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Abstract

Indoor air quality may be impacted by contaminated soil gas migrating
into building structures via advective and diffusive transport mechanisms.
Petroleum hydrocarbon soil contamination from contaminant spills and leak-
age are of concern due to the human health impacts of petroleum hydrocar-
bon VOCs.

The Johnson and Ettinger screening model was developed to predict in-
door air contaminant concentrations, which considers advective and diffusive
transport, as well as contaminant, soil and building properties. A sensitiv-
ity analysis was conducted on the Johnson and Ettinger model to identify
those parameters having the greatest contribution to variance in model out-
put. A further analysis was conducted to determine which input parameters
influence advective transport.

Remediation objectives for soil and groundwater were derived using CCME
default values assigned to model input parameters. A review of field screen-
ing and analytical methods for detection of volatile petroleum hydrocarbon

in the subsurface and indoor air environment is also included.
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Chapter 1

Introduction

Indoor air quality may be affected by contaminant vapours present in sur-
rounding soils by migration of soil gas from the contaminant source through
cracks and openings in a housing foundation. This migration occurs by the
processes of advection and diffusion. This project evaluates the Johnson and
Ettinger (1991) vapour transport model in terms of developing risk-based
guidelines for volatile petroleum hydrocarbons in soil. The Johnson and Et-
tinger (1991) model is a screening level algorithm used to predict indoor
air contaminant concentrations based on advective and diffusive transport
of soil gas. This transport process has been described earlier by Nazaroff
et al. (1985) in a study of radon concentrations in homes and later extended
to contaminant vapours in soil as a result of contaminant spills and landfill
gas migration (Nazaroff et al., 1987; Garbesi & Sextro, 1989; Hodgson et al.,
1992).

A number of cases of contaminant vapour migration into building struc-

tures have been reported in the literature. In 1992 the Canadian Mortgage



and Housing Corporation (CMHC) conducted a nationwide survey of soil
gas entry problems into houses affected by hazardous lands (Fugler et al.,
1992). Three general categories of environmental pollutants entering houses
were defined and included petroleum vapours, methane, and assorted volatile
organic compounds (VOCs). Sources for these environmental pollutants in-
clude industrial sites, mine gases, leakage from fuel storage tanks, landfills,
as well as methane contamination due to peat bogs and swamps. It was
concluded that soil gas infiltration into houses by environmental pollutants
is a widely occuring phenomenon in Canada (Fugler et al., 1992).

In the state of Massachusetts, releases of petroleum products, dry clean-
ing fluids, and chemicals from industrial sites have impacted the soil and
groundwater at thousands of sites (Fitzpatrick & Fitzgerald, 1996). A study
conducted by the Massachusetts Department of Environmental Protection
(MADEP) identified and reviewed reports of 47 contaminated sites con-
cerned with VOC partitioning and indoor air quality impacts (Fitzpatrick
& Fitzgerald, 1996). This study compared indoor air quality and VOC levels
in groundwater to MADEP groundwater standards, which were developed us-
ing the generic conditions and assumptions made in the Johnson and Ettinger
(1991) model. This study found orders of magnitude difference in modeled
contaminant attenuation observed between chlorinated and non-chlorinated
VOC contaminants. Furthermore, MADEF groundwater standards under-
predicted indoor air concentrations for chlorinated VOCs, but predictions
for non-chlorinated VOCs fell near or below groundwater standards. It was
concluded that attenuation predicted by the model and used for developing

groundwater standards may not be protective of indoor air exposure for chlo-



rinated VOCs. However, groundwater quality guidelines for non-chlorinated
VOC contaminated sites may provide adequate protection for indoor air ex-
posure if building and site parameters are similar to parameters used to derive
the attenuation coefficient (Fitzpatrick & Fitzgerald, 1996).

Another study investigated soil gas contamination and mechanisms of
entry of VOCs into a house with a basement adjacent to a municipal landfill
and contaminated soil (Hodgson et al., 1992). High concentrations of VOCs
found in the landfill site were also found in soil gas near the house, but
at lower concentrations compared to landfill gas concentrations. The study
found that the presence of soil gas contamination was not sufficient to result
in significant exposures of VOCs in indoor air. The researchers concluded
that limited entry of VOCs into the indoor environment was the result of low
soil permeability, and relatively low below-grade leakage area of the house.

A residence and elementary school in the Midwest United States was
found to be impacted by petroleum contamination (Moseley & Meyer, 1992).
The school and residence were adjacent to a large petroleum and liquid-
fertilizer tank farm and a gasoline station. Explosive levels of hydrocarbon
vapours were found in the residence after complaints of gasoline odours.
As a result of complaints of noxious odours by teachers and students, the
school was evacuated and shut down and monitoring of air, soil gas, and
groundwater was undertaken. The results of monitoring determined that
a plume of subsurface hydrocarbon contamination was located beneath a

leaking tank, portions of the school property, and the school building.



1.1 Petroleum Hydrocarbon VOCs

Volatile organic compounds (VOCs) are defined as having a boiling-point
range from 50-100 °C to 240-260°C (Maroni et al., 1995). Petroleum hydro-
carbons contain VOCs, which have the number of carbon atoms in the range
of C¢—C,6 for aliphatic petroleum hydrocarbons and C.3-C,¢ for aromatic
petroleum hydrocarbons (CCME, 2000). Also included in these ranges are
the BTEX group of compounds (benzene, toluene, ethylbenzene, o-xylene,
m-xylene, and p-xylene).

Indoor air contamination by hydrocarbon contaminants in soil is of con-
cern to human health due to the risks associated with exposure. The indoor
air inhalation pathway is of importance since the majority of time spent by
the population is in the indoor environment. A survey of Canadians reported
that, on average, 88.6% of their time was spent indoors, with 65.9% of that
time spent in their home environment (Leech et al., 1996).

Hydrocarbon vapour intrusion into a building from the subsurface can
result from contaminant spills and leakage of petroleum products combined
with advective transport into the building structure. VOCs can also originate
in the indoor environment. Sources of VOCs prevalent indoors include con-
sumer and commercial products, paints and associated supplies, adhesives,
cosmetic and personal care products, hobby supplies, furnishings and cloth-
ing, building materials, heating, ventilating and air-conditioning systems,
combustion appliances, and tobacco smoke (Maroni et al., 1995).

Hydrocarbon vapour exposure may result in both acute and chronic health
effects under defined conditions of exposure. Many VOCs have narcotic ef-

fects resulting in central nervous system depression. Irritation of the eyes
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and respiratory tract as well as sensitization reactions may occur. Exposure
to high concentrations of VOCs have been demonstrated to result in liver and
kidney damage (Maroni et al., 1995). Edwards et al. (1997) discuss toxicity
of Total Petroleum Hydrocarbons (TPHs). Table 1.1 lists reported health ef-
fects of equivalent carbon number fractions for TPHs and BTEX compounds.
The Reference Concentration (RfC) associated with the compounds are also
listed in Table 1.1. The RfC is “an estimate (with uncertainty spanning
perhaps an order of magnitude) of continuous inhalation exposure to the hu-
man population, including sensitive subgroups, that is likely to be without

appreciable risk of deleterious effects during a lifetime” (USEPA, 1996).
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1.2 Project Description

This study evaluated the Johnson and Ettinger (1991) model in the con-
text of predicting risk-based standards for volatile petroleum hydrocarbons
via the soil to indoor air pathway. The general objective was to increase
knowledge and understanding of the model and provide information to assist
Alberta Environment and industry in making improved risk-based decisions
for managing volatile hydrocarbon contaminants in the subsurface. The spe-

cific objectives were to:

1. Undertake a sensitivity analysis of the Johnson and Ettinger (1991)
model with the goal of identifying the most sensitive input parameters.
The analysis would be performed under situations intended to portray

variation of site parameters representative of Alberta conditions.

2. Provide recommendations and guidance on approaches to reduce un-

certainty in model predictions with values from existing research liter-

ature.

3. Identify types of field measurements that can be collected on any site
under a Tier II site-specific risk assessment approach. The intent of
these data was to improve predictions of indoor vapour concentration

and to modify or derive risk-based remediation objectives.

4. Review and describe field methods for measurement of soil gas, includ-
ing field-based screening methods using flame- and photo-ionization

detection and lab-based GC/MS analytical methods.



5. Derive risk-based objectives based on the Johnson and Ettinger (1991)
model for selected hydrocarbon vapours measured in the subsurface
using collection and analysis methods described above. The approach
could be similar to that provided by MADEP using a multi-level as-
sessment. This approach first applies conservative field-based vapour
screening objectives and progresses towards a more complex form of
quantification such as soil gas GC/MS lab analysis and indoor air
quality measurements. Factors affecting variability of data, such as
seasonal /temperature differences, measurement error and time to peak
concentrations should be examined and discussed in the context of the
type of evidence required for risk-based decisions using vapour mea-

surements.

6. Provide ranges of soil and groundwater risk-based remediation objec-
tives for BTEX and relevant carbon range fractions and analytes using
the Johnson and Ettinger (1991) model. These ranges are intended to
represent land use differences, changes in soil/groundwater properties,
changes in contaminant depth, and other sensitive parameters. The
method of application of these values should be structured for easy
application or modification with typical Phase II Environmental Site

Assessment information gathered from the field.



Chapter 2

Johnson and

Ettinger(1991)Model

Johnson and Ettinger (1991) proposed a heuristic model to predict contam-
inant vapour intrusion into buildings for screening level calculations. The
Canadian Council Ministers of the Environment (CCME) selected this model
to predict Tier I standards based on the soil vapour to indoor air path-
way. Alberta Environment is also planning to use this model to update its
Petroleum Storage Tank Guidelines with the objective of providing improved
guidance for making risk-based decisions at petroleumn hydrocarbon contam-
inated sites. The Johnson and Ettinger (1991) model is used as a screening
level calculation, and integrates both advective and diffusive transport, in
addition to contaminant soil and building properties. This model has also
been used by the USEPA to develop soil screening levels to address vapour
intrusion into buildings. Spreadsheets have been developed by the USEPA

for site specific application of the Johnson and Ettinger (1991) model for soil



and groundwater contamination (USEPA, 1997).

2.1 Model Scenario

Figure 2.1 illustrates a contaminant vapour source located some distance be-
low the basement floor or slab of an enclosed structure. In the region closest
to the contaminant source, diffusion is the primary mode of vapour transport
through the vadose zone to the building zone of influence. Advection is the
main transport mechanism of soil gas within the building zone of influence.
In this region, soil gas is swept into the building through cracks in the foun-
dation as a result of the net negative pressure between the building and the
soil, which is induced by wind and stack effects resulting from heating and

ventilation.

The model is based on the following assumptions (Johnson & Ettinger,

1991):
1. chemical and biological transformations are insignificant
2. steady state conditions

3. contaminant vapours enter structures primarily through cracks and

openings in the walls and foundation
4. air inside the building structure is completely mixed
5. no other contaminant sources or sinks exist inside the building structure

6. vapour velocities decrease rapidly with increasing distance from the

structure

10



7. vapour phase diffusion is the dominant mechanism for transporting
contaminant vapours from contaminant sources located away from the

foundation to the soil region near the foundation

8. all contaminant vapours originating from directly below the basement

will enter the basement unless the floors and walls are perfect vapour

barriers

9. the soil is homogenous within any horizontal plane with respect to

effective diffusion coeflicients

10. advective vapour flow in the region near the building is uniform.

2.2 Mechanisms of Contaminant Migration

Soil gas transport through soil matrices can be modeled by the following
advection-diffusion transport equation (Johnson & Ettinger, 1991). Equa-
tion 2.1 below states that the total amount of contaminant in a volume of
soil is influenced by the total amount of contaminant flowing in the volume
of soil per unit time by the mechanisms of advection and diffusion and by

the formation rate of the contaminant in a given phase.

62" +Zu. VC; = ZD"“VC +ZR (2.1)

where, i is the subscript that specifies the phase (v = vapour, s = sorbed, f
= free phase or precipitate, m = soil moisture), t is time (s), ¢; is the volume

vo‘l,g{lr;;angfoli_l;z??]’ C, is the contaminant concentration

fraction of phase i [
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Figure 2.1: Conceptual Diagram of Soil Contamination (USEPA, 2000)
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in phase i [ (225 of phase i, _£5], u; is the Darcy velocity vector associated

with phase i [€2], V is the del operator -], D is the effective porous
medium diffusion coefficient of contaminant in phase i [%], and R; is the

formation rate of contaminant in phase i [c—srm s]-

2.2.1 Diffusion

Diffusion is the mass flux of a contaminant toward a decreasing concentration
gradient and results in an increase in spreading of the contaminant concentra-
tion front with time and is described by Fick’s first law of diffusion (Eq 2.2)
(Grathwol, 1998):

aC

F= —DB; (2.2)

where, D is the diffusion coefficient (cm?/s), which measures the rate molecules
spread, and C is the solute concentration (g/cm?), which is dependent on time
and distance (x).

Johnson and Ettinger (1991) assumed that diffusive transport is signifi-
cant only in the vapour and soil moisture phases of the soil matrices. Con-
taminant concentrations in the soil moisture and vapour phases are assumed
to be at equilibrium and are related by the dimensionless Henry’s law con-
stant, H (cm?® of HyO/cm?®of vapour), which describes their partitioning. This

relationship can be described as:
C,=HC, . (2.3)
From the above assumption Eq 2.1 can be rewritten as:

Deﬂ'
I_'I" )VC, =V .D¥fvC, . (2.4)

Y v-DvC =V (D +

13



In this equation, Fick’s first law of diffsion is modified to account for tor-
tuousity in soil pores by D¢f. D is the effective porous medium diffu-
sion coefficient based on vapour phase concentrations and is a function of
chemical-specific molecular diffusion coefficients in air and water as well as
porous medium and chemical properties (Johnson et al., 1998). The effective
diffusion coefficient is used to account for irregular channels in soil by de-
scribing the tortuous path in vapour movement (Venkatraman et al., 1998).
The effective porous medium diffusion coefficients for moisture and vapour
phases (D and D) can be related to the pure component molecular diffu-
sivities in water and air (D*2© and D*"), total soil porosity (er), and vapour
and moisture filled porosity (¢, and €y) by the Millington-Quirk expression

in Eq 2.5 and Eq 2.6 (Johnson & Ettinger, 1991):

DHgO 3.33
Df = —_m (2.5)
€
T
Dairee 33
Dsﬁ. = T (26)
T

where, €, and €, are related to er, the soil moisture content (fy,) and the
soil bulk density (p,) by:

€m = Ompy (27)

€ =¢€r —bupr, . (2.8)

Knowledge of the gaseous diffusion coefficient for the substance in question

is necessary to properly model gas movement in porous media as predictive

model ouputs can be very sensitive to small changes in the effective diffusion

coefficient (Jin & Jury, 1996; Johnson et al., 1998). Diffusive transport

dominates when the vapour pressure and molecular weight of the chemical

14



are low or at low concentrations and there is only a small pressure differential

(Jin & Jury, 1996).

2.2.2 Advection

Advection is the bulk movement of a fluid resulting from pressure differen-
tials. Advective transport of soil gas into buildings is due to the pressure gra-
dients resulting from temperature differences between indoors and outdoors,
wind loading on the building superstructure, barometric pressure changes
due to the weather, precipitation and mechanical ventilation (Little et al.,
1992; Fischer & Uchrin, 1996). Advective transport dominates soil vapour
transport under conditions of large pressure differentials across a building
envelope and in circumstances where soil gas contaminants have high vapour
pressures.

Advective transport is considered in the model by assuming that signifi-
cant advective transport takes place only in the vapour phase and is described

by Darcy’s law:

= kv d (P+p.eh) (2.9)

u dx 0,

v

where, k, is the soil permeability to vapour flow (cm?), u is the vapour
viscosity (g/cm-s), P is the pressure in the vapour phase (g/cm-s2), p, is the
density of air (g/cm3), g is the acceleration due to gravity (cm/s?), h is the
elevation (cm), 8, is the soil air-filled porosity, and u, is the vapour-phase

mass-average velocity (cm/s)(Lyman et al., 1992).
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2.2.3 Soil Gas Transport

To determine if either advection or diffusion dominates Eq 2.4 and Eq 2.9
are inserted into Eq 2.1 and the resulting equation is nondimensionalized

(Johnson & Ettinger, 1991):

aZi fiCI LP s swy Deﬂ“LP R
— - V) (V) =V + Ei:R. (2.10)

where, AP, is the reference indoor-outdoor pressure difference and * denotes

the following nondimensional variables:

Cr = g— (2.11)
V"= LoV (2.12)
p = AF;D, (2.13)

t* = t:;ﬁ:; (2.14)
R = %% (2.15)

where, C, is the characteristic concentration, Lp is the diffusion pathway
length, and Lp is the convection pathway length, which allow the dependent
concentration variable and derivatives of C; and P* magnitudes of order unity
(Johnson & Ettinger, 1991).

The following dimensionless group determines the relative significance of
advective and diffusive transport mechanisms (Johnson & Ettinger, 1991):

_ kAP,Lp

Pe = _D‘*”uLp (2.16)

where, Pe is the Peclet number, which relates the effectiveness of advective

transport to the effectiveness of diffusive transport (Fetter, 1993). Here, it
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is expressed in terms of the driving pressure, AP,. When Pe > 1 advective

transport dominates. When Pe <« 1 diffusive transport dominates.

2.2.4 Contaminant Diffusion from Source to Building
Zone of Influence

The rate of contaminant vapour transport from the source to the building

zone of influence can be estimated by the following equation:

_ Ab(Cso - Cs)Dgrﬁ
= L

E; (2.17)

where, E, is the mass-transport rate toward the structure (g/s), Ay is the
cross-sectional area through which vapours pass (cm?), Cs, is the vapour
concentration at the contaminant source (g/cm3), C; is the soil gas concen-
tration near the structure (g/cm?3), Ly is the distance from the contaminant
source to the foundation (cm), and DS is the overall effective porous me-
dia diffusion coefficient based on vapour-phase concentrations for the region
between the source and foundation (cm?/s) (Johnson & Ettinger, 1991).

