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• Refined attenuation factors (AFs) based
on feedback can improve site-specific
VI assessments.

• Halogenated organic compounds are
tracers for calculating AFs in schools.

• Qualitative estimation of AFs shows
lower AF values for buildings less than
50 yr. than for buildings50 yr. old and
above.

• The use of AFs is recommended to man-
age contaminated soils off-sites facing
vapor intrusion issues in France.
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One of the goals of the French national campaign called “Etablissements Sensibles (Sensitive Establishments)” is to
evaluate indoor air degradation in schools because of vapor intrusion of volatile compounds from soil gases towards
the indoor air, related to the presence of former industrial sites on or near the establishment. During this campaign,
as recommended by the United States of Environmental Protection Agency (US EPA), indoor air quality was evalu-
ated from soil gas concentrations using generic attenuation factors, and extra investigations into soil gases and in-
door air were performed when the estimated values exceeded target indoor air concentrations. This study
exploits matched data on subsurface soil gases and indoor air that came from the “Sensitive Establishments” cam-
paign. It aims to consolidate and refine the use of attenuation factors as a function of environmental variables ac-
quired routinely during environmental assessments. We have been able to select the measured environmental
variables that have the most influence on vapor intrusion using Principal Components Analysis and hypotheses
tests. Since the collected data aremainly related toweak sources (only 15% schools required riskmanagementmea-
sures related to vapor intrusion), halogenated volatile organic compounds (HVOC) were selected as tracer com-
pounds for vapor intrusion for this study. This choice enables the exclusion or minimization of background
sources contributions.
From the results we have calculated the descriptive statistics of the attenuation factors distribution for the
subslab-to-indoor air pathway and refined the attenuation factors for this pathway through an easily obtained
parameter, building age. Qualitative comparison of attenuation factors according to the building age shows
that attenuation factors observed for building less than 50 years are lower than attenuation factors for buildings
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50 years old and above. These results show the utility of creating databases for consolidating and refining atten-
uation factors and therefore improving their use.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In France indoor air quality in residences and schools has been
evaluated in national campaigns, outside any contaminated land
issue, by the “Observatoire de la Qualité de l'Air Intérieur” [OQAI,
the Observatory for Interior Air Quality] (Canha et al., 2016;
Langer et al., 2016; Raffy et al., 2017). However the quality of a
building's indoor air can also be degraded because of the presence
of volatile pollutants in the subsurface. In unsaturated zone near
the building, the main vapor intrusion mechanisms are advection
of the air and gaseous diffusion through building foundations (con-
crete slab). Preferential pathways (elevator cages, piping, cracks in
concrete slabs) may boost vapor intrusion into the buildings
(McHugh et al., 2017a). In contrast, barriers to vapor intrusion
may also exist (clay saturated with water, ventilated crawl spaces,
building with positive pressure) (McHugh et al., 2017b). It is chal-
lenging to prove or predict this type of phenomenon by field mea-
surements or modelling due to these various elements and the
sensitivity of vapor intrusion to many environmental parameters
related to soils, buildings and climactic conditions. This active re-
search subject is being widely studied (Guo et al., 2015; Holton et
al., 2015; Johnston and Gibson, 2013; McHugh et al., 2017b;
NESDI, 2015; Pennell et al., 2016; Reichman et al., 2017; Shen and
Suuberg, 2016; Soucy and Mumford, 2017; Yao et al., 2015a; Yao
et al., 2015b). As well as research projects, the work of the United
States of Environmental Protection Agency (US EPA) has led to
the publication of a guide to evaluating vapor intrusion. As part of
a global case by case analysis, this guide recommends the use of at-
tenuation factors as one decision-making tool among others for
continuing complementary investigations (US EPA, 2015a). The at-
tenuation factors recommended in this guide have been deter-
mined by statistical analysis of a database developed by the US EPA.

The attenuation factor (AF) is a non-dimensional parameter defined
as the ratio between the concentration of a compound in indoor air and
its concentration in subsurface soil gases at the interfacewith the source
or at a given depth under the building's foundations (Johnson et al.,
2009). This factormay also bedefined by calculating the ratio of concen-
trations in different building compartments. The most frequently en-
countered pathway for calculating attenuation factors is measuring
subslab soil gases together with indoor air.

