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ABSTRACT

A model and spreadsheet-based numeric approximation for computing risk-based soil cleanup level to
be protective of petroleum-contaminated soil to an indoor air exposure pathway is presented. The algo-
rithm incorporates traditional equilibrium partitioning equations (3 or 4-phase) for the conservation of
mass and volume, as well as Raoult’s law convention, and subsequent diffusive and convective trans-

port mechanisms.
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INTRODUCTION

A significant concern has been raised in the past
several years regarding the risk to human health by
the intrusion into and subsequent accumulation of
contaminant vapors in buildings and other enclosed
spaces. Complex mixtures of NAPL (Non-Aqueous
Phase Liquid), such as petroleum hydrocarbons,
contain components whose vapor pressure, water
solubility, and partition coefficient range across sev-
eral orders of magnitude. The relationship
between subsurface concentrations and indoor air
concentrations, arising from the migration of com-
plex-petroleum-contaminated soil vapors into
buildings, is presented based on a number of com-
plex processes such as the equilibrium partitioning
using TPH (Total Petroleum Hydrocarbons) surro-
gate approach and the attenuation. Individual TPH

constituents are grouped into fractions in accor-
dance with EC (Equivalent Carbon) number, with
each fraction having no greater than an order of
magnitude difference in the modeled environmen-
tal behavior of the constituents.

A database (Table 1) of contaminant-specific
parameters, including solubility, S, organic-car-
bon partitioning coefficient, K,., molecular
weight, MW, Henry’s Law constant, H, and
inhalation reference concentration, RfC is assem-
bled for Benzene, Toluene and several different
EC number ranges as proposed by the TPH
Criteria Working Group (Gustafson et al., 1997).
As shown in Table 2, comparisons are conducted
for a wide range of TPH concentrations of seven
representative fuels (WDOE, 1997).
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Table 1. Fate and Transport Characteristics and Associated Properties
Mw S H K, Liquid RfC
Density
mg/mol mg/L unitless L/kg mg/L mg/kg-day

Aliphatics
EC >5-6 8.10E+04 2.80E+01 3.40E+01 7.94E+02 6.79E+05 5.26
EC >6-8 1.00E+05 4.20E+00 5.10E+01 3.98E+03 7.26E+05 5.26
EC >8-10 1.30E+05 3.30E-01 8.20E+01 3.16E+04 7.33E+05 5.26
EC >10-12 1.60E+05 2.60E-02 1.30E+02 2.51E+05 7.60E+05 0.286
EC >12-16 2.00E+05 5.90E-04 5.40E+02 5.01E+06 7.66E+05 0.286
EC >16-21 2.70E+05 1.00E-06 6.40E+03 1.00E+09 7.80E+05 NA
Aromatics
Benzene 7.80E+04 1.78E+03 2.30E-01 7.94E+01 8.77E+05 NA
Toluene 9.20E+04 5.20E+02 2.70E-01 2.51E+02 8.67E+05 0.114
EC >8-10 1.20E+05 6.50E+01 4.90E-01 1.58E+03 8.71E+05 0.057
EC >10-12 1.30E+05 2.50E+01 1.40E-01 2.51E+03 9.04E+05 0.057
EC >12-16 1.50E+05 5.80E+00 5.40E-02 5.01E+03 1.02E+06 0.057
EC >16-21 1.90E+05 5.10E-01 1.30E-02 1.58E+04 1.23E+06 NA
EC >21-35 2.40E+05 6.60E-03 6.80E-04 1.26E+05 1.28E+06 NA

MODEL BASIS FOR FATE
AND TRANFORT OF TPH SOIL VAPOR

Step 1: Estimation of soil gas concentrations
with 3 or 4-phase soil partitioning equilibrium
model at the source of contamination: When
hydrocarbons are released into the subsurface,
the model assumes that NAPL components will
reach equilibrium with the four phases: air, water,
soil, and residual NAPL. Assuming that there is
no chemical or biological degradation or
volatilization in the unsaturated source zone;
equilibrium soil/water partitioning is instanta-
neous, reversible, and linear in the contaminated
soil, a model could use a mass balance approach
such that the total mass of each component i in
the system (Miy) is equal to the sum of the mass of
each component i in each of the four phases so
that:

