
practices for indoor air VOC monitoring in the United States include the use of negatively pressurized,
ultra-clean, passivated, stainless steel canisters for sample collection. Practitioners frequently use 8- to 48[
hour integrated samples with Summa canisters in an attempt to average over an exposure period. This is
the U.S. “gold standard” for indoor air analysis, but it is expensive to implement. Professional experience,
shows that the flow controllers currently used in commercial practice are subject to substantial flow rate
and final pressure errors when set for integration times in excess of 24 hours (Hayes, 2008).

Active and passive sorbent sampling techniques are already in use in the United States for personal air
monitoring for industrial workers and are outlined in both the Occupational Safety and Health
Administration (OSHA) Sampling and Analytical Methods (http://www.osha.gov/dts/sltc/
methods/toc.html) and National Institute for Occupational Safety and Health (NIOSH) Manual of
Analytical Methods (http://www.cdc.gov/niosh/nmam/). Typical sampling scenarios involve the collection
of active or passive samples to monitor a single chemical used in the workplace over a period of up to 10
hours. These methods are designed to meet OSHA permissible exposure limits (PELs), which are
typically in the ppm range and consequently several orders of magnitude higher than risk-based indoor air
screening levels and not suitable for ambient air measurements without modification.

Active sorbent methods (i.e., TO-17) have also been published by EPA for VOC measurements in
ambient air (U.S. EPA, 1999c). However, in those methods, air samples are normally actively collected
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over 1 hour, using a sample pump with a sampling rate of 16.7 mL/min to 66.7 mL/min, yielding total
sample volumes between 1 and 4 liters. Sampling intervals can be extended beyond 1 hour; however, care
must be taken to ensure breakthrough volumes are not exceeded in order to quantitatively retain the
compounds of interest on the sorbent tube. Given the minimum pump flow rate cited in TO-17 of 10
mL/min, the practical upper limit for chlorinated VOCs using a multi-bed thermal desorption sorbent tube
is on the order of 10 liters up to 20 L for select VOCs yielding a corresponding maximum collection
period of 8 to 24 hours (Marotta et al., 2012).

One way to lower the detection limits and control day-to-day variability is to sample over a longer period
of time. Recent studies have shown that it may be feasible to use passive sorbent samplers to collect a
continuous indoor air sample over several weeks. This approach would provide a lower detection limit, be
cost-effective, and result in a time-integrated composite sample. Laboratory and field evaluations of
passive samplers for ambient and indoor air applications have been published and showed promising
results for sampling durations of up to 14 days. Exposure of badge-type charcoal passive samplers to
controlled atmospheres of 10 to 200 ppb benzene, toluene, and m-xylene showed good performance when
deployed for 14 days (Oury et al., 2006). A field study published by Begerow et al. (1999) showed
comparability between two charcoal-based passive sampler geometries, badge and tube-style for 4-week
indoor and outdoor air samples. Field evaluations were also conducted using radial charcoal and thermal
desorption Radiello® samplers to determine performance over a 14-day period. Ambient BTEX
measurements using the Radiello samplers compared well to active sorbent sampling results (Cocheo et
al., 2009).

Testing at Orion Park, Moffett Field in California by EPA NRMRL Air Pollution Prevention and Control
Division (APPCD), EPA Region IX, and ARCADIS compared measurements of VOCs by Method TO-15
to three different radial and axial tube-type sorbent systems®:

7. Radial: activated charcoal (with carbon disulfide [CS2] extraction: gas chromatography—mass
spectrometry [GC/MS])

8. Radial: carbograph 4 (TO-17: thermal desorption [TD] GC/MS)
9. Axial: chromosorb 106 thermal desorption tube (TO-17: TD GC/MS)

Performance for the two radial methods was superior to the axial method (Lutes, 2010). Testing was also
performed at the Wheeler site in Indianapolis comparing Summa canisters to Radiello radial solvent-
extracted samplers. Across the two sites, the Radiello solvent extracted showed good agreement to TO-15
and precision at both sites for chlorinated compounds. Agreement was poor for polar compounds: ethanol,
methyl ethyl ketone (MEK), methyl isobutyl ketone (MIBK), and acetone. Radiello TD correlated well
with Summa TO-15 but gave noticeably lower concentrations, suggesting that 2 weeks is too long an
integration time for these samplers. The agreement of the axial (tube) method was inferior (Mosley et al.,
2008; Lutes et al., 2010).

Table 2-1 compares the characteristics of commercially available passive sampler geometries and
available sorbent configurations. The geometry of the sampler (radial, badge, or axial tube) largely
determines the sampling rate or uptake rate with the radial design resulting in the highest sampling rate
and the tube-style the lowest sampling rate. The permeation sampler relies on permeation of the vapor-
phase compound through the polydimethylsiloxane (PDMS) membrane and adsorption to the sorbent bed
behind the membrane. The greater the sampling rate, the greater the mass of VOCs adsorbed onto the
sorbent bed. In addition to the passive geometries available, sorbent pairings fall into two main

®Radial samplers are sorbent-containing tubes where diffusion from the surrounding air occurs radially along the entire length of the tube. Axial
samplers are tubes containing sorbent where diffusion occurs axially through one open end of the tube. Because of the higher surface area
exposed for diffusion, radial samplers have higher uptake rates than axial tube-type samplers.
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categories—charcoal based and thermally desorbable. Charcoal-based materials are characterized as very
strong sorbents with a large surface area and a corresponding high adsorption capacity. To efficiently
extract adsorbed compounds for measurement in the laboratory, an aggressive solvent extraction is
required. The thermally desorbable sorbents are generally much weaker than charcoal with a smaller
surface area, allowing for analysis of the adsorbed compounds through thermal extraction. As Table 2-1
shows, when comparing the same passive geometry, the thermally desorbed model provides the lowest
detection limits, while the charcoal-based solvent-extracted system allows for longer sampling times as
well as a greater dynamic range because the high capacity of the charcoal minimizes sorbent saturation
under conditions of high analyte or background matrix.

European agencies have developed standard methods for passive sampling for VOCs that are applicable
to the range of concentrations and durations to be tested in this project:

Methods for the Determination of Hazardous Substances (MDHS) 88: Volatile Organic
Compounds in Air: Laboratory Method Using Diffusive Samplers, Solvent Desorption and Gas
Chromatography, December 1997. Published by the Health and Safety Executive of the United
Kingdom: http://www.hse.gov.uk/index.htm.

MDHS 80: Volatile Organic Compounds in Air: Laboratory Method Using Diffusive Solid
Sorbent Tubes, Thermal Desorption and Gas Chromatography, August 1995. Published by the
Health and Safety Executive of the United Kingdom: http://www.hse.gov.uk/index.htm.

Ambient air quality: Standard Method for Measurement of Benzene Concentrations—Part 4:
Diffusive Sampling Followed by Thermal Desorption and Gas Chromatography, EN 14662
4:2005. Published by the European Committee of Standardization.

Ambient air quality: Standard Method for Measurement of Benzene Concentrations—Part 5:
Diffusive Sampling Followed by Solvent Desorption and Gas Chromatography, EN 14662 [
5:2005. Published by the European Committee of Standardization. (Also published as the British
Standard BS EN 14662-5:2005).

Indoor air quality: Diffusive Samplers for Determination of Concentrations of Gases and Vapors: Guide
for Selection, Use, and Maintenance, EN 14412:2004. Published by the European Committee of
Standardization.
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Table 2-1. VOC Indoor Air Sampling Method Options

Parameter Whole Air Sorb.e i Sorbent-Diffusive
Active
. . . Badge: TD .
N : Badge: Ch I :
Summa Multi-bed Radial: Radial: TD a get arcoa sorbents selected Tube: TD Permeation: Permeation:
. . . ATD sorbent | Charcoal ype Charcoal
Collection media | canister (TO[] tubes (TO" | (Radiello sorbent (SKC 575, 3M by deployment sorbents (e.g., type TD sorbent
15 Radiello 145 ’ time: (SKC Ultra I, | Chromosorb 106 WMS™
) 17) 130) | )| “ovms3soo) S I wmsmy | (WMS™)
Ease of deployment Good Good Excellent Excellent Excellent Excellent Excellent Excellent Excellent
Estimated media &
Shipoing cost $$8 $$ $ $$ $ $3 $$ $ $
Solvent .
Solvent extraction
Method and analysis| TO-15 goMs | 19-17 | Extraction | TO-17 GCIMS TO-17 GC/MS | TO-17 GCIMS eit(:glglrgn To-7
GC/MS | GC/MSor | GC/MS or GOMS GC/MS
GC/FID GC/FID
Estimated analytical 0.05-0.1
reporting limit ug/m? 1-10 ng 100-200 ng 1-10 ng 75-200 ng 1-10 ng 1-10 ng 50-200 ng 1-10 ng
i - . ~10 mL/min SKC ~0.5— ~0.5—
Expected sampling 0.5-3.5 10-200 ~60 mL/min| ~25 mL/min m mlr'w ~10 mL/min ~0.5 mL/min 0.5-5 0.5-5
rate mL/min mL/min ~30 mL/min 3M mL/min mL/min
. Up to 7 days
Recqmmendgd Typically 24 8-24 hours Up to 30 for chlorinated| Up to 4 weeks 1-7 days Ingeneral,upto | Upto 30 Up to 30
sampling duration hours days 4 weeks) days days
solvents
Estimated sample | ~0.05 (SIM)}- | ., 3| ~0.1-0.4 | ~0.005-0.05 | _, - . 3 | —npa 3 a0l 3 | 3| 3
reporting limits? 0.1 pg/m? 0.1-1 pg/m ug/m? ug/m? 0.25-2 pyg/m 0.01-0.1 pg/m 0.2-2 pg/m 1-40 pg/m?3|~1-40 pg/m
Validated fora | TCE, PCE, DCE,
Applicable range of ;ﬁf{ggj and TgEéZﬁE TCE. PCE wide range of 111-TCA, TCE, PCE | TCE, PCE
chlorinated solvents roducts breakdown 111:TC A " | TCE, PCE, chlorinated chloroform, 121 | TCE, PCE, 111(]| and most and most
(based on available | . pro X ’ 111-TCA solvents for 8 | DCA, cis-12-DCE, TCA breakdown | breakdown
sampling rates) including vinyl products chioroform hours, several for | trans-12-DCE, 11 products products
chloride (VC) | including VC ’ ’

up to 30 days

DCA

Approximate costs: $ <$50, $$ = $50 to $100, $$$ 2$100.

b Normalized to a 7-day period for diffusive samplers.
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Given the wide range of sampling durations required for this project, several diffusive sampler
configurations are recommended to meet anticipated project objectives for indoor air measurements. For
short-term samples (less than 7 days), the sampler must have sufficient sensitivity to measure the low
VOC concentrations that are expected in the indoor air. Thermally desorbable sorbents paired with a
badge or radial-style geometry can be used effectively for the 24-hour samples and yield low reporting
limits. The badge style is recommended over the radial style given the larger number of chlorinated
compounds for which sampling rates have been generated and validated. For durations of greater than 7
days, stronger sorbents with higher adsorptive capacity are recommended, which require solvent
extraction. Although the solvent extraction is less sensitive than thermal desorption, the high sampling
rate of the radial sampler geometry over durations of 7 to 30 days will result in sample reporting limits
essentially equivalent to or lower than those generated using the thermal desorption technique.

Very few studies have evaluated VOC measurements using diffusive samplers beyond 30 days, and
determining if this is possible is one objective of this study. The sorbent selection, the sampler geometry,
and the target chemical’s volatility all may have a significant impact on the successful application of
diffusive samplers to extended deployment periods. The few published studies evaluating sampling
intervals greater than 30 days are largely focused on measuring BTEX (Bertoni et al., 2001; Brown and
Crump, 1993), and the stability of chlorinated compounds on sorbents in the presence of humidity and the
variability of the sampling rate past 30 days are not well understood for any of the diffusive samplers
under consideration for this study.

Given the previous studies discussed above and the existence of standard methods for this application in
Europe, the 1- and 2-week Radiello passive samplers for VOCs are considered sufficiently accurate and
precise to be the primary VOC measurement tool in this project and are used as a basis of comparison for
longer duration samples.

Results from our previous report on studies of this house (U.S. EPA, 2012a) led to these conclusions
regarding the performance of the solvent extracted radial style charcoal passive sampler:

= Excellent agreement was observed between numerical averages of successive 7-day exposure
samples with the results of single passive samplers exposed for 14 days (almost always within
+/—30%) for all compounds despite dramatic temporal variability. This suggests uniform uptake
rates for these time periods.

= PCE, benzene, hexane, and toluene performed well for 28 days.
= PCE and toluene performed well for 91, 182, and 364 days.

= Temporal variability is substantial and for certain compounds passive samplers allow cost-
effective acquisition of long-term average concentration data.

= Compound vapor pressure correlates with the relative performance of different compounds with
the passive samplers. Method accuracy over different durations increases with increasing vapor
pressure because of better sorbent retention of the VOC.

2.2  Objectives

The overall goal of this project was to investigate distributional changes in VOC and radon concentrations
in the indoor air, subslab, and subsurface soil gas of a residential building from an underground
(groundwater or vadose zone) source adjacent to the residence. The time frame of this study was more
than 2 years in order to evaluate the effects due to seasonal variations on radon and VOC vapor intrusion.
This report describes the second phase of this project, with the first phase described in U.S. EPA (2012a).
Several objectives that were established for the initial, first phase research effort were continued in this
study:
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10. Identify seasonal fluxes in radon and VOC concentrations as they relate to a typical use of HVAC

in the building.

11. Establish relationship between subslab/subsurface soil gas and indoor air concentrations of VOCs

and radon.

12. Determine the relationship of radon to VOC concentrations in, around, and underneath the

building.

13. Characterize the near-building environment sufficiently to explain the observed variation of
VOCs and radon in indoor air.

14. Determine whether the observed changes in indoor air concentration of volatile organics of
interest can be mechanistically attributed to changes in vapor intrusion.

15. Evaluate the extent to which groundwater concentrations and/or vadose zone sources control soil
gas and indoor air VOC concentrations at this site.

In October 2012, we critically evaluated our progress against these objectives, assessed the additional
information that could be gained from further study, and used that assessment to define the objectives of
this study. Table 2-2 provides additional detail on the objective statements continued from the previous
project. Data quality objectives for these objectives can be found in U.S. EPA (2012a).

Table 2-2. Continuing Project Objectives Addressed in this Document

Original Statement of Objective

Current/Ongoing Status

Determine relationship of radon to
VOC concentrations.

This study continued to address how radon relates to VOC vapor intrusion,
including statistical analysis of correlations. The relative effect of SSD
mitigation on radon and VOC concentrations and attenuation factors was
also addressed.