This study shows the experiences of the French national campaign
called “Etablissements Sensibles (Sensitive Establishments)” that
began in 2010 and is still underway. The goal of this campaign is to
check the quality of media above schools located on or near former in-
dustrial sites in France. One of the media that was part of this national
campaign is indoor air in schools. To evaluate possible degradation of in-
door air because of the presence of polluted soils, setting aside the pres-
ence of volatile compounds in indoor air from the building itself
(adhesives, cleaning products, etc.) or from the surrounding environ-
ment (road traffic, etc.), samples of soil gases are preferred at first
over direct sampling of indoor air. By using the attenuation factor we
can then estimate the indoor air quality from soil gas concentrations
measured as close as possible to the place of exposure. The choice of at-
tenuation factors used mainly lies on feedback from the US EPA's expe-
riences (US EPA, 2004, 2008, 2011, 2012, 2015a, 2015b) and from the
Johnson-Ettinger (1991) model. The purpose of this study is to consoli-
date the use of attenuation factors in France and to refine this by means
of specific environmental variables at sites collected during the environ-
mental assessments.
2. Materials and methods

2.1. Data sources and databases

Feedback on attenuation factors is supported by the design, devel-
opment and implementation of a specific database using Access®.
The data comes from environmental assessments made using the “Sen-
sitive Establishments” campaign between 2012 and 2016 in nine re-
gions in France. All of the data comes from active sampling (tubes) of
subsurface soil gases or indoor air and subsequent chemical analysis
of volatile organic compounds (VOCs) listed during the assessments
of historical site activities (a total of 38 compounds). Homogeneity
was ensured in sampling and analysis protocols throughout the cam-
paign by standardized technical method development and onsite con-
trols. Paired data were established with relevant proximity of
subsurface soil gas and indoor air sampling locations to calculate atten-
uation factors. This study focuses on two most frequent pairings:
subslab or 1-m deep soil gas to indoor air concentrations, although
other pairings such as crawl space to indoor air or basement air to
first floor were also entered into the database. At this time the database
includes data on environmental assessments at 51 schools. From these
investigated schools, 15% of the schools required risk management
measures that did not necessarily affected the whole schools but
most often a few classrooms. The dataset includes mostly schools
with weak sources. Therefore, vapor intrusion assessment will require
the identification of tracer compounds, to minimize background
sources contributions. From the database we can calculate the concen-
trations ratios associated with each of the 38 compounds, giving a total
of 5042 calculated attenuation factors (Table 1). In the database we
input environmental parameters such as outdoor temperature and
pressure, slab thickness and building age.

2.2. Statistical analysis: methodology

Prior to statistical analysis of the database, we selected the paired
measurements relevant for assessing vapor intrusion through three fil-
ters based on US EPA's baseline screens (US EPA, 2012). These three
baseline filters are:

- a “source” filter (1)
Removal of paired data when the lower location concentration (e.g.
1-m deep soil gas; subslab gas) is below the quantification limit, in
order to exclude data not representative of vapor intrusion;

- a “secondary source” filter (2)
Removal of paired data when the lower location concentration is
below the upper location concentration, in order to exclude cases
when indoor air is significantly influenced by secondary sources (ad-
hesives, cleaning products, road traffic, etc.);

- a “data consistency” filter (3)
Removal of paired data for paired samples with more than a four-
day time lapse.

The US EPA applies two other filters: “indoor source” and “source
strength” to screen out data affected by background sources:

- “Indoor Air Screen”: screening out indoor air concentrations less
than the 90th percentile of background levels or less than the quan-
tification limit (if quantification limit is greater than the 90th per-
centile).

http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1
Data subsetting according to screening criteria.

Data filtering No. of AFs No. of schools No. of towns Work step Comment on screening process

No filter: Raw dataset 5042 51 38 – • Paired data (ratio of indoor air concentration and
subslab or 1 m-deep soil gas concentration)
provided by the “Sensitive Establishments”
campaign between 2012 and 2016

- Baseline filters
- Selected 8 compounds and 2 HC fractions
- All pathways

698

398

114

102

50 37 Screening process • Focus on data representative of VI.
• Selection of the most frequent compounds

- Baseline filters
- Selected 8 compounds and 2 HC fractions
- Subsurface-to-indoor air pathwaysa

- Slab thickness indicatedb

38 33 PCA • Focus on most frequent pathway.
• Exclusion of paired data associated with incom-
plete information about environmental
parameters.

- Baseline filters
- HVOC selectedc

- Subsurface-to-indoor air pathwaysa

- Slab thickness indicatedb

28 26 Hypothesis tests • Selection of tracer compounds screening out data
affected by secondary sources.

- Baseline filters
- HVOC selectedc

- Subslab-to-indoor air pathwaya

26 24 Descriptive
statistics calculation

• Exclusion of paired data related to 1-m deep soil
gas to indoor air pathway.

a Subsurface-to-indoor air pathways include 1-m deep soil gas-to-indoor air and subslab gas-to-indoor air.
b Slab thickness is sometimes missing from reports of environmental assessments.
c HVOC are used as tracers to investigate vapor intrusion in schools.
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- “Source Strength Screen”: for subslab soil gas screening out source-
strength concentrations b 50× of the 90th percentile of background
levels.

However, Song et al. (2011) recommend screening out concentra-
tions b 300× the 90th percentile of background level.

Due to the presence of mainly weak to veryweak sources in schools,
only the baseline filters were applied and a tracer choice approach was
preferred to screen out data affected by background sources.