When equilibrium between vapour and moisture phases is assumed, an
overall D& can be determined for multiple discrete soil layers by:
Lt

eff __
DT =

where, L; is the thickness of soil layer i (cm) and Dff is the sum of Eq 2.5

and Eq 2.6 for each soil layer such that:

3.33 H,0 3.33

I v D 20 ¢d-%

eff _ pair Vi m,i
D¢ = DAY 4

.1
€2, H é& (2.19)
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where, D is the effective diffusion coefficient across soil layer i (cm?/s), D*F
is the diffusivity of a component in air (cm?/s), DH2© is the diffusivity of a
component in water, €, is the soil vapour filled porosity of layer i (cm®/cm?),
€m is the soil moisture filled porosity of layer i (cm®/cm?3), er is the total soil
porosity, and H is the dimensionless Henry’s law constant (Johnson et al.,
1998).

For compounds with dimensionless Henry’s Law constants greater than
1073 [(mg/L-vapour)/(mg/L-H,0)], the contribution due to diffusion through
soil moisture is negligible compared to vapour phase diffusion, except in high

moisture content zones (Johnson et al., 1998; Johnson & Ettinger, 1991).

2.2.5 Transport of Soil Gas into the Building Structure

Vapour transport adjacent to a building foundation occurs by a combina-
tion of advective and diffusive transport mechanisms. The steady state, one
dimensional solution to Eq 2.1 for vapour transport through a crack in a
foundation or a porous medium with a constant uniform advective velocity
is used to derive the equation for the rate of contaminant vapour intrusion
into a building (Johnson & Ettinger, 1991).

To derive a differential equation from Eq 2.1, it is assumed that only
the vapour phase is significant, steady state conditions (i.e. dT:l = 0), and
no reactions are taking place (R; = 0). From these assumptions, Eq 2.1

becomes:
u; - VC, = D&ivec, . (2.20)

We also assume that C, is a function of the z direction only, and a constant
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uniform advective velocity

u= %ez (2.21)

where, u is the advective velocity (cm/s), A. is the basement crack area
(cm?), e, = (0,0,1), and Q, is the soil gas flow rate (cm3/s), which is

defined as (after Nazaroff, 1988):

2rAPk . X, rc
=— =—<X1 2.22
QS uln(%‘) Zc ( )

where, AP is the indoor-outdoor pressure difference (g/cm-s?), k, is the soil
vapour permeability (cm?), X, is the total floor-wall-seam perimeter distance
(cm), Z. is the basement floor depth below the surface (cm), and r. is the

radius of an ideal cylinder (cm), which is defined as:

A
== . 2.23
rc xc ( )
With the above assumptions Eq 2.20 becomes:
Qs dC, £0°Cy
=s = .24
A, dz D 022 (2.24)
Rearranging gives:
#C, QsdC
A 2.2
D 0z2 A, dz 0 (2.25)
The boundary conditions used to solve Eq 2.25 are:
C,=C; at z=0 (2.26)

where, C; is the contaminant vapour concentration in the soil near the struc-

ture and:
C,=C, at z=1L¢ (2.27)
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where, C,, is the contaminant vapour concentration in the building. The
steady state one dimensional solution to Eq 2.1 for vapour transport through

a crack with a constant uniform advective velocity is:

a*C,

5z ~uCy . (2.28)

0 =D

Equation 2.28 can now be inserted into the following flux equation (Paul C.

Johnson, personal communication, June 2000):

dC,
dz

E = A.(uC, — DY) (2.29)

and integrated for C, between C; and C, and for z between 0 and L., and

rearranged to give:
QS(CS - Cb) (2-30)

1- exp(D%i;’t)

where, E is the entry rate of contaminant into the building (g/s), Qs is the

E= QsCs -

volumetric flow rate of soil gas into the building (cm?/s), D is the effec-
tive vapour-pressure diffusion coefficient through the crack in the foundation
(cm?/s), L. is the foundation thickness (cm), Cy is the contaminant vapour
concentration in the building (g/cm3?), and A, is the area of cracks/openings
through which contaminant vapours enter the building (cm?) (Johnson &
Ettinger, 1991).

The soil gas concentration (Cs) can be determined by assuming that the
flux rate in soil (Eq 2.17) and the flux rate through concrete (Eq 2.30) are

equal at steady state. Setting these equations equal and solving for Cs gives:

Dcﬂ'A sLc
C ——T-—"expg—-Dcf;c +Cp

C, = 2 Qslr (2.31)
——I—hgsz (expgf—k—z -1)+ epr—D:kz
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Equation 2.31 can then be substituted into Eq 2.30 to determine the rate of

contaminant entry into a building through the foundation to give:

Deﬂ'Ango exp Qch _ gh_

= - Lt DcAc Cso (2 32)
D=ffA QsLc QsLc :
oy (expgss ~ 1) +exp B

where, E is the product of the steady-state diffusive rate of contaminant
transport from the source to a bare dirt foundation and a factor containing a

number of dimensionless groups which are discussed in the following section

(Johnson & Ettinger, 1991).

2.2.6 Attenuation Coefficient

Equation 2.32 can be used to give a definitive expression for indoor con-
taminant vapour concentration. If it is assumed that there are no other

contaminant sinks or sources and the building is well-mixed then:
QCp=E (2.33)

where, Q, is the building ventilation rate (cm3/s), which is defined as

_ V,ACH

Qv = 35005 (2.34)

and, Vy, is the volume of the structure (cm?®) and ACH is the air exchange

rate (h™!). Substituting Eq 2.32 into Eq 2.33 and rearranging gives:

Cp x expazke

Cb = ch DeﬂAb DeﬂPAc:c <Le (2'35)
eXpRA + G + G (PR — 1)

where,
C; — DeTﬂ.Aszo
QuLT
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and, C;, describes the indoor vapour concentration when vapours diffuse from

the source to a bare soil foundation. Equation 2.35 can be rearranged to yield

the attenuation coefficient (a):

= 2.37

azg @31)
or Bea o
=0 expis

a= QuLT pDcAc (238)

Qskc Dy Ay Dj{Ab Qsle __
exp DcAc + QTI;LT + QsLr (expDcAc 1)

Within Eq 2.38, the following dimensionless groups exist:

QsLec
DA (2.39)
DeFA,
o (2.40)
Q
o (2.41)

Equation 2.39 represents the equivalent Pe number for transport through
the foundation. Eq 2.40 is the attenuation coefficient for diffusion dominated
transport from an infinite source to a bare dirt foundation. Eq 2.41 represents
the attenuation coefficient for convective transport from a source located
adjacent to the building (Johnson & Ettinger, 1991).

Johnson and Ettinger (1991) analyzed these three dimensionless groups
under limiting conditions. Equation 2.42 below represents a scenario where
advection is the dominant transport mechanism through the basement floors
and walls. When (g:—f‘;-) — 00, Eq 2.38 becomes:

D Ay
a= gt (2.42)

P.:{A_".f.l

QsLT
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Equation 2.43 represents a scenario where diffusion is the dominant transport
mechanism through the basement floor and walls. This equation is used to

represent the attenuation coefficient when (%’k—z) — 0.

Deﬂ'Ab
— QuLT
a = DeffA DefA, L (2'43)
1+ T b + Jr” Aplc
Qulr DcAcLt

For Eq 2.41, the limit Q, — 0 corresponds to a perfectly sealed basement.
In this case, Q; must also approach zero. Therefore & — 1, where the indoor
air concentration approaches the contaminant vapour concentration in the

soil gas (Johnson & Ettinger, 1991).
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Chapter 3
Sensitivity Analysis

A sensitivity analysis was performed on Eq 2.38 to determine those parame-
ters which have the greatest influence on the attenuation coefficient (). An
additional sensitivity analysis was performed on the equivalent Pe number
(Eq 2.39), since the value generated here determines whether advective or

diffusive transport dominates overall contaminant mass transport.

3.1 Methodology

Two methods were initially considered for conducting the sensitivity analy-
sis. The first method involved varying one input parameter at a time while
keeping all other variables constant and plotting the results. This method
will be referred to as the graphical method after the approach used by Hers
(1999). The other method that was considered involved the use of Crys-
tal Ball™ software, an add-in program for Microsoft Excel (Decisioneering,

1998). Crystal Ball™ uses Monte Carlo simulation, which generates random

24



numbers to measure the effects of uncertainty in a spreadsheet model. The
Monte Carlo method is used in Crystal Ball™ to generate random numbers
for selected model parameters similar to real-life possibilities. The set of ran-
dom numbers simulates a hypothetical scenario for the spreadsheet model.
During the simulation, the model is recalculated for each scenario and the
results are displayed (Decisioneering, 1998).

The Crystal Ball™ method was chosen to conduct the sensitivity analysis
because the graphical method does not consider relationships between model
parameters. The graphical method only provides a one-dimensional view of a
multi-dimensional model. Therefore, in such an analysis, any perturbations
in the model output as a result of parameter interactions are not considered.
Since Crystal Ball™ can simultaneously vary all model parameters, a better
indication of model sensitivity can be obtained.

Equation 2.38 and Eq 2.39 were prepared for the sensitivity analysis by
identifying a total of eleven parameters and assigning each a distribution.
These parameters and their assumptions are listed in Table 3.1. Uniform
distributions were assigned to most model input parameters to indicate that
all possible input values have an equal probability of occuring. The distri-
bution and range of vapour filled porosity and total porosity were derived
from data obtained from the Agricultural Region of Alberta Soil Inventory
Database Version 1.0 (AGRASID) (Coen & Marciak, 1998). For this analy-
sis, only soil data from upper (A) horizons were used to derive a distribution
in order to achieve conservatism in the analysis. As discussed in the previous
section, when (g—:ﬁ—:) — 00, Eq 2.38 reduces to Eq 2.42. For the sensitivity
analysis, the model was set so that when g:TLZ- > 709, Eq 2.38 defaults to
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Eq 2.42 because Microsoft Excel 97 cannot calculate beyond exp(709). A
total of 5000 calculations (trials) were run for the analysis of both Eq 2.38
and Eq 2.39.

Sensitivity is computed in Crystal Ball™ by determining rank correlation
coefficients between each assumption (input parameter) and forecast (out-
put) cell during the simulation. Correlation coefficients measure the degree
to which assumptions and forecasts change together. Decisioneering (1998)
defines a high correlation coefficient as + 1.0. If there is no relationship be-
tween the forecast and assumptions, the correlation coefficient is much less
than + 1.0. As the strength of the relationship increases between the fore-
cast and assumption so does the correlation coefficient. A high correlation
coefficient indicates an assumption has a signifi—ant impact on the forecast
(both through its uncertainty and its model sensitivity). Positive coefficients
indicate an increase in the assumption is associated with an increase in the
forecast. Negative coefficients imply the reverse situation. The larger an
absolute value of a correlation coefficient, the stronger the relationship (De-

cisioneering, 1998).
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3.2 Results of Sensitivity Analysis

Table 3.2 illustrates the results of the sensitivity analysis of Eq 2.38. As
can be seen from Table 3.2 the distance from the source to the foundation
exhibited the highest contribution to variance followed by the air exchange
rate. Ly has a negative correlation coefficient, indicating that the further
away the contaminant source is from the building, the lower indoor con-
taminant air concentrations will be. As the distance from the source to the
foundation exhibited the highest contribution to variance in Eq 2.38, it is
recommended that this parameter be measured in the field for model input.
The air exchange rate (ACH) enters into the attenuation coefficient equation
by Eq 2.34. ACH is defined as the rate indoor air is replaced by outdoor
air and is measured by the number of room volumes exchanged over one
hour. ACH also exhibited a negative correlation coefficient indicating that
as the ACH increases, indoor air contaminant concentrations decrease. Soil
vapour filled porosity (e,) was ranked third in sensitivity and enters into the
attenuation coefficient equation through calculation of the overall effective
diffusion coefficient (DSf) by Eq 2.18. Soil vapour filled porosity exhibited a
positive correlation coefficient indicating that as this value increases, so does
the model output.

Table 3.3 illustrates the results of the sensitivity analysis of Eq 2.39. As
illustrated in Table 3.3, the results of the sensitivity analysis of Eq 2.39 in-
dicated that soil vapour permeability exhibited the highest contribution to
variance. Soil vapour permeability was also found to be a contributing fac-
tor influencing advective transport of soil gas in a study of VOC migration

into basements (Fischer & Uchrin, 1996). Soil vapour permeability exhib-
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ited a positive correlation coefficient indicating that as this value increases,
so does the model output. Soil vapour filled porosity was second highest in
sensitivity followed by the indoor-outdoor pressure differential. The indoor-
outdoor pressure differential is the result of depressurization of the building
substructure with respect to the surrounding soil. The indoor-outdoor pres-
sure differential exhibited a positive correlation coefficient with respect to

model output.
The output of the Crystal Ball sensitivity analyses is presented in Ap-

pendix A.

Parameter | Contribution to | Correlation
Variance Coeflicient

Lt 33.6% -0.54

ACH 28% -0.49

€y 24% 0.45

V 7.8% -0.28

Ap 3.8% 0.18

€T 2.T% -0.15

Z. 0% 0.02

k, 0% 0.02

Xe 0% 0.01

AP 0% -0.01

Table 3.2: Results of Sensitivity Analysis of Eq 2.38

To reduce uncertainty in model predictions for site-specific cases, the pa-
rameters identified as exhibiting a relatively greater contribution to variance

in model output are recommended for data collection under a Phase II En-

vironmental Site Assessment.
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Parameter | Contribution to | Correlation
Variance Coefficient
ke 35.7% 0.56
€y 24.3% -0.46
AP 24% 0.46
A, 12.4% -0.33
€T 3.1% 0.16
Xe 0.2% 0.04
Vb 0.1% -0.03
L. 0.1% 0.02
A, 0% 0.01
Zc 0% 0.01

Table 3.3: Results of Sensitivity Analysis of Eq 2.39
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Chapter 4

Considerations for Site-Specific

Assessments

Site specific measurements of soil properties used to predict indoor air quality
concentrations may be easily merged with typical Phase II site assessments
through the use of soil cores, soil moisture and soil gas measurements (John-
son et al., 1999). The most sensitive parameters (LT, ACH, Dsf, k., AP)
identified in the sensitivity analysis for Eq 2.38 and Eq 2.39, are recom-
mended for data collection. Other site-specific factors such as time to steady
state concentrations, seasonal variations and subsurface variations should
also be considered in contaminanted site assessments as these factors can

influence predictions of indoor air contaminant vapour concentrations and

soil gas measurements.

31



4.1 Distance from Source to Foundation (Lt)

The distance from the source to the foundation (Lt) exhibited the greatest
contribution to variance in the attenuation coefficient. Lt has a negative
correlation coefficient, which means that the further away the contaminant
source is from the building foundation, the lower the indoor contaminated air
concentration will be. To reduce uncertainty in model output, representative
data of Lt should be measured in the field for model input. Such mea-
surements can be easily obtained during subsurface investigations. Lt is an
important parameter because the closer the source is to the building founda-
tion, the higher indoor air contaminant concentrations will be. Furthermore,
Lt is needed to predict the time required for a contaminant to reach steady

state concentrations. This concept is discussed further in Section 4.6.

4.2 Air Exchange Rate (ACH)

The air exchange rate (ACH) is defined as the rate indoor air is replaced by
outdoor air and is measured by the number of room volumes exchanged over
one hour. ACH is governed by infiltration, natural ventilation, and inter-
nal air movement. ACH is an important factor as lower air exchange rates
contribute to poor indoor air quality due to limited dilution of indoor air pol-
lutants (Fellin & Otson, 1994). The ACH attributed to natural ventilation,
infiltration, and internal air movements are due to factors such as the surface
area of gaps and openings to the outdoors and the temperature difference or
the differential pressure between the indoor and outdoor air (Samimi, 1995).

ACH also contributes to uncertainty in model predictions and could be
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measured by dynamic and passive tracer gas techniques. Air exchange rates
vary seasonally and are also dependent on building construction. Warmer
temperatures generally coincide with higher air exchange rates since windows
and doors are more likely to be open for longer periods of time in comparison
to when cooler temperatures abound. Recently built energy efficient homes
are likely to exhibit lower air exchange rates in comparison to older homes
(Table 4.1).

Dynamic and passive tracer techniques can be used to measure air ex-
change and are described below. However, air exchange data can be expen-
sive to collect and disruptive to occupants in the building. Table 4.1 was
proposed by The Canada Mortgage and Housing Corporation (Fugler, 1997)
and can be used as an estimate of air exchange rates during the heating
(winter) season for Canadian prairie homes when calculating the attenuation
coefficient. Air exchange rates for commercial and industrial buildings are
expected to be higher due to occupancy requirements and increased pedes-
trian traffic. Air exchange rates for actual situations may have to be adjusted
from values listed in Table 4.1 in some situations where normally ventilated
houses have low ventilation rates (i.e. houses whose windows are closed dur-
ing warm weather and have air conditioning). In this case, the values in Table
4.1, column 2 could be reduced by 50% to represent typical annual values.
In temperate climates, ventilation rates may be lower than those shown in
Table 4.1. Fugler (1997) recommended that for different climate zones the

values in Table 4.1, column 2 should be multiplied by the factors listed in

Table 4.2 (Fugler, 1997).
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House Type stimated Heating Season | Estimated Mechanical
Natural Ventilation Rate Ventilation Rate

Wood Frame 0.5-1.0 hr~* none

pre-1945

Wood Frame 0.2-0.4 hr~" none

1946-1960

Wood Frame 0.15-0.3 hr~" maybe 0.2 hr~'

1961-1980 intermittent

Airtight 0.05-0.1 hr* 0.3 hr~!

New House installed capacity

Table 4.1: Typical Air Exhange Rates for Canadian Prairie Homes (Fugler,
1991)

Climate Zone | Natural Ventilation Multiplier
Mild 0.6
Moderate 0.8
Severe 1.0

Table 4.2: Adjustments for Climate Zone (Fugler, 1991)

Dynamic Tracer Tests

Dynamic tracer tests use a unique gas which is introduced into the indoor
space or ventilation system. After adequate mixing of the tracer with indoor
air, the decay of the tracer gas can be used to calculate the air exchange
rate by tracking the tracer over time to produce an exponential decay curve.
The air exchange rate can be derived from a plot of the log concentration vs.
time. Sulfur hexafluoride (SFs) is the most commonly used and ideal tracer
gas since it is non-reactive, non-toxic, and can be measured at low concentra-
tions using a gas chromatograph and electron-capture detector. This method
can be used for acquiring short-term and immediate measurements of air ex-

change rates. Sampling may be carried out with grab samples using plastic
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bags, syringes, or evacuated tanks (Yocom & McCarthy, 1991).