M;":Mfi\/APL"_Mviv_'_sz'i_M;: (1)

where Mi stands for the mass of component i in
each of the four phases: NAPL, water, air, and
soil (sorbed), which are represented by the sub-
scripts NAPL, w, a, and s, respectively. The equa-
tions that govern the equilibrium partitioning
between the phases are the linear sorption parti-
tioning equation normalized with respect to

organic carbon (Karichhoff and Brown, 1979),
Henry’s Law, and Raoult’s Law, which can be
written respectively as:

Cs,i = Koc,ifoccw,i (2)
C,, =H,C,, 3)
C,,=x5, “4)

where C; is the concentration of component i in
each phase, K, ; is the organic carbon water parti-
tioning coefficient for each component, f,. is
organic carbon fraction, H; is the dimensionless
Henry’s constant for each component i at the
temperature of interest, x; is the equilibrated mole
fraction of the chemical component in the NAPL,
S; is the aqueous solubility of the chemical com-
ponent. The conservation of volume equation is
written as:

0, + 0, + Onap, =1 %)

where 6,, is the volumetric water content, 6, is the
volumetric air content, 6y,p; is the volumetric



ASSESSING SOIL VAPOR INTRUSION FROM PETROLEUM RELEASE SITES 197

Table 2. Default Petroleum Product Weight Compositions

Fresh Weathered JP-4 Fresh Weathered  Mineral Bunker
Gasoline Gasoline Fuel Diesel Diesel Oil C

Aliphatics
EC >5-6 0.2600 0.0920 0.0070 0.0010 0.0001 0.0000 0.0000
EC >6-8 0.1900 0.2750 0.2820 0.0030 0.0001 0.0000 0.0000
EC >8-10 0.0900 0.1200 0.2560 0.0200 0.0110 0.0011 0.0000
EC >10-12 0.0300 0.0130 0.1260 0.0800 0.0600 0.0028 0.0000
EC >12-16 0.0000 0.0000 0.0940 0.2600 0.3000 0.1600 0.0950
EC >16-21 0.0000 0.0000 0.0090 0.3400 0.3700 0.7000 0.1950
Aromatics
Benzene 0.0250 0.0080 0.0002 0.0000 0.0000 0.0000 0.0000
Toluene 0.1200 0.0980 0.0080 0.0000 0.0000 0.0000 0.0000
EC >8-10 0.2600 0.3800 0.0160 0.0050 0.0006 0.0013 0.0000
EC >10-12 0.0250 0.0140 0.0530 0.0230 0.0062 0.0014 0.0000
EC >12-16 0.0000 0.0000 0.1010 0.0660 0.0320 0.0074 0.1450
EC >16-21 0.0000 0.0000 0.0188 0.1800 0.1880 0.0800 0.3610
EC >21-35 0.0000 0.0000 0.0290 0.0220 0.0320 0.0460 0.2040

NAPL content, and # is the porosity. The poros-

ity and the volumetric water content are assumed Cr,H.p,

to have fixed values. The mass of each component ai = 0, +Koeifoe Pu+H; 6, (10)

at each phase is determined with equations 2, 3,
and 4 as follows:

M§ = Cpi pyV (6)

Mé = Cs,im.s‘()il = Cs,irbV =

(7)
= Koc,ifoccw,irbV
M, =C,;6,V ®)
Mé = Ca,iOaV :Hicw,ieaV (9)

where Cr is the total soil concentration, p, is the
dry soil bulk density, Vis the total soil sample vol-
ume, m,,; is the total mass of the soil. Assuming
that NAPL phase is not present at the source,
then a 3-phase model should be able to handle
the distribution of each component as described
below. Substituting equations 6, 7, 8 and 9 into
equation 1, assuming Miy,p; is equal to zero (no
NAPL phase), and rearranging with respect to
soil vapor concentration (C,;) and total soil con-
centration of component i (Cr,):

where a NAPL phase exists, as described by Roberts
and Allen-King (1998), substitution of equations 5
through 9 into equation 1 and rearranging terms, the
resulting equation takes the form:

My _ xS

Mot Po

CT,i =

Mw;
O + Koeifoe Pt H; 0, +T P narL Onarr (11)

3

where MW, is the molecular weight of pure NAPL
component i, and py,p; is the molar density of the
NAPL. Assuming that the NAPL is an ideal mix-
ture, py4pp i estimated as a weighted average of
the components by calculating the density of the
NAPL mixture and then dividing by the molecu-
lar weight of the NAPL mixture such that:

2 (MW
B Z(xiMWi/Pi) B 1
PNapL = Z(xiMWi) _Z(xiMWi/Pi) (12)
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where p; is the density of each NAPL component.
Equation 11 is written for each component so that
the resulting system of mass balance equations
contains 13 equations (one for each EC group),
each with two unknowns: x;, which is different for
each EC group, and 0y,p; , which is common to all
of the equations. A unique set of solutions for x;
is obtained by solving a series of mass balance
equations simultaneously using the iterative
spreadsheet routine built in MS EXCEL™ Solver
- with the restrictions that the volume is con-
served and the sum of the mole fractions is equal
to one:

in:Z

when a NAPL phase is present, all equations are
satisfied; the volumetric oil content (Oy,p;) is
always positive. Once x; is computed with the iter-
ation technique, the soil vapor concentration
(C,,;) at source could be easily estimated with
equations 3 and 4. As Figure 1 illustrates, soil
vapor concentration is proportional to the resid-
ual level in the soil in the limit of "low" residual
levels (3-phase) where compounds are sorbed to
the soil, dissolved in the soil moisture, and pre-
sent in the soil vapor space; soil vapor concentra-
tion is independent of the residual level, but a
function of composition for "high" residual levels
(4-phase) where free-phase liquid or precipitate is
trapped in the soil interstices. When NAPL phase
is being detected (mathematically positive term)
using 4-phase partitioning model, a solution com-
puted by a 4-phase model is chosen as a true
value, otherwise a solution by a 3-phase model is

(13)
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chosen. As shown in Figure 2, the mass distribu-
tion patterns between total soil concentration and
soil vapor phase are not identical.

In the fresh gasoline contaminated soil, a
dominant portion (80%) of hydrocarbons in soil
vapor phase is found to be Aliphatic EC >5-6.

Step 2: Estimation of emissions by convection and
diffusion mechanisms: As multi-phase equilibrium
partitioning in the subsurface unsaturated zone
provides soil pore vapor concentration of each TPH
fraction, soil-gas entry into buildings is the result of
both diffusive and convective transport processes.
The model incorporates both convective and diffu-
sive mechanisms for both steady-state and quasi-
steady-state solutions, as well as building founda-
tion properties. A heuristic model (Johnson and
Ettinger, 1991) is selected and slightly modified for
the calculation of the attenuation coefficient due to
diffusive and convective transport in the model
development. The model incorporates a number of
key assumptions, including no leaching of contami-
nant to groundwater, no sinks in the building, and
well-mixed air volume within the building.
Consider a contaminant vapor source locat-
ed some distance (L;) below the floor of an
enclosed building constructed with a basement or
constructed slab-on-grade. At the top boundary
of contamination, molecular diffusion moves the
volatilized contaminant towards the soil surface
until it reaches the zone of influence of the build-
ing. Here convective air movement within the soil
column transports the vapors through cracks
between the foundation and the basement slab
floor. This convective sweep effect is induced by a
negative pressure within the structure. Under the
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Figure 1. Soil Vapor Concentration and Mass Distribution Predicted by the
Combination of 3 and 4-Phase Partitioning Models at Fresh Gasoline, f,.=0.1%
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Figure 2. Relative Distribution of Equivalent Carbon in Different
Media at Fresh Gasoline Soil TPH 300 mg/kg, f,.=0.1%