After applying these filters (Table 1), the statistical analysis shows
the most frequent pathways and compounds. The most frequently
paired data are subsurface soil gas (1-mdeep soil gas and subslab) to in-
door air pathways. Themost frequent compounds are selected as having
N30 attenuation factors each and b85% of indoor air concentrations
below the quantification limit. Using these criteria, the following eight
compounds and two hydrocarbon fractions were chosen:

- Ammonia
- BTEX: benzene, toluene, ethylbenzene, m,p-xylenes and o-xylene.
- Chlorinated solvents: 1,1,1-trichloroethane, trichloroethylene (TCE),
- HC fractions: C8-C10 aliphatic hydrocarbons, C8-C10 aromatic
hydrocarbons.

Principal Components Analysis (PCA) was used for statistical analy-
sis. This method allows possible correlations between the variables and
the general data trends to be evaluated. It also allows the data from sev-
eral quantitative variables to be structured and simplified, without pre-
ferring one variable to the detriment of another. Principal Components
Analysis is an orthogonal linear transformation that transforms the
data to a new coordinate system so that the greatest variance by any
projection of the data comes to lie on the first coordinate (called the
first principal component), the second greatest variance on the second
coordinate, and so on. PCA returns a new basis which is a linear combi-
nation of the original basis that contain as much of the variance of the
input data as possible.

Principal Components Analysis was conducted on seven variables
recorded during the environmental assessments: building age, outdoor
temperature, outdoor pressure, slab thickness, outdoor control concen-
tration, 1-m deep soil gas or subslab concentration, concentration in
indoor air. The batch of data formed for PCA statistical analysis includes
398 attenuation factors and good data distribution over France (Table 1,
Fig. 1). PCA is used to determine which variables explain the greatest
data variability. After this multivariate analysis, tracer compounds for
vapor intrusionwere chosen tominimize the bias shown by the second-
ary sources in calculating attenuation factors. As shown in the results
(3.2), these are halogenated volatile organic compounds (HVOC).
These tracer compounds are confirmed by the study of Canha et al.
(2016) which looks into indoor air pollutants in nursery and school in
France. This study shows that HVOC such as trichloroethylene and tetra-
chloroethylene are negligible and excluded from the statistical analysis.
HOVCs are therefore relevant tracer compounds for vapor intrusion in
French schools.

On the basis of the PCA results, the variables that correlatemorewith
themain axis are discretized and the existence of significant differences
between the groups formed is confirmed or overturned by running a
hypothesis test (generalized Wilcoxon test) on the data restricted to
HVOC (Table 1). To refine attenuation factors, we selected environmen-
tal variables that show significant attenuation factor differences.

In this study, descriptive statistics of attenuation factors distribution
is determined for the general subslab-to-indoor air pathway and ac-
cording to selected environmental variables for this pathway (Table
1). The batch of data formed to calculate the descriptive statistics for
this pathway includes 102 attenuation factors and good data distribu-
tion over France (Table 1, Fig. 1).

Table 1 presents the characteristics of the database and how the
batch of data changed after data selection.

2.3. Statistical analysis: tools

All of the statistical analyses used the R software, in particular be-
cause of its packages developed specifically to take account of values
below the quantification limit (R Core Team (2016). The principal com-
ponents were analyzed using the package “FactoMineR” (Le et al.,
2008). Given that N30% of the data is below the quantification limit
and that the data does not exhibit normal distribution (Shapiro-Wilk
test for p = .05), the concentrations were transformed by ranking
(Helsel, 2010a; Helsel, 2010b). The variable “attenuation factor” was
not directly integrated into the PCA because it comes from the ratio of
the concentration of soil gases to the concentration in indoor air and is
therefore directly correlated with these variables. The generalized



Fig. 1. Location of the dataset for PCA (A) and 95th percentile calculation (B).
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Wilcoxon test used the cendiff function of the NADA package (Helsel,
2011). The percentiles are calculated by the Kaplan-Meier method
(cenfit function - “NADA” package by R (Helsel, 2011; Lee, 2013)).
3. Results and discussion

3.1. Principal Components Analysis on subsurface to indoor air pathways

A Principal Components Analysis (Fig. 2) is run by gathering the
most frequent paired subsurface soil gas (subslab and 1-m deep soil
gas) to indoor air concentration data. This batch of data is restricted to
cases where the slab thickness is included in the database (Table 1).
This PCA allows us to evaluate quantitative variables that best explain
variability in vapor intrusion phenomena. By applying the elbowmeth-
od to the screetest, the first two principal components are selected for
interpretation (Fig. 2).
Fig. 2.Principal Components Analysis for all of the 8 compounds and 2hydrocarbon fractions stu
variables on the first two axes. Arrows represent the 7 environmental variable with the perce
principal component.
The first two axes concentrate 52% of the total variability. Axis 1 rep-
resents 33% of the total variability. This axis is correlated with the vari-
ables “building age,” “outdoor pressure,” “slab thickness,” and to a very
small degree, with “outdoor temperature.”