Establish relationship between
subslab/subsurface soil gas and
indoor air concentrations of VOCs and
radon.

Soil gas and indoor air concentrations are compared graphically in a similar
fashion as the previous project. In general, soil gas concentrations continue
to increase with depth and appear to drive indoor air concentrations.

Identify any seasonal fluxes in radon
and VOC concentrations as they
relate to a typical use of HVAC in the
building.

Although the previous report adequately addressed this objective, it left
unexplained why the relationship between stack effect driving force and
indoor concentration appears to be nonlinear. This study examined the
interactions of multiple meteorological factors. In this study we also
investigated how the HVAC and the SSD mitigation system interact to
influence vapor intrusion processes

Determine if observed changes in
indoor air concentration of volatile
organics of interest are
mechanistically attributable to
changes in vapor intrusion.

The current study looked at both preferential flow pathways using helium
tracer and geophysical tests. We also looked at the effects of a frozen soil
capping event and conducted a more detailed time series analysis of how
meteorological and building factors (such as differential pressures) interact to
influence vapor intrusion.

Characterize the near-building
environment sufficiently to allow future
3D modeling of this site.

Helium tracer tests, groundwater level monitoring, and a geophysical
investigation were conducted to provide a better understanding of the near-
building subsurface conditions.

Evaluate the extent to which
groundwater concentrations control
soil gas concentrations at this site and
thus indoor air concentrations (as
distinguished from vadose zone
sources).

Previous work established that soil gas concentrations of both chloroform
and PCE peak just above the water table. PCE groundwater concentrations
measured continued to correlate well with deep soil gas, but although
analytical improvements (lower detection limits) enabled chloroform to be
detected in groundwater, current concentrations were too low to drive the
measured soil gas chloroform concentrations.

(continued)

2-17



Section 2—Introduction

Table 2-2. Continuing Project Objectives Addressed in this Document (cont.)

Original Statement of Objective Current/Ongoing Status
Collect additional data to evaluate the | A colder 2012/2013 winter allowed us to collect the additional data on the
possibility of a “capping” effect from capping effect. We showed that both snow/ice cover and snowfall events
snow and ice cover. without accumulation appear to affect vapor intrusion.
Evaluate the ability of a low-cost Continued testing during SSD system installation and manipulation to test the
($129) consumer-grade radon commercial radon detector under varying radon levels, and confirm good
detector provide a continuous performance at and below 4 pCi/L and good utility overall in spite of a high
indication of soil gas entry into the bias at higher radon concentrations.
structure.

The following additional studies were undertaken with new objectives developed for this report:

= Better define the particular subsurface conditions that influence the movement of VOCs and
radon into this home. Conditions investigated include differences in vadose zone air permeability
beneath and immediately adjacent to the structure; definition of entry routes for soil gas into the
building envelope; the degree to which utility corridors function as preferential transport
pathways, either through the vadose zone or through the building envelope; and how the
structure of the foundation may subdivide the subslab air space.

= Design, install, and monitor a mitigation system based on the predominant vapor intrusion
mitigation technology—SSD—with the objective of determining how efficiently SSD works for
mitigating radon and VOC:s in this particular well-studied case. We monitored VOCs and radon
from the SSD system exhaust pipe along with flow with the objectives to calculate flux through
the system and to determine if this flux can be usefully correlated with indoor VOC and radon
concentrations.

= Capture an additional winter snow/ice capping event to monitor its influence on vapor movement
into the home with an SSD mitigation system installed.

Characteristics of the experimental design and data quality objectives developed to meet these objectives
are described below.

221 Time Scale and Measurement of Independent and Dependent Variables

In our overall study design, we used weekly measurements to observe our dependent variable—indoor air
concentration. We expected the indoor air concentration to be dependent on the flux from vapor intrusion
from soil gas. Our dependent variable is thus controlled by a series of independent variables with different
time cycles that affect the vapor intrusion process, including air temperature, barometric pressure, wind,
soil moisture, soil temperature, groundwater level, and HVAC operation.

In the course of this study we monitored or measured most of these independent variables or their
surrogates and different frequencies balancing on the general desire for continuous measurements against
logistic considerations. Table 2-3 was prepared to consider these time-scale issues and the implications
they may have for our test matrix. Figures in Nazaroff and Nero (1988) show examples of how such
independent variables controlled indoor radon concentrations in previous studies.

2.2.2 Data Quality Objectives and Criteria

Table 2-4 summarizes the data quality objectives and criteria for the new elements of this project. Each
objective is expressed first qualitatively and then each objective is expressed in quantitative and statistical
terms where possible. The measurements that were used to achieve each objective are also listed. More
details on the specific test methods used are provided in Section 3 of this report. Specific sampling and
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analytical data quality objectives can be found in the quality assurance/quality control section of this
report (Section 4).

Table 2-3. Factors Causing Temporal Change in Vapor Intrusion and How They are Observed and

Measured
Independent .
. . Indoor VOC & Soil Gas Measurement Measurements of
Variables/ Expected Time . .
Intervals Available to Observe at these Independent Variables
Causes of Cycle - .
L Time Scales Available
Variability
The influence of the HVAC system in
general was observed on a scale of days
and weeks by comparing sides of the
duplex and periods of “on” and “off” for AC Measurement with data
units. Although the individual cycles of the
HVAC system , . . C logger was planned every
10 min—1 hour forced air heating system were not visible in . s .
on/off 5 minutes within heating
measurements taken over a 24 hours or
) . season.
longer time scale or even in the 2-hour
online GC data, the cumulative impact of
heating system “on” and “off” over exposure
periods of weeks to was relevant.
Diurnal Measurements with the online GC and
continuous radon instruments have Weather station: at least
temperature/ 24 hour

wind (night/day)

sufficient time resolution on the scale of
hours to observe this.

one data point per hour.

Weather station: ambient

Barometric Weekly, except for daily samples and pressure logging with at
pumping from 2-3 days typical continuous measurements during intensive least one data point per
weather fronts sampling events. h

our.

Barometric Monthly water-level

pressure: 2-3 measurements; o

days supplemented beginning in

Weekly and monthly integrated indoor air fall 2012 with real-time

Water table Rain events: sam_ples. Measurements w_ith the data. logger at one stat.ion
fluctuations irregular continuous radon and on-site GC on site; strong correlation

Seasonal climate: | instruments have time resolution on the of gauge height and

monthly scale of minutes to hours. groundwater level enabled

hind casting of

Surface water groundwater levels for

level: hours entire project.

Soil and Spil temperature logging
groundwater Weekly, biweekly, and quarterly samples of with therchouplesH one
temperature Annual/ seasonal indoor air and soil gas. or more points per hour.

change Groundwater temperature

monthly during sampling.

Vadose zone
moisture
change

Seasonal major
rain events?

Weekly samples of indoor air and soil gas.
Measurements with the online GC and
continuous radon instruments have time
resolution on the scale of hours.

Once per hour at five
depths.

Stack-effect,
heating vs.
cooling season

Daily and
seasonal

Weekly samples of indoor air and soil gas.
Measurements with the online GC and
continuous radon instruments have time
resolution on the scale of hours.

Differential pressures,
indoor temperatures: 15|
minute rolling average.
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Table 2-4. Data Quality Objectives and Criteria

Task Order Study Purpose/ Study Questions Measurement Used To Measurement Performance or Acceptance
Objective Objectives y Support Study Questions Criteria
Geophysical techniques, Geophysical data to be acquired from multiple
Better define the . including ground penetrating transects within each third of the basement.

. What is the nature of the ; . ) .
particular subsurface subsurface environment—fine | 'adar (GPR), electromagnetic | vacuum testing from at least two extraction points.
cr;:)ndltlons that "}ﬂ\l/"g'ge features of the stratigraphic resistivity (Eg)' electrical At least two helium tracer injections with monitoring on

. the movement of VOCs | o ent that influence resistivity (ER), vacuum 1-hour frequency at five or more locations.
Determine and radon into this ntaminant transport? testing, and subsurface tracer Conti is of soi inf .
subsurface home. contaminant transport® testing (to be addressed in a ont'lnue data analysis o .son gasin ormatlon to
effects on separate geophysical report) provide data for a thr.ee-dlmensmnal r_)lcture of radpn
building . : . and VOC concentration changes at different locations
envelop Active and passive sampling | over time to discern seasonal patterns, whether
Determine the effects of | How do the house foundation methods. caused by temperature or water level. Observe effect
utility corridors on features and utility corridors Geophysical measurements of on/off cycles of the SSD system on contaminant
subsurface movements affect subsurface movements of | (GPR) movement.
of VOCs and radon. VOCs and radon? (to be addressed in future (NOTE: analytical data quality objectives are defined in
reports). Section 4)
How efficiently does the SSD
system work at this particular
location?
Can a relationship be At least three on/off cycles of the SSD system.
\e/sotact;hsged be:]wee{'n th ﬂUXtr?f One 6-week period of on-site GC operation for soil
ragon exhausted irom the . . as, indoor air, and ambient VOC levels.
stack and the effectiveness of Active and passive VOC and gas. - - ,
. A radon sampling of both the Continuous indoor air radon measurements during
Determine the system in reducing indoor pling tire test period
; trations? subslab environment and the | €ntire test period.
effect of ) air concentrations? g . .
ssD Install and monitor an - - - stack with the SSD system on | Weekly VOC and radon measurements during entire
mitiaation SSD mitigation system What is the differential pressure | gng off in 1-week intervals. test period.
on 300 and for VOCs and radon. required to Counter the Indoor air VOC and radon Weekly radon and VOC grab samples from soil gas
observed substantial seasonal | gata, differential pressure data ports (subslab and deeper).
radon levels variability in VOC (differential pressure to be Conti Setra differential t
concentrations? addressed in a future report) ontinuous g ra differen |§ pres.sur.e measuremen s
' (NOTE: analytical data quality objectives are defined in
Does the effect of the SSD ;
) Section 4)
system reduce the variable
component of the vapor
intrusion driving force (in
addition to changing the
average differential pressure)??2

(continued)
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Table 2-4. Data Quality Objectives and Criteria (cont.)

Task Studv Purpose/ Measurement Used To Measurement Performance or Acceptance
Order y Furp Study Questions . Criteria (for this question/# of data points
. Objectives Support Study Questions .

Objective anticipated)

Does a winter ice capping event Active and passive samplin

or heavy snowfall affect VOC : X p piing . . .

. in an intensive mode. Reports | Multiple snow and ice events (as observed in the
and radon concentrations? X : i
. of snow cover made during winter of 2012/2013);

If so, through what mechanism | week days by ARCADIS on- Statistical data analyses (also performed for previous
Determine Capture a winter ice does the winter event affect site personnel. We winters).
the eﬁ:ect capping event and concentrations (|ncrea§e 1|’-P supplem_ented t.hese . 8 weeks of online GC for VOCs
of a winter Lo subslab concentration? effects | observations with publically )
ice cap on monitor its mfluenpe on on stack effect induced available information from the Cor.1t|nLljo.us AlphaGUARD data for radon .
vapor xapor movementinto the | pressure field?)? National Climatic Data Maintain index of snow cover for the long-term analysis
intrusion ome. Center/National Weather of the indoor air data set.

Can an effect of snow/ice cover | Service for the Indianapolis (NOTE: analytical data quality objectives are defined in

outside the residence be International Airport Section 4)

discerned that is separate from http;//WWW.ncdclnoaa.qov/sno

the effect of temperature? w-and-ice/dly-data.php.
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3.0 Methods

3.1 Site Description

The test house is a vacant residential duplex at 420/422 East 28th Street in the Mapleton Fall Creek
neighborhood of Indianapolis. This area of Indianapolis was initially a farming settlement known as
Mapleton founded in the 1840s. The primary residential development in this area occurred in the late
1800s and early 1900s. Commercial development on the immediate cross street, Central Avenue, began in
the 1920s.

3141 Area Geology/Hydrogeology

Several soil borings were advanced in the area immediately surrounding the house, during monitoring
well (MW) construction and soil gas port installation. SGP-1A, SGP-1B, and SGP-1C, as well as MW-1A
and MW-1B, were installed April 29, 2010. All additional soil gas ports and MWs on the exterior of the
house were installed between August 30 and September 1, 2010. Soil gas ports and MW-3 located below
the footprint of the house were installed in September 2010. 3-D visualizations of subsurface lithology are
presented in Figure 3-1. Boring logs are included in Appendix A.

In the southern portion of the property, topsoil extends down to about 0.5 to 1 ft. Beneath the topsoil is
found sand or silt mixed with cinders, coal fragments, or ash to about 1.5 ft. Then to between 5 and 6 ft is
silt or silty sand with varying amounts of clay. Some trace gravels start at about 7 ft, and underlying that
layer are sands and gravels to between 15 and 16 ft. beneath that sand and gravel is generally sand.

To the east side of the property, at the surface are soils with a visibly high organic content and gravel or a
concrete sidewalk. Underlying that from 1 to 3 ft is sand or clayey sand, with some gravel and coal
fragments in some borings. Beneath that layer down to 7 ft is predominantly clay with some sand or silt.
Underlying that is sand with some clay and gravel down to about 12 to 14 ft. Down to 16.25 ft is sand,
with gravel added down to 16.5 ft.

To the north side of the property, the first foot is fill, sand, and gravel. Beneath that to 3 ft is brick, with
sand and weathered brick to 3.5 ft. The brick constituent in this location is possibly a remnant of a former
exterior basement stairwell. To 6.25 ft is silty, sandy clay. Down to 8 ft is sand, with sand, gravel, and
some clay down to 12 ft. From 12 to 16 ft is sand.

On the west side of the property, the first half-foot beneath the surface is the concrete sidewalk.
Underlying that to 1.25 ft is fill, cinders, and gravel. Down to 6.75 ft is silty, sandy clay with trace gravel.
The layer beneath that to 15.5 ft is sand and gravel with some clay followed by sand to the end of the
boring at 16.5 ft. See Section 6.1 for additional information on site soils.

In the top figure, the view is toward the north from the street in front of the house. The bottom figure
shows a view toward the south from the backyard. The empty white area at the top of the soil figure
represents the house’s basement. In the immediate vicinity of the house, silt and clay (brown) are present
until 7.5 to 8 ft below land surface. After that, sand and gravel (burnt orange) alternate with layers of sand
(orange).