Passive Tracer Technique

Permeation tubes that emit known rates of perfluorocarbon tracers can be
used for measuring air exchange rates. Passive monitors are placed through-
out the building to measure integrated concentrations of tracer gases and are
analyzed by gas chromatography. This method allows determination of long-
term air exchange rates (i.e. 6 days - 6 months) (Yocom & McCarthy, 1991).
The Air Infiltration Measurement System (AIMS) available through the Na-
tional Association of Home Builders (NAHB) uses a source emitter, which
releases a perfluorocarbon tracer. A capillary adsorption tube serves as the
passive monitor and is analyzed by a GC/ECD and a uniform concentration

is determined in a short period of time (USEPA, 1991).

4.3 Effective Diffusion Coefficient (D)

The effective diffusion coefficient contributes to model variance through the
vapour-filled porosity term (e,). Algorithms that model gas movement in
porous media are typically sensitive to the effective diffusion coefficient (Jin
& Jury, 1996; Johnson et al., 1998). The effective diffusion coefficient can
be determined empirically for each layer between the source and foundation
by Eq 2.19 if soil porosity data are known from field measurements or soil
surveys. The overall effective diffusion coefficient for the region between the
source and foundation can be calculated by Eq 2.18. However, empirically

derived values for DS may also contribute an unacceptable amount of un-
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certainty in model predictions (Johnson et al., 1998). D can be calculated
by measuring sulfur hexafluoride (SFs) as a tracer gas in field experiments.
Johnson et al. (1998) outline a protocol for this method. A limitation of
this method is its use in low permeability or wet soils. Furthermore, radial
symmetry is assumed and therefore may not be appropriate for regions where
large changes in soil properties occur over small distances (Johnson et al.,
1998). These conditions are typical of many contaminanted sites where soils

have been disturbed for the placement of foundations or other activities.

4.4 Soil Vapour Permeability (k,)

Soil vapour permeability (k,) exhibits the highest contribution to variance
in the calculation of the equivalent Pe number (Eq 2.39). Soil vapour perme-
ability was also found to be a major factor influencing advective transport
of soil gas in a study of VOC migration into basements (Fischer & Uchrin,
1996). Because soil vapour permeability is sensitive to variations in soil struc-
ture, interpretation of field data is difficult. Despite its limitations, the use
of soil core samples for laboratory measurement of soil vapur permeability is
preferred (Grant & Groenevelt, 1993). Soil vapour permeability can be mea-
sured in the field or it can be measured in the lab by the constant pressure
gradient method or by the constant flux method described below. Figure 4.1
may also be used as a preliminary estimate of soil permeability based on

general knowledge of soil texture.
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Constant Pressure Gradient Method

The constant pressure gradient laboratory method involves exposure of a soil
core, placed in a cylindrical ring, to a large volume of air under a constant
pressure and above atmospheric pressure. The constant pressure gradient
method is ideal for testing highly permeable samples or for samples held at
water potentials close to zero. The volume of air that passes through the soil
core with time is measured and soil vapour permeability can be calculated
for small air pressures by the following equation:

Q_. pughh
A=k T (4.1)

where, Q is the volume of air measured at the inlet of the soil core with units
of (m3/s), A is the cross-sectional area of the soil core (m?), L is the length of
the soil core (m), Ah is the air pressure difference over the soil core between
the air inlet side and the air outlet side at atmospheric pressure (m), g is
the gravitational constant (m?/s) and 7 is the viscosity of the gas (kg/m-s)

(Grant & Groenevelt, 1993).

Constant Flux Method

The constant flux laboratory method imposes a constant air flux across a soil
core sample and measures the resulting pressure difference across the sample.
The tools required for this method are easily obtained since a small cylinder
and flow meter supplying compressed air are sufficient for analysis. During
analysis, steady state air flow has a chance of occurring; in this situation,

the pressure gradient can become very large (i.e. Ah > 0.2 m H,0) and soil
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vapour permeability can be calculated by the following equation:

Q Ah Ah
e K 7 (1 oH, (4.2)
where,
k,
K= Al [m/s] (4.3)

where, p, is the density of water, and 7 is the gas viscosity and all other
parameters have been described previously.

The main advantages of the constant flux method are that the apparatus
is simple, and measurements can be made on samples of low permeability
using either steady state or transient state flow conditions (Grant & Groen-
evelt, 1993). Grant and Groenevelt (1993) provide detailed methodology for

determining soil permeability in the laboratory.

Field Measurement of Soil Vapour Permeability

Soil vapour permeability can be measured in the field through the use of soil
probes. In this method, a steady flow of soil gas is drawn from the soil probe
while measuring the disturbance pressure difference between the probe and
the soil surface (Garbesi et al., 1993). If Darcy flow of gas is assumed, then

soil permeability (m?) can be determined by the following relationship:

_ Qu
k= 2p (4.4)

where, Q is the rate of soil air drawn from the probe (m3/s), p is the dynamic
viscosity of air (1.75 x 1073 Pa s at ambient conditions), AP is the disturbance
pressure difference between the probe tip and the soil surface (in Pa) and S is
the shape factor; a factor describing the shape and size of the porous section

of the probe (Garbesi et al., 1993; Mosley et al., 1996).
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Figure 4.1: Permeability (m?) of representative soil textures. (Nazaroff, 1992)

4.5 Indoor-Outdoor Pressure Differential (AP)

Pressure differentials are an important parameter in predicting if soil gas
transport is dominated by advection. Pressure driven soil gas entry into
buildings is the result of depressurization of the building substructure with
respect to the surrounding soil. The main causes of basement depressuriza-
tion include thermal differences between indoors and outdoors, wind loading
on the building superstructure, imbalanced building ventilation, and baro-
metric pressure fluctuations (Garbesi et al., 1993).

Stack effects result in pressure differentials and occur as a result of warm
air rising, which escapes to upper levels and results in a low pressure in the
basement causing soil air to enter into the house. Mechanical ventilation
systems, fireplaces, oil and gas furnaces also contribute to pressure differen-
tials since air that has been exhausted may be replaced by soil gases that

are drawn from the basement. Furthermore, wind loading on houses and
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House Type Typical AP Typical AP Typical AP
Yp Mli{l]:i Winter Modzlr"ate Winter Se\?g:'e Winter

Slab-on-grade (no chimney) 10 20 30
Slab-on-grade (chimney) 30 40 50
1 or 2 storey (no chimney) 40 50 60
1 or 2 storey (chimney) 80 90 100

| 3 storey (no chimney) 70 80 90
3 storey(chimney) 130 140 150

Table 4.3: Maximum Pressure Difference Across Below Grade Building

Envelopes (g-cm/s?) (adapted from Fugler, 1997.)

changes in barometric pressure can also influence soil gas flow into buildings
(Fugler, 1997). Because pressure differentials are uncontrolled and tempo-
rally variable, detailed studies at occupied sites are difficult to carry out due
the invasive nature of the instrumentation needed to probe the site for in-
formation on soil, structure, and atmospheric and meteorological conditions
(Garbesi et al., 1993).

Table 4.3 gives values for typical maximum winter pressure differentials
for houses. The Canadian Mortgage and Housing Corporation suggests that
the following adjustments should be made to the values in Table 4.3. If the
house in question has a fresh air intake or a combustion air supply, then the
pressure differentials should be reduced by 20 g-cm/s?. If the house in ques-
tion has a fireplace, central exhuast system or other large exhaust equipment,

then the differential pressures given in Table 4.3 should be increased by 20
g-cm/s? (Fugler, 1997).
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4.6 Time to Reach Steady State Concentra-

tions

For risk based predictions of future indoor air quality impacts, consideration
of near steady state soil gas concentrations is desirable. The time, 75 (days),
required to reach near-steady vapour concentrations and fluxes at any dis-
tance Lt (m) from a source increases with the square of the distance from
the source and is affected by contaminant chemical properties. 75 may be

estimated by the following equation (Johnson et al., 1999):

R.e,L2
~ —DEI- (45)

where, R, is the soil vapour-phase retardation factor (unitless), €, is the

Tss

vapour filled porosity (m® vapour/ m3 soil), and D*f is the effective vapour
diffusion coefficient (m?/d). Different chemicals have different soil vapour-
phase retardation factors. Monoaromatic hydrocarbons have vapour-phase
retardation factors in the range of 10<R, <100; therefore, different chemicals
approach near-steady concentrations at different times (Johnson et al., 1999).

For long-term predictions of indoor air quality at a contaminated site,
measurement of soil gas concentrations near the source are most represen-
tative of near-steady state conditions; whereas, soil-gas measurements taken
further away from the source may not be representative of near-steady con-
ditions. If biodegradation and weathering of contaminants are taken into
account, the time required to reach near steady conditions may be faster.
Significant advection also decreases the time required to reach near steady
conditions. Such a case could involve advective flow through karst formations

and other permeable conduits (Johnson et al., 1999).
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In cases where a site has been recently impacted by petroleumn hydro-
carbons, measurement of soil gas concentrations near the source are recom-
mended if the subsurface geology is well known. If soil gas measurements
are taken near the surface or foundation which are several meters from the
contaminant source, the time since contaminant release must be taken into

account (Johnson et al., 1999).

4.7 Seasonal Variations

Seasonal and temperature variations influence soil gas concentrations mea-
sured in the field. The time of year that soil gas measurements are taken
should be considered when surveying a contaminated site. Sampling during
Winter or early Spring is believed to represent a worst case evaluation due
to building depressurization as a result of combustion furnaces and stack ef-
fects, lack of building ventilation, presence of frost layer impeding diffusion to
the atmosphere, and/or presence of a high groundwater table (Spring). Soil
gas VOC concentrations in the vadose zone may be affected by temperature
fluctuations due to the Henry’s Law constant dependence on temperature
(Thomson et al., 1997). Although temperature does cause VOC concen-
trations to fluctuate, calculations using the Clapeyron equation comparing
concentrations of volatile compounds at 10°C and 25°C demonstrated only
small concentration differences (O. Bose, personal communication, Novem-
ber 2000). The Clapeyron equation is used to estimate the dimensionless
form of the Henry’s law constant at the system temperature (USEPA, 1997).

Soil moisture also varies seasonally; as soil moisture increases, diffusion
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of gas through the soil is slowed since water-filled pores increases diffusional
path length, which decreases the concentration gradient (Washington, 1996).
Increasing soil temperature leads to increased soil moisture losses resulting in
increased gas-filled porosity available for soil gas exchange with atmospheric
air (Chen & Thomas, 1994). During the night and morning, the near-surface
soil becomes less sorptive and releases VOCs to the atmosphere. This is due
to moisture that returns to the soil via water transport from below and from
the presence of dew and increased atmospheric humidity. This daily cycling
phenomenon may affect the atmospheric transport of VOCs, exposures to
air pollutants and surface air fluxes (Batterman et al., 1995). Meteorolog-
ical changes can also influence soil gas flux through changes in barometric
pressure, temperature, and moisture content. High pressure systems present
at the time of sampling may result in a lower volatile flux; therefore a lower
soil gas concentration may be measured than during a low pressure system

(Tillman et al., 1989b).

4.8 Subsurface Variations

Variability in subsurface conditions can also influence measured soil gas con-
centrations resulting in false positive or false negative results with respect
to underlying contamination (Kerfoot, 1990). Karst formations and man
made high permeability zones in the subsurface can serve as conduits for soil
vapour transport and must be considered in site specific assessments. Such
karst formations or cracks in the subsurface may result in detection of high

soil gas concentrations which are not representative of near source vapour
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concentrations.

Clay lenses, impermeable frost layers, perched water tables, and paved
surfaces can cause build up of subsurface vapour concentrations. If soil gas
measurements are taken above such impermeable layers, then soil vapour de-
tection will likely underpredict actual concentrations. Soil gas measurements

taken below such impermeable layers may overpredict actual concentrations.

4.8.1 Biological and Chemical Processes

Two of the processes not addressed in the Johnson and Ettinger (1991) model
are biological and chemical transformations. A study by the Massachusets
Department of Environmental Protection found that soil quality guidelines
and groundwater quality guidelines developed by the Johnson and Ettinger
(1991) model underpredicted indoor air quality levels of chlorinated VOCs,
but were conservative (i.e. overpredicted) for indoor air quality levels for
petroleum hydrocarbons. Since chlorinated VOCs do not undergo biodegra-
dation as readily as petroleum hydrocarbon VOCs, this result is not surpris-

ing, but is an important factor to consider.
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Chapter 5

Risk-based Screening Levels

and Remediation Objectives

In this section, risk-based screening levels for volatile petroleum hydrocar-
bons in soil were derived using the Johnson and Ettinger (1991) model.
Chemical and physical characteristics of volatile petroleum hydrocarbon frac-
tions were based on those referenced by Canadian Council Ministers of the
Environment (CCME) (CCME, 2000). These screening levels and remedia-
tion objectives are recommended for use as decision-making criteria during
Phase II environmental site assessments of petroleum hydrocarbon contam-
inated sites in Alberta. An overview of a suggested preliminary screening

assessment and refined assessment approaches are shown in Table 5.1.

45



BLIDQLY Ul S9)IG pajeuiwe)uo) uoq

-1e20IpA} windjo113 ] 10§ oroiddy Ylomaures Juswssassy pauyey pue Areutuntjpid jo MIIAIBAQ :T°C d[qe],

8491
-awieaed Jay10 pue 'OV c,wn_..j 10} suOIPUOD
1pwesed induy DO uo paseq (uopwpunog jo
«f UI1IM) uoneso] aapejuasasdal € je ainpnas

apisul uayey sajdwes Jsie Jooput jo Sujuastog

(z1°g ajqey) 11y soopuj

s1jaurered 19410 10§ suonduinsse FNDD ney
-ap pue HOV pue .mwc ‘3 a0j saan3y dn-yooy

59A1192{qo0 uoneipawas sarempunosd 10/pue (o5

(suopy
-ipuod oygpads-ans Bunooyar W xypuad
-dy 01 4 xipuaddy uy saindy dn-joo| o3

apew suosireduiod) Jajempunols) pue jlog

JUBUISSAISEY pauyey

s19jpwreaed 19410 pue ‘HOVY ¢ t.wn.,_u_
10} suopuod 1atauresed nduy WD) uo paseq
uoniepunojqns to/pue adepns teou uoyer sa|d

-tues sed [los jo Suiuaasos inodea Kioresoqer

siatowesed 1910 pue ‘HOV
‘1is@" L1 10§ suonipuod sajpwresed nduy DD
uo paseq uofiepunojqns Jo/pue 3dejns Jwau

uaye} sajdwes sed [1os jo Suiuaasds anodea pioty

(11°g 01 01°g saqrL) 1node [rog

sipweaed 1910 pue ‘HOV ¢ m.w.o.,_.q

10} suohipuod saureted Induy OO uo paseq

$9A1103qo uonvipawas sajempunocad 1o/pue jlog

(srg
01 £1'C $3|qR],) Jojempunoin puw |i0g

JMawIssassy Aseujuiyjalg

46



5.1 CCME Model Parameters

Risk based screening levels and remediation objectives for petroleum hy-
drocarbon VOCs were derived based on values proposed for model input
parameters by CCME (CCME, 2000). These values were adopted to be con-
sistent with CCME in the development of the Canada-Wide Standards for
Petroleum Hydrocarbons in Soil. The most sensitive parameters identified
by the sensitivity analysis are also evaluated in terms of those values pro-
posed by CCME and recommendations for improvement are contained in this
section. Tables 5.2 to 5.7 list CCME proposed input values used to derive
screening levels and remediation objectives.