The substantial contribution of the environmental variables “build-
ing age,” “outdoor pressure,” and to a lesser extent “slab thickness” in
the main axis is explained on the basis of knowledge of vapor intrusion
(Pennell et al., 2016; US EPA, 2015a):

- As buildings age wemay assume increased gas permeability and in-
creased vapor intrusion by advection in cracks in addition to diffu-
sion through the slab,

- Increased atmospheric pressure limits advection of soil gases to in-
door air.

- Increased slab thickness limits the diffusion of soil gases towards in-
door air through the concrete slab, yet the thickness does not tell us
died for paired subsurface to indoor air concentration data.Main graphic: representation of
ntage of variance for each axis. Small graphic: screeplot - percentage of variance for each

Image of Fig. 1
Image of Fig. 2
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about the gas permeability of the concrete slab or the presence of
cracks in the slab.

Theminor contribution of the environmental variable “outdoor tem-
perature” may be explained by the fact that, the outdoor temperature
integrates contrary phenomena, i.e. increased outdoor temperature cor-
related with increased compounds volatility – an effect that boosts
vapor intrusion and with increased air renewal by opening windows –
an effect that limits the impact of vapor intrusion (Langer et al., 2016).
Furthermore reduced outdoor temperature is correlatedwith the stack-
ing effect for indoor/outdoor heat differential – an effect that boosts
vapor intrusion (Nicol, 2001). These contrary effects may explain the
fact that the outdoor temperature correlates littlewith thefirst principal
component.

Axis 2 represents 19% of the total variability. This axis is correlated
with the volatile organic compound concentrations measured in the
various media (subsurface, indoor air and outdoor air). The substantial
correlation of the variable “outdoor concentration”with Axis 2 confirms
the need to select tracer compounds for vapor intrusion that are free of
secondary sources coming from indoor air or outdoor air (Kwon et al.,
2016; MacNeill et al., 2016; Yao et al., 2015a).

3.2. Quality of media (Component 2) and choice of tracer compounds

The principal component 2 of the PCA (3.1) shows the possible in-
fluence of sources other than the compounds from subsurface soil
gases on indoor air quality. In fact, there are confirmed secondary
sources for compounds like BTEX (road traffic, paint and cleaning
products) or HVOC (solvents, adhesives). The presence of these sec-
ondary sources artificially increases the attenuation factors calculat-
ed from the ratio of indoor air and subsurface soil gas concentrations.
Directly correcting indoor air concentrations by subtracting the con-
centrations of the indoor and outdoor controls to set aside the influ-
ence of secondary indoor or outdoor sources is not always possible
for the following reasons. There are few indoor controls in the envi-
ronmental assessments because of the absence of stories, or if they
were present, non-representative activity compared with the medi-
um investigated, and therefore insufficient data for analysis in the
database. Moreover, the concentrations of outdoor controls include
80% of data below the quantification limit. The correction of indoor
air concentrations by the control values equal to the quantification
limit wouldminimize the calculated attenuation factor and therefore
would bias the vapor intrusion assessment. For these reasons, it is
desirable to select tracer compounds for which the attenuation fac-
tor calculations are least biased and most representative of vapor
intrusion.

Compounds with fewer secondary sources are identified as those
that have less paired data:

• with quantification in indoor air in the absence of quantification for
these compounds in subsurface soil gas or,

• with concentrations higher in indoor air than in subsurface soil gases.

Fig. 3 reports for all studied compounds the proportion of such
paired data for tracer compound identification.

Among the eight compounds and the two hydrocarbon fractions
studied, ammonia, BTEX and the two C8-C10 hydrocarbon fractions in-
clude between 22%and 49% of pairs of compounds that have beenquan-
tified in indoor air without being quantified in subsurface soil gases or
that have indoor concentrations higher than subsurface soil gases con-
centrations (blue bars on Fig. 3). In contrast, the lowest frequencies
for these configurations correspond to the HVOC studied (1,1,1-
trichloroethane and trichloroethylene) with respectively 8% and 5%.
These results are consistent with regulations on HVOC that prohibit or
limit their uses to specific professional sectors and that are therefore
not used in schools.

Since HVOC are compounds that include fewer possible second-
ary sources than BTEX or hydrocarbon fractions, they were selected
as the tracer compounds and their attenuation factors are used to
determine attenuation factors representative of vapor intrusion
(Section 3.4).

3.3. Discretization of environmental variables (Component 1)

The attenuation factors are shown in Fig. 4 as a function of the envi-
ronmental variables that correlatemostwith the principal component 1
of the PCA (Fig. 4-A to C) with an indication of whether concentrations
in indoor air are lower or higher than the quantification limit (QL). Only
data on HVOC are stored so that the analysis is not biased or is as little
biased as possible by secondary sources within or outside the building
(3.2). The continuous environmental variables are discretized so that
we could calculate attenuation factor per category (Fig. 4-D to F). The
discretization criteria per type of variable are as follows: (1) for building
age, we chose the value of 50 years from reading the change in slope in
Fig. 4-A; (2) for outdoor pressure, we chose the value of 1013 hPa as a
limit between highs and lows; (3) for slab thickness, we chose the
values of 10 and 20 cm thick by reading Fig. 4-C. The attenuation factors
are shown as a function of environmental variables discretized using
boxplots and scattergrams (Fig. 4-D to F).