3.1.2 Area Potential Sources

The site location, as illustrated in Figure 3-2, is bounded to the north by 29th St., to the west by N. New
Jersey St., and to the east by Central Avenue. There is a river, Fall Creek, approximately 300 ft to the
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Lithology Fences

Figure 3-1. Lithological fence diagram showing the major soil types beneath the 422/420 house.
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south of the site toward which groundwater flow generally trends. Across the street south of the site, there
is a parking lot and to the east there is an open field. Across an alley to the west of the site, there is an
open lot with a grassy area and a paved parking lot. Adjacent to the north side of the site there are
backyards of the residential buildings along Central Avenue.

420 E. 28th St Indlanapolls IN

0.04 0 0.04 0.08 Miles

4/ Storm_sewers.shp
4 Sanitary_sewers.shp N
Gas Lines
e Storm_sewer_structures.shp E
® Sanitary_sewer_structures.shp
@® CSO's 3

Figure 3-2. Aerial view of duplex, 420/422 East 28th Street, showing nearby sanitary and storm
sewers.

Immediately adjacent to the studied duplex (approximately 10 ft east) lies a small commercial/residential
quadraplex (Figures 3-3, 3-4, and 3-5)) with a diverse, primarily commercial history dating back to 1930.
The four portions of the building are numbered as 424 East 28th Street, 426 East 28th Street, 2802

Central Avenue, and 2804 Central Avenue.
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Figure 3-3. East side of house (on right) and adjoining commercial quadraplex visible (left).

Figure 3-4. Roof of adjacent commercial quadraplex.
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Figure 3-5. Looking toward southeast corner of adjacent commercial quadraplex.

Among the historic uses of parts of that building were a pharmacy, beauty supply, radio shop, fur store,
and detector companies. Regarding most of the businesses that occupied that space, only their name is
currently known, and those names do not match any businesses with a current local or Internet presence.
Thus, chemical uses, though probable, are not documented. The back part of the adjacent building at 2804
Central Ave has historically been occupied by “Wolf Fur Co.” Later in 1954, the same location was
occupied by the “Avideo Detectors Telaveta.” In 1930 it was occupied by Gould & Schildmoler ENEN
and Home Radio Co. The records for the adjacent buildings (424 to 428 East 28th Street and 2802 to
2804 Central Avenue) show a number of drug store and beauty shop uses. There are substantial gaps in
the records for these properties, and there seems to be little or nothing reported about what was occupying
these locations between 1970 and 2000.

There were 9 to 10 historic laundry cleaners located less than a quarter of a mile to the north of the
422/420 house, and one was a quarter of a mile to the west (Figure 3-6). These were listed as hand and
steam laundries, pressers, and driers. The most recent laundry was present in 1970 (EDR Radius Map,
June 15, 2010). In the fall of 2010, we observed Mapleton/Fall Creek Development Corporation
(MFCDC) staff excavating an underground storage tank that appeared to contain product at a dry cleaners
several blocks upgradient from the house.

There were three historic gas stations or auto service and repair shops within a quarter of a mile to the
north as well. The most recent auto repair shop was present in 1990 (EDR Radius Map, June 15, 2010).
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Figure 3-6. Visual evidence of historic dry cleaners in area.

The property southwest of the intersection of East 28th and Central Avenue was historically mildly
impacted with petroleum hydrocarbons and managed as a brownfield named “Mapleton-Fall Creek Site”
or “Fall Creek Central Project.” This site was closed after tank and soil removal. One round of VOC
groundwater data was acquired at that location that showed detectable chloroform at 8.9 to 22.1 pug/L in a
June 2005 sampling event. These previous studies showed that the study area has sand and gravel geology
from approximately 7 to 25 ft below land surface (bls) and groundwater at approximately at 16 ft bls. The
upper 7 ft of the stratigraphy is heterogeneous, variously described as including fill materials, loam, and
silty and moist sandy clay.

Based on the general topography of the area and professional experience in this portion of Indianapolis,
groundwater is thought to flow from the north of the 422/420 house south of the house to Fall Creek.
Thus, many of the historic laundries or auto shops that are potential contaminant sources are generally
upgradient of the study house.

The 422/420 house is located between Central Avenue and its associated alleyway on 28th Street. The
immediate area receives a moderate amount of traffic, but the Central Avenue/Fall Creek Parkway
intersection is very busy throughout most of the day. This could be a contributing factor to petroleum-
based contaminants in surface soils and ambient air.
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313 Building Description

3.1.3.1 Building Age, Condition, and HVAC

The tested house located at 422/420 East 28th Street, Indianapolis, IN (Figure 3-7) is an early twentieth
century duplex, dating from before 1915 because it is present on the 1915 Sanborn map of the area. Based
on the mirrored floor plans of the two sides, it is likely that the house was always a duplex. Construction
is wood frame on a brick foundation with a poured concrete basement floor. Interior floor materials
include tile, carpet, and wood flooring.

Figure 3-7. Front view of house during summer 2011 sampling, with fan testing and weather
station.

The duplex at 422/420 was initially abandoned and is now owned by MFCDC in Indianapolis. Before our
involvement, the house had been vandalized and stripped of all valuable metals and fixtures (e.g., copper
wiring and tubing, most plumbing fixtures, many outlets) and destroyed the previous HVAC unit.

A staff member from the Indianapolis ARCADIS office acquired the use of the house for the duration of
the project through the generosity of the MFCDC. A small rent is now being paid by ARCADIS to
MFCDC for use of the house for this study.

Power was restored to the house in September 2010. A gas-fired forced air HVAC unit was installed on
the 422 side in October 2010 by Edwards Electric and Mechanical for use in this project (Figure 3-8).
The house had no air conditioning (AC) system, and we chose to install window-mounted units, which
would have been the likely type used by any tenants in this house.
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Figure 3-8. Front view of duplex under winter conditions showing designation of sides and
HVAC setup.

There are internal and external visual clues indicating (Figure 3-9) the house has been updated several
times. For example, visual clues suggest that a previous HVAC unit had been installed that was not native
to the house’s original construction. In the basement, there is evidence of former coal chutes (possibly)
and cisterns on both the 420 and 422 sides. The probable coal chutes and old windows had been blocked
by cinder blocks before ARCADIS occupancy. The cisterns had also been cemented over. Comments
made by electricians in the basement suggest that at one time the house had been heated by an old style
furnace, indicated by cemented-over holes in the walls, but that it had been gone for some time.

3.1.3.2 Building Utilities/Potential Entry Points

The electric lines connect to the house at the northwest corner of the 420 side. Since all original wiring
native to the house had been removed by vandals before the project, we had to have the junction box
rewired to the city electrical line and run new lines within the house to new outlets at designated points.
The gas line connects only to the furnace from an access line in the south wall of the 422 side. Both the
electrical lines and the gas line were emplaced by Edwards Electrical and Mechanical during the furnace
installation and enter the house at the original entry points for each utility.

Sanitary sewer lines run immediately south of the house along East 28th Street. Sanitary and combined
sewer lines run less than one block east and west of the house along Central Avenue and New Jersey
Street (see previous Figure 3-2). There is a sewer lateral running beneath the basement floor along the
length of the 422 side from north to south that was buried and cemented over sometime after the floor’s
original construction. PVC drain lines join this lateral from the plumbing on both sides of the duplex. The
HVAC unit drains condensation into a floor grill leading to the lateral. A nonfunctional water line enters
the house from the south. Large, cinder-blocked portions of the north interior basement walls of both
sides of the duplex along with brick strata in borings have been observed. We interpret these to be
vestigial entranceways to the basement from a time when the basement was accessed from the back yard,
rather than from an interior basement door.
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Figure 3-9. 422 (left) and 420 East 2

31.4 Building Occupancy During Sampling

The initial concept for the 422/420 house was to create an environment free from lifestyle-related indoor
air sources, but operated as though the space were occupied in order to simulate a residential environment
free from indoor VOC sources. The 422/420 house was borrowed (and is now rented) from MFCDC that
owns the property. The house was an ideal location for this study because even though it is an older
residence typical of this area of Indianapolis, it had no occupants, was not subject to any use beyond the
project, was in a good location and price range, and had vapor intrusion present. Because the house was
unoccupied and in poor condition, we could set up ports, wells, and sensors for observations and install a
mitigation system without having to consider the occupants’ comfort or convenience.

To more closely approach a living environment, a field scientist worked on site for several months before
sampling began. During most normal work weeks during the periods of active VOC sampling, the field
scientist was at the house at least 4 days per week. During the down times between VOC sampling efforts
(such as April to September 2012), visits to the house were less frequent. The intent during VOC
sampling periods was to have an individual who would open doors and windows, move through the
environment, and make temperature adjustments similar to the way a homeowner would. The constant
close proximity of the worker to the work zone also allowed for quick responses to environmental
changes and any issues with the sampling devices. A second floor bedroom on the 422 side of the duplex
was minimally modified and used as an office for the sampling staff member.

315 Investigation History

The selection and screening of this duplex was conducted in April to June 2010 as described in the first
report on this series of projects (U.S. EPA, 2012a). That report describes the design and results of an
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extensive 14-month soil gas, groundwater, and indoor air sampling program conducted from December
2010 to March 2012. This report covers VOC and radon samples taken after that date, prior to and after
the October 2012 installation of an SSD mitigation system, and until May 2013. In many cases, the results
and analysis in this report build on the results presented in U.S. EPA (2012a). This report also describes
the effects of the SSD mitigation system on radon and VOC levels in the duplex and investigates the
factors that influence VOC and radon levels in and under the duplex. Where sampling locations and
techniques are common to both stages of the investigation, the descriptions from U.S. EPA (2012a) are
repeated here.

3.2  Evolution of Conceptual Site Model

This report provides an opportunity to document how a conceptual site model can evolve through
intensive study of the vapor intrusion situation surrounding a single building as one of the goals of this
study. This discussion updates the conceptual site model from the previous report (U.S. EPA, 2012a).
Subsequent reports in this series will make any updates to the conceptual site model that are made
necessary as additional information is collected about the site.

3.21 Prior to 2011-2012 Investigations

During site selection, the initial conceptual site model for this structure was that a vapor intrusion source
was most likely present in shallow and subslab soil gas due to historical dry cleaning facilities and
adjacent commercial uses. Radon impacts were suspected because Marion County, Indiana, is in EPA’s
Zone 1—highest risk for radon. Detectable concentrations of chlorinated hydrocarbons were detected
during initial site screening and responded to depressurization of the structure by fans (U.S. EPA, 2012a).

The source of the primary VOCs (PCE and chloroform) observed at this duplex was initially suspected to
be transport of contaminants either:

= through a groundwater pathway from upgradient dry cleaners or

= released into the shallow vadose zone during the operations of the adjacent commercial
quadraplex.

Later observations and discussions suggested that disinfection byproducts in city drinking water could be
an additional potential source for chloroform detected in soil gas.

3.22 After 2011-2012 Investigations (U.S. EPA, 2012a)

The detailed 2011-2012 site investigation and monitoring work described in U.S. EPA (2012a) added the
following details to our conceptual site model of this duplex and the vapor intrusion exposure pathway:

= The groundwater and nearby Fall Creek are intimately connected. The groundwater level
beneath the house is subject to rapid swings of up to 5 ft over the course of a few days during
seasonal flooding in the creek. There also could be connections to the combined sewers that
discharge into Fall Creek.

= The stack effect caused by indoor/outdoor temperature differentials operates not only during the
heating season, but also during the summer as well, due to the “solar stack effect” and the
storage of heat in the building during cool late summer/fall nights. Differential pressure
measurements indicate that changes in building differential pressure are reflected in a
measureable advective driving force between the 13-ft depth near the water table and the 6-ft
depth directly beneath the basement. Therefore, in this case, advection may be the primary cause
of VOC migration through the deeper portions of the vadose zone.
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3.2.3

The heterogeneity of the subslab concentrations and geophysical result suggests the absence of
an engineered gravel layer beneath the duplex. Thus, the subslab does not behave here as a well-
mixed plenum.

PCE is apparently widely spatially distributed in site groundwater at concentrations well below
the current 5 pg/L MCL (U.S. EPA, 2012a). These shallow groundwater concentrations
apparently control deep soil gas concentrations. Only a moderate degree of attenuation occurs in
those deep soil concentrations as they are drawn toward the basement of the structure.
Substantial attenuation occurs in the upper 6 ft of the site external soil gas, which is finer grained
materials than the sandy deeper materials. It is currently unclear whether this is due to gas
permeability contrasts, sorption processes, or most likely barometric pumping dilution.
Substantial attenuation also occurs across the building envelope between subslab and indoor air.

Chloroform is present in highest concentration in deep soil gas. Substantial chloroform has been
historically been detected in groundwater on a site 200 ft to the southwest. Chloroform was also
detected in groundwater at this house in preliminary sampling and at low levels (< 0.6 p/L) in
the spring of 2013. Studies were conducted that determined that the lack of detections in recent
groundwater samples on site is not from losses in the sampling and analysis process. Chloroform
attenuation in soil gas is substantial between the area just above the water table and the 6-ft
depth below the structure. Chloroform is also substantially attenuated between subslab air and
indoor air.

The relative importance of the potential sources of PCE and chloroform—historic dry cleaners,
historical activities in the adjacent commercial/industrial quadraplex, and leaking storm
sewers/drinking water lines—is unclear.

Sewer lines and laterals likely play some role in contaminant fate and transport in this system.
Elevated concentrations of PCE and chloroform were present in the headspace of sewer gas
(U.S. EPA, 2012a). As described in U.S. EPA (2012a), their role as a direct entry pathway has
been minimized through plumbing trap and vent maintenance and blocking the drains in the
house. Their role in lateral transport through the vadose zone and into the subslab of the duplex
will be elucidated through future geotechnical studies.

There is a strong seasonal component to the PCE and chloroform indoor concentrations (see
Section 11, Figure 11-12). The seasonal component is partially but not completely correlated to
the strength of the stack effect (Section 10, Figures 10-10 and 10-11).

Concentrations of benzene, hexane, and toluene in indoor air are quite similar to ambient levels
and appear to move in lockstep with ambient air, although there are some traces of benzene in
soil gas (Section 11, Figure 11-12). TCE in indoor air also tracks ambient concentrations when
TCE is low, but are very similar to the PCE plots when concentrations were high at the
beginning of the study, suggesting a contribution of subsurface sources to TCE indoor air
concentrations.

Refinements in Conceptual Site Model Sought in this 2012-2013 Study

In the Quality Assurance Project Plan (QAPP) for the current work, we defined several goals related to
improving our conceptual site model based on the investigation results available at that time:

Better define the particular subsurface conditions that influence the movement of VOCs and
radon into this home. These conditions are expected to include differences in air permeability on
a spatial scale of 1 to 20 ft in the vadose zone beneath and immediately adjacent to the structure.

Better define the particular entry routes of soil gas into the building envelope. Define the degree
to which utility corridors function as preferential transport pathways—either through the vadose
zone or through the building envelope.
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= Determine how the structure of the foundation may subdivide the subslab air space.