It should be noted that the total porosity value of 0.3 proposed for fine-
grained soils by CCME is incorrect. The correct value for total porosity for
fine-grained soils is 0.47 based on a soil bulk density of 1.4 g/cm® and a
particle density of 2.65 g/cm3. It is recommended that CCME reexamine

the rationale for choosing this value.
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Input Parameter Symbol | Coarse-Grained | Fine-Grained
Soil Soil
Organic Carbon Fraction (g/g) toc 0.005 0.005
Soil Bulk Density (g/cm®) Pb 1.7 1.4
"Total Sotl Porosity €T 0.4 0.3
Vapour-filled Porosity €y 0.281 0.132
Moisture-filled Porosity € 0.119 0.168
Soil Vapour Permeability
to Vapour Flow (cm?) ky 10-8 10—°
Distance from structure to
soil contamination (cm) Lt 30 30

Table 5.2: CCME Assumed Soil and Site Characteristics (CCME, 2000)

Input Parameter Symbol "Toddler Adult
Relevant land use(s) agricultural | industrial
residential
commercial
Body Weight (kg) BW 16.5 70.7
Exposure Time (residential) ETr 1 1
Exposure Time (commercial) ETc We2e2 | g2 2
Exposure Time (industrial) ET, ok 2k T F 2 * o
Exposure Frequency (events/d) | EF ]
Inhalation Rate (m®/d) IR 9.3 16.2

Table 5.3: CCME Assumed Receptor Characteristics (CCME, 2000)
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Input Parameter Symbol ~ Residential Residential Commercial
(with basement) | (slab-on-grade) | (slab-on-grade)

Building LenFﬂl (cm) LB 1225 1225 2000
uilding Width (cm) wB 1225 1225 1500

Building Area (cm®) AB 1.50E+06 1.50E+06 3.00E+06
uilding Height

| including basement (cm) HB 488 488 7300
ickness ot Building

Foundation (cm) L 11.25 11.25 11.25

Area of Cracks (cm®) Ac 994.5 994.5 1846

Radius ot 1dealized

Cylinder (cm) Tc 0.2 0.2 0.26

Length ot 1dealhzed

Cylinder (cm) X 4900 4900 7000

Distance below grade

to Idealized Cylinder (cm) | Z. 244 11.25 11.25

[ ERective vapour pressure

diffusion coefficient

through the crack (cm?/s) | D. 4.50E-04 4.50E-04 4.50E-04
ir Exchanges

per Hour (h™}) ACH 1 1 2
ressure erential

across building

envelope (g/cm-s°) AP 40 40 20

Table 5.4: CCME Assumed Building Characteristics Indoor Infiltration Path-

way (CCME, 2000)
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Aromatics C>8-Cio [ C510-Ciz | C512-Che
Reference Concentration (RfC) (mg/m?) 2.00E-01 | 2.00E-01 | 2.00E-01
Background Indoor/

Outdoor Air Concentration (C,) (mg/m?) 3.75E-02 | O 0

Henry’s Law Constant (Hg (atm-m?3/mol) 1.20E-02 | 3.40E-03 | 1.30E-04
Henry’s Law Constant (H) (dimensionless) 4.98E-01 | 1.41E-01 | 5.39E-03
Organic Carbon

Partition Coefficient (K,.) (mL/g) 1.58E+03 | 2.51E+03 | 5.01E+03
Diffusion Coefficient in Air (D) (cm?) 5.00E-02 | 5.00E-02 | 5.00E-02
Diffusion Coefficient in Water (DH2°) (cm?) | n/c n/c n/c
Vapour viscosity (u) (g/cm-s) 1.73E-04 | 1.73E-04 | 1.73E-04
Molecular weight (MW) (g/mol) 1.20E+02 | 1.30E+02 | 1.50E+02
Solubility (S) (mg/L) 6.50E+01 | 2.50E+01 | 5.80

Table 5.6: Assumed Physical Chemical Parameters for Aromatic Hydrocar-

bon Fractions (CCME, 2000)

5.1.1 Distance from Source to Foundation

The distance from the source to the foundation (Lt) was set to 30 cm for
all building structure types. This value forces conservatism in the develop-
ment of soil screening and remediation objectives for a contaminant source
located further from the building because it would result in lower allowable
levels of indoor air contaminants. Soil gas measurements taken at the source
combined with an input of Lt = 30 cm will provide a conservative estimate
of indoor contaminant vapour concentrations. CCME has made an arbitrary
assumption that if Lt >> 30 cm, the condition that 7= < 1 would be ful-
filled. This condition is derived from Nazaroff, 1988 for the calculation of Qs
(Eq 2.22). The model should not be applied for Lt < 30 cm because it is

uncertain if boundary conditions for the model are still applicable.
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[Aliphatics Cs-Ca C>8-Cio_ | C510-Ci2 | C512-Cie

Reference Concentration (RfC) (mg/m?) 1.84E+01 | 1.00E+00 | 1.00E+00 | 1.00E+00
Background Indoor/

Outdoor Air Concentration (C,) (mg/m®) 9.11E-02 | 3.88E-02 | 0 0

Henry's Law Constant (H) (atm-m®/mol) 1.20 1.90 2.90 1.25E+01

Henry's Law Constant (H) (dimensionless) 4.98E+01 | 7.88E+01 | 1.20E+02 | 5.18E+02
Organic Carbon

Partition Coeflicient (Koc) (mL/g) 3.98E+03 | 3.16E+04 | 2.51E+05 | 5.01E+06
Diffusion Coefficient in Air (D**) (cm?) 5.00E-02 | 5.00E-02 | 5.00E-02 | 5.00E-02
Diffusion Coefficient in Water (D"2°) (cm?) | n/c n/c n/c n/c
Vapour viscosity (u) (g/cm-s) 1.73E-04 | 1.73E-04 | 1.73E-04 1.73E-04
Molecular weight(MW) (g/mol) 1.00E+02 | 1.30E+02 | 1.60E+02 | 2.00E+02
Solubility (S) (mg/L) 5.4 4.30E-01 | 3.40E-02 | 7.60E-04

Table 5.7: Physical Chemical Parameters for Aliphatic Hydrocarbon Frac-
tions (CCME, 2000)

5.1.2 Air Exchange Rate

An air exchange rate of 1 h™! or 2 h™! is recommended by CCME in the
calculation of the attenuation coefficient. However, for newer, energy effi-
cient homes in northern climates with prolonged heating seasons, the air
exchange rate may be as low as 0.05-0.1 h~! (Fugler, 1997). A study of air
exchange rates in homes in the Pacific Northwest found that the average air
exchange rates are estimated to be between 0.40 and 0.45 h™! during the
heating season (Parker et al., 1990). Overall air exchange rates for homes in
the United States have been reported to have an arithmetic mean of 2.0 h™!
with a standard deviation of 3.3 h™!, and a range of 0.04 to 45.6 h~!. In this
study, homes in the Northwest had an arithmetic mean of 0.42 h~! with a
standard deviation of 0.3 h~! (Pandian et al., 1993). If higher air exchange
rates are used in making model predictions, indoor air contaminant concen-
trations may be underpredicted resulting in soil screening and remediation
objectives, which may lead to indoor air quality levels exceeding Reference

Concentrations.



5.1.3 Soil Vapour Permeability

Soil vapour permeability (k,) was found to have the greatest contribution
to variance for determining whether advective of diffusive transport domi-
nates (Eq 2.39). The soil vapour permeability chosen by CCME to represent
coarse-grained soils (1078 cm?) is representative of permeabilities for well-
graded, silty sands and gravels (CCME, 2000). The fine-grained soil vapour
permeability assumed by CCME (10~° cm?) is representative of silty sands
(Nazaroff, 1992).

A much more conservative soil vapour permeability for coarse-grained
soils would be in the order of 10~° to 10~3 cm?, which is typical of clean
gravels. The CCME parameters for coarse-grained soils result in an equiv-
alent Pe of 229 for a building with a basement and 154 for a slab on grade
structure. CCME parameters for fine-grained soils result in an equivalent
Pe of 22.9 for a building with a basement and 15.4 for a building with a
slab-on-grade foundation.

If soil permeabilities for coarse-grained soils typical of clean gravels were
used for a building with a basement, an equivalent Pe of 230 000 and 23
000 000 is generated for soil permeabilities of 10~ cm? and 10~ cm?, re-
spectively. For slab on grade structures, an equivalent Pe of 150 000 and
15 000 000 is calculated for soil permeabilities of 10~° c¢cm? and 1073 cm?,
respectively. If soil permeabilities for fine-grained soils ranging from sandy
clays (k, = 107'° cm?) to clays (k, = 10~'2 ¢cm?) were used for a building
with a basement, an equivalent Pe ranging from 2.3 to 0.023 would result.
For slab on grade structures, an equivalent Pe of ranging from 1.5 to 0.015

would result for fine-grained soils ranging from silty sands to clays.
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The soil permeabilities assigned to coarse-grained soils by CCME for de-
veloping soil quality guidelines do not represent clean gravels and therefore
may not provide sufficient conservatism for this soil type. Furthermore, the
fine-grained soil permeability value used by CCME is of a coarse texture and
does not warrant the use of Eq 2.43. Values for fine-grained soil parameters
assigned by CCME result in an equivalent Pe number > 1 indicating that
advective transport is still very much the dominant transport mechanism. As
stated in Section 2.2.6, diffusive soil gas transport dominates when %:—f;i— — 0.
Clearly, this is not the case for the CCME soil vapour permeabilities assigned

to fine-grained soils.

5.1.4 Total Soil Porosity

CCME recommended total soil porosity values may also not be representative
of environmental soil conditions at actual sites. Total porosity values for
coarse-grained soils are higher (n = 0.4) compared to fine-grained soils (n =
0.3) in the CCME recommended values. However, in nature, coarse-textured
soils generally have lower total porosities than fine-textured soils (Hillell,
1982). Although the sensitivity analysis did not identify total soil porosity
as a highly sensitive parameter, it is still important that these values reflect

site conditions.

5.2 Screening Level Objectives

As a preliminary assessment, near surface and subfoundation vapour mea-

surements can be used to identify if there are any immediate indoor air
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impacts to a structure in the vicinity of a contaminated site. Soil gas sample
collection can be performed with ease using vapour sampling probes and a
Flame Ionization Detector (FID) or Photoionization Detector (PID).

The attenuation coefficient was calculated for Fraction 1 (C¢—Cyp), Frac-
tion 2 (C519-Cj¢) aliphatic and aromatic petroleum hydrocarbons, and BTEX
compounds using CCME recommended parameters for chemical, building,
soil, site, and receptor characteristics (Tables 5.2 to 5.7) and based on a
contaminant source located in the soil 30 cm from the foundation. For com-
parison, both Eq 2.38 and Eq 2.43 were used to calculate the attenuation
coefficient for fine-grained soils. Table 5.8 illustrates calculated attenuation
coefficient values for CCME defined coarse-grained and fine-grained soils us-
ing Eq 2.38. Table 5.9 illustrates the attenuation coefficient values for fine-
grained soils using Eq 2.43. Use of Eq 2.43 to estimate the attenuation
coefficient for fine-grained soils (Table 5.9) results in values more than 100
times smaller than use of Eq 2.38 (Table 5.8) for the same CCME input
parameter values. Given that Peclet numbers for the fine-grained soils case
indicate that advection is still very much the dominant transport mechanism
(see Section 5.1.3) attenuation coefficient values based on Eq 2.38 are a better
representation of the CCME input parameter conditions. For the case where
the Pe number (§:—h—) — 0 (or 0<1) one would get the same result for the
attenuation coefficient using Eq 2.39 and Eq 2.38. This is definitely not the
case for the CCME input parameter conditions (i.e. CCME input parame-
ter conditions for the fine-grained soil case does not reflect situations where
diffusion is the rate-controlling mass transport step and advective transport

is negligble). Therefore, one should not use Eq 2.43 for the fine-grained soils
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case for CCME input parameter conditions. However, for site-specific cases;

Eq 2.43 may be used where it can be shown that (gﬂ;—z)«l, i.e. <0.1 for the

fine-grained soil case.

coarse-grained | coarse-grained fine-grained fine-grained
soils soils soils soils
Commercial Building Commercial Building
Slab on Grade | with Basement | Slab on Grade | with Basement
BTEX

Benzene J.93E-04 6./ok-04 4.25k-00 7.03E-05
‘Toluene 4.1TE-04 7.00E-04 4.46E-05 (.80k~00
Ethylbenzene 4.22E-04 7.00E-04 4.60k-00 8.02E-09
o-Xylene 4. 73E-04 7.90E-04 5.20E-05 9.0TE-05
m-Xylene 4.04E-04 (.J(E-04 2.10E-05 8.00k-00
p-Xylene 1.90E-04 7.98E-04 5.40E-05 0.28E-05
Aliphatics
Ce-Cs 1.821-04 3.21E-04 1.94k-05 J.01E-09
C>38-Cio 1.82E-04 3.21E-04 T1.94E-05 3.01E-00
C>10-Ch2 1.82F-04 3.21k-04 1.94k-00 3.901k-09
C>12-Cie 1.832E-04 3.21k-04 1.94k-00 J.01k-09
Aromatics
C>8-Cio 1.82k-04 3.21E-04 1.94k-0o 3.01E-05
C>10-C)2 1.82k-04 3.21k-04 1.94E-0o J.01E-00
C>12-Cie [.32F-04 3.21k-04 1.94E-00 J.01E-00

Table 5.8: Attenuation Coefficients Used to Develop Soil Gas Screening Lev-
els Using Eq 2.38

5.2.1 Field Soil Vapour Screening Levels

An acceptable screening-level soil vapour concentration protective of human
health in the indoor inhalation pathway was calculated by the following equa-
tion:

RfC - C,)

Cog = ( - (5.1)
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Slab on Grade | Building with Basement
BTEA -
Benzene T.48E-07 TI96E-07 |
Toluene T48E-07r |  1.96E-07 |
Ethylbenzene 1.48E-07 LO5E-07 |
o-Xylene T.48E-07 THEO7 |
m-Xylene T.48E-07 T95E-07 |
p-Xylene T.48E-07 TO5E-07 |
Aliphatics
Ce-Us 1.48E-07 1.95E-07
C>8Cio 1.48E-07 T.O5E-07 |
C>10-Ci2 1.43E-07 T1.05E-07
C>12-Cis 1.48E-07 1.
Aromatics
C>8Cio 1.48E-07 1.95E-07
U>10-Ci2 1.48E-07 1.95E-07
C>12-Cis T1.48Ek-07 K

Table 5.9: Attenuation Coefficients Using CCME Approach for Diffusion
Limited Case (Eq 2.43)

where, Cy is soil gas screening level beneath the foundation (mg/m?), RIC is
the reference concentration for the target analyte (mg/m3), C, is the back-
ground indoor/outdoor air concentration of the target analyte (mg/m?), and
a is the attenuation coefficient calculated using Eq 2.38 for both CCME de-
fined coarse- and fine-grained soils. The method used is similar to the Mas-
sachusetts Department of Environmental Protection (MADEP) approach to
demonstrate no adverse impacts to indoor air (MADEP, 1997b).

Soil gas screening levels for carcinogens (i.e. benzene) were calculated by:

_ (RSD)(BW)

Cx = "(R)(a) (52)

where, BW is the body weight (70.7 kg), IR is the inhalation rate (16.2 m®/d)
of an adult receptor, and RSD is the risk specific dose. The RSD which is

determined by the following equation:

RSD = £R (5.3)

q;
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where, ER (Excess Risk) is equal to a specific risk level of 1 in 100,000 lifetime
risk of cancer, and qj is the oral slope factor for benzene, which is equal to
1.5 x 10 2 to 5.5 x 10 2 mg/kg/day (USEPA, 2000a). Using the range of q}
above, a middle value was calculated for the benzene RSD equal to 4.2 x 10 ~*
mg/kg/day. For a 70.7 kg adult with an inhalation rate of 16.2 m®/day, the
resulting RfC for benzene is equal to 1.8 ug/m3. The recommended RfC for
benzene at a risk level of 1 in 100 000 is 1.3 to 4.5 ug/m® (USEPA, 2000a).

Table 5.10 illustrates soil gas screening levels for coarse-grained soils esti-
mated using Eq 2.38. Table 5.10 can be used to screen for potential impacts
to indoor air quality as a result of contamination in coarse-grained soils. Soil
gas concentrations above values listed in Table 5.10 may imply impacts to
indoor air quality. However, enclosed spaces with lower air exchange rates
(such as newer, energy efficient homes) may have greater indoor air con-
centrations. The values in Table 5.10 were designed to screen for levels of
Fraction 1 and Fraction 2 hydrocarbons and BTEX compounds using total
organic vapour detectors such as Flame Ionization Detectors (FID) and Pho-
toionization Detectors (PID); therefore it must be assumed that each fraction
represents 100% of the total organic vapour reading. However, it is important
to note that since PIDs can only distinguish aromatic hydrocarbons may un-
derestimate petroleum hydrocarbon concentrations. Section E.1 in Appendix

E provides a discussion of FID and PID instrumentation for screening level

analyses.
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Building Slab on Grade Building Slab on Grade
with Basement® Structure® with Basement® Structure®
TBTEX
nzene 9. 1TE-01 1.56+00 ~ 8.16E+00 1.45E+01
oluene T.38E+02 2.35E+02 1.23E+03 2.17E+03
thylbenzene 3.26E+02 54IE+02 2.84k+03 4.90E+03
o-Xylene T.02E+02 3.38E+02 1.77E+03 3.07E+03
m-Xylene 2.11E+02 3.42E+02 1.81E+03 3.00E+03
p-Xylene 1.95E+02 3.ITE+02 1.67E+03 2.83JE+03
Aliphatics
Ce-CUs 1.40E+4+04 2.4o0E+04 1.28E+00 23TEF05
C>s-Cio 2.04E+02 9.91k+02 0.10E+03 9.31E+03
C>10-Ci12 4.7TTE+02 8.38E+02 4 35E+-3 1.8/E+03
C>12-Cie 3.81E+02 6.70E+02 3.48E+03 X -+
Aromatics
C>3-Cio T03E+02 1.82E+02 9.43E+02 1.71E+03
C>10-C12 T 17E+02 2.06E+02 1.07E+03 1.9dE+03
C>12-Cie 1.O2E+02 1.79k4-02 9.20E+02 T1.68E+03

3coarse-grained soils
bfine-grained soils

Table 5.10: Soil Gas Screening Levels (ppm(v))

5.2.2 Laboratory Soil Vapour Screening Levels

If the potential for indoor air impacts cannot be excluded from preliminary
field soil gas screening methods, then further laboratory analytical testing is
recommended. Laboratory soil vapour screening levels were developed simply
by converting values obtained for field soil vapour screening levels by Eq 5.1
and 5.2 from ppm to mg/m?3.

Soil gas measurements for laboratory analysis can be sampled by a variety
of methods, which are discussed in Appendix B. Methods employed for pre-
concentration of VOCs include sorbent sampling and collection in stainless
steel canisters with subsequent analysis by GC. EPA methods TO-1, TO-
2, TO-14, and TO-17 describe these methods in detail (USEPA, 1999a).

However, for soil gas sampling, sample introduction into analytical equipment
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Building Slab on Grade Building Slab on Grade
with Basement? Structure® with Basement? Structure®
[ BTEX

Benzene 2.91E+400 4.99E+00 2.61E+01 4.62E+01
Toluene 5.20E+02 8.86+02 4.64E+03 8.17E+03
Ethylbenzene 1.41E+03 2.35E+03 1.23E+04 2.13E 04
o-Xylene 8.76 E+02 1.46E+403 7.69E+03 1.33E+04
m-Xylene 9.14E+02 1.48E+03 7.84E+03 1.32E+04
p-Xylene 8.45E+02 1.37E+403 7.26E403 1.23E4+04
Aliphatics
Cs-Cs 5.71E+04 1.00E+405 5.22E+05 9.43E405
C>3-Cio 3.00E+03 5.27E+03 2.74E+04 4.95E+04
C>10-Ci12 3.12E+403 5.48E4-03 2.85E+04 5.15E+4+04
C>12-Cie 3.12E+03 5.48E+03 2.85E+04 5.15E404
Aromatics
C>3-Cio 5.07TE+02 8.91E+02 4.63E+03 8.37E+403
C>10-Ci2 6.24E+02 1.10E+03 5.70E+03 1.03E+04
C>12-Cig 6.24E+02 1.10E+03 5.70E+03 1.03E+04

Scoarse-grained soils
bfine-grained soils

Table 5.11: Soil Gas Fractional Concentrations (mg/m?3)

can be modified to direct injection/desorption (MADEP, 1997b).
The concentration of each fraction can be compared to the soil gas action
levels. Table 5.11 can be used to screen for soil gas in coarse-grained soils;

measurements above these levels may indicate impacts to indoor air quality.