assumption that mass transfer is steady-state (infi-

nite source), the model gives the solution for the I

attenuation coefficient, o, whereas, the thickness H -H ZofB(Wfﬁ) (16)
of soil contamination is known, the finite source T°K 20°¢

solution of model can be employed such that the

time—averaged attenuation Coefficient, <a>, may where "B" for hydrocarbons was found to be

be calculated, respectively, as: "1,700". Soil vapor permeability, k,, was estimat-
D T AB X exp( Q;Zilk crack ]
Qbuilding LT D Acmck
= . p (14)
g L DY A DY A i L
exp Qc:l)tclk crack + T B + T B exp Q;,Zlclk crack -1
D Acrack Qbuilding LT Qsail LT D Acmck

ed by the mean saturated hydraulic conductivity
<a>:PbCT,i AH, AB[ L J[(ﬂ 24 ZWT)]/Z— ﬂ] (15) (Carsel and Parrish, 1988; Crum and Przybysz,
Obuitding Cai T \AH, 1998). Fine sand was selected as a default soil

type for calculation of k, value: i.e., 1x10-8 cm2.

Refer to the original paper (Johnson and Regional data were used to establish default
Ettinger, 1991) and Table 3 for more detailed cal- values for residential building size and type with
culations and input parameters. the literature (Crum and Przybysz, 1998) as shown

in Table 3. Calculation of a HI (Hazard Index) of

Step3: Determination of significant variables and ~ the non-carcinogenic air TPH contaminant 'ShOl.ﬂd
calculation of HI of TPH at indoor air: The tem- take the form w1j[h the adjustment for additive risk
perature adjustment factor was included in equi- of TPH as described by WDOE (1997):

librium partitioning and diffusion coefficient cal-

culations to account for reduced volatility of the HI - (BR)*(ABS) Z Cuitdingi
contaminant in soil. Henry’s law constant (H) of (ABW )*(UCF) RfC, a7)
EC at the average soil temperature may be esti-
mated using the simplified form of the vant’s Hoff
equation and experimental correlation done by =~ Where BR is the Breathing Rate (10 m¥d), ABS is
Staudinger et al. (1996) as: the Inhalation AbSOfptiOH Rate (10),ABW is the

i



200 PARK

Table 3. Default Values of Model Input Parameters

Parameter Symbol Units Value
Soil Parameters
Dry soil bulk density oS g/cm3 1.85E+00
Total soil porosity n dimensionless 4.21E-01
Volumetric water content in vadose zone 0, dimensionless 3.21E-01
Air-filled soil porosity 0, dimensionless 1.00E-01
Fraction organic carbon foe dimensionless 1.00E-03
Ground temperature, °K= 273+120C oK 2.85E+02
Soil Air Permeability (fine sand) k, cm? 1.00E-08
Building Envelope
Area of cracks/total area:A_,,/Ag, or Crack Ratio n dimensionless 1.00E-03
Indoor-outdoor pressure difference AP g/cm/s? 1.00E+01
Building square footage Ag cm? 1.96E+06
Building ventilation rate Quuilding cm3/s 2.04E+05
Area of cracks through which vapors can enter Arack cm?2 1.96E+03
Total length of cracks X erack cm 5.60E+03
Equivalent radius (crack width) Terack cm 3.50E-01
Building ceiling height Hp cm 2.50E+02
Ventilation exchange rate ER hr-1 1.50E+00
Thickness of foundation Lerack cm 1.50E+01
Depth of foundation (or basement) below ground Z rack cm 1.50E+01
Distance from contaminant source to foundation L; cm 1.50E+01
Initial contaminant-building floor separation LCr cm 1.50E+01
Thickness of contaminant interval AH. cm 2.00E+02
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Figure 3. Dependence of Hazard Index on Soil TPH of Different Fuel Type
at f,,=0.1%, k,=10-8 cm2, LT=100 cm, Crack Ratio=0.1%; Infinite Source
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Average Body Weight (16 kg), UCF is the Units
Conversion Factor (1,000 ug/mg), Cpigine 18 the
indoor air concentration (ug/m3).