= Capture a winter capping event to monitor its influence on vapor movement into the home.

Uncertainty remains about the relative importance of a groundwater source. The detected concentrations
in groundwater in the installed wells are able to account for the highest current deep soil gas
concentrations through a Henry’s law calculation for PCE within a factor of 3, but the chloroform soil gas
concentrations were 12 times higher than the vapor concentrations calculated using Henry’s Law off of
the groundwater concentrations. The highest soil gas concentrations are generally on the downgradient
(SE) side of the house. However, generally the highest concentrations observed in soil gas are just above
the water table. There is a large and rapid response of the potentiometric surface to rainfall, perhaps
related to the presence of combined sewers and surface water bodies in the vicinity of the study duplex.
There is a visual correlation between chloroform trends and changes in hydrogeology. Also, at a site 200
ft to the southeast, substantial chloroform was previously detected in groundwater (U.S. EPA, 2012a,
Section 11 and Section 13.1.6).

Several hypotheses could explain these observations:

®=  The primary stored mass is in the deep vadose zone either sorbed to soil particles, present in soil
moisture, or present as soil gas in the least permeable portions of the soils. (Others have
hypothesized that vadose zone soils will retain mass for a substantial time period after an
associated groundwater plume naturally attenuates).

= The primary source is affected groundwater lateral to the duplex location not observed by our
monitoring wells, but perhaps suggested by prior off-site detections. The primary source is from
water that is periodically transported along deep combined sewers and leaked water from those
sewers percolating downward toward the water table. This might manifest in higher VOC
concentrations in soil moisture in the vadose zone or in the capillary fringe than in the sampled
shallowest portion of the saturated zone.

General support for the importance of these hypotheses at other sites can be found in the literature (Carr,
2011; Christ, 2010). Particularly relevant is this statement from Carr (2010): “The common perception
that VI potential islargely a function of contemporaneous groundwater quality is flawed.”

3.3 Building Renovation and Mitigation

Details of the original building renovations were presented in U.S. EPA (2012a). Generally, the house
was rewired, a heating system was installed on the 422 side of the building, window air conditions were
added, and locks and a security system were installed. The primary renovation for this phase was the
installation of the SSD mitigation system.

3.31 Subslab Depressurization Mitigation System Installation

The strategy for the SSD mitigation system installation was to select an experienced radon and VOC
mitigation contractor and ask them to perform a “typical” active SSD system installation but with greater
documentation and reporting for the research purpose. We also added some additional valves and
sampling ports to the “typical” system to facilitate monitoring.

On October 16, 2012, Brian Schumacher and John Zimmerman of EPA were present on site with
ARCADIS and our radon mitigation subcontractor Radon Environmental to oversee the installation of the
SSD mitigation system under both sides of the 422/420 duplex. The initial plan for the installation
planned for two extraction pits to be installed at the northern basement sections on the 422 and 420 sides
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of the house. After installation, if pressures with only the two initial legs proved insufficient, two more
could be installed to provide the necessary negative pressures beneath the subslab.

Prior to the drilling start time, all Radiello passive VOC sampling was stopped, the electrets were read,
and SKC Ultra III badges were begun for the duration of the drilling/installation. This was to ensure
potential increases in radon and VOCs could be monitored during installation or would not interfere with
normal VOC monitoring for the time period.

Drilling began in the north basements at 10:00 am and used the core drill method to install the subslab
suction system. A section of the concrete slab was drilled out with a core drill, and schedule 40 3 in. PVC
piping was fit into the slab hole. The piping was then arranged in the basement to intersect a main line,
which would lead out of the basement and connect to a

fan. The fan (or blower) was a Radon Away RP 265 Table 3-1. Pressure Readings Taken
high-flow fan unit. The fan has an on/off switch and each During Extraction Point Testing
extraction leg possesses a ball valve, so the whole system Date: 10/16/12 with two suction lines
can be shut off or only select legs of the system can be activated, one in 422 basement north, and
shut off. one in 420 basement north.

" Pressure Reading
The initial two legs in each of the north basements were Lz (in WC)
initially turned on at 16:30 on October 16, 2012. After 1 ~0.155
initial pressure drop testing the project team decided that > 20.058
pressures were insufficient (generally < -0.04 in.WC; see 3 20,020
Table 3-1) and that two additional legs would need to be 4 20.018
installed the following day by Radon Environmental in 5 20.006
each of the central basement areas. The full system, then 6 20.035
consisting of four extraction legs total (Figures 3-10 and 7 20.038
3-11), was turned on at 17:20 on October 17, 2012. 8 20,017
Additionally, sampling ports for the SSD mitigation 9 20011
system were drilled into the positive side of the SSD 10 20,003

mitigation system stack (i.e., above the blower). The

ports were drilled for WMS Waterloo samplers, RELEE WA A AT LI L CEE DD

north basement sections and two in each of

AlphaGUARD sampling, and a port for insertion of an the center basement sections.
airfoil velocity measurement attachment for the 5 e
micromanometer that was used to test the system after Location ress(iunrewg)a ing
installation but prior to monitoring. Figure 3-12 shows
- 1 -0.092
external and internal photographs of the system, and
. . . . . 2 -0.089
Figure 3-13 is a cross-section diagram showing the 3 0.046
general layout of the 422/420 north and central -
basements with the positioning of the extraction legs, 4 ~0.046
exterior blower, and exhaust stack Additional system > ~0.009
photographs and details on system testing can be found in 6 ~0.065
Appendix A. ! ~0.066
8 -0.040
After installation and testing, the system was operated 9 —0.035
and monitored for three on periods, two passive periods, 10 ~0.006
and one fully off period. The three on periods ran from in. WC = inches water column

October 17, 2012, to November 14, 2012; December 12,

2012, to December 29, 2012; and February 6, 2013, to April 24, 2013. The two passive periods ran from
November 14, 2012, to December 12, 2012, and from December 29, 2012, to January 16, 2013. The fully
off period ran from January 16, 2013, to February 6, 2013.
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Figure 3-10. Map view of the 422-side basement showing SSD mitigation system legs, subslab
soil gas extraction pits (red circles), and the position of the passive “sampling
racks.” Horizontal divisions are walls between “north” (top in figure), “central,” and
“south” (bottom in figure) sections of basement with open walkways between
(cistern is in the central basement).
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Figure 3-11. Map view of the 420-side basement showing the SSD mitigation system legs,
subslab soil gas extraction pits (red circles), and the passive “sampling racks.”
Horizontal divisions are walls between “north” (top in figure), “central,” and “south”
(bottom in figure) sections of basement with open walkways between (cistern is in

the central basement).
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Figure 3-12. Photos of mitigation system: (left) SSD blower and stack on northeast corner of
duplex; (right) SSD extraction point, showing valve and U-tube manometer.
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Figure 3-13. Cross-section showing the general layout of the 422/420 north and central
basements with the positioning of the extraction legs, exterior blower, and exhaust
stack.

3.4 Monitoring, Sampling, and Analysis

Section 3 in the previous project report (U.S. EPA, 2012a) provided details on the design and installation
of the monitoring infrastructure used in this project including wells, soil gas monitoring ports, soil
temperature and moisture sensors, differential pressure sensors, weather data, and indoor and outdoor
monitoring for VOCs and radon. This report updates the previous report, with this section summarizing
and updating the previous report’s text on the VOC sampling configurations used for soil gas, air, and
groundwater monitoring. Section 3.5 describes radon sampling, and Section 3.6 describes monitoring of
physical parameters like weather, indoor temperature, and differential pressures. Figure 3-14 maps the
subsurface monitoring points including soil gas sampling ports and groundwater monitoring wells.

3.41 Indoor and Outdoor Air VOC Monitoring

The overwhelming majority of the indoor passive sampling was done with Radiello 130s supplied by and
analyzed by Air Toxics Ltd. For comparison, two different types of SKC badges were also used that were
specifically adapted to use at very short or long sampling durations.
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Figure 3-14. Subsurface soil gas monitoring probes (SGP), subslab sampling ports (SSP), and
groundwater monitoring wells (MW). Horizontal divisions are walls between “north,”
“central,” and “south” sections of basement with open walkways between (cisterns
are in the central basements). Probes/ports in red were sampled by the onsite GC.
Soil temperature and moisture probes were installed in the 422 basement between
SGP 8 and MW 3 and in the backyard to the north of MW 2.
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For passive sampling, several racks were set up to facilitate arranging groups of samplers in consistent
locations for different durations during the run of the project. These racks were ordinary laundry drying
racks that can be purchased inexpensively at most department stores (Figur e 3-15). The racks were ideal
in that they allowed multiple samplers to be placed at the same, or similar, levels within the normal
breathing zone. One rack was placed in the first floor center room of 420 and 422 and in the northern and
southern areas of each basement.

At each rack, a specific location was assigned for one of several day durations each approximately 6 in.
apart to minimize the potential for starvation effects. Durations of 7, 14, 28, 91, 182, and 364 days were
used from January 2011 to March 2012 to study the performance of varying durations of passive samplers
as well as temporal variability. From October 2012 through May 2013, the primary emphasis of the
passive sampling was to study the effects of the SSD mitigation system and snow/ice effects on VOC and
radon levels using weekly and quarterly sampling durations. Enough spaces on the rack remained for
duplicates of those durations, plus special locations occupied during intensive rounds. SKC badges were
primarily hung on the back portion of the racks, in a similar manner to the Radiellos.

In addition to these indoor racks, a special outdoor (ambient) location had to be made to accommodate the
samplers. A hood was purchased to house the samplers and mounted on a telephone pole by the alley near
the house (Figur e 3-16). This hood housed all of the Radiellos and badges for the different day durations.

Sampling of Radiellos consisted of removing the white diffusive body from its backing shield, opening
the glass vial that contained the new screened Radiello 130, and allowing it to slide into the white body;
then the white body was replaced in its backing plate with a new sample number. The old one was then
sealed in a glass vial for shipping. Each week, Radiellos of the appropriate durations were stopped and
replacements were started. For example, when the 7- and 14-day Radiellos were stopped, new ones were
put up in their places. The 7-day samples were taken down the following week, followed by the 14-day
samples the week after. This arrangement allowed us to compare the results of different time durations to
each other (ex. four weekly samples against the monthly for the same time period). Additionally, during
some of the intensive rounds, daily Radiellos were taken to compare them to the weekly time increments.

SKC 575 badges with the secondary diffusion cover were used for comparing the longest Radiello
durations (the 182- and 364-day time periods). These solvent-extracted charcoal badges have been used in
the literature for durations of 4 weeks and longer. SKC Ultra Badges (thermally desorbed) were used for
24-hour and 7-day sampling during an intensive round and short-term sampling during a fan test. Both
Radiellos and SKC badges were provided by and returned to Air Toxics Ltd. for analysis.

Summa canisters (6 liter) were only used for preliminary site screening and indoor air before and after the
fan testing (Method TO-15). These were acquired from and returned to Air Toxics Ltd. for analysis.
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Figure 3-15. Passive indoor air sampling rack: 422 first floor.
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Figure 3-16. Ambient sampler shelters on telephone pole near duplex.

3.4.2 Subslab and Soil Gas (TO-17)

The primary method of subslab and soil gas sampling for VOCs during the second phase of the project
was by TO-17. In this method, a thermo-desorption tube, with a female Swagelok end, was connected to
each sampling port in turn. Each port had its own male union connected to a valve. Before sampling, the
port was purged with an SKC Universal XR pump set to 1L/min. Five well volumes were then purged via
an exhaust line that ran away from the operator for exterior ports or out of a basement window in the case
of the interior ports. The fittings were attached with wrenches, and an air tight syringe was mounted onto
the other end of the TO-17 tube. Once this was done, the port’s valve was opened, and the syringe was
used to draw 200 mL of air through the TO-17 tube over a period of a minute. After this, the port valve
was closed, and the TO-17 tube was removed and sealed for shipping.

Samples were taken from the operational ports positioned at three (interior probes) or four (exterior
probes) depths each week from January 2011 through February 2012. Sampling was performed at least
monthly from October 2012 through May 2013. During this time period, sampling was also performed
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more frequently at time points selected to observe the effects of snow/ice events and flooding events.
Initially, the preferred depths to sample were 3.5, 9, and 16.5 ft bls exterior and 6, 9, and 16.5 ft bls
interior. However, a higher than expected water table prevented the sampling of the 16.5 ft depths for
most of the duration of the project. Unusually high water tables or perched/infiltrating water occasionally
made other soil gas ports inoperative. In addition, all wall ports were sampled during most sampling
rounds, as well as a subset of the subslab ports. Details of the subslab, wall port, and soil gas probe
locations and construction can be found in U.S. EPA (2012a).

The majority of the TO-17 tubes collected were prepared by and analyzed by the EPA National Exposure
Research Laboratory (NERL) in Las Vegas, NV. For the extensive sampling of the intensive rounds
conducted in 2011 to 2012, additional TO-17 tubes were prepared by and analyzed by Air Toxics. An
intercomparison study of the two TO-17 laboratories was conducted in the previous project and showed
acceptable agreement between the two laboratories (see Section 4.2.4 of U.S. EPA [2012a]). During the
intensive rounds, all functioning ports (not made inoperative by water) were sampled at least once each
day of the round. For a few days of each round, several locations were sampled multiple times of the day
with the intention of comparing hourly and daily variability to the normal weekly variability.

343 Online Gas Chromatograph

An automated sampling and analysis system was provided by Hartman Environmental Geoscience for
two periods during the previous project and from December until early March for this project, and system
design and deployment are described here for all three sampling periods. The system consisted of the
following elements:

=  gas chromatograph (GC) with an electron capture detector (ECD),

= ]6-port stream selection valve,

= sample injection valve with an adsorbent trap or 1 cc sample loop,

= computerized data acquisition system (Peaksimple by SRI Instruments), and

=  remote connection via wireless.

The GC was connected by gas tight tubing from selected sample points for first floor indoor air, soil gas,
subslab soil gas, and ambient air samples. The tubing from each sample location was connected to the
stream selector valve. At any time, one of the entering tubes was connected to the adsorbent trap or
sample loop depending on the position of the stream selector valve. A low-flow vacuum pump drew the
vapor sample through the tubing at a rate of 25 cc/min to 40 cc/minute for 30 to 90 seconds to purge the
sample tubing and ensure the sample in the sample loop was from the selected sample location. When
purging was complete, the sample injection valve would rotate and inject the sample into the GC for
analysis. Cycle time from start of purging to the end of the analysis was approximately 10 to 15 minutes.
When the analysis was complete, the stream selector valve advanced to the next position (next sample
location) and the process repeated itself. This sequence continued uninterrupted until stopped by the
operator. Approximately seven (7) to nine (9) samples from each sample location were analyzed each
day.