We apply the generalized Wilcoxon test (Helsel, 2011) to validate
the existence of significant differences between the attenuation factors
grouped by discretized variable. This test applied to attenuation factors
as a function of environmental variables showed that only the groups
formed by the discretization of the “building age” variable were signifi-
cantly different (p value b .05 of .03). The groups formed by the
discretization of “outdoor pressure” and “slab thickness” variables
were not significantly different (p N .05 of p = .14 and p= .11 respec-
tively). These variables were not therefore selected for refining attenu-
ation factors. In light of this, only the environmental variable “building
age” was selected to refine these factors.

3.4. Descriptive statistics of subslab-to-indoor air attenuation factor
distribution

A conservative determination of generic attenuation factors consists
in selecting the 95th percentile (US EPA, 2012) of the distribution of em-
piric attenuation factors from the tracer compounds (i.e. HVOC) by
using the Kaplan-Meier non-parametric method (Table 2). Because
the 1-m deep soil gas to indoor air pathway had too few data (12 AF)
and too much of the data was below the quantification limit (94%), we
could not calculate low quantiles (Helsel, 2011). Therefore no descrip-
tive statistics of attenuation factor distribution were calculated for this
pathway. The subslab-to-indoor air pathway is the most frequently en-
countered pathway in the “Sensitive Establishments” campaign and also
the most relevant for evaluating people's exposure to vapor intrusion
above the building (Pennell et al., 2016). Descriptive statistics for the
subslab-to-indoor air attenuation factor are shown in Table 2.

The environmental variable chosen for refining this factor was
“building age.” The attenuation factors were refined to form a contin-
gency table depending on building age, discretized into two groups of
over and under 50 years. Descriptive statistics for the refined attenua-
tion factors are also shown in Table 2.

No generic attenuation factorwas determined from the95th percen-
tile for the subslab-to-indoor air pathway since the latter would have
been too conservative due to high censored data proportion (between
70 and 80%). However, qualitative comparison of attenuation factors ac-
cording to the building age shows that attenuation factors observed for
building b 50 years are lower than attenuation factors for buildings 50
years old and above (Table 2).



Fig. 3. Proportion of paired measurements per compound according to the concentrations and the quantification of compounds in subsurface soil gases and indoor air concentration.

Fig. 4. Graphs (A to C) and boxplot/scattergram (D to F) for attenuation factors as a function of variables correlated with the principal component 1 of the PCA for HVOC.
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Image of Fig. 3
Image of Fig. 4


Table 2
Values for subslab-to-indoor air attenuation factors.

Statistic Subslab-to-indoor air pathway

Site number 26
Observation number 102
Observation number N QL 17
% b QL 83%
Attenuation factor (–)

Median 0.0004
75th percentile 0.0039
90th percentile 0.0078
95th percentile 0.0369

Refining the subslab-to-indoor air attenuation factor

Statistic Building age

b50 years 50 years and above

Site number 16 13
Observation number 70 32
Observation number N QL 13 4
% b QL 81% 88%
Attenuation factor (-)

Median 0.0003 –
75th percentile 0.0035 0.006
90th percentile 0.0075 0.037
95th percentile 0.0078 0.097
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3.5. Using generic attenuation factors

3.5.1. Methodology
The generic attenuation factors used to estimate the concentration of

a volatile compound in indoor air from ameasurementmade in subsur-
face soil gas is one tool used among others to evaluate risks related to
vapor intrusion. The strategy used for this evaluation is based on an ap-
proach usingmultiple lines of evidence (US EPA, 2015a) that produces a
global and the most complete possible vision of the site to overlay on a
conceptual scheme. In France, a similar approach has been developed in
revising methodological texts for contaminated land management
(Ministry for the Ecological and Inclusive Transition, 2017), which in-
cludes the use of attenuation factors among other tools (e.g. modelling)
when there are doubts on the quality of the indoor air away from a con-
taminated site (e.g. residential areas near a polluted site). The choice of
attenuation factors should beweighedwith an understanding of the site
on a case by case basis as also recommended by the US EPA (2015a).

3.5.2. Limits
The main limits related to the use of generic attenuation factors are

as follows:

- The use of set values for attenuation factors may be debated partic-
ularly because they are too generic (Brewer et al., 2014). This
study does however propose a modulation for attenuation factors
according to a specific site parameter.