5.2.3 Indoor Air Quality Screening Levels

Indoor air quality measurements are recommended if field and laboratory soil
gas analysis is unable rule out potential indoor air quality impacts. Table 5.12
provides screening levels for indoor air quality. These values were derived for

Fraction 1 and Fraction 2 hydrocarbons and TEXs by the following equation

RfC-C, (5.4)
and for benzene by
RSD x BW
— IR (5.5)
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where, RSD is the Risk Specific Dose (mg/kg) and BW is the body weight
of an adult (70.7 kg), and IR is the inhalation rate of an adult (16.2 m*/d).

Samples can be collected by preconcentration on sorbent tubes or collec-
tion in canisters as described in USEPA methods TO-1, TO-2, TO-14, and
TO-17. Sample analysis should be performed using GC procedures. Ap-

pendix C provides a discussion on indoor air sampling methods.

5.3 Risk-Based Remediation Objectives

Remediation objectives for soil and groundwater were derived by following
procedures based on CCME soil quality guidelines for human health in the in-
door inhalation pathway for petroleum hydrocabon fractions in soil (CCME,
2000). Soil Quality Guidelines for agricultural, residential, commercial, and
industrial land uses were determined using CCME input parameters (Ta-
bles 5.2 to 5.7). Eq 2.38 was used to calculate the attenuation coefficient for

both CCME defined coarse- and fine-grained soils.

5.3.1 Soil Remediation Objectives

Soil remediation objectives were determined by calculating the soil quality

guideline (SQG) for the indoor inhalation pathway (CCME, 2000):

(RIC — C,)[em + (Koc)(foc) (o) + E‘fr—ev](SAF)(DFi)(IO"’ﬁ

3 +BSC
#r () (ET)(10°

(5.6)

SQGiip =

where, SQG;;, is the soil quality guideline by indoor infiltration for volatile

petroleum hydrocarbons using RfC (mg/m?), RfC is the reference air con-

61



centration (mg/m3), C, is the background indoor/outdoor air concentration
(mg/m?), SAF is a soil allocation factor (0.5, unitless) used to reflect the fact
that only up to 50% of total inhalation exposure to a compound is allocated
to soil (after CCME, 2000), €, is the moisture filled porosity (unitless), ¢,
is the vapour filled porosity (unitless), K, is the organic carbon partition
coefficient (mL/g), f,c is the fraction organic carbon (g/g), pv is the dry bulk
density (g/cm?), H is the Henry’s Law Constant (atm-m?/s), R is the univer-
sal gas constant (8.2x10~° atm-m3/mol-K), T is the absolute temperature
(294.15 K), DF; is a dilution factor, which is the inverse of the attenuation
coefficient (a, unitless), ET is the exposure term (unitless), and BSC is the
background soil concentration (mg/kg). Tables 5.13 to 5.14 illustrate the
SQG derived using CCME input parameters.

Soil remediation objectives for carcinogens (i.e. benzene) were determined
by
(RSD)(BW)[em + (Kac)(foc) (o) + ke, J(DF:) (10°£)

(IR) gx () (ET)(10°2)

m3

+ BSC
(5.7)
where, BW is the body weight (70.7 kg) and IR is the inhalation rate (16.2

m3/d) of an adult receptor. The SAF was not included in the calculation of

SQGii,b =

SQG for benzene because 50% absorption via inhalation has been accounted
for in the calculation of the oral slope factor (USEPA, 2000a).

Because the maximum concentration of a chemical in soil is limited by
saturation, the soil saturation concentration (Cg,,) was calculated. Cy, is the
chemical concentration in soil corresponding to a point where the sorption
limit of soil particles, solubility limits of soil pore water, and saturation of soil

pore air have been reached. Therefore, if health risks are acceptable at C,,,
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then they will not increase above Cg;;. Csae was calculated by (Gustafson
et al., 1997):
S
Cear = ; x [Hoa + 0w + Kocfocpb] (58)
where, S is the water solubility (mg/L) and all other parameters have been

defined previously.

5.3.2 Groundwater Remediation Objectives

Groundwater remediation objectives were determined by the following equa-
tion (after MADEP, 1997a):

(RFC — Co)(AF) _  001™ (5.9)

GWQG = =@ ET) L

where, GWQG is the groundwater quality guideline (mg/L), RfC is the refer-
ence concentration (mg/m?), C, (mg/m3) is the background indoor/outdoor
air concentration (mg/m3), AF is an allocation factor (0.5)(after CCME,
2000), « is the attenuation coeflicient, H is the dimensionless Henry’s Law
Constant, and ET is the exposure term (unitless).

For carcinogens (i.e. benzene), groundwater remediation objectives were

determined by:

(RSD)BW) _ o 001 ™ (5.10)

GWQSG = “1R) (@) () C

Table 5.15 illustrates the groundwater quality guidelines derived using CCME

input parameters.

63



5.3.3 Look-up Figures

To encourage the use of soil remediation objectives in the field based on
the indoor infiltration pathway, look-up figures were developed for use under
Phase II Environmental Site Assessments. Soil remediation objectives were
generated using CCME parameters for soil, building, contaminant, and re-
ceptor properties. Those parameters identified as contributing to uncertainty
in the prediction of Eq 2.38 (i.e., Lt, D$f, ACH) were varied with respect to
the SQG or GWQG. Eq 2.38 was used to calculate the attenuation coefficient
for both coarse- and fine-grained soils.

For both coarse- and fine-grained soils, the air exchange rate, and _ll)ig
result in appreciable differences in estimated guideline values. Figure 5.1
illustrates a look-up figure for the SQG for C¢-C;y aliphatic hydrocarbons for
coarse-grained soils (building with a basement and an agricultural/residential
exposure scenario). Look-up figures for remaining conditions modeled are
located in Appendices G-K. These look-up figures can be used in the field
if the air exchange rate of a building is known, and if %? can be calculated
based on site specific measurements of related parameters. For example, in
Figure 5.1, for an air exchange rate of 0.83 h~! and 9&: of 1E-04, the soil

quality guideline for C¢—Cg aliphatic hydrocarbons for the scenario described

in Figure 5.1 equals 15 mg/kg.
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BTEX

‘Benzene 1.8E-03°
'lToluene 3.64E-01
Ethylbenzene 9.89E-01
o-Aylene 6.92E-01
m-)eﬂene 6.74k-01
p-Xylene 0.74E-01
Aliphatics

Ce-Cs 1.83E01
Cs3-Cho 9.61E-01
C>10-Ch2 1.00£+00
C>12-Cis 1.00E+00
Aromatics

Co3-Cio 1.63E-01
Cs10-Ci2 2.00E-01
Cs12-Cie 2.00E-01

Table 5.12: Indoor Air Quality Action Levels (mg/m?3)

ased on a 70.7 kg adult with an inhalation rate of 16.2 m3/d

Coarse Soils Casat Fine Soils CUsat
BTEX
Benzene 2.09E-05 6.20E+02 | 3.34E-03 | 5.80E+02
‘Toluene 9.69E-01 3. 79E+02 | 8.890E+00 | 4.09E+02
Ethylbenzene | 4.19E+00 | 2.13E+02 | 3.71E+01 | 2.42E+02 |
o-Aylene 3.9TE+00 | 2.22E+02 | 3.49E+01 | 2.52E+02
m-Xylene 3.2dE+00 | 2.23E+02 | 2.8TEF01 | 2.55E+02
p-Xylene 2.10E+00 | 2.45E+02 | 2.39E+01 | 2.80E+02
Aliphatics
Ce-Cg 1.62E4+01 [ 8.29E+01 | 1.30E+02 | I.I0E+02 |
C5s-Cio 3.26E+00 [ 4.24E+01 | 2.88E+01 | 5.27TE+01
Cs10-Cr2 1.6oE+01 | 2.54E+401 | 1.50E+02 | 3. I0E+01
Cs12-Cie 7.507E+01 | I.IZEF03 | 6.90E+02 | I.37E--01
Aromatics
CUss-Cro 4. T0E+00 [ 3.I6E+02 | 3.75E+01 | 1.33E+02 |
C>10-Ci2 2.80E+01 [ T.89E+02 | 2.56E+02 | 3.78E+02
C512-Cie 1.45E+03 | 8.65E+01 | 1.33E+04 | 2.27TE+02 |

Table 5.13: SQG for a Building with Basement, Agricultural/Residential
Scenario (mg/kg)
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Coarse Solls Ciat Fine Soils Casat
BTEX
Benzene 3.26E-02 6.20E+02 | 3.2TE-OI | 5.80E+02 |
'Toluene 6.I2E+00 | 3.79E+02 | 5.80E+0I | 4.00E+02
_'E'ih_ylﬁenzene 2.98E+01 A3E+02 | 2.37E+02 T 2.42E+02
o-Xylene 2.42E+01 2E+02 | 2.2dE+02 | 2.52E+02
m-Xylene TOSE+01 | 2.23E+02 | 1.76E+02 | 2.55E+02
p-Xylene 1.66E+01 | 2.45E+02 | 1.50E+02 | 2.80E+02
Alphatics
Ce-Cs T.0O5E+02 | 8.20E+01 | 8.67/E+02 | 1.10E+02
C>38-Cio 2.12E501 4.24F+-01 1.93402 | 5.2TE+01
C>10-C12 1.08E+02 2.04E+401 T.00E+03 | 3.10E+01
C>12-Cie 4.92E+02 112403 | 4.62E+03 | 1.37TE+01
Aromatics
C>s-Cio 2.6/E+01 3.16k4+02 | 2.01E+02 1.33E+02
Cs10-Ch2 1.832E+02 T 89E+02 [ 1.72E+03 | 3.78E+02
Ca12-Uls 9.46E+-03 8.00E+01 | 8.9IE+04 | 2.27TE+02

Table 5.14: SQG for a Commercial Slab on Grade Building, Commer-

cial/Industrial Scenario (mg/kg)

coarse-grained soils® | fine-grained soils® | coarse-grained soils® | fine-grained soils®
BTEX >-gr

Benzene 4.834E-01 ~4.35k+00 2.22E-02 2.00k-01
‘Toluene 9.49k-01 ~8.46E+00 2.99E+00 2.02E+01
Ethylbenzene 1.97£4+0 1.72k+01 1.2]E+01 1.10E+02
o-Xylene 1.92k 400 ~1.69E+01 119E+01 T.08E+02
m-Xylene 1.00E+00 1.33E+01 9.31E+00 B.J0E+0T

Xylene 1.831E4-00 —T156E+01 L.O9E+01 9.76E+01
Aliphatics
Cs-Cs 0.73E-01 -~ 5.24E+4-00 3. 73E+-00 3.01E+01
Cy3s-Cio 1.90E-02 1.74E-01 1.24E-01 1.16E+00
C>10-Ci2 1.30E-02 1.19k-11 8.46E-02 1.90k-01
Cs12-Cie 3.01E-03 ~ 2.70E-02 1.96E-02 1.84k-01
Aromatics
C>8-Cio 2.09E-01 ~4.650E+00 3.31E4-00 3.11E+401
Cs10-Ci2 2.21E4-00 202E+01 1.44E+01 1.30E+02
C>12-Cie 2.19k+01 5.20E+02 3.(TE+02 3.04E+03

*Building with Basement, Agricultural/Residential Scenario
’Slab on Grade Structure, Commercial /Industrial Scenario

Table 5.15: GWQG for Various Exposure Scenarios (mg/L)
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As can be seen in Figure 5.1, both the air exchange rate and -?_—'ef; the
influence soil quality guideline. This phenomenon was discussed by Johnson
et al. (1999), where it was explained that an increase in the attenuation
coefficient, which corresponds to a decrease in guideline values, is due to
increasing diffusional resistance through soil as the contaminant source moves
further away from the building structure. The lower asymptote (i.e. right
hand side of Figure 5.1) in the guideline values represent the case where
the source is close to the building and soil gas transport is dominated by
advection through the foundation and any attenuation is due to dilution
through mixing within the building structure (Johnson et al., 1999). These
look-up figures should only be used for screening level purposes and are
recommended for use as an aid in decision-making for petroleum hydrocarbon

contamination management.
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Chapter 6

Discussion and

Recommendations

Indoor air quality may be impacted if a contaminant source is located in
the subsurface within the vicinity of a building structure. Soil gas can mi-
grate from a contaminant source located a distance below the surface to
the building zone of influence by the processes of advection and diffusion.
This phenomenon has been described in the studies of radon gas by Nazaroff
et al. (1985). Hydrocarbon contamination of soils may result from leakage
of underground storage tanks and contaminant spills and is a human health
concern due to the risks associated with VOC exposure. Furthermore, the
indoor inhalation pathway is of concern since almost 90% of the time spent
by Canadians is spent in the indoor environment (Leech et al., 1996).
Johnson and Ettinger (1991) developed a heuristic model to predict in-
door air concentrations based on soil gas concentrations for screening level

calculations. The Canadian Council Ministers of the Environment chose this
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model to predict Tier I standards based on the soil vapour to indoor air path-
way (CCME, 2000). Alberta Environment also plans to use this model in
updating its Petroleum Storage Tank Guidelines. This model has also been
used by the United States Environmental Protection Agency to develop soil
and groundwater screening levels (USEPA, 1997).

The Johnson and Ettinger (1991) model integrates both advective and
diffusive transport as well as contaminant, soil, and building properties to
predict indoor air concentrations. The key algorithms of the model are

G x 03k (2.38)

Qch DexﬂAb DQI“AB Qch
expDcA + QbLT + QSLT (exp DcAc - 1)

=

QsLc
DA (2.39)

Deﬂ'Ab
L
o= D,,,LA:‘— (2.42)
qir T1
Deﬂ'Ab
QuLT
o= . (2.43)
DeffA DAL
D7 Ab ble
1+ Qir * DeALy

Equation 2.38 is the attenuation coefficient. When Eq 2.39, the equivalent
Peclet number, (gﬁ) — 00, Eq 2.38 becomes Eq 2.42. When (32%:) — 0,

diffusion is the dominant mode of soil gas transport and Eq 2.43 can be used.

A sensitivity analysis was performed on Eq 2.38 to identify those pa-
rameters having the greatest influence on model output. Eq 2.39 was also
subjected to a sensitivity analysis since the value generated here determines
if advective transport dominates. The results of the sensitivity analysis on

Eq 2.38 indicated that the distance from the source to the foundation (Lt)
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had the highest contribution to variance, followed by the air exchange rate
(ACH), via the building ventilation rate (Qp), and the soil vapour filled
porosity (e,), via the effective diffusion coefficient (DSff). The results of the
sensitivity analysis on Eq 2.39 indicated that soil vapour permeability (k)
had the highest contribution to variance, followed by soil vapour filled poros-
ity (ev) and the indoor-outdoor pressure differential (AP).

To reduce the uncertainty in model predictions, Ly, ACH, D&¥, k,, and
AP (identified by the sensitivity analysis) are recommended for field mea-
surement. In addition to the sensitive parameters, other site specific factors
must be considered when undertaking a Phase II Environmental Site Assess-
ment. Such factors include the time to steady state concentrations, seasonal
variations, subsurface variations and biological and chemical processes. The
time required to reach near steady state concentrations is of importance be-
cause this will predict when the maximum contaminant concentration will be
reached; this value increases with the square of the distance from the source.
For long term predictions of indoor air quality, soil gas concentrations mea-
sured near the source will provide the best estimate of near steady state
concentrations (Johnson et al., 1999). Seasonal variations, subsurface varia-
tions and biological and chemical processes must also be considered because
they influence soil gas measurements. To increase conservatism in model
predictions, soil gas measurements should be taken in the winter time, which
represents a worst case scenario due to increased indoor-outdoor pressure
differentials, lower air exchange rates, as well as possible accumulation of

VOC:s in the subsurface.

Risk based screening levels and remediation objectives for volatile petroleum
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hydrocarbons were developed using input parameters defined by CCME. The
risk based screening levels that were developed follow a multi-level assessment
framework where conservative field based screening level measurements are
first implemented and then progresses to soil gas lab analysis and indoor air
quality measurements. As comparative values for these measurements were
developed using CCME parameters for building, soil, site, and contaminant
characteristics it is important to note that the screening levels may not rep-
resent all situations. If the most sensitive parameters (i.e. Ly, ACH, DS}“, kv,
and AP) for an actual site differ greatly from default values used by CCME,
the screening levels may be more or less conservative depending on the site
specific characteristics. The screening levels, as their name suggests, should
only be used as a preliminary assessment of a contaminated site. Further-
more, since VOCs are prevalent in the indoor air environment (e.g. con-
sumer and commercial products, paints, adhesives, furnishings and clothing,
building materials, ventilating and air-conditioning systems, combustion ap-
pliances, tobacco smoke) VOCs detected by indoor air quality measurements
may not represent VOC concentrations as a result of contaminated soil gas
transport.

Remediation objectives for soil were estimated by the soil quality guide-
line algorithm used by CCME (2000). The soil saturation concentration
(Csar) was also derived. Cg,, is the chemical concentration in soil correspond-
ing to a point where the sorption limit of soil particles, solubility limits of
soil pore water, and saturation of soil pore air have been reached. Therefore,
if health risks are acceptable at Cg,,, then they will not increase above Cg,,.

Groundwater quality guidelines were also derived using CCME parameters.
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Look up figures were developed for use under Phase II environmental
assessments. Guideline values were varied by %; and ACH for various sce-
narios. Because CCME fine-grained soil parameters are not representative
of conditions where diffusive soil gas transport dominates, Eq 2.38 was used
to develop the figures for both coarse- and fine-grained soils. The look up
figures can be used as a preliminary estimate of soil quality guidelines for spe-
cific sites. A government distributed computer spreadsheet program similar
to the USEPA (1997) could be implemented to assist users in determining
remediation guidelines for site specific cases.

Limitations of the CCME approach include the arbitrary assumption that
if L is greater than or equal to 30 cm to fulfill the condition that 7= < 0 in
the calculation of Eq 2.22. This is not an issue for structures with basements,
but may affect slab on grade structures. Therefore, the model should not be
applied for Lt <30 cm because it is uncertain if boundary conditions for the
model are still applicable.