The data acquisition software (Peaksimple) acquired the chromatographic data and also controlled the
stream-selector valve, sample injection, and GC analysis and stored the data to a summary file on a
laptop. Remote access to the laptop and the data was enabled by a WiFi connection installed at the house
for this purpose.

The 16 sampling ports were distributed as follows: one was initially connected to a nitrogen tank but later
was connected to a line to outdoor air (~4 ft from the house), one was connected to a TCE standard
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periodically, and two were blanks used to clear the instrument after each run. There were 12 sample
locations: four indoor air, three subslab ports, one wall port, and three house-interior and one exterior soil
gas probes with soil gas ports at multiple depths (3 ft, 6 ft, 9 ft, and 16.5 ft bls) in the subsurface. The 6 ft
bls soil gas probes corresponded to the subslab probes in terms of depth.

All sampling lines were constructed of 1/16 in. OD stainless steel tubing (except the 420 first floor line
had approximately a 20 ft section of 1/8 in. OD stainless steel tubing at the sampling end). The tubing for
all lines ran from the stream selector valve at the GC along interior walls to the sampling points. At the
sample locations, the indoor air lines hung suspended over passive sampler racks, within the breathing
zone. For soil gas ports and subslab ports, each tube was connected to a sampling port by means of
Swage-Lok male/female fittings.

In the first phase of the automated program (August 2011 to October 2011), the vapor sample from each
location was concentrated onto an adsorbent trap. Volumes passed over the trap were adjusted depending
on the vapor concentration at each location and ranged from 20 cc to 80 cc. Higher volumes were
collected on the trap for lower concentration locations such as indoor air. Lower volumes were used for
soil gas. Cycle time from start of purging to the end of the analysis was approximately 10 minutes.
Approximately nine (9) samples from each sample location were analyzed each day.

In the second phase of the program (December 2011 to February 2012), the adsorbent trap was eliminated
and the sample was passed through a 1 cc sample lop for direct injection into the GC. This modification
was made to minimize carry-over between the high-concentration soil gas samples and the low-
concentration indoor air samples and to speed up the analysis. Cycle time from start of purging to the end
of the analysis was approximately 10 minutes. Approximately nine (9) samples from each sample location
were analyzed each day.

In the third phase of the program (December 2012 to March 2013), the adsorbent trap was eliminated and
the sample was passed through a 1 cc sample loop for direct injection into the GC. The analysis was also
slowed down to enable lower detection limits for chloroform. Cycle time from start of purging to the end
of the analysis was approximately 15 minutes. Approximately seven (7) samples from each sample
location were analyzed each day.

344 Groundwater

Groundwater samples were taken approximately monthly with permeable diffusion bags (PDBs) from
EON Products Inc. However, because of difficulties sampling the indoor 1-inch well (MW-3) by PDB,
samples were taken by bailers from February 6, 2013, onward. The 422/420 duplex has six exterior MWs
(two clusters of three) and one single-depth interior well installed in the basement and completed on the
first floor (Figure 3-17). The exterior wells are arranged in groups of three in the front and the back
yards. Each group of three is divided into depths of 16 to 21 ft, 21 to 24 ft, and 24 to 26 ft bls. The interior
well (MW-3) is about 18 ft bls, but the casing extends up to the first floor for ease of access, so it is about
24 ft deep at its access point. The exterior wells are 2 inches in diameter, and the internal well is 1 inch in
diameter. PDBs for the exterior wells are 12 by 1.75 inches, and the interior is 18 by 0.75 inches. PDBs
were deployed for at least 2 weeks, and a new set of PDBs was cycled through almost monthly. PDBs
were filled initially with deionized water provided by the EPA NERL laboratory. Most groundwater
samples were shipped to EPA NERL-Las Vegas for VOC analysis by Method 8260. A few samples were
analyzed by Pace laboratories in Indianapolis as a quality control check.

Groundwater samples were also collected from soil gas points when they were temporarily flooded using
a peristaltic pump. Peristaltic pump samples were also collected from the monitoring wells for
comparison purposes.
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Figure 3-17. Monitoring well MW-3, installed in the basement and completed on the first floor.

3.4.5 Subslab Depressurization System Stack Gas Sampling

Passive sampling from the stack for VOCs was done with a passive sampler, the Waterloo Membrane
Sampler. The Waterloo Membrane Sampler is preferred for sampling from the SSD stack because its
design makes it resistant to changes in air velocity and because of its small size. The sampler and its
validation are described at http://www.sirem-lab.com/images/PDF/wms.pdf (last accessed 10/9/2012).
Radon readings in the stack were taken using the portable AlphaGUARD instrument used for soil gas.
Stack velocity readings were taken with a Shortridge AND-870C Multimeter with the Airfoil Velocity
measurement probe.

3.5 Radon Sampling and Analysis

3.51 Indoor Air Radon Sampling and Analysis

The primary radon sampling method was electrets ion chambers collecting radon samples passively in
indoor air for the same 7-day intervals as Radiellos-collected VOCs. The following secondary methods
were, however, also used for radon in indoor air:

= stationary AlphaGUARDs at two locations to provide greater time resolution,
= carbon absorbers for a QC comparison, and

= consumer grade ionization chamber-based detector (Safety Siren Pro Series 3 manufactured by
Family Safety Products Inc.) for comparison.

Each method is described in detail below.

We used Rad Elec, E-Perm, ST-type (short-term) electrets according to EPA 402-R-92-004 (U.S. EPA,
1992). These were primarily deployed in s-chambers, but h-chambers were used on a few occasions. To
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sample, electrets were opened within their chambers at their assigned locations for a week. After a week,
the chambers were closed, all electrets were allowed to equilibrate for an hour to the room temperature
where they would be read, and then their voltages were read on a Rad Elec electret voltage reader. Start
and stop times, as well as voltages, were recorded and the electrets redeployed. The voltages,
configurations (e.g., ST electrets in s-chambers), dates, and times would then be incorporated into a
calculation used to convert voltage to picoCuries per liter (pCi/L) (pCi/L), with background gamma
correction.

The electrets reader was calibrated weekly with three standards. In addition, an electret blank test was run
weekly to test for effects of the chamber on the electrets. In this test, an electret not used during the
sampling was inserted into one of the used electret chambers (closed) and then read to determine whether
there had been any voltage drop from the previous week’s reading.

Electrets were hung in mesh bags, one at each of the same locations used for sampling Radiellos, plus a
duplicate at one location (three locations on the 422 side of the house and three on the 420 side). The
ambient electret was kept in a permeable bag and hung from a wooden dowel about 2 ft from the house.
Since December 28, 2011, a new electret was added in the 422 second floor office to be used in
conjunction with the radon siren testing.

Charcoal canisters from the U.S. EPA Radiation and Indoor Environments (R&IE) National Laboratory in
Las Vegas, NV, were set out on the sampling racks on three separate occasions to check the accuracy of
the electret readings (U.S. EPA, 1990). They were simply opened for a week (matching an electret
sampling period), closed, and shipped back to EPA for testing. Section 3.5.3 discusses the stationary
AlphaGUARD:s that were also used on the project for indoor air radon measurement.

Consumer-grade radon detector (Safety Siren) testing was a later addition to the project. Six Pro Series 3
Safety Siren radon gas detectors were deployed on December 23, 2011, and in use until March 1, 2012.
They were tested again from October 2012 to May 2013 during a period of mitigation on/off testing. Each
was installed at one of six locations: 422 second floor office, 422 first floor center room, 422 basement
south, 422 basement north, 420 first floor center room (stolen October 11, 2012, not replaced), and 420
basement south. The intention of the test was to determine the agreement among the radon Safety Sirens,
electrets, stationary AlphaGUARDs, and (for 1 week) charcoal canisters. The Safety Sirens can be read
once each week, so their readings were taken when the other data types were being acquired and their
readings compared.

3.5.2 Subslab and Soil Gas Radon Sampling and Analysis

Radon readings were collected weekly in 2011-2012 and approximately monthly or as meteorological
conditions required in 2012-2013 with a portable AlphaGUARD Professional Radon Monitor from
Genitron instruments. Operations were based on EPA guidelines for using continuous radon monitors
(U.S. EPA, 1992). More information on the AlphaGUARD can be found at
www.genitron.de/products/products.html. During routine sampling, this device was connected to subslab,
soil gas, and wall ports with an SKC Universal XR pump set to 1 L/min. Tubes connected the sample port
to the pump (with a moisture filter on the sampling end) and the pump to the AlphaGUARD. A purge line
led away from the operator for exterior sampling and out of basement windows for interior sampling
locations. The AlphaGUARD requires a 10-minute cycle of uninterrupted air flow from the sample
location for an accurate reading. Because a certain amount of time was needed for movement between,
one 10-minute cycle was spent relocating and then another to sample at the next location. Thus, each
sample port needed 20 minutes to sample.

Because radon has a short half-life (3.8 days) and the migration time from substantial depths for soil gas
is estimated to be months to years (Kurtz and Folkes, 2008; Carr et al., 2011), radon sampling focused on
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the shallowest depths and, thus, differed from the VOC sampling strategy. Exterior sampling consisted of
the shallowest ports available of the wells closest to the house. Usually, these were the 3.5- and 6-ft deep
ports of SGPs 1, 7, 4, and 5. Periodically, these depths would not yield a sample, presumably because of
moisture infiltration. In such cases, the next shallowest depths were chosen. Routine interior sampling
included all wall ports, five of the subslab ports, and the shallowest intervals of the nested interior soil gas
ports.

For routine sampling, first an ambient reading was taken outdoors and ~20 ft away from the 422/420
house. Then, lines to be sampled would be purged with the SKC pump (five soil gas point volumes,
calculated based on the depth). Finally, the pump would be connected to the AlphaGUARD to acquire a
full 10-minute sample.

The AlphaGUARD has a readout screen that details the results of the analysis at the end of each
10-minute cycle. The data provided are radon concentration (Bq/m?), relative humidity (%), pressure
(mbar), and temperature (° C). These data were recorded each week in a spreadsheet and the Bq/m’
converted to pCi/L.

3.5.3 Continuous (Real-Time) Indoor Air Radon Sampling and Analysis

The real-time AlphaGUARD:s are essentially the same as the handheld AlphaGUARD instrument used to
sample from the soil gas ports, except they are not fitted with the same nozzle type, because they are not
connected to external pumps. Rather, in this application they are operated in a diffusion mode. These
AlphaGUARD:s are intended to be placed to give readings in specific rooms. In the case of the 422/420
duplex, one unit was placed in the 422 second floor office, and the other was placed in the 422 north
basement area. These units stayed in their locations, except for brief, periodic data downloadings. These
units were first regularly deployed on March 31, 2011, and were in near-continuous operation until May
2013 except for a period of off-site recalibration in late July through late September 2012.

The data are produced by the instrument in the same units as the portable AlphaGUARD (requiring
conversion to pCi/L), and data points are collected every 10 minutes. However, because these devices
were not moved, all 10-minute cycles are usable. The real-time AlphaGUARDs are used in conjunction
with Data Expert software, also from Genitron Instruments. Once each week, the AlphaGUARDs were
connected to the computer (the one in the basement required briefly moving the instrument to download),
and the software downloaded the readings for the week. These were then saved as text files for later
conversion to Excel spreadsheet files.

3.6 Physical Parameters Monitoring

3.6.1 On-Site Weather Station

This project used a Davis Vantage Vue Weather Station on site with Weather Link data logger and
software (Figure 3-18). The components consist of the outdoor monitoring unit, the indoor receiver, and
the computer connection. The outdoor monitoring unit was mounted on an accessible portion of the
422/420 house roof. The unit was mounted on steel pipes, but 5 ft above the highest roof deck (that of the
attic dormer).

The outdoor unit contains all the exterior monitoring equipment (e.g., wind speed cups, rain gauge) and
has a solar panel/battery backup for power. The outdoor unit transmits a radio signal to the indoor
receiver, which also records the data every half hour. The indoor unit is human readable and can also be
used to set a variety of parameters. The indoor unit also records the house interior data at its location, in
this case the 422 second floor office. Once each week, the data were downloaded from the indoor unit
onto the computer containing the Weather Link software. These data were saved as a text file and later
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compiled in an Excel spreadsheet file. Many parameters are recorded; the key ones required for this
project are temperature (degrees F, interior and exterior), relative humidity (%), wind speed (mph), and
wind direction (16 points [22.5°] on compass rose).

Initially, and at least every 6 months, the results from this on-site system were compared with other
nearby weather stations in Indianapolis using at least 1 day’s observations. The National Weather Service
(NWS) Indianapolis International Airport (KIND) is approximately 15 miles southwest from the site. The
Indianapolis NWS station at Eagle Creek Airpark (KEYE) is approximately 9 miles west of the site.
There is also a private weather station available online closer to the site in Indianapolis, IN
(KININDIA33).

—_—
————— ]
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Figure 3-18. Front view of 420/422 duplex with location of weather station sensors indicated with
red arrow.

During the autumn months of 2012, it was discovered that the weather station stopped recording data for
brief periods each day, usually for approximately 2 hours in the early morning. It was determined in the
winter of 2012 that the house exterior station needed its battery changed. Because the station’s height
made it inaccessible under ordinary conditions, a subcontractor was hired. As soon as the winter ice
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conditions allowed (January 15, 2013), Ping’s Tree Service was hired to access the external station’s
battery with a bucket truck. After the battery was changed, no further interruptions in data occurred.

3.6.2 Indoor Temperature

Although the indoor weather station unit can record temperature, it only does this in the 422 second floor
office where it is located. Because temperature readings were required at all sample locations to allow
adjustment of the passive sampler data for uptake rate variation due to temperature, another form of data
collection was necessary. HOBOs data loggers, made by Onset (http://www.onsetcomp.com/), were
placed—one at each of the six passive sampler racks in the house. HOBOs record temperature (degrees F)
and relative humidity (%) every 30 minutes. Once a week, these data were recorded by taking them to the
computer with the Hoboware reading software and later importing those data to an Excel spreadsheet file.
Special spreadsheets were created to provide this information for the different Radiello time durations to
the passive sampler analytical laboratory.