- Temporal and spatial variability in the vapor transfer phenomenon
has not been widely studied in this database because there have
only been one or two sampling campaigns per site and because of
the lack of data on environmental parameters influencing gas trans-
fers. Those parameters include concrete porosity, the building's air
renewal rate, and the soil's permeability or organic material content
(Cotel et al., 2015; Traverse et al., 2013). However, the statistical ap-
proach developed in this study based on a large amount of data
spread over France partially compensates for this variability for cal-
culating the generic attenuation factor (Yao et al., 2013).

This study based on a dataset with high censored data (around 80%)
could not allow for a robust statistical determination of a generic
attenuation factor. Indeed the present database contains mainly sites with
weak sources and only 15% of them required risk management measures
related to vapor intrusion. However, qualitative comparison of attenuation
factors according to the building age shows that attenuation factors ob-
served for building b 50 years old are lower than attenuation factors for
buildings 50 years old and above. This suggests that a less conservative ge-
neric attenuation factor could be used for building b 50 years old.

3.5.3. Advantages
The use of attenuation factors however remains useful when the

input parameters for the classic transfer models are not known or not
characterized on the study site (Yao et al., 2015a). They prevent us
from using unverified generic parameters from the classic transfer
models.

By using attenuation factors we can quickly separate sites that pose
no problems from those that require further investigation. Even conser-
vative attenuation factors could be useful to screen out sites with no
vapor intrusion issue. The refined attenuation factors are especially of
interest being more site-specific and less conservative for recent build-
ings. Attenuation factors are not a direct evaluation tool for vapor trans-
fer but are indeed a useful decision-making tool to use along with all of
the other information collected (MEDEP, 2016).

4. Conclusion

As we understand it, this feedback and the database on subsurface
soil gases and indoor air in schools created as part of the “Sensitive Es-
tablishments” campaign is thefirst of its kind in Europe. This study com-
piled data on 51 French schools and N5000measurement pairs gathered
between 2012 and 2016. The need to improve the use of attenuation
factors through specific onsite parameters have led to the creation of a
French database and its use for statistical analysis, as described in this
study.

Since the collected data are mainly related to weak sources (only
15% schools required riskmanagementmeasures related to vapor intru-
sion), this study shows the utility of choosing tracer compounds (here
HVOC) that screen out data affected by secondary sources to calculate
attenuation factors. The choice of HOVC is supported by a study by
Canha et al. (2016) outlining that HCOV are negligible in the VOCs ana-
lyzed in French schools outside any contaminated land issue.

This feedback on the attenuation factors also shows that some environ-
mental variables, usually collected during an environmental assessment,
can help refining attenuation factors, particularly the “building age” vari-
able. The latter canbe attached to concrete aging and the presence of cracks
in foundations. Qualitative estimation of AFs shows AF values for buildings
b 50 years to be lower than AF value for buildings 50 years old and above.
Finally, this study demonstrates how useful a database is as a tool comple-
mentary to modelling to study vapor intrusion.

Acknowledgments

This work was financed by the General Directorate for Risk Prevention
(DGPR) of the French Ministry of the Environment (Grant number n°
2101259427). The authorswould like to thank the schools for opening their
doors to investigations. We also thank the consultants, laboratories, the
“Sensitive Establishments” teamand themembers of theNationalWorking
Group (Ministries of Environment, Health, Agriculture, and Education,
ADEME, IFFO RME, INERIS, BRGM) for carrying out andmonitoring the en-
vironmental assessments. The authors would also like to acknowledge the
work of A. Mauffret for support in statistical analysis and Y. Portevin, J.
Macia, H. Berthier and J. Cazaubon for database implementation.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.01.118.

https://doi.org/10.1016/j.scitotenv.2018.01.118
https://doi.org/10.1016/j.scitotenv.2018.01.118


761V. Derycke et al. / Science of the Total Environment 626 (2018) 754–761
References

Brewer, R., Nagashima, J., Rigby, M., Schmidt, M., O'Neill, H., 2014. Estimation of generic
subslab attenuation factors for vapor intrusion investigations. Ground Water Monit.
Remidiat. 34, 79–92.

Canha, N., Mandin, C., Ramalho, O., Wyart, G., Riberon, J., Dassonville, C., Hanninen, O.,
Almeida, S.M., Derbez, M., 2016. Assessment of ventilation and indoor air pollutants
in nursery and elementary schools in France. Indoor Air 26, 350–365.

Cotel, S., Schafer, G., Traverse, S., Marzougui-Jaafar, S., Gay, G., Razakarisoa, O., 2015. Eval-
uation of VOC fluxes at the soil-air interface using different flux chambers and a
quasi-analytical approach. Water Air Soil Pollut. 226, 20.

Guo, Y.M., Holton, C., Luo, H., Dahlen, P., Gorder, K., Dettenmaier, E., Johnson, P.C., 2015.
Identification of alternative vapor intrusion pathways using controlled pressure test-
ing, soil gas monitoring, and screening model calculations. Environ. Sci. Technol. 49,
13472–13482.