The soil vapour permeabilities assigned to coarse-grained soils by CCME
should be reexamined. Soil vapour permeabilities for CCME defined coarse-
grained soils are representative of well-graded, silty sands and gravels and
therefore may not be representative of sites where the predominant material
is composed of clean gravels. The fine-grained soil vapour permeability as-
sumed by CCME is representative of silty sands and is of a coarse texture,
which does not warrant the use of Eq 2.43 - the diffusion limited equation.
Soil vapour permeabilities for fine-grained soils assigned by CCME result in
an equivalent Peclet number greater than one indicating that advective trans-

port is still very much the dominant transport mechanism. Since diffusive
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soil gas transport dominates when g:—kf — 0, Eq 2.43 should not be used for
soil vapour permeabilities for fine-grained soils defined by CCME and should
only be used if the equivalent Peclet number is found to be much less than
one. Given that the equivalent Peclet numbers generated for the CCME fine-
grained soils case indicate that advection is a dominant transport mechanism,
the attenuation coefficient determined based on Eq 2.38 is a better represen-
tation of CCME input parameter conditions. Therefore, Eq 2.38 should be
used for CCME defined fine-grained soils rather than Eq 2.43. However, if
it can be shown that the equivalent Pe number is much less than one for a
fine-grained soil case by assigning more realistic soil vapour permeabilities,
Eq 2.43 may be used.

The Johnson and Ettinger (1991) model is thought to be a conservative
predictor of indoor air concentrations based on subsurface contamination
since biodegradation and other losses are not taken into consideration. How-
ever, a study undertaken by the Massachusetts Department of Environmental
Protection found that groundwater quality guidelines based on the Johnson
and Ettinger (1991) model underpredicted indoor air concentrations of chlo-
rinated VOCs. Indoor air concentrations of non-chlorinated VOCs were re-
ported to be near the predicted value (Fitzpatrick & Fitzgerald, 1996). The
fact that indoor air concentrations of chlorinated VOCs were underestimated
can be explained since such compounds are not readily amenable to biodegra-
dation. However, because indoor air concentrations of non-chlorinated VOCs
fell close to the predicted value does not indicate model conservatism. Fur-
ther limitations of the Johnson and Ettinger (1991) model are that under-

ground pathways for soil gas migration are not accounted for. Such pathways
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include utility lines, karst formations, and other preferential soil gas migra-
tion pathways, which may account for indoor air contamination from nearby
contaminated soils (Altshuler & Burmaster, 1997).

The Johnson and Ettinger (1991) model has been gaining widespread use
as a regulatory tool (USEPA, 1997; CCME, 2000; MADEP, 1997b). However,
field validation of this model is necessary to verify that the model adequately
describes the soil gas to indoor air transport pathway. Difficulties with field
validation include influences on soil gas transport that cannot be controlled
(such as seasonal influences, biological and chemical processes, building con-
struction and construction materials, as well as variability in soil properties).
Unfortunately, field validation studies are expensive and therefore few field
validation studies have been undertaken. Regardless, further study of this
model! is necessary to ascertain if this model adequately predicts the attenu-
ation coefficient. Comparison of field validation studies and modeling results
will also help identify those parameters which may be influencing soil gas
transport that may have been ignored (Altshuler & Burmaster, 1997).

A further analysis on model sensitivity using mathematical techniques
would be useful in validating the Crystal Ball™ sensitivity analysis of the
Johnson and Ettinger model. It would be desirable to analytically establish
bounds on the growth of the variables so that the sensitivity of the Johnson
and Ettinger (1991) model could be determined once and for all.

The Johnson and Ettinger (1991) model is only a first step in modeling
the soil vapour to indoor air pathway. More realistic models should be in-
vestigated through collaboration with experts in the field of fluid dynamics.

Through field validation and testing of such models, a refined model of the

(6]



soil vapour to indoor air pathway may evolve and a better understanding of

vapour transport through porous media established.
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Results of Sensitivity Analyses
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Sensitivity Analysis of Eq 2.38 - Mea-

sured by Contribution to Variance
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A.2 Sensitivity Analysis of Eq 2.38 - Mea-
sured by Rank Correlation

Crystal Ball Report
Simulation started on 1/25/01 at 11:32:57
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A.3 Sensitivity Analysis of Eq 2.39 - Mea-

sured by Contribution to Variance
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A.4 Sensitivity Analysis of Eq 2.39 - Mea-

sured by Rank Correlation

Crystal Ball Report
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Appendix B

Soil Gas Sampling Methods

Soil gas sampling can be used to assess upward migration of contaminant
vapours towards buildings for risk assessments. In the tiered framework for
volatile hydrocarbon contaminated site assessment outlined in Section 5.2
(Table 5.1) field screening of soil gas is the first step in the process. If poten-
tial indoor air impacts cannot be ruled out by initial field soil gas screening,
laboratory analytical soil gas sampling methods can be undertaken. Soil gas
can be sampled for VOCs by a number of methods including dynamic sam-

pling, diffusion wells, headspace extraction, and purge and trap techniques.

B.1 Dynamic Soil Gas Sampling

Dynamic soil gas samples are collected from a stream of soil gas, which is
pumped through a probe in the soil, or from permanently installed tubes. A
hollow probe may be used with this method, which is manually or pneumat-

ically driven into the soil or inserted into boreholes, permanently installed
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tubes, or ground water monitoring wells (USEPA, 1993).

A vacuum is then applied to the rods or to the tubing inside the rods
for sample collection on solid sorbent tubes or Tedlar bags and stainless
steel canisters to allow sample preconcentration when VOC levels are below
analytical detection limits. Section C.1 describes these gas sample collection
devices in more detail. Soil gas concentrations can be analyzed in the field
using portable analytical instruments or at a remote laboratory using gas
chromatography and an appropriate detector.

Dynamic soil gas sampling is best suited to conditions where contami-
nant concentrations are expected to be high and the vadose zone has a high
vapour permeability (Ullom, 1995). High levels of soil moisture can render
dynamic soil gas sampling efforts ineffective. However, such conditions can
be overcome by minimizing sample volume, increasing air volume around the
tip, and allowing time for equilibrium (Hitzig et al., 1997). The best results
are achieved when soil gas samples are taken near a contaminant source and
when soils are porous enough to result in good gas transport (Selby, 1991).

Probes used in dynamic sampling may destroy natural soil permeability
near the probe due to soil compaction and can be a severe limitation in moist,
heavy clay soils (Ullom, 1995). In very dry soils, radial fractures can result
from probe insertion resulting in dilution of the soil atmosphere leading to
lower contaminant concentrations, which may be below analytical detection
limits. Subsurface barriers to vapour migration can result in contaminant
vapour accumulation resulting in misleading results. Likewise, sampling on
steep slopes, near animal burrows, or over utility corridors may lead to false

negative results (Ullom, 1995).
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Different probe tip sizes are available for soil gas sampling. Although
the use of probe tips with diameters greater than the probe rods result in
reduced friction during probe advancement, this practice is not advisable due
to an increased likelihood of sample contamination with atmospheric gases
and dilution of soil gas concentrations (Hitzig et al., 1997). Small diameter
probes are least likely to disturb the soil and can provide a representative
soil gas sample. Once a probe has been placed, continuous pumping of the
system is not advised since sample dilution may occur (Tillman et al., 1989a).

Dynamic sampling methods are highly depth dependent. Sampling depths
should be based on site-specific factors (i.e. moisture conditions, air filled
porosity, VOC concentrations, and depth to groundwater) and compound-
specific factors (i.e. solubility, volatility, and degradability) (Marrin & Ker-
foot, 1988). Sampling at depths between one to two metres minimizes im-
pacts from minor surface contamination as well as the effects of barometric
pressure, temperature, rainfall, and air pollution (Tillman et al., 1989a).
Soil gas samples taken less than 60 cm from the surface may be subject to
atmospheric dilution (Tillman et al., 1989b).

Advantages of dynamic soil gas sampling are that samples can be taken
in a short time, and results are available immediately when combined with
field analytical tools. Limitations include depth dependent concentrations,
and local VOC concentrations may be disturbed as a result of pumping to re-
trieve the sample (USEPA, 1993; Marrin & Kerfoot, 1988). Near-surface soil
gas measurements may also increase susceptibility to sampling errors due to
short-circuiting along sampling probes and the presence or absence of surface

barriers, which can affect near-surface vapour concentrations. Furthermore,
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the time of sampling may not coincide with near-steady state soil gas concen-
trations at the surface resulting in lower soil gas concentrations than what
could be expected in the future. Consideration of near-steady state soil gas
concentrations may addressed by sampling at the depth near the source zone
(Johnson et al., 1999).

Table B.1 lists some soil gas sampling systems and their manufacturers.
Standard methods and guidelines for dynamic sampling can be found in the
ASTM Standard Guide for Soil Gas Monitoring in the Vadose Zone (D5314-
91 Vol. 4.08) and in Characterization of Hazardous Waste Sites - A Methods
Manual, Vol. II: Available Sampling Methods (EPA /600/4-840076) (USEPA,
1993)
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B.2 Diffusion Wells

Diffusion wells may be used to obtain soil gas samples as an alternative to
dynamic soil gas sampling. Figure B.1 illustrates the design of some diffusion
wells. With this sampling strategy, air inside the well is allowed to equilibrate
with soil gas at the inlet through diffusion. The time to reach equilibrium
depends on the diffusion constant of the soil, the cross section of the inlets
and the length of the well. Samples can be withdrawn from gas wells using

evacuated test tubes or plastic syringes (Farrell et al., 1993).

B.3 Gas Headspace Extraction

The gas headspace extraction method is used at contaminated sites to collect
VOCs in soils and ground water for identification and quantification. Gas
headspace extraction uses dead space to collect gases moving through water
or soil. The gas headspace method for VOC analysis, involves the transfer
of soil core samples to 500 ml glass containers fitted with modified lids in-
cluding a tape sealed probe-hole on top of the lid. Samples can be broken
by hand to increase sample surface area and to encourage vapour release.
Samples should be quickly transferred to the container to minimize vapour
losses. Furthermore, the sample container should only be half-filled to allow
for adequate headspace for vapour accumulation. Vapour concentrations in
the headspace can be analyzed by inserting a hydrocarbon vapour analyzer
probe such as a FID or PID calibrated to known hydrocarbon standards into
the probe-hole tape seal (AENV, 1994). Multiple headspace extraction is

sometimes used because not all vapours will degas the first time. However,
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Figure B.1: Diffusion Well Designs (Farrel et al. 1993)
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full extraction of volatiles from soil or ground water is not always possible
(USEPA, 1993).

The advantages of this method are reduced biodegradation of samples,
rapid analysis and turnaround time, and opportunity for field analysis (Roe
et al., 1989). Other advantages of the manual headspace method include
ease of sample collection and low operational costs. However, matrix effects
have been observed using this method for some soil types and sensitivity
and dynamic range using this technique are limited (Parr et al., 1991). Gas
headspace extraction may also result in measurement errors through vapour
dilution by drawing air into the headspace while sampling and conducting
headspace screening in a manner such that concentration-dependent factors
are not well controlled (e.g., temperature, volume of headspace to sample,
encapsulation time) (Robbins et al., 1989).

The headspace method can be used for preparation of VOCs in soil for
screening with total vapour analyzers and analysis by gas chromatography
(GC) or by gas chromatography/mass spectrometry (GC/MS). This method
is applicable for a variety of organic compounds with high enough volatility
to be adequately removed from soil samples using an equilibrium headspace
procedure (USEPA, 2000b). The method detection limits using GC/MS are
compound, matrix, and instrument dependent and vary from about 0.1 to
3.1 ug/kg. The concentration range of analyte that can be discerned from
this method is about 10 to 200 pg/kg (USEPA, 2000b). Detection limits
are generally higher for headspace analysis than for purge and trap analysis
(Weisman, 1998). However, instrument flow rate and response characteris-

tics vary, especially in headspace analysis using small sampling containers
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(Fitzgerald, 1989).

B.4 Purge and Trap Methods

Purge and trap is used for the analysis of VOCs in solid materials such as
soil and sediments. This method involves the use of a sample vial with an
air tight seal to minimize VOC losses during sample trarsport, handling,
and analysis (USEPA, 2000b). Purge and trap techniques involve pushing
a gas such as helium through a soil sample to entrain VOCs. Subsequently,
entrained volatiles are injected into the analytical instrument or can be used
in combination with a sorbent trap to concentrate samples for later analysis
(USEPA, 1993). Figure B.2 illustrates a schematic of a purge and trap device.

This method is advantageous because it provides better recovery com-
pared to the headspace extraction and dynamic sampling methods. Lim-
itations of this method include the use of more complex equipment than
headspace extraction, the use of a purge gas, and more specialized training is
required compared to gas headspace extraction and dynamic sampling. This
method is commonly used for mobile laboratory analysis of volatiles in soil
and ground water (USEPA, 1993).

The applicable concentration range for this method falls between 0.5 to
200 pg/kg. However, high concentration samples (i.e. greater than 200
pg/kg) can be analyzed using USEPA SW-846 Method 5030 (Purge and
Trap for Aqueous Samples). Purge and trap is suitable for most VOCs with
boiling points below 200°C that are insoluble or slightly soluble in water.

Volatile, water soluble compounds can be extracted using this technique but
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Figure B.2: Schematic of a Purge and Trap Device (USEPA, 1993)
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quantitation limits can be up to ten times greater due to poor purging effi-
ciency (USEPA, 2000b).

Analysis of samples extracted by purge and trap can be accomplished
by Gas Chromatography/Flame Ionization Detection (GC/FID) for light
aliphatic hydrocarbon fractions and by Gas Chromatography /Photoionization
Detection (GC/PID) for aromatic fractions. A complete analysis of gasoline
fractions can be determined using GC/PID/ELCD (Electron Capture Detec-
tor) in series with GC/FID (USEPA, 2000b).
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Appendix C

Indoor Air Sampling Methods

Indoor air sampling can be used to assess indoor air quality in the tiered
framework for volatile hydrocarbon contaminated site assessments if soil gas
analysis is unable to rule out potential indoor air quality impacts (Table 5.1).
Indoor air can be sampled for VOCs by a variety of methods including dy-
namic and passive sampling. In dynamic sampling, air is actively pumped
into a collection device. Passive sampling involves diffusion of air into a sam-
pling cylinder and adsorption onto a sorbent (typically activated carbon).
The transfer of pollutants from the sampling equipment to separation and
identification instruments is an important part of ambient air sampling and
analysis because of its influence on the volume of air sampled and the overall
analytical method. For indoor air sampling, influences from other indoor
VOC sources as well as seasonal changes may affect analytical results. Direct
measurement of indoor air concentrations may be of limited application due
to a number of factors, which include confounding by indoor VOCs emanating

from furnishings, carpets, and household cleaning products.
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Indoor air sampling may cause undue emotional stress to occupants of
buildings and residences. Therefore, unless flammable subsurface concentra-
tions have been identified or there are odour complaints which may indicate
a short-term threat, direct indoor air sampling is not recommended as a pri-
mary mode of investigation. Indoor air sampling is not always suitable for a
site especially when indoor vapour concentrations are not representative of
long-term steady state conditions. Furthermore, some assessments may in-
volve sites where a building or enclosed space does not exist but predictions
of potential future impacts are of interest (Johnson et al., 1999).

Portable detectors are useful in determining presence of VOCs in indoor
air and soil gas. Guidelines for collection of whole air samples for VOC de-
tection and measurement in SUMMA passivated stainless steel canisters and
collection on solid adsorbents and cryogenic preconcentration techniques have

been developed by the USEPA (USEPA, 1999b; Woolfendent & McClenny,
1999; Riggin, 1984a; Riggin, 1984b).

C.1 Integrated Dynamic Grab Samplers

Dynamic samplers mechanically draw air through a sampling device. This
method involves the intake of a known volume of sample air into a collec-
tion device over a specified time period. Volatile and semi-volatile organic
compounds can be collected on solid sorbents or stainless steel canisters and
analyzed using GC/FID, /ECD, or /MS. Use of dynamic grab sampling is
advantageous due to the large number of configurations and methods of pollu-

tant collection available, adjustments of sample flow and sampling time can
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increase sensitivity, and multiple units can be combined into a sequential
sampler. Some limitations of dynamic sampling include long set up proce-
dures, use of corrosive or toxic solutions, and risk of sample contamination

during handling and transport (Yocom & McCarthy, 1991).

C.1.1 Active Sampling onto Sorbent Tubes

Both indoor air and soil gas can be sampled for VOCs at 0.5 to 25 ppb(v) lev-
els using sorbent tube/thermal desorption/gas chromatograph-based meth-
ods. GC/MS is the preferred method of analysis since it provides a broad
spectrum of analysis in addition to identification of target compounds (USEPA,
1991). A number of solid adsorbents are available commercially and may be
used independently or in multisorbent packings. In the former case, sorbents
are packed in order of increasing sorbent strength to improve quantitative
retention and desorption of VOCs over a large volatility range (Woolfendent
& McClenny, 1999). A combination of sorbents allows for efficient sampling
and thermal desorption of a wide range of VOCs (Maroni et al., 1995).

Active sampling onto sorbent tubes involves the intake of sample air into
a glass or stainless steel tube packed with a selected sorbent. Flow rates
and sample volumes used for sampling vary and are determined by the ana-
lyte and sampling time. After adsorption, the sample is thermally desorbed
with an inert gas such as helium. The inert gas transfers VOCs from the
cartridge onto a cold trap. The desorbed sample is then introduced into a
high resolution (e.g. capillary column) GC with an accompanying detector
for identification and quantification (Riggin, 1984b).