3.6.3 Soil Temperature

Soil temperature was recorded by thermocouples from Omega (Type T, hermetically sealed tip insulated
thermocouples, HSTC-TT-T-24S5-120). During the initial house set up, holes were drilled beneath the 422
basement slab and backyard soils of the duplex (see Figure 3-14) to accommodate thermocouple probes
with end points set at different depths. Wires were inserted in ~2-in diameter holes with weights loosely
attached near the ends. The holes were allowed to cave in and backfill naturally. The thermocouple wires
run from their holes to male/female connectors (sealed from the elements in rubber “boots”) and from
there to a data acquisition system (PDAQ 56 by IOtech), where the data were recorded to the software on
the computer. A reading was taken approximately every 15 minutes. The thermocouples wired to the
PDAQ roughly corresponded to the depths of the soil gas ports: inside at 6, 9, 13, and 16.5 ft bls; outside
at 1, 3.5, 6, and 13 ft bls. However, there is one thermocouple (outside 16.5 ft) that is wired into an
Omega data logger (OM-EL-USB-TC). The thermocouple data were most typically collected at 15[
minute intervals.

3.64 Soil Moisture

Soil moisture was recorded by implanted Watermark moisture sensors. The units of measurement for the
soil moisture sensors are explained by Smajstrla and Harrison (2002):

Water potential is commonly measured in units of bars (and centibars in the English
system of measurement) or kilopascals (in metric units). One bar is approximately equal
to one atmosphere (14.7 Ib/in 2) of pressure. One centibar is equal to one kilopascal.
Because water is held by capillary forces within unsaturated soil pore spaces, its water
potential is negative, indicating that the water is under tension and that work must be
doneto extract water from the soil. A water potential reading of 0 indicates that the soil
is saturated, and plant roots may suffer from lack of oxygen. Asthe soil dries, water
becomes |ess available and the water potential becomes more negative. The negative sign
is usually omitted for convenience when soil water potentials are measured.

The soil water matrix potential can be converted into volumetric water content using known equations.
Moisture content is often measured in fixed laboratories as gravimetric water content. To convert
gravimetric water content to volumetric water, multiply the gravimetric water content by the bulk specific
gravity of the material.

These sensors were also installed in the holes drilled during the house set up. Before insertion, the sensors
had to be presoaked in water to prepare them. The sensors are pill-shaped devices at the end of a wire.
The wire was run up through a PVC pipe of the appropriate length for the depth and the wire grasped
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manually. The sensor could then be placed to the appropriate depth within the hole, the PVC pipe
withdrawn, and the soil backfill allowed to fill in naturally. Wires extend to the Watermark 900M
monitor, which reads and records the data every 30 minutes. Once each week these data were downloaded
to the Watergraph 3.1 software on the computer. Data were recorded in centibars. Soil moisture probes
were installed near the soil temperature probes in the 422 basement and backyard (see Figure 3-14). The
sensors were installed to approximately correspond to the soil gas port depths: inside at 6, 13, and 16.5 ft
bls and outside at 3.5, 6, 9, 13, and 16.5 ft bls.

3.6.5 Potentiometric Surface/Water Levels

Water levels in the seven wells (three clusters) on site were taken periodically with a Solinst water-level
meter. The water-level results were compared against U.S. Geological Survey (USGS) stream gauge data
for Fall Creek at Millersville, site 03352500 near the house.

For this new phase of the project, a Solinst water Levelogger Model 3001 was used to obtain higher time
resolution, starting November 9, 2012; data are taken each half hour by the device. The device was
installed in the deepest well (1A, ~26 ft) of the south yard monitoring well cluster (MW 1). Installation
made use of the existing tether system originally used with PDB sampling. Approximately each month,
the water logger is retrieved and connected to a computer via a USB port. Using the Levelogger Series 4
Software, the data are downloaded from the logger and entered into a spreadsheet. The spreadsheet
contains formulas for converting the recorded height of the water column to one corrected for outdoor
pressure (using outdoor pressures from the weather station). Each month, depth to water is also manually
measured using a Solinst water level indicator for comparison to the data logger. Readings differ by
approximately 0.3 ft. The logger is then restarted and redeployed on its tether back in MW1-A.

3.6.6 Differential Pressure

Differential pressure readings were monitored by Setra Model 264 low differential pressure transducer.
These units contain a pressure-sensitive diaphragm that measures pressure changes from the exterior
high/low poles. The poles had tubing connected that ran from the areas to be measured. Some Setra poles
were left open as an interior reference at a particular location. The configurations on the 422 side were as
follows: subslab versus basement, basement versus upstairs, deep soil gas versus shallow soil gas, and
basement versus exterior (out of the basement window). Only one unit was located on the 420 side, and it
was used for subslab versus basement. Three lines used soil gas ports as access points: 422 deep soil gas
versus shallow soil gas used SGP8-6 and SGP8-13, 422 subslab versus basement used SSP-1, and 420
subslab versus basement used SGP11-9. When these locations had to be sampled for VOCs, the ports
would be closed, disconnected from the Setras, purged, and sampled. Afterward, the ports would be
reconnected to the Setras and opened again.

The four Setras on the 422 side of the house are wired into the Personal Measurement Device, PMD[]
1208LS from Measurement Computing. The PMD is connected to the computer and uses TracerDaq
software. Readings are taken every 15 minutes. The one Setra on the 420 side is connected to the PDAQ
device and also takes a reading every 15 minutes (but not necessarily the same 15-minute interval as the
PMD Setras).

In the beginning of the project, the Setras were laid flat on their supporting surfaces. In February 2011,
manufacturer’s guidance was found indicating that they should be mounted vertically. The manufacturer
stated that correcting for the different mounting could be done by blocking the poles in the horizontal
position to determine their “zero readings” and then recording those same readings in the vertical position
to determine the offset. The offset could then be factored in to change the horizontal position data to
vertical. By March 31, 2011, all were hung in this manner, and the early data corrected.
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3.6.7 Air Exchange Rate

To determine the air exchange rate, capillary adsorption tubes (CATs) were used in conjunction with
perfluorodimethylcyclohexane (PDCH) and perfluoromethylcyclohexane (PMCH) emitters, provided by
the Harvard School of Public Health (HSPH) (EPA Method IP-4). The emitters are small metal shells
containing a fluid (either PDCH or PMCH), and the shells are contained within a foam wrapping. The
fluid releases a tracer gas at a measured constant rate, which is picked up by the CATs when in place. One
stopper end of the CAT is removed when the samplers were deployed for periods of 1 week to allow
sampling of the tracer gas by the adsorbent medium.

On April 22, 2011, in the 422 side of the house, 10 of the PDCH emitters were placed in the basement, 10
PMCH emitters were placed on the first floor, and 9 PMCH emitters were placed on the second floor.
Care was taken that emitters be placed far enough from each other and from walls (about 3 to 4 ft). The
placement locations also allowed unrestricted air flow.

CATs were used for sampling for air exchange rate measurement on four occasions. The first was from
April 27,2011, to May 4, 2011; the second was from September 23, 2011, to September 29, 2011; the
third was from October 13, 2011, to October 14, 2011 and from October 18, 2011, to October 19, 2011;
and the fourth was from April 2, 2013, to April 9, 2013. On the first occasion, CATs were deployed—one
on the 422 first floor (center room) and two in the 422 basement (one duplicate). One was also placed in
420 on the first floor (center room) and in the 420 basement (center room). On the second occasion, CATs
were only deployed on the 422 side of the house. One was in the 422 office on the second floor, one on
the first floor (center room), and two were placed in the basement center room (one duplicate). On the
fourth occasion, CATs were deployed on the 422 second floor office, the 422 first floor central room, the
422 basement central room (and a duplicate there), and the 420 first floor central room. When sampling,
CATs were placed on their sides with one cap removed and slightly tipped at one end so the open end
pointed toward the ground. After sampling, the CATs were sealed and sent to HSPH for analysis.

3.6.8 Crack Monitoring

The basement floors and walls were visually inspected for significant cracks (i.e., ones where vapors
could infiltrate from subsurface soils). For the three most significant cracks, we installed a calibrated
crack monitor as shown in the Figure 3-19. This device consists of two plates that move independently.
One plate is white with a black millimeter grid; the other is transparent with red crosshairs centered over
the grid. Once the monitor is secured with epoxy or screws across a crack, the crosshairs shift vertically or
horizontally on the grid, making crack movement easily visible and trackable. It was installed with a 5[
Minute® Epoxy, a rapid-curing, general-purpose adhesive that bonds rigid, durable substrates such as
metals, glass, ceramics, concrete, and wood in all combinations. The position of the monitor was recorded
monthly and indicated that the monitored cracks did not move during the course of the study.

[ ¥
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Figure 3-19. Calibrated crack monitor.
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3.7 Data Aggregation Methods

In order to conduct statistical time series analysis in Sections 9 and 10, data had to be arranged into files
that contained one value for each predictor (independent) variable for each value of an outcome
(dependent) variable. Because of methodological constraints, not all data sets were acquired with exactly
the same time intervals. Therefore data were aggregated at the level of individual days and weeks for data
analysis. Professional judgment was used to determine the most appropriate method of aggregation for a
given parameter (e.g., mean, sum, mode, maximum); in most cases, the mean or mode was used as a
central tendency estimate to avoid any bias in the aggregated variable. The methods of aggregation for

each variable are provided in Table 3-2.

Table 3-2. Data Aggregation Applied to Predictor Variables

Variable Name (Plain Language) Variable Code A“g”;:g;:tgn
Building Variables
420 air conditioning status (on/on briefly/off) AC_on-off_420_daily Mode
422 air conditioning status (on/on briefly/off) AC_on-off_422 daily Mode
422 fan status (on/off) (Note: fan was never used on 420) Fan_on-off_422_daily Mode
420 side heating status (on/off) Heat_on-off_420_daily Mode
422 heating status (on/off) Heat_on-off_422_daily Mode
House Mitigation Status (not yet installed/on/passive/off) Mitigation_Status_Daily Mode
Building Environment Variables

Air density interior AirDens_422 Mean
Dew point, interior, Fahrenheit Dew pt 422 F Mean
Humidity interior Hum_422_%. Mean
Interior heating Index Indoor_Heat_Index Mean
420, subslab vs. basement differential pressure Setra_420ss.base_Pa Mean
422 basement vs. exterior differential pressure, Pascals Setra_422base.out_Pa Mean
422, basement vs. upstairs differential pressure, Pascals Setra_422base.upst_Pa Mean
422, deep vs. shallow soil gas differential pressure, Pascals Setra_422SGdp.ss_Pa Mean
422, subslab vs. basement differential pressure, Pascals Setra_422ss.base Pa Mean
Temperature at 420 basement north sampling location from T _420baseN_C Mean
HOBO

Temperature at 420 basement south sampling location from T 420baseS_C Mean
HOBO

Temperature at 420 first floor sampling location from HOBO T_420first C Mean
Temperature, 422 first floor from weather station T 422 F Mean
Temperature 422 basement north from HOBO T _422baseN_C Mean
Temperature 422 first floor from HOBO T_422baseS_C Mean
Temperature on first floor of 422 of duplex from HOBO T_422first_C Mean

Subsurface and Stream Variables
Height Measured at Fall Creek Stream Gauge in feet Fall_Crk_Gage_ht_ft Mean
Soil moisture, 13 ft bls beneath structure, cbar Soil_H20 In13._cbar Mean
Soil moisture 16.5 ft bls beneath structure, cbar Soil_ H20 In16.5._cbar Mean
Soil moisture 6 ft bls beneath structure, cbar Soil_H20 _In6._cbar Mean
Soil moisture 13 ft bls exterior, cbar Soil_H20_Out13._cbar Mean
(continued)
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Table 3-2. Data Aggregation Applied to Predictor Variables (cont.)

Variable Name (Plain Language)

Variable Code

Method of
Aggregation

Soil moisture, 3.5 ft bls exterior, cbar Soil_H20_Out3.5._cbar Mean
Soil moisture 6 ft bls exterior, cbar Soil_H20_Out6._cbar Mean
Soil temperature 13 ft bls beneath structure Soil_T_C_MW3.13 Mean
Soil temperature 16.4 ft bls beneath structure Soil_ T_C_MW3.16.5 Mean
Soil temperature 6 ft bls beneath structure Soil_T_C_MW3.6 Mean
Soil temperature 9 ft bls beneath structure Soil_T_C_MW3.9 Mean
Soil temperature 1 ft bls exterior Soil_T_C_OTC1 Mean
Soil temperature 13 ft bls exterior Soil_T_C_OTC.13 Mean
Soil temperature 16.5 ft bls exterior Soil_T_C_OTC.16.5 Mean
Soil temperature 6 ft bls exterior Soil_T_C_OTC.6 Mean
Weather Variables
E;r:r)metric pressure rate of change in inches of mercury per Bar_drop_.Hg.hr Mean
Barometric pressure in inches of mercury Bar_in_Hg Mean
::112:1 ergfmrs‘tarrigu;i;essure change over measurement period in BP_Net_Change Figsg;lé/e:isr;t{eby

Standard deviation of barometric pressure change over
measurement period in inches of mercury

BP_Pump_Speed

Standard Deviation

Largest barometric pressure change over measurement period
( “stroke length” of barometric pumping) in inches of mercury

BP_Stroke_Length

Maximum-Minimum

Cooling degree days Cool_Degree_Day Sum

Dew point, exterior Dew_pt out F Mean

Heating degree days Heat_Degree_Day Sum

Eﬁsirci’ci)tryHeating Index — calculated based on temperature and Heat_Index_F Mean

Humidity exterior Hum_out_%. Mean

Rain (inches) totaled during observation period Rain_In_met Sum

Rain highest rate during observation period in inches/hour Rain_IPH Maximum

Depth of snow on the ground, inches Snowdepth_daily Mean

Temperature exterior from HOBO T out C Mean

Exterior temperature from weather station (°F) T out F Mean

Temperature exterior, high during data collection period T out Hi_F Maximum

Lowest exterior temperature in Fahrenheit T_out_Lo_F Minimum

Temperature, humidity, and wind index THW_F Mean

Wind chill Wind_Chill_F Mean

Average wind direction in degrees Wind_Dir Trigonometric Mean

\I/DVind direction of high speed during measurement period in Wind_Dir_Hi Direqtion paired to
egrees high speed

Wind run is a function of wind speed and duration Wind_Run_mi Sum

High wind speed during measurement period Wind_Speed_ Hi_MPH Maximum

Average wind speed during measurement period Wind_Speed_MPH Mean

(continued)
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Table 3-2. Data Aggregation Applied to Predictor Variables (cont.)