Helsel, D., 2010a. Much ado about next to nothing: incorporating nondetects in science.
Ann. Occup. Hyg. 54, 257–262.

Helsel, D., 2010b. Summing nondetects: incorporating low-level contaminants in risk as-
sessment. Integr. Environ. Assess. Manag. 6, 361–366.

Helsel, D., 2011. Statistic for Environmental Data Using Minitab and R. JohnWiley & Sons.
Holton, C., Guo, Y.M., Luo, H., Dahlen, P., Gorder, K., Dettenmaier, E., Johnson, P.C., 2015.

Long-term evaluation of the controlled pressure method for assessment of the
vapor intrusion pathway. Environ. Sci. Technol. 49, 2091–2098.

Johnson, P.C., Ettinger, R.A., 1991. Heuristic model for predicting the intrusion rate of con-
taminant vapors into buildings. Environ. Sci. Technol. 25, 1445–1452.

Johnson, P.C., Ettinger, R.A., Kurtz, J.P., Bryan, R., Kester, J.E., 2009. Empirical assessment of
ground water-to-indoor air attenuation factors for the CDOT-MTL Denver site.
Ground Water Monit. Remidiat. 29, 153–159.

Johnston, J.E., Gibson, J.M., 2013. Screening houses for vapor intrusion risks: a multiple re-
gression analysis approach. Environ. Sci. Technol. 47, 5595–5602.

Kwon, J., Weisel, C.P., Morandi, M.T., Stock, T.H., 2016. Source proximity and meteorolog-
ical effects on residential outdoor VOCs in urban areas: results from the Houston and
Los Angeles RIOPA studies. Sci. Total Environ. 573, 954–964.

Langer, S., Ramalho, O., Derbez, M., Riberon, J., Kirchner, S., Mandin, C., 2016. Indoor envi-
ronmental quality in French dwellings and building characteristics. Atmos. Environ.
128, 82–91.

Le, Sebastien, Josse, Julie, Husson, Francois, 2008. FactoMineR: an R package for multivar-
iate analysis. J. Stat. Softw. 25 (1):1–18. https://doi.org/10.18637/jss.v025.i01.

Lee, L., 2013, NADA: Nondetects And Data Analysis for environmental data. R package ver-
sion 1.5-6.

MacNeill, M., Dobbin, N., St-Jean, M.,Wallace, L., Marro, L., Shin, T., You, H., Kulka, R., Allen,
R.W.,Wheeler, A.J., 2016. Can changing the timing of outdoor air intake reduce indoor
concentrations of traffic-related pollutants in schools? Indoor Air 26, 687–701.

McHugh, T., Beckley, L., Sullivan, T., Lutes, C., Truesdale, R., Uppencamp, R., Cosky, B.,
Zimmerman, J., Schumacher, B., 2017a. Evidence of a sewer vapor transport pathway
at the US EPA vapor intrusion research duplex. Sci. Total Environ. 598, 772–779.

McHugh, T., Loll, P., Eklund, B., 2017b. Recent advances in vapor intrusion site investiga-
tions. J. Environ. Manag. 204 (2), 783–792.

MEDEP, M. D. o. E. P., 2016. Supplemental Guidance for Vapor Intrusion of Chlorinated
Solvents and Other Persistent Chemicals.

Ministry for the Ecological and Inclusive Transition, 2017. Méthodologie nationale des
sites et sols pollués - Note du 19 avril 2017 relative aux sites et sols pollués - Mise
à jour des textes méthodologiques de gestion des sites et sols pollués de 2007.
NESDI, 2015. A Quantitative Decision Framework for Assessing Navy Vapor Intrusion
Sites. Navy Environmental Sustainability Development to Integration. TR-NAVFAC-
EXWC-EV-1603 (June).

Nicol, J., 2001. Characterising occupant behaviour in buildings: towards a stochastic
model of occupant use of windows, lights, blinds heaters and fans. Seventh Interna-
tional IBPSA Conference, Rio de Janeiro, Brazil.

Pennell, K.G., Scammell, M.K., McClean, M.D., Suuberg, E.M., Moradi, A., Roghani, M.,
Ames, J., Friguglietti, L., Indeglia, P.A., Shen, R., Yao, Y.J., Heiger-Bernays, W.J., 2016.
Field data and numerical modeling: a multiple lines of evidence approach for
assessing vapor intrusion exposure risks. Sci. Total Environ. 556, 291–301.

R. Core Team, 2016. R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria https://www.R-project.org/.

Raffy, G., Mercier, F., Blanchard, O., Derbez, M., Dassonville, C., Bonvallot, N., Glorennec, P.,
Le Bot, B., 2017. Semi-volatile organic compounds in the air and dust of 30 French
schools: a pilot study. Indoor Air 27, 114–127.

Reichman, R., Roghani, M., Willett, E.J., Shirazi, E., Pennell, K.G., 2017. Air exchange rates
and alternative vapor entry pathways to inform vapor intrusion exposure risk assess-
ments. Rev. Environ. Health 32, 27–33.