Limitations of solid sorbents include the thorough cleanup and thermal
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conditioning required to ensure contaminant-free cartridges, careful handling
and storage is necessary to prevent contamination, small breakthrough vol-
umes of some compounds prevent quantitative analysis, and concentrations
may be underestimated if sorption is not complete or if the sorbent becomes
saturated (USEPA, 1993; USEPA, 1991). Interference occurs due to the for-
mation of artifacts in the presence of NO,, from long term storage of blank
tubes, and artifacts generated from sampling and sample storage. Water col-
lection on sorbent tubes can also cause interference; therefore, a hydrophobic
sorbent for the sample tube should be selected to minimize water interference.
Sample splitting and dry purging are other methods available to reduce water
interference. High concentrations of particulates can also cause interference,
which may be remedied by a particulate filter connected to the sampling end
of the tube (Woolfendent & McClenny, 1999). Despite its limitations, ad-
sorption onto solid sorbents has several advantages including the small size
of the samplers, portability of the sampling devices, placement of sorbent
packing as the first part of the sampling train to reduce contamination from
upstream sources, wide selection and availability of sorbents and thermal
desorption systems, ease of use, and the ability to collect integrated samples
over a period of 8 to 12 hours (USEPA, 1991; Woolfendent & McClenny,
1999).

Two critical parameters for active sampling include breakthrough volume
and sample flow rate. Breakthrough volume is the volume of air that can be
passed through a trapping medium before the analyte is detected in a back-
up sampler. For solid sorbents, breakthrough volume depends on amount of

sorbent, air pollutant concentration, and the physico-chemical characteristics
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of both the sorbent and pollutants. High sample flow rates may reduce
breakthrough volume; therefore, sample flow rates should be low enough to
allow adequate contaci time between the air and the sorbent for pollutant
diffusion to the sorbent surface (Maroni et al., 1995). Flow rates above 10
mL/min are usually used to minimize errors due to benetration of VOCs by
diffusion (Woolfendent & McClenny, 1999). The typical working range for
sorbent packing is between 0 and 40 °C. Generally, a temperature increase
of 10°C will reduce breakthrough volume of sorbent packings by a factor of
two (Woolfendent & McClenny, 1999).

Detection limits depend on minimum artifact levels, GC detector selec-
tion, and volume of air sampled. The volume of air sampled also depends on
safe sampling volumes, pump flow rate limitations and time weighted-average
monitoring time constraints. Detection limits can range from sub-part-per-
trillion for halogenated species such as CCly and the freons using an electron
capture detector to sub-ppb for volatile hydrocarbons in 1 L air samples us-
ing the GC/MS operated in the full scan mode. Detection limits depend
on proper management of water for GC capillary analysis of VOCs in air
using sorbent technology (Woolfendent & McClenny, 1999). Precision and
accuracy varies depending on the contaminant, and other factors such as
breakthrough volumes, structural isomers, cartridge contamination, and fac-
tors related to the analytical instrument and skill of the analyst. Therefore,
it is important that quality assurance/quality control procedures be adhered
to in order to minimize such problems (Riggin, 1984b).

For sorbent sampling, land 4 L air sample volumes are recommended

if consistent with safe sampling volumes. Flow rates can be adjusted to
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accommodate low safe sampling volumes. Detection limits of (< 0.5 ppb
per analyte) can be accomplished using 300 mL samples with full scan mass
spectrometry detection. Sensitivity can be magnified by at least ten-fold if
conventional GC detectors or selected ion monitoring are applied (USEPA,
1993).

Table C.1 lists sorbents and, where available, safe sampling volumes suit-
able for aliphatic, aromatic and cyclic hydrocarbons less volatile than ethane
and more volatile than n-Cs using a single sorbent bed ; inch outside diam-
eter stainless steel tubes and compatible with thermal desorption-capillary

GC analytical procedures (Woolfendent & McClenny, 1999). Table C.2 lists

some guidelines for sorbent selection.

Table C.1: Suitable Sorbents for Hydrocarbon Detection
(USEPA, 1999)

Compound Sorbents and Safe Sampling Volumes

n-Butane CS 11T, C 1000, Combination Tubes 1,2, or 3
or Spherocarbon (SSV 820 L)

n-Pentane CSIII, C1000, Spherocarb (SSV 30 000L),

Combination Tubes 1,2, or 3 or
Chromosorb 106 (SSV 5.5L)

n-Hexane Carbopack™ B, Combination Tubes, 1, 2 or 3
or Chromosorb 106 (SSV 30 L)
Benzene Carbopack'™ B, Combination Tubes, 1, 2, 3

or Chromosorb 106 (SSV 30 L) or Tenax (SSV 6 L)

n-Heptane Carbopack'™ B, Tenax (SSV 17L),
Combination Tubes 1,2 or 3 or
Chromosorb 106 (SSV 160L)

continued on next page
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Table 28: Suitable Sorbents for Hydrocarbon Detection

Compound

Sorbents and Sale Sampling Volumes

Toluene

Carbopack'™ B, Tenax (SSV 38L),
Combination Tubes 1, 2, 3 or
Chromosorb 106 (SSV 80L)

n-Octane

Carbopack™ B, Tenax (SSV 700 L)
Combination Tubes 1, 2, 3 or
Chromosorb 106 (SSV 360 L)

Ethylbenzene

Carbopack™ B, Tenax (SSV 180 L),
Combination Tubes 1, 2, 3 or
Chromosorb 106 (SSV 360 L)

all Xylenes

Carbopack '™ B, Tenax (SSV 300 L),
Combination Tubes 1, 2 or 3 or
Chromosorb 106 (SSV 7000 L)

n-Nonane

Carbopack™ C/B, Tenax (SSV 700L),
Combination Tubes 1, 2, or 3 or
Chromosorb 106 (SSV 7000 L)

Styrene

Carbopack'™ C/B, Tenax (SSV 300L)
or Combinaton Tubes 1, 2, or 3

Isopropylbenzene

Carbopack™ C/B, Tenax (SSV 480 L) or
Combination Tubes 1, 2, or 3

n-Propylbenzene

Carbopack™ C/B, Tenax (SSV 850 L) or
Combination Tubes 1, 2, or 3

1-Methyl-3-ethylbenzene

Carbopack™C/ B, Tenax (SSV 1000L) or
Combination Tubes 1, 2, or 3

1-Methyl-4-ethylbenzene

Carbopack™ C/B, Tenax (SSV 1000L)
or Combination Tubes 1, 2, or 3

1,3,5-Trimethylbenzene

Carbopack'™ C/B, Tenax (SSV 1800 L),
Combination Tubes 1, 2, or 3 or
Chromosorb 106 (SSV 2800)

Methylstyrene

Carbopack'™ C/B, Tenax (SSV 1200 L),
Combination Tubes 1, 2 or 3 or
Chromosorb 106 (SSV 2800 L)

Methyl-2-ethylbenzene

Carbopack™ C/B, Tenax (SSV 1000L) or
Combination Tubes 1, 2, or 3

1,2,4-Trimethylbenzene

Carbopack™ C/B, Tenax (SSV 1800 L) or
Combination Tubes 1, 2, or 3

n-Decane

Carbopack™ C/B, Tenax (SSV 2100 L) or
Combination Tubes 1, 2 or 3 or
Chromosorb 106 (SSV 37 000L)

1,2,3-Trimethylbenzene

Carbopack™ C/B, Tenax (SSV 1800 L) or
Combination Tubes 1, 2, or 2

n-Undecane

Carbopack™ C/B, Tenax (SSV 12 000L) or

continued on next page
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Table 28: Suitable Sorbents for Hydrocarbon Detection

Compound Sorbents and Safe Sampling Volumes
Combination Tubes I, 2, or 3
n-Dodecane Carbopack'™ C/B, Tenax (SSV 63 000L) or

Combination Tubes 1, 2, or 2

Sample Tube Sorbent | Approximate Analyte Volatility Range I(VI?S Temp

CarbotrapC n-Cg-n-Cog >400

CarbopackC

Anasorb GCB2

Tenax GC bp 80°C=200°C

enax TA bp 100°C-400°C 350

n-C-;—n-C;;o

Teanx GR bp 100°C-450°C 300
n-C-,—n-C:;o

Carbotrap (n-C4) n-Cs5-nCjy >400

CarbopackB

Anasorb GCB1

Choromosorb 102 p 50 °C=200°C 250

Chromosorb 106 bp o0°C=-200°C 220

Porapak Q bps0 °C-200°C 250

orapak N p o0°C-1a0°C 180

n-C5—n-Cg

Spherocarb ~30°C-150"C >400
Cz—n-Cg

Carboseive 5111 -00°C-80°C 400

Carboxen 1000

Anasorb CMS

Zeolte —60°C-80°C 320

Molecular Seive 13X

Coconut Charcoal -80°C-77°C >400

(rarely used)

Table C.2: Guidelines for Sorbent Selection (USEPA, 1999)

C.1.2 Active Sampling into SUMMA Passivated Stain-

less Steel Canisters

Another variation of active sampling of indoor air and soil gas is the collec-
tion of whole air samples in SUMMAT™™ passivated stainless steel canisters

coated with inert chrome-nickel oxide. This method involves drawing air into

112



an evacuated SUMMATM canister via a sampling train. The sampling train
includes a particle filter, mass flow controller, electronic timer, and Mag-
nelatch valve. Sample analysis involves attaching the canister to a GC/MS
and VOCs are cooled in a cryogenic trap and revolatilized prior to injection
into the GC/MS. This method can detect ppb(v) concentrations of a variety
of contaminants including BTEX. The advantages of this method include its
sensitivity to a large number of VOCs. Furthermore, several samples may be
collected over a prolonged period to provide a long term integrated sample.
Limitations to this method are the cost of analysis by an outside labora-
tory or developing in house analytical capability, high skill level required
by analytical personnel, and the potential for loss of samples or accidental
contamination (USEPA, 1991). Another disadvantage to this method is the
complex instrumentation required compared to sorbent methods (Yocom &

McCarthy, 1991).

C.1.3 Cryogenic Preconcentration Techniques

Highly volatile compounds with boiling points in the range of -10-200°C
can be determined using cryogenic preconcentration. This method employs
the use of a collection trap submerged in liquid oxygen or argon to precon-
centrate air samples. Sampling is performed by withdrawing air into the
trap via a sampling valve while simultaneously measuring air sample vol-
ume. The sample is transported to a GC, whose column oven is cooled to
subambient temperatures (—50°C), via the carrier gas. The liquid cryogen
is simultaneously removed and the trap heated to facilitate sample transfer

to the GC. Limitations of the cryogenic technique lies with interference in
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the GC apparatus from other compounds. A significant drawback of this
technique is condensation of moisture in the collection trap. Ice may also
plug the trap, stopping air flow. Water transferred to the capillary column
may also stop flow and cause damage to column materials. Permaselective
Nafion tubing can be used in-line before the cryogenic trap to avoid these
problems. However this tubing must be used with caution due to possible
losses of some compounds. Contamination from the Nafion tubing may also
result (USEPA, 1999b).

Detection limits of 1-5 ng are found using the FID with cryogenic pre-
concentration techniques. Precision levels of + 5% can be achieved at con-

centrations ten times the detection limit, and accuracy is estimated to be

within + 10% (USEPA, 1999b).

C.2 Passive Samplers

Passive samplers rely on diffusion to sample air pollutants. Passive sampler
devices come in the form of badges, canisters, and tubes. Advantages of pas-
sive samplers are that they are simple to operate, are relatively inexpensive,
and are unobtrusive. Limitations of passive samplers are that results are
expressed as the measured concentration during a given time period (ppm-
hr), long exposure times are required (e.g. 30 days), interference from other
pollutants may occur, and results obtained may be affected by air currents
and temperature changes (USEPA, 1991; Yocom & McCarthy, 1991).

For passive samplers, the effective sampling rate is defined by Fick’s first
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law of diffusion.
DxA

L

where, D is the diffusion coefficient for the compound being sampled, A is

(C.1)

Sampling rate =

the cross-sectional area, and L is the diffusion path length. Passive samplers
have low flow rates and need sufficient air movement across the sampling

area to maintain constant sampling rates (Lewis & Gordon, 1996).

C.2.1 Sorbent Badges

Sorbent badges contain liquid or solid sorbents. Liquid sorbent badges are
composed of a liquid-filled chamber with a bound-liquid membrane on the
sampling interface. Air diffuses through the diffusion barrier and interacts
with the liquid membrane. Flow rates range from 0.5 to 50 mL/min with a
collection capacity range of 5 to 26 mL. Gas chromatography can be used for
sample analysis. Solid sorbent badges can be used alone or with a backup,
which is recommended due to the finite capacity of solid sorbents. After sam-
pling, samples are sent to a laboratory for analysis by a number of methods

including gas chromatography (USEPA, 1991).

C.2.2 Passive Bubbler

The passive bubbler consists of a glass vial filled with a sorbing solution and
sealed with a Teflon faced Knudsen diffusion disk and cap. This type of
sampling device is quite versatile as the vial can be attached to a subject’s
clothing or mounted on a stand to collect an area sample. Samples can be

readily analyzed using GC procedures as well as High Performance Liquid
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Chromatography, ion specific electrodes or colorimetry (USEPA, 1991)
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Appendix D

Sample Handling and
Transport

Sampling handling and transport is an important consideration especially
for samples with low VOC concentrations. This is a critical period due to
the opportunity for loss or gain of contaminants from or to sample contain-
ers. Sample loss can occur through contaminant condensation in the sam-
pling system, sorption, thermal degradation, and leakage to the atmosphere.
Sample contamination may also occur through insufficient decontamination
procedures. The time between sample collection and analysis should be min-
imized to reduce sample loss and contamination. Integration of sampling and
analytical systems can reduce problems associated with sample handling and
transport. However, cross contamination may occur and can be attributed
to tubing, flow meters, and analyzer components (Ullom, 1995).

Sample transfer from containers or analytical devices may be executed in

a number of ways and is largely dependent on the sample volume recovered.
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Small volume samples can be retrieved by a syringe for injection into an an-
alyzer or a small volume container. Larger volume samples can be recovered
by hand or mechanical pumps. Tubing is generally used when recovering
large volumes of soil gas. However, for detection of low concentrations, tub-
ing may pose a cross-contamination problem if not replaced often (Ullom,
1995).

The type of sample container selected is based on the physical properties
of contaminants sampled, volume of sample recovered, physical properties of
the contaminants, sampling system, anticipated sample holding time prior to
analysis, and the analytical method chosen. The same container type should
be used for each survey since container type can bias data due to sorptive
or desorptive processes related to container type. Whole air samples may
be contained in any device that can satisfy survey, handling, transport, and
analytical requirements (Ullom, 1995).

Gas samples can be collected in stainless steel canisters, glass bulbs, Ted-
lar bags, syringes, and synthetic polymer traps (Hitzig et al., 1997; Tillman
et al., 1989a). Glass and stainless steel containers provide the most represen-
tative samples and yield the best shelf life for VOCs (Tillman et al., 1989a).
Although stainless steel canisters are durable, they are difficult to decontam-
inate and glass bulbs are easy to decontaminate but are breakable and may
leak (Hitzig et al., 1997). Atmospheric sampling bags such as Tedlar bags
are easy to use but may pose challenges due to leakage that can occur after
repeated use (Ullom, 1995;Tillman et al., 1989a). In addition, contaminants
may readily sorb onto the Tedlar bags. However, this is not a problem for

primary gasoline constituents. Syringes are good sample containers as they
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are inexpensive and allow for easy collection of samples. Nevertheless, sy-
ringes have short handling times and can be difficult to decontaminate (Hitzig
et al., 1997). Synthetic polymer traps can be used to concentrate volatiles to
enhance detectability of certain compounds. A limitation of polymer traps
is that it produces less representative data due to competition for adsorptive
sites. The sample containers chosen should be made of non-reactive ma-
terial and protected from light and kept tightly sealed to prevent dilution,

contamination, or compositional changes (Tillman et al., 1989a).
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Appendix E

Field Screening and Analytical
Methods

Field screening methods can indicate the presence or absence of a chemical
or whether the chemical is above or below a threshold, but cannot provide
chemical specific concentration information. Analytical methods comprise
those analyses that provide chemical-specific, quantitative data in the field,
laboratory or non-laboratory scenario. Field analytical techniques are usu-
ally faster and less expensive than simlar chemical analyses undertaken in a
laboratory (USEPA, 1993).

Soil gas and indoor air can be screened for VOCs by a number of methods
including portable VOC detectors (i.e. FIDs and PIDs) and gas chromatog-
raphy. Portable VOC detectors are easily transported in the field, require
minimal operator skill, and can provide immediate data (Ullom, 1995). VOC
analysis by GC methods provide the best analysis but are costly. Portable

GCs are available but do not provide the high resolution results available
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from a remote laboratory (Tillman et al., 1989a). Selection of a detector
depends on a number of variables including the analyte, budget constraints,
required detection limits, potential interferences, project objectives, equip-
ment, and operator capability. Precision, accuracy, sensitive and potential

interferences vary depending on the analyte (USEPA, 1991).

E.1 Field Screening Methods

On-site soil gas monitoring equipment can be used to screen contaminated
sites. Field based screening methods for the detection of soil gas and indoor
air allow for a site to be surveyed for VOCs in a short time period. A
number of portable analytical instruments contain or consist of a PID or
FID. Most units are designed solely as PID or FID response meters without
chromatographic separation and provide data on total organic vapour (TOV)
concentrations. Most portable field units are designed to analyze gas samples
at ambient temperatures. Due to the lack of chromatographic separation,
total organic vapour methods are limited to analysis of samples containing
known contaminants (Fitzgerald, 1989).

A variety of environmental factors can affect TOV instrument response to
organic vapours. Such factors include soil air composition, relative humidity
of soil air and soil permeability. The composition of soil air may differ from
the composition of the calibration standard used (Robbins et al., 1990). Total
organic vapour analyzers may also detect naturally occuring volatiles not
measured in a laboratory such as methane and are sensitive to changes in

ambient conditions resulting in inaccurate readings (Robbins et al., 1990;
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Tillman et al., 1989a).
Advantages of total detectors such as the FID and PID are that they are

very portable and easy to use, are relatively inexpensive (about 5 000 USD),

and have a rapid response time. Limitations of these detectors include their

non-specificity (USEPA, 1993).

E.1.1 Photoionization Detector

A portable photoionization detector (PID) can be used in the field for the
screening of soil gas levels at an affected site and can be adjusted to selectively
detect aromatic compounds (Weisman, 1998). The PID uses an uitraviolet
lamp as an ionizing source and responds to VOCs that have an ionization
potential less than or equal to the lamp. Concentrations are reported as total
ionizable compounds (USEPA, 1993).