Variable Name (Plain Language)

Variable Code

Method of
Aggregation

Chemical Concentration Measurements

Chloroform concentration at 420 basement north sampling
location, in ug/m3, as measured by Radiello sample

420BaseN_Radiello_Weekly
CHCI3

Randomly choose
(when more than one
per week)

Chloroform concentration at 420 basement south sampling
location, in ug/m3, as measured by Radiello sample

420BaseS_Radiello_Weekly
CHCI3

Randomly choose
(when more than one
per week)

Chloroform concentration at 422 basement north sampling
location, in ug/m3, as measured by Radiello sample

422BaseN_Radiello_Weekly
CHCI3

Randomly choose
(when more than one
per week)

Chloroform concentration at 422 basement south sampling
location, in ug/m3, as measured by Radiello sample

422BaseS_Radiello_Weekly
CHCI3

Randomly choose
(when more than one
per week)

Chloroform concentration at 422 first floor sampling location,
in pg/m3, as measured by Radiello sample

420First_Radiello_Weekly_
CHCI3

Randomly choose
(when more than one
per week)

Chloroform concentration at 422 first floor sampling location,
in ug/m?, as measured by Radiello sample

422First_Radiello_Weekly
CHCI3

Randomly choose
(when more than one
per week)

Chloroform concentration at outside sampling location, in
pg/m3, as measured by Radiello sample

Out_Radiello_Weekly_CHCI3

Randomly choose
(when more than one
per week)

Tetrachloroethene concentration at 420 basement north
sampling location, in ug/m?3, as measured by Radiello
sample

420BaseN_Radiello_Weekly_
PCE

Randomly choose
(when more than one
per week)

Tetrachloroethene concentration at 420 basement south
sampling location, in ug/m3, as measured by Radiello
sample

420BaseS_Radiello_Weekly_
PCE

Randomly choose
(when more than one
per week)

Tetrachloroethene concentration at 422 basement north
sampling location, in ug/m3, as measured by Radiello
sample

422BaseN_Radiello_Weekly
PCE

Randomly choose
(when more than one
per week)

Tetrachloroethene concentration at 422 basement south
sampling location, in ug/m3, as measured by Radiello
sample

422BaseS_Radiello_Weekly
PCE

Randomly choose
(when more than one
per week)

Tetrachloroethene concentration at 422 first floor sampling
location, in ug/m3, as measured by Radiello sample

420First_Radiello_Weekly
PCE

Randomly choose
(when more than one
per week)

Tetrachloroethene concentration at 422 first floor sampling
location, in ug/m3, as measured by Radiello sample

422First_Radiello_Weekly
PCE

Randomly choose
(when more than one
per week)

Tetrachloroethene concentration at outside sampling
location, in ug/m3, as measured by Radiello sample

Out_Radiello_Weekly PCE

Randomly choose
(when more than one
per week)

Radon concentration at 422 basement north sampling
location, in pCi/L, as measured by AlphaGUARD sample

422baseN_AG_radon

Mean

Radon concentration at 422 office sampling location, in
pCi/L, as measured by AlphaGUARD sample

4220ffice_2nd_AG_radon

Mean

(continued)
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Table 3-2. Data Aggregation Applied to Predictor Variables (cont.)

Variable Name (Plain Language)

Variable Code

Method of
Aggregation

Tetrachloroethene concentration at 420 basement south
sampling location, in ug/m®, as measured by GC sample during
the first period of GC sampling

420baseS_GC1_PCE

Mean

Tetrachloroethene concentration at 422 basement south
sampling location, in ug/m?, as measured by GC sample during
the first period of GC sampling

422baseS_GC1_PCE

Mean

Tetrachloroethene concentration at 420 first sampling location,
in ug/m3, as measured by GC sample during the first period of
GC sampling

420first,_ GC1_PCE

Mean

Tetrachloroethene concentration at 422 first sampling location,
in ug/m3, as measured by GC sample during the first period of
GC sampling

422first,_ GC1_PCE

Mean

Tetrachloroethene Concentration at Wall Port 3 sampling
location, in ug/m3, as measured by GC sample during the first
period of GC sampling

WP3_GC1_PCE

Mean

Tetrachloroethene concentration at Subslab Port 2 sampling
location, in ug/m3, as measured by GC sample during the first
period of GC sampling

SSP2_GC1_PCE

Mean

Tetrachloroethene concentration at Subslab Port 4 sampling
location, in ug/m3, as measured by GC sample during the first
period of GC sampling

SSP4_GC1_PCE

Mean

Tetrachloroethene concentration at Subslab Port 7 sampling
location, in ug/m3, as measured by GC sample during the first
period of GC sampling

SSP7_GC1_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 11 sampling
location at a depth of 13 feet, in pg/m?, as measured by GC
sample during the first period of GC sampling

SGP11-13_GC1_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 2 sampling
location at a depth of 9 feet, in ug/m?3, as measured by GC
sample during the first period of GC sampling

SGP2-9_GC1_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 8 sampling
location at a depth of 9 feet, in ug/m?3, as measured by GC
sample during the first period of GC sampling

SGP8-9_GC1_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 9 sampling
location at a depth of 6 feet, in ug/m?, as measured by GC
sample during the first period of GC sampling

SGP9-6_GC1_PCE

Mean

Tetrachloroethene concentration at 420 basement south
sampling location, in ug/m®, as measured by GC sample during
the second period of GC sampling

420baseS_GC2_PCE

Mean

Tetrachloroethene concentration at 422 basement south
sampling location, in ug/m?, as measured by GC sample during
the second period of GC sampling

422baseS_GC2_PCE

Mean

Tetrachloroethene concentration at 420 first sampling location,
in ug/mé, as measured by GC sample during the second period
of GC sampling

420first._GC2_PCE

Mean

Tetrachloroethene concentration at 422 first sampling location,
in ug/mé, as measured by GC sample during the second period
of GC sampling

422first._ GC2_PCE

Mean

(continued)
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Table 3-2. Data Aggregation Applied to Predictor Variables (cont.)

Variable Name (Plain Language)

Variable Code

Method of
Aggregation

Tetrachloroethene concentration at Wall Port 3 sampling
location, in ug/m3, as measured by GC sample during the
second period of GC sampling

WP3_GC2_PCE

Mean

Tetrachloroethene concentration at Subslab Port 2 sampling
location, in ug/m3, as measured by GC sample during the
second period of GC sampling

SSP2_GC2_PCE

Mean

Tetrachloroethene concentration at Subslab Port 4 sampling
location, in ug/m3, as measured by GC sample during the
second period of GC sampling

SSP4_GC2_PCE

Mean

Tetrachloroethene concentration at Subslab Port 7 sampling
location, in ug/mé, as measured by GC sample during the
second period of GC sampling

SSP7_GC2_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 11 sampling
location at a depth of 13 feet, in ug/m?3, as measured by GC
sample during the second period of GC sampling

SGP11-13_GC2_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 2 sampling
location at a depth of 9 feet, in ug/m?, as measured by GC
sample during the second period of GC sampling

SGP2-9_GC2_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 8 sampling
location at a depth of 9 feet, in ug/m?3, as measured by GC
sample during the second period of GC sampling

SGP8-9_GC2_PCE

Mean

Tetrachloroethene concentration at Soil Gas Port 9 sampling
location at a depth of 6 feet, in ug/m?3, as measured by GC
sample during the second period of GC sampling

SGP9-6_GC2_PCE

Mean

Tetrachloroethene concentration at 420 basement south
sampling location, in ug/m3, as measured by GC sample during
the third period of GC sampling

420baseS_GC3_PCE

Mean

Tetrachloroethene concentration at 422 basement south
sampling location, in ug/m?, as measured by GC sample during
the third period of GC sampling

422baseS_GC3_PCE

Mean

Tetrachloroethene concentration at 420 first sampling location,
in ug/m3, as measured by GC sample during the third period of
GC sampling

420first_GC3_PCE

Mean

Tetrachloroethene concentration at 422 first sampling location,
in pg/mé, as measured by GC sample during the third period of
GC sampling

422first._GC3_PCE

Mean

Tetrachloroethene concentration at Wall Port 3 sampling
location, in ug/m3, as measured by GC sample during the third
period of GC sampling

WP3_GC3_PCE

Mean

Tetrachloroethene concentration at Subslab Port 2 sampling
location, in ug/m3, as measured by GC sample during the third
period of GC sampling

SSP2_GC3_PCE

Mean

Tetrachloroethene concentration at Subslab Port 4 sampling
location, in ug/m3, as measured by GC sample during the third
period of GC sampling

SSP4_GC3_PCE

Mean

Tetrachloroethene concentration at Subslab Port 7 sampling
location, in ug/m3, as measured by GC sample during the third
period of GC sampling

SSP7_GC3_PCE

Mean

(continued)
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Table 3-2. Data Aggregation Applied to Predictor Variables (cont.)

Method of

Variable Name (Plain Language) Variable Code Aggregation

Tetrachloroethene concentration at Soil Gas Port 11 sampling
location at a depth of 13 feet, in pg/m?, as measured by GC SGP11-13_GC3_PCE Mean
sample during the third period of GC sampling

Tetrachloroethene concentration at Soil Gas Port 2 sampling
location at a depth of 9 feet, in ug/m?3, as measured by GC SGP2-9_GC3_PCE Mean
sample during the third period of GC sampling

Tetrachloroethene concentration at Soil Gas Port 8 sampling
location at a depth of 9 feet, in ug/m?3, as measured by GC SGP8-9_GC3_PCE Mean
sample during the third period of GC sampling

Tetrachloroethene concentration at Soil Gas Port 9 sampling
location at a depth of 6 feet, in ug/m?3, as measured by GC SGP9-6_GC3_PCE Mean
sample during the third period of GC sampling
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4.0 Results and Discussion: Quality Assurance Checks of Individual
Data Sets

This section describes the sampling and analytical quality assurance/quality control (QA/QC) checks
conducted for passive VOC sampling using Radiello samplers (4.1),*’ active sorbent tube sampling per
method TO-17 for soil gas samples (4.2)*, the on-site gas chromatograph used for continuous monitoring
of indoor air and soil gas (4.3), radon measurements by AlphaGUARD and electret instruments (4.4)*,
weather station measurements (4.5), groundwater sampling and analysis (4.6 and 4.7)*, and entry of the
compiled data into the project databases (4—8). Additional details on each of the sampling methods can be
found in Section 3.

4.1 VOC Sampling—Indoor Air-Passive—Air Toxics Ltd. (ATL)

QA/QC checks for the passive Radiello 130 samplers used for indoor and outdoor air sampling are
described in the following sections for blanks (4.1.1), surrogate recoveries (4.1.2), and laboratory control
surrogate (LCS) recoveries (4.1.3). For blanks, chloroform showed no detections, while PCE showed an
acceptably small percentage (3 to 9%) of detectable concentrations between the detection and reporting
limits. All surrogate recoveries met the laboratory control acceptance criteria. Chloroform failed to meet
the LCS recovery limits five times, while all PCE LCS recoveries met the control limits. These results
being above the control limits suggest that a minority of the time the laboratory may be overestimating
the concentration of chloroform and hexane by a factor of two times or less, which is acceptable quality
for the study’s data quality objectives.

411 Blanks

Field blanks, trip blanks, and laboratory blanks were used to evaluate false positives and/or high bias due
to transport, storage, sample handling, and sorbent contamination.

= Field blankswere collected using a blank Radiello 130 cartridge from the media sample batch
sent to the field from the laboratory. The cartridge was removed from the sealed storage vial and
transferred to the diffusive housing in a similar manner to sample deployment. The cartridge was
then immediately removed from the housing, returned to the storage vial, and sealed for
shipment back to the laboratory with the field samples. In general, a field blank was collected
with each shipment to the laboratory. A total of 67 field blanks were submitted over the duration
of the project.

=  Trip blanks were also assigned as blank Radiello cartridges from the media batches. The
cartridge was not opened or removed from the storage vial but was sent back to the laboratory
along with the field samples. There were 23 trip blanks submitted for analysis.

= For the laboratory blanks, a Radiello 130 cartridge was extracted with each analytical batch to
measure background from the sorbent and the extraction process. A total of 120 unique lab
blanks were analyzed and reported over the duration of the project.

To assist in data interpretation, all blank samples and all field sample results were evaluated down to the
method detection limit (MDL). The results of the field, trip, and laboratory blanks are summarized in
Tables4-1, 4-2, and 4-3. The number of blanks with detections above the reporting limit (RL) and MDL
are tabulated. Summary statistics were then calculated on this subset of positive detections.

"Measurements marked with an asterisk are designated as critical in the project QAPP.
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Table 4-1. Indoor Air Passive Field Blank Summary—Radiello 130

iFB FB | RL>FB | %ofField | pe2 | std. Max
RL (ug) Analvzed Conc. > | Conc. > | Blanks with Conc Dev. |Min (ug) (1g)
y RL MDL Detections : (ng) Hg
(¢
Benzene 0.4 67 0 58 87 0.122 0.04 0.04 0.21
Chloroform 0.1 67 0 0 0 NA NA NA NA
cis-1, 2-DCE 0.1 67 0 0 0 NA NA NA NA
Hexane 0.1 67 4 13 19 0.099 0.091 0.033 0.35
PCE 0.1 67 0 4 6 0.032 0.02 0.007 0.05
Toluene 0.1 67 1 25 37 0.044 0.037 0.014 0.17
TCE 0.1 67 0 5 7 0.015 0.009 0.006 0.03
NA= Not Applicable
Table 4-2. Indoor Air Passive Trip Blank Summary—Radiello 130
FB | RL>FB | % of Tri Mean
#FB bof Trip | giapk | Std- | Max
RL (ng) Analvzed Conc. > | Conc. > | Blanks with Conc Dev. |Min (pg) (1)
y RL MDL | Detections : (Mg) Hg
(Hg)
Benzene 04 23 0 21 91 0.102 0.039 0.042 0.16
Chloroform 0.1 23 0 0 0 NA NA NA NA
cis-1, 2-DCE 0.1 23 0 0 0 NA NA NA NA
Hexane 0.1 23 0 10 43 0.049 0.012 0.036 0.07
PCE 0.1 23 0 2 9 0.015 0.009 0.009 0.02
Toluene 0.1 23 0 18 78 0.02 0.008 0.012 0.041
TCE 0.1 23 0 4 17 0.024 0.016 0.009 0.043
NA= Not Applicable
Table 4-3. Indoor Air Passive Laboratory Blank Summary—Radiello 130
B LB |RL>LB | %oflab | pe% | std. i
RL (pg) Analvzed Conc. > | Conc. > | Blanks with Conc Dev. |Min (ug) (1)
y RL MDL Detections : (ng) Hg
(¢
Benzene 0.4 120 9 113 94 0.1 0.056 0.038 0.34
Chloroform 0.1 120 10 0 0 NA NA NA NA
cis-1, 2-DCE 0.1 120 0 0 0 NA NA NA NA
Hexane 0.1 120 1 36 30 0.303 0.022 0.034 0.14
PCE 0.1 120 0 3 3 55 0.000 0.008 0.01
Toluene 0.1 120 3 72 60 0.454 0.026 0.005 0.13
TCE 0.1 120 0 5 4 0.372 0.006 0.013 0.03

NA= Not Applicable
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Benzene was detected above the MDL but below the RL in a majority of the field, trip, and lab blanks at
similar background levels. The average of the positive detections was 0.121, 0.102, and 0.1 pg for the
field, trip, and lab blanks, respectively. The benzene blank levels are largely due to benzene
contamination present in the carbon disulfide extraction solvent. Although the laboratory used high purity
(99.99%) carbon disulfide reagent, benzene is present as a common contaminant in this solvent (White,
1964).