Shen, R., Suuberg, E.M., 2016. Impacts of changes of indoor air pressure and air exchange
rate in vapor intrusion scenarios. Build. Environ. 96, 178–187.

Song, S., Ramacciotti, F.C., Schnorr, B.A., Bock, M., Stubbs, C., 2011. Evaluation of EPA's Em-
pirical Attenuation Factor Database. Air & Waste Management Association.

Soucy, N.C., Mumford, K.G., 2017. Bubble-facilitated VOC transport from LNAPL smear
zones and its potential effect on vapor intrusion. Environ. Sci. Technol. 51,
2795–2802.

Traverse, S., Schäfer, G., Chastanet, J., Hulot, C., Perronnet, K., Collignan, B., Cotel, S.,
Marcoux, M., Côme, J.M., Correa, J., Gay, G., Quintard, M., Pepin, L., 2013. Projet
FLUXOBAT, Evaluation des transferts de COV du sol vers l'air intérieur et extérieur.
257.

US EPA, 2004. User's Guide for Evaluating Subsurface Vapor Into Buildings. United States
Environmental Protection Agency.

US EPA, 2008. U.S. EPA's Vapor Intrusion Database: Preliminary Evaluation of Attenuation
Factor. United States Environmental Protection Agency.

US EPA, 2011. Background Indoor Air Concentrations of Volatile Organic Compounds in
North American Residences (1990–2005): A Compilation of Statistics for Assessing
Vapor Intrusion. United States Environmental Protection Agency.

US EPA, 2012. EPA's Vapor Intrusion Database: Evaluation and Characterization of Atten-
uation Factors for Chlorinated Volatile Organic Compounds and Residential Buildings.
United States Environmental Protection Agency (BiblioGov).

US EPA, 2015a. OSWER Technical Guide for Assessing and Mitigating the Vapor Intrusion
Pathway From Subsurface Vapor Sources to Indoor Air. United States Environmental
Protection Agency.

US EPA, 2015b. Technical Guide for Addressing Petroleum Vapor Intrusion at Leaking Un-
derground Storage Tank Sites. United States Environmental Protection Agency.

Yao, Y.J., Shen, R., Pennell, K.G., Suuberg, E.M., 2013. Examination of the influence of envi-
ronmental factors on contaminant vapor concentration attenuation factors using the
U.S. EPA's Vapor Intrusion Database. Environ. Sci. Technol. 47, 906–913.

Yao, Y., Wu, Y., Suuberg, E.M., Provoost, J., shen, R., Ma, J., Liu, J., 2015a. Vapor intrusion
attenuation factors relative to subslab and source, reconsidered in light of back-
ground data. J. Hazard. Mater. 286, 553–561.

Yao, Y., Wu, Y., Tang, M., Wang, Y., Wang, J., Suuberg, E.M., Jiang, L., Liu, J., 2015b. Evalua-
tion of site-specific lateral inclusion zone for vapor intrusion based on an analytical
approach. J. Hazard. Mater. 298, 221–231.

http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0005
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0005
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0005
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0010
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0010
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0015
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0015
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0015
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0020
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0020
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0020
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0025
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0025
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0030
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0030
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0035
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0040
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0040
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0045
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0045
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0050
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0050
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0050
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0055
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0055
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0060
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0060
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0060
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0065
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0065
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0065
https://doi.org/10.18637/jss.v025.i01
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0075
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0075
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0080
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0080
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0085
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0085
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0090
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0090
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0095
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0095
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0095
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0100
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0100
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0100
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0105
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0105
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0105
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0110
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0110
https://www.R-project.org/
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0120
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0120
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0125
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0125
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0125
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0130
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0130
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0135
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0135
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0140
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0140
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0140
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0145
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0145
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0145
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0150
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0150
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0155
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0155
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0160
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0160
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0160
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0165
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0165
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0165
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0170
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0170
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0170
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0175
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0175
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0180
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0180
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0180
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0185
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0185
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0185
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0190
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0190
http://refhub.elsevier.com/S0048-9697(18)30138-4/rf0190

	Environmental assessments on schools located on or near formerindustrial facilities: Feedback on attenuation factors for the prediction ofindoor air quality
	1. Introduction
	2. Materials and methods
	2.1. Data sources and databases
	2.2. Statistical analysis: methodology
	2.3. Statistical analysis: tools

	3. Results and discussion
	3.1. Principal Components Analysis on subsurface to indoor air pathways
	3.2. Quality of media (Component 2) and choice of tracer compounds
	3.3. Discretization of environmental variables (Component 1)
	3.4. Descriptive statistics of subslab-to-indoor air attenuation factor distribution
	3.5. Using generic attenuation factors
	3.5.1. Methodology
	3.5.2. Limits
	3.5.3. Advantages


	4. Conclusion
	Acknowledgments
	Appendix A. Supplementary data
	References