The photoionization reaction takes place when photo-excitation occurs
to such an extent that the electron is removed from its molecular orbital.

Equation E.1 illustrates this reaction:
R+hvr—>RY+e . (E.1)

The available lamp energy for a PID ranges from 8.3 to 11.7 eV. Aromatic
hydrocarbons or heteroatom containing compounds are best analyzed with a
PID because these species have ionization potentials that are within the reach
of available UV lamps (Chasteen, 2000b). Figure E.1 illustrates a schematic
diagram of a PID.

Advantages of the PID are its portability and ease of use. The major
disadvantage of the PID is its non-specificity (USEPA, 1993). The PID
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Figure E.1: Schematic of a Photo Ionization Detector (RAE Systems)

can be used to measure volatile aromatic compounds such as BTEXs, some
oxygenates such as methyl-t-butyl ether (MTBE) and many olefins, some
branched alkanes and cycloalkanes (Weisman, 1998). The response of the
PID increases with the degree of compound separation. This results in a
benzene response that is about five times greater than hexane when using
a 10.2 eV lamp. Therefore with this selectivity, BTEX compounds can be
focused on in a sample (Fitzgerald, 1989). Table F.1 in Appendix B lists

some PIDs and their manufacturers.

E.1.2 Flame Ionization Detector

The Flame Ionization Detector (FID) uses a hydrogen flame to ionize organic
vapours entering the detector and reports concentrations of total organics as

the ppm equivalent to a calibration compound (usually methane) (USEPA,
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1993). Organic vapours are ionized in a mixture of Hz and air. Carbon atoms,
with the exception of carbonyl and carboxyl carbons, produce CH- radicals,
which then produce CHO™ ions in the flame. Equation E.2 illustrates this

reaction:
CH + O —» CHO" + e~ (E.2)

CHO* produced in the flame is collected at the cathode located above the
flame. The response to organic compounds is directly proportional to the
solute mass over seven orders of magnitude. When organic solutes are ab-
sent, the current is almost zero (Harris, 1995). Unlike the PID, FIDs respond
to methane and may read significantly higher total organic vapour concen-
trations in some media samples. Furthermore, the FID is sensitive to more
VOCs that the PID (USEPA, 1993). Table F.1 in Appendix B lists FIDs and

their manufacturers. Figure E.2 illustrates a schematic diagram of a FID.

E.2 Analytical Methods

Analytical methods can provide quantitative data in the field or in the labo-
ratory. Gas chromatography is the most commonly used analytical technique
and can be used both in the field and in a mobile or traditional laboratory

setting.

E.2.1 Gas Chromatography

Gas chromatography (GC) involves the separation of gases on a stationary
phase in a column, which is held on a solid support (USEPA, 1993). In

gas chromatography, a volatile liquid or gas is injected through a rubber
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Figure E.2: Schematic of a Flame Ionization Detector (Harris, 1995)

septum into a heated port, which vapourizes the sample. The sample is then
swept through the column by a He, N, or H; carrier gas, and the separated
gases flow through a detector, whose response is displayed on a recorder or
computer. The column should be hot enough to produce sufficient vapour
pressure for each solute to be eluted in a reasonable time. The detector
is maintained at a higher temperature than the column, so that all solutes
are gaseous (Harris, 1995). A schematic diagram of a gas chromatograph is
shown in Figure E.3.

Different detector types can be used with a gas chromatograph (GC). A

flame ionization detector (FID) or a photoionization detector (PID) can be
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Figure E.3: Schematic of a Gas Chromatograph (Harris, 1995)

used to detect specific compounds after they have been separated in the GC.
GC is also used as a sample preparation step for other types of instrumenta-
tion, such as the mass spectrometer (MS) (USEPA, 1993).

Advantages of using a GC are its portability, its specificity, and its sensi-
tivity (ppb to ppm). Limitations of the GC are that it is less sensitive than
mass spectrometers, it has a slower response time compared to mass spec-
trometers (tens of minutes vs. seconds), time consuming calibration steps,
and a library of retention times is required to identify compounds and non-
target compounds, making identification difficult if detected analytes are not
in the library or the quality of the library match is too low to make positive
identification (USEPA, 1993).

VOCs may be detected and quantified to different degrees by GC. The
GC/FID is the most general method for detecting and quantifying hydro-
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carbons because the FID is sensitive to most organic compounds and retains
a linear response over a wide range of conditions. The GC/PID is used for
determination of aromatic and unsaturated compounds but is insensitive to
other organics. GC/MS (mass spectrometry) is used for the most precise
work since it allows better resolution of components in complex mixtures
compared to MS alone (USEPA, 1993).

Portable gas chromatographs provide real-time data collection in the field.
The major disadvantage is the high detection limit which are usually higher
than concentrations found indoors (Yocom & McCarthy, 1991). A wide range
of quality and accuracy exists for gas chromatographs. Because field GCs
cannot provide the detailed high-resolution results of lab equipment, lab
quality GCs are preferred for reliable results. Mobile laboratories with lab
grade GCs can provide high quality results for field analysis when necessary
(Tillman et al., 1989a). Table F.1 in Appendix F lists Portable GCs and

their manufacturers.

E.2.2 Mass Spectrometry (MS) and GC/MS

Mass spectrometry involves the conversion of compounds in a sample into
charged ionic particles consisting of the parent ion and ionic fragments of the
original molecule. The characteristic mass/charge ratios allow for compound
identification, and ion current magnitudes read at different mass settings can
be related to concentration. The main components of a mass spectrometer
include the inlet system, the ion source, the electrostatic accelerating system,
and the detector and readout system that gives a mass spectrum recording

the numbers of different kinds of ions. Mass spectrometers often are used in
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conjunction with gas chromatography (USEPA, 1993). A schematic diagram

of a Mass Spectrometer is shown in Figure E.4.

103w 107 torr

Sorting
of ions

— . co . ——— ————

Data
output

Figure E.4: Schematic of a Mass Spectrometer (Skoog et al., 1998)

A smaller version of a mass spectrometer can be coupled to a GC and is
called gas chromatography/mass spectrometry (GC/MS). The mass detec-
tor is placed at the end of a chromatographic column similar to other GC
detectors. However, the mass detector is more complicated in comparison to
other detectors due to its complex requirements for the process of creating,
separating, and detecting gas phase ions (Chasteen, 2000a).

In the GC/MS, volatile compounds are introduced into the GC. A tem-

perature programmed column is used to separate analytes, which are de-
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tected with a MS interfaced to the GC. Analytes from the capillary column
in the GC are introduced into the MS by a jet separator or direct connection.
Analyte identification is achieved by comparing mass spectra with electron
impact of standards. Analyte concentrations are determined by comparison
of major ion responses to internal standards using a five-point calibration
curve (USEPA, 2000b).

Method 8260B in SW-846 describes the procedure for analysis of VOCs
by GC/MS. A list of compounds that can be determined by this method is
also listed in SW-846. Analytes from solid samples can be introduced into the
GC/MS by purge and trap (Method 5035), automated static headspace for
solid samples (Method 5021), and closed system vacuum distillation (Method
5032) for solid samples. Gaseous analytes can be analyzed directly using a
sample loop by sub-sampling from Tedlar bags (Method 0040). GC/MS can
be used to quantify most VOCs with boiling points below 200°C (USEPA,
2000b).

Advantages of a MS detector include its sensitivity (ppb range), rapid
response time, small sample sizes (mg to ug) and it has good specificity in
non-complex matrices. Limitations include its bulk and fragility, its expense
(50 000 to 200 000 USD) and the requirement of a library of spectra (USEPA,
1993).

E.2.3 Gas Chromatography/Flame Ionization Detec-
tion

A gas chromatography/flame ionization detector (GC/FID) detects hydro-

carbons that elute from the column and burn. GC/FID methods specify a
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certain portion of the chromatogram for quantification. The carbon num-
ber range will approximate that of the fuel of interest - gasoline, diesel, or
heavier hydrocarbons. Volatile compounds that elute before the solvent peak
(usually those <Cg) are typically not measured.

The advantages of GC/FID include quantitative measurement of all or-
ganic compounds in the gasoline range, ability to generate a finger print
that can be used to provide supplemental information, is sensitive to hy-
drocarbons in the nanogram range, and a PID can be integrated in series
with the GC/FID to measure volatile aromatics (Parr et al., 1991). The
FID is sensitive to a larger number of VOCs than the PID such as methane,
ethane, and certain toxic gases with high ionization potential, such as carbon

tetrachloride and HCN (USEPA, 1993).

E.2.4 Gas Chromatography/Photoionization Detection

The gas chromatograph can be interfaced with a photoionization detector
(GC/PID) to allow for selectivity and sensitivity in the analysis of soil gas.
For light aromatics, typical detection limits are 0.5 ug/L in water and 5 ug/L
in soil (Weisman, 1998). The PID is used to selectively determine aromatic
hydrocarbons or organo-heteroatom species. The PID uses ultraviolet light
to ionize analytes exiting from the GC column. The ions produced are col-
lected by electrodes and the current generated is proportional to the analyte

concentration (Chasteen, 2000b).
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Appendix F

Field Screening and Analytical

Instruments
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Appendix G

Soil Quality Guidelines for
Coarse-Grained Soils for
Buildings with Basements,
Agricultural /Residential

Exposure Scenarios
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Appendix H

Soil Quality Guidelines for
Coarse-Grained Soils for Slab
on Grade Structures,
Commercial / Industrial

Exposure Scenarios
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Appendix I

Groundwater Quality
Guidelines for Coarse-Grained
Soils for Buildings with
Basements,

Agricultural /Residential

Exposure Scenarios
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Appendix J

Groundwater Quality
Guidelines for Coarse-Grained
Soils for Slab on Grade
Structures,

Commercial /Industrial

Exposure Scenarios

179



£L
sajel agueydxa Ire snotrea 1.
1 | 1 LIeA 10§ Tg 'S oHeuadg aImsodxy [elrjsnpuy/fer

-IPWWo) ‘$2INjONING 9peIH UO Qe[S ® 10] S[IOG PAUIRIN-ISIYO)) U auazudg 10} HHMD 1 nSiy

(28 191 —0— 221 ¥ €803 tP0—— 500—8—] oy

(snwd) ,'a

00+300'4 10-300'4 20-300'L £0-300'4 ¥0-300°L $0-300°1 80-300'1

(6wbw) odome

180



€L
saje1 a3ueyoxa Ire snolrea 10j JW "SA olIeusdg ainsodxyy
ne

[etIsnpu}/[eiowwio)) ‘SaInjdNIG dpeIr) Uo qe[S 10§ S[I0S paurern-as1eo)) ut suan[og, 10§ HHMO :Z'r 218

[2-8- 191 —— 221 %= £80 rWO— S00—8~] HOV
(swo) 17,10

00+300't 10-300'4 ¢0-300'1 €0-300'1 $0-300'L S0-300°4

FST‘ —————o——+

|
8

-

(v6w) OOMO

X-
t
i
i
r
>
b ¢

te
7

§W,I e e o i e e a—— e o

181



a
sayer a3ueyoxo e snolre 10§ L ‘saoureusog ainsodxry [eujsnpuj/[emn
Jla ! ! !

-wwo) ‘saIIPNIYG PRI UO qe[S 10) S[I0G PAUIeI)-as1eo)) Ul suszuLqIAY)Y 10j DOMD ¢ amSiyg

(28~ 191 —o— 22'| —9— €80 v 0—— so0—e~| Hov
(snwo) 197,
¢0-300°4 £0-300'1 #0-300'1 50-300°'L

4

00+300'4 10-300'}

(Wbw) SOM9O

-000t

182



AL
saje1 agueydxa Ie SnolIeA 10j Jw "SAOLIRUDG dinsodxy [etnysnpuy/ferd
o

-IWWoY) ‘saInPNIlg IpeI) U0 qe[S I10j S[I0F PBUIRID-ISIBOY) U QUI[AY-0 10j DOMD [ a1y

(2191 —— 221 % 680 vr0— c00—e~| Hov

{spud) 47,0
00+300't 10-300'} 20-300'1 £0-300'1 v0-300°4 $0-300'4 90-300'L

(V6w) SOMO

183



€L
9781 d3ureydXa 11e SNOLIeA 0] J,,m_l_ "SA OLIRU3DG dInsodxy] [esnpuy/[ero
o

-IPWWO) ‘SAININIG dpeIDH UO QR[S 0] S[I0G PaUIRIr)-981B0) Ul aualX-w 10} HHMD ¢ 2By

|2~ 191 —0— 22'| %= €00 tY0—— S00-—-] Hov
(snud) +y,1a
00+300'4 10-300't 20-300'1 £0-300't $0-3001 $0-300'4 90-300't

12

(16w) oDMD

184



.—.
sa7e1 d3ueyoxa 11e SnotieA 10§ qu "SA 0lIBUDG dinsodxy [esnpuj/[eld
e

-Ioulwo)) ‘saInjonnyg spely) U0 qelS I10j s[log pautern-asreo)) ur ausAy-d 0] DOMD 97 21n8iy

(28 191 —— 221 % €80 W 0—— s00—e-| HOV
(snwo) y,.'a
00+300'1 10-3001 20-300'L £0-300' $0-300' §0-300't 90-300't

(1/6w) som9

185



€L
sdjel 93uRYIXa Ire SNOLIeA 10} Jw "SA OLIRUADG dInsodxy [elsnpuj/[ed1owwo))
Bo

'$91NJONIG dpRIN) U0 Qe[S 10] S[10G pauteln-ass1e0)) ur suoqredolrpAy oneydije 8H-9) 10j OOMD :L°r amSiy
[z-8- 191 —— 2zt %= €80 prO—— S00—e—| HOV
(snwo) 1y,'q
00+300'L 10-300°L 20-300'1 £0-300't ¥0-300't S0-300't 90-300'+

" A

— r———e T

(vbw) osomo

186



&L
sojel dueyoxa Ire snolea 10§ Jum 'SA olreuang ainsodxq [erisnpuj/jesswuwio)) ‘sainy
§it)

IS 9peID) Uo qe[S Ioj s|log paurern-asieo)) ut suoqresoipy orpeydife 01H-8<q 1oy OOMD 8 2anSiyg
[z 191 —— 221 = eB 0 tho—— S00-@~| HOV
(swo) t,.1g
00+300' 10-300't 20-300' £0-300'4 $0-300' 50-300't 90-300't

s

% ¥
=S

|°’I| o mama

(16w) somo

187



€L
$97el 98ueyIXD 118 SNOLIRA 10} Jn_m 'SA OlIeUddG dInsodxy [eLISNpU]/[e1dIdWWO)) ‘saIn)
e

-G 9peIDH Uo Qe[S 10j S|I0g pauleIn-as1eo]) ull suoqresolpAy onerdife 21-01<y 10§ HHMD :6°r NS

[z 191 —— 221 %= e905¢ vro—— s00-e—| Hov

(swa) t,,4a
00+300't 10-300' 20-300't €0-300' $0-300't 0-300't 90-300'4

+-O6
U

(vb6w) ooMD

%l

P —

0004~~~ --

188



€L
soje1 a3ueyoXa It SnoLIRA 10) Jw 'SA OLIRUDDG 21NnS0dXY [eLIISNPU]/[RIDIdWIWO]) ‘saIn)
o

~OMI3G dPRID UO QR[S 10j S[10§ poule1n-ss1eo0)) Ul suoqIedolpAy oneydije 919)-21<) 10§ HHOMD 01 2151

(28 191 —— 22| % g0 Wro—— S00-e-] Hov

(stwo) 19,,'q

00+300't 10-300°L 20-300°1 €0-300°L +0-300°1L $0-300°¢ 90-300't

(16w) somo

—-00%

189



.—.
saje1 93uryoXa Ire snoLIeA 10j Jw 'SA OLIRUAOG dnsodxyq [elrisnpu/[eldrowuIo]) ‘sainy
po

"G SpRID) UO qR[S 10§ S|log PaUTeI)-dsIR0) UY SU0QIRI0IPAY d1jRWoIR 01)-9<7) 10} HHMD TT°[ NSy

== L9l - 2TV —¥- £80 - ¥Y'0—— S00—@~| HOV
(snwo) Ly,.4g
00+300'1 10-300'1 20-300°'L £0-300'1 0-300's S0-300'1 90-300'1

(v6w) ooMO

190



€L
sojel 93uRYIXD 1€ SNOLIBA 10) J,_m "SA OLIRUADG dansodxy [eHIsnpu]/[eIdIoWWo)) ‘sainy)
He

-ONNG IperD UO qe[S 10§ S[I0G PaUTRIN-9SIR0)) UT SUOQIEIO0IPAY d1jRWOre 21D)-01<) 10} HHYMD g1 2INS1g

(8- 191 —— 22’1 ¥~ 80— r0— S00—e] Hov
(snuo) Lyy,.tq
00+300't 10-300' 20-300't £0-300'1 $0-300't 50-300'+ 90-300't

o«

m

(V6w) oMo

=000 —— S

- 0000F—

| o S

191



€L
sajel1 afueydXa 118 SNOLIeA 10] J,_m 'SA OLIRUBDG d1nsodxy [elsnpul/erdrowuio)) ‘saing
e

“nn§ sprIp UO qe[§ 10 S{log pautel)-asIeo]) ut suoqIesolpAy oryewore 91)-21<y 10§ HHMD 1L 2Ind q

(8- 191 —— 221 % 80 Y0 S00—8=] Hov

{snw) Ly,,'q
00+300'} 10-300'} 20-300'1 £0-300°t +0-300'1 $0-300'L 90-300'L

JUJb

(/6w) oomo

L 0000001 e e e e L

192



Appendix K

Soil Quality Guidelines for
Fine-Grained Soils for
Buildings with Basements,
Agricultural /Residential

Exposure Scenarios
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Appendix L

Soil Quality Guidelines for
Fine-Grained Soils for Slab on
Grade Structures,
Commercial /Industrial

Exposure Scenarios
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Appendix M

Groundwater Quality
Guidelines for Fine-Grained
Soils for Buildings with
Basements,

Agricultural /Residential

Exposure Scenarios
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Guidelines for Fine-Grained
Soils for Slab on Grade
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Commercial/Industrial

Exposure Scenarios
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