Although the benzene background levels were below the RL, a positive bias is expected for the daily
Radiello and a large subset of the weekly indoor air samples. Longer duration samples would normally
collect more mass and thus would not be significantly affected.

Hexane and toluene were also commonly detected in the field, trip, and lab blanks above the MDL. In the
case of the field and lab blanks, some had concentrations above the RL for hexane and toluene. All
detections in the trip blanks were below the RL but above the MDL. Similar to benzene, a positive bias
for hexane and toluene is anticipated for the daily Radiello samples due to the blank levels.

Because benzene, hexane, and toluene have a relatively constant low level blank contribution from the
media, the blank problems are more significant for the shortest duration samples (i.e., daily and to a lesser
extent weekly). See Section 4.1.1 of U.S. EPA (2012a) for a full discussion of these issues.

No detections of chloroform or cis-1,2-dichloroethene (cis-1,2-DCE) were measured in any of the blanks.
For a small percentage of the blanks, low concentration detections above the MDL were measured for
tetrachloroethene (PCE) and trichloroethene (TCE).

In summary, the contaminants of most concern in this study showed either no blank detections (for
chloroform) or an acceptably small percentage (3 to 9%) of low concentrations between the detection and
reporting limits (for PCE). The contaminants with highest blank detections (benzene, toluene, and
hexane) were not a primary focus for this study in that they were attributed to ambient outdoor air sources
and did not come from vapor intrusion.

4.1.2 Surrogate Recoveries

To monitor extraction efficiency, 5.0 pg of toluene-d8 was spiked into each field sample and QC sample
Radiello 130 cartridge immediately prior to extraction. The recoveries were evaluated against laboratory
limits of 70 to 130%. All surrogate recoveries met the laboratory criterion, and summary statistics are
presented in Table 4-4.

Table 4-4. Indoor Air Passive Surrogate Summary—Radiello 130

Parameter Result
Number of surrogate recoveries measures 1,681
Average recovery (%R) 103
Standard deviation (%R) 54
Minimum recovery (%R) 86
Maximum recovery (%R) 122

41.3 Laboratory Control Sample Recoveries

Accuracy of the extraction and analysis step for the target compounds was evaluated by analyzing an
LCS. An unused Radiello cartridge was spiked with a standard containing 5.0 ug of each compound of
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interest. The laboratory acceptance criterion for LCS recovery was 70 to 130%. Chloroform and hexane
failed to meet the control limits five times each. These results being above the control limits suggest that a
minority of the time the laboratory may be overestimating the concentration of chloroform and hexane by
a factor of two times or less. Benzene, cis-1, 2-DCE, toluene, and TCE failed to meet the control limits
once each. PCE LCS recoveries met the control limits. Summary statistics are presented in Table 4-5.

Table 4-5. Indoor Air Passive LCS Summary—Radiello 130

Number of LCS | Mean LCS % LCS Std Min Max (%R)
Analyzed Recovery Dev (%R) (%R)

Benzene 113 96 14 70 147
Chloroform 113 100 17 70 206
cis-1,2-DCE 113 99 14 72 192
Hexane 113 103 20 71 219
PCE 113 100 11 80 130
Toluene 113 97 11 76 131
TCE 113 101 11 78 148

41.4 Duplicates

Sample precision was evaluated by collecting field duplicates and by analyzing LCSDs. Field duplicates
were collected for approximately every 10 field samples, and an LCSD was prepared and analyzed with
each sample preparation batch. Because the LCSD was a second cartridge prepared and extracted in the
same manner as the LCS, the relative percentage difference (%RPD) represents the precision of the
analytical method from extraction through analysis. The method precision is summarized in Table 4-6.
The laboratory acceptance criterion of %RPD < 25% was met by PCE, toluene, and TCE but exceeded in
2 batches by benzene, 5 by chloroform, 1 by cis-1, 2-DCE, and 11 by hexane.

Table 4-6. Indoor Air Passive Laboratory Precision (LCS/LCSD) Summary—Radiello 130

M ;:' ;::) ?‘;S'R?,%")' Min (%RPD) | Max (%RPD) | _humber of
Analyzed

Benzene 113 9 8 0 42 2
Chloroform 113 10 8 0 35 0
cis-1,2-DCE 113 5 5 0 31 0
Hexane 113 13 11 0 47 5
PCE 113 4 4 0 19 0
Toluene 113 5 5 0 19 0
TCE 113 5 4 0 20 0
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4.2 VOC Sampling—Subslab and Soil Gas (TO-17)—U.S. EPA

4.21 Blanks

Field, trip, refrigerator, and laboratory blanks were used to evaluate false positives and/or high bias due to
transport, storage, sample handling, and sorbent contamination. Field blanks were collected using a blank
Tenax TA TO-17 sorbent tube from the media sample batch sent to the field from the laboratory. The
Swagelok end caps were removed as if to prepare for sample collection; however, no soil vapor was
pulled through the tube. The end caps were immediately replaced, and the tube was sent back to the
laboratory with the field samples. Typically, a field blank was collected with each shipment to the
laboratory. A total of 121 field blanks were submitted over the duration of the project.

Blank Tenax TA TO-17 sorbent tubes from the media batches were also assigned as trip blanks. The tube
remained capped and wrapped in aluminum foil and was sent from the laboratory to the field and back to
the laboratory along with the field samples. There werel11 trip blanks submitted for analysis.

In the case of the laboratory blank, a Tenax TA TO-17 tube was analyzed with each analytical batch to
measure background from the sorbent tubes and instrumentation. A total of 387 lab blanks were analyzed
and reported over the duration of the project.

For a refrigerator (fridge) blank, a Tenax TA TO-17 tube was stored and analyzed with each sample batch
to measure background from the sample storage refrigerator. The tubes were stored in the refrigerator
capped and sealed in a zip lock bag on top of the jars containing the samples that were received as a
batch. The fridge blanks were placed in the refrigerator with a sample batch and remained in the
refrigerator with the batch until all the samples from that batch had been analyzed. So, the fridge blanks
were in the refrigerator longer than some of the samples within a batch. A total of 61 fridge blanks were
analyzed and reported over the duration of the project.

To assist in data interpretation, all blank samples and all field sample results were evaluated down to the
MDL. The results of the field, trip, laboratory, and fridge blanks are summarized in Tables4-7, 4-8, 4-9,
and 4-10. The number of blanks with detections above the RL and MDL are tabulated. Summary statistics
were then calculated on this subset of positive detections.

Table 4-7. Subslab and Soil Gas—EPA Field Blank Summary—TO-17

- Number of Field Blanks BoﬁlgL:';I:h gllt;?‘rll [S);“’I - W
(ng) | Analyzed Co;f' ) RI:,S:BEC' Detections C(?]r;): (ng) (ng) | (ng)
Benzene 5.0 121 0 53 44 14 0.5 0.81 3.0
Carbon disulfide 5.0 121 0 9 7 34 14 1.7 6.4
Chloroform 20 121 5 0 4 72 110 3.0 260
cis-1,2-DCE 20 121 0 1 1 1.5 N/A 1.5 1.5
Hexane 10 121 0 2 2 1.6 1.5 22 44
Methylene chloride 50 121 0 9 9 8.7 5.2 25 19
PCE 2.0 121 9 0 7 9.6 4.3 21 10
Toluene 5.0 121 0 18 15 22 20 1.1 7.7
TCE 2.0 121 1 0 1 2.8 N/A 238 2.8

N/A = Not Applicable
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Table 4-8. Subslab and Soil Gas—EPA Trip Blank Summary—TO-17

- Number of Trip Blanks % of Trip gl;;;\‘rll Std. - Mo
(n9) | Analyzea | ©O0C-> | RL>Conc. ‘Detections C(f:';‘)’ '(J,f;’,' (ng) | (ng)
Benzene 5.0 111 0 38 34 1.3 0.5 0.81 26
Carbon disulfide 5.0 111 0 9 8 26 0.8 1.6 4.0
Chloroform 2.0 111 6 1 6 32 41 2.0 120
cis-1,2-DCE 2.0 111 0 0 0 0 0 0 0
Hexane 10 111 0 2 2 2.0 1.5 1.0 3.0
Methylene chloride 50 111 0 4 4 2.8 0.8 22 4.0
PCE 2.0 111 4 0 4 18 11 2.3 27
Toluene 5.0 111 3 20 21 3.1 4.1 1.0 19
TCE 2.0 111 2 0 2 3.7 2.0 2.3 5.2
Table 4-9. Subslab and Soil Gas—EPA Laboratory Blank Summary—TO-17
- Number of Lab Blanks % of La!) gn;?\rl‘( Std. e Mo
(ng) | Analyzea | ©O0C-> | RL>Conc: ‘Detections c(?‘;;; '(3:;’,' (ng) | (ng)
Benzene 5.0 387 7 99 27 1.8 1.9 0.80 12
Carbon disulfide 5.0 387 4 42 12 9.6 9.2 0.87 52
Chloroform 2.0 387 16 2 5 34 1.7 1.3 5.8
cis-1,2-DCE 2.0 387 0 4 1 4.1 0.7 4.9 34
Hexane 10 387 1 10 3 4.9 5.6 1.5 21
Methylene chloride 50 387 0 8 2 3.2 1.2 24 5.6
PCE 2.0 387 4 8 3 1.8 1.2 0.7 41
Toluene 5.0 387 5 47 13 27 34 1.0 16
TCE 20 387 4 3 2 5.6 53 1.4 16

N/A = Not Applicable
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Table 4-10. Subslab and Soil Gas—EPA Fridge Blank Summary—TO-17

- Number of Fridge Blanks % of Frid_ge gl::ll Std. - Mo

(ng) | Analyzea | ©OpC-> | RL>Conc: ‘Detections C(f:';‘)’ '(D,f;’,' (ng) | (ng)

Benzene 5.0 61 0 22 36 1.2 0.40 0.81 1.8
Carbon disulfide 5.0 61 0 2 3 2.3 0.69 1.8 2.8
Chloroform 2.0 61 2 0 3 23 0.29 2.1 25
cis-1,2-DCE 20 61 0 0 0 0 0 0 0
Hexane 10 61 0 3 5 1.0 0.08 0.88 1.0
Methylene chloride 50 61 0 4 7 6.1 7.5 1.8 17
PCE 2.0 61 6 4 16 3.2 1.7 0.8 3.5
Toluene 5.0 61 5 11 26 8.5 20 0.96 82
TCE 2.0 61 8 1 15 7.4 46 1.5 17

Benzene was detected above the MDL in 44%, 34%, 27%, and 36% of the field (Figure 4-7), trip (Figure
4-8), laboratory (Figure 4-9), and fridge (Figure 4-10) blanks, respectively. The average of the positive
detections was 1.4, 1.3, 1.8, and 1.2 nanogram (ng) for the field, trip, lab, and fridge blanks, respectively.
Seven laboratory blanks had benzene concentrations above the RL of 5.0 ng. The benzene blank levels are
largely due to background contribution from the Tenax TA polymer, which can break down during the
heating step to generate low levels of benzene (Middleditch, 1989).

The concentrations of benzene in the TO-17 soil vapor samples were similar in magnitude to those
measured in the field blanks. Of the 2844 TO-17 soil vapor samples analyzed by EPA, 59% of the
samples had a positive detection of benzene. Of the samples that had a positive detection for benzene,
only 2% had a detected concentration above the RL of 5.0 ng. The second most common contaminant in
these blank samples was toluene, which has also been reported as a Tenax breakdown product (MacLeod
and Ames, 1986; Cao and Hewitt, 1994).

Detections of the key compounds that form the focus of this work—PCE, chloroform, and TCE—
occurred in 3% or less of the hundreds of samples and field, trip, and lab blanks analyzed. However, the
percentage of refrigerator blanks with PCE and TCE contamination was considerably higher—16%.

4.2.2 Calibration Verification

The calibration relationship established during the initial calibration was verified at the beginning of each
24-hour analytical shift using a calibration verification standard concentration equal to the mid-point of
the initial calibration range. If the analyte concentration was within £30% (40% for Carbon Disulfide and
Methylene Chloride) of the expected concentration of the calibration verification standard, then the initial
calibration was considered valid, and the analysis of samples was continued. Most analyte calibration
verification standard recoveries met the QAPP established criterion, and summary statistics are presented
in Table 4-11.
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Table 4-11. EPA TO-17 Calibration Verification (CV) Summary

e _MeanCV | CVStd | Min |\ oo |CVRecovery| Number of

Analyzed %o Recovery | Dev (%R) (%R) Limits Exceedances
Benzene 665 97 18 2 276 70-130% 22
Carbon disulfide 665 84 52 0 664 60-140% 251
Chloroform 665 91 19 0 298 70-130% 53
cis-1,2-DCE 665 95 20 0 268 70-130% 45
Hexane 665 93 20 0 262 70-130% 51
Methylene chloride 665 94 67 0 818 60-140% 266
PCE 665 87 17 0 262 70-130% 75
Toluene 665 98 18 0 286 70-130% 23
TCE 665 95 17 0 276 70-130% 19

423 Internal Standard Recoveries

Two internal standards were utilized in the calibration of the TO-17 analytical instrumentation, 1,4
difluorobenzene and chlorobenzene-d5. 4.7 ng of 1,4-difluorobenzene and 4.8 ng of chlorobenzene-d5 in
a gas phase standard were automatically introduced into the sample flow path by the instrumentation
during the initial tube desorption of all samples. The internal standard calibration was used to account for
routine variation in the response of the chromatographic system as well as variations in the exact volume
of sample introduced into the chromatographic system. The recoveries were evaluated against the QAPP
established criteria of 60 to 140% recovery. Most internal standard recoveries met the QAPP established
criterion, and summary statistics are presented in Table 4-12.

Table 4-12. EPA TO-17 Internal Standard (IS) Summary

Number Mean IS
IS Std . 0 IS Recovery Number of
el % Dev (%R) IR | Mgl Limits Exceedances
Analyzed Recovery
1,4-Difluorobenzene 4620 99 34 15 373 60-140% 907
Chloroben