SENSITIVITY ANALYSIS AND APPLICATION
OF MODEL

Previous study indicated that the most sensi-
tive parameters affecting long-term building con-
centration are soil organic carbon content (f,.),
distance from the source (L), soil permeability to
vapor flow (k,), and crack ratio (7). HI of indoor
air TPH was calculated as a function of different
fuel type under the identical default site condition
as shown in Figure 3.

For practical purposes, it can be concluded
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that as far as a certain distance (100 cm) between
the source and building foundation exists, the
gasoline contaminated soil vapor only could be a
significant source for indoor air TPH contami-
nant. Figure 4 presents the predicted HI values of
indoor air TPH for = 1% and 0.1%, as a func-
tion of soil vapor permeability, for L = 15 cm,
and 500 cm along the different source type and
foe- In each figure the dependence of HI on £, is
a sigmoid-shaped curve. Figure 4 illustrates the
strong dependence of HI on soil type in general.
The model predicts that HI is independent of k,
for "small" values of k, and becomes proportion-
al to k, at "mid" ranges values of k,, and becomes
independent of k, for "large" values of k, again.
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Figure 4. Dependence of Hazard Index on Soil Vapor Permeability as Predicted by the
Model at Fresh Gasoline Default Composition, Soil TPH=300 mg/kg
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Source at Fresh Gasoline Default Composition; Infinite Source
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Table 4. Sample Calculation of Indoor Air Hazard Index

203

foer o k,, cm?2 HI (see figure 5.) HI at £,=7E-10 cm? HI at f,.=0.7%,
k,=7E-10 cm?
0.1% 5.00E-09 9.90E-01
5.00E-11 2.79E-02 1.54E-01
1.0% 5.00E-09 5.82E-01 1.12E-01
5.00E-11 1.64E-02 9.07E-02
Note: All HI values are when soil fresh gasoline TPH is 500 mg/kg and L=100 cm
Table 5. Comparison of Soil TPH Gas Monitoring Data with the Predicted
Benzene Toluene m&p-Xylene
Measured Source Soil Concentration 1160 9500 930
at source at 1.5 m BGS, mg/kg
Soil Vapor Concentration Measured: 15~23 NA NA
at Source, mg/L Predicted: 29 72 2.2
Indoor Air Concentration Measured: 23 ~18 16 ~ 61 4.6 ~ 8.0
ug/m3 Predicted: 2640 6520 203

The transition between these three regimes
occurs near k, = 10-10 and 10-8 cm2. Clearly, pre-
dictions are insensitive to 7 and sensitive to the
assumption of source type in the limit of "perme-
able" soils and a large source-foundation separa-
tion (Ly). The relationship between subsurface
gasoline TPH concentration and its correspond-
ing indoor air quality HI is illustrated in Figure
5 as a function of important parameters such as
soil-vapor permeability, soil-organic carbon con-
tent, and contaminant source distance. Assuming
a proportionality between all adjacent data
points in Figure 5, it could be used for the illus-
tration of site specific soil vapor-to-indoor air
exposure risk calculation with the limited data
given as follows: Estimate HI of indoor air qual-
ity due to the fresh gasoline contaminated soil
(@ TPH 500 mg/kg) located below 100 cm from
the building foundation with f,. = 0.7% and silty
loam soil (k, = 7x10-10 cm2?). The value of HI
should be "0.11" as illustrated in Table 4. Model
predictions are compared to the experimental
case histories to assess if any agreement exists.
The field site is the former Chatterton petroleum
plant located near Delta, BC, Canada. Soil con-
tamination included mainly benzene, toluene,
and m&p-xylene distributed in laterally extensive
smear zone of residual NAPL. Hers and Zap-Gilj
(1998) monitored the hydrocarbon fate and

transport in the vadose zone, and intrusion over
one-year period. The measured soil vapor con-
centrations at the source zone are close to those
predicted by the study model assuming equilibri-
um partitioning as indicated in Table 5.
However, the model predicted that hydrocarbon
intrusion in the indoor air is almost two orders of
magnitude greater than that measured. In addi-
tion, significant bioattenuation of hydrocarbons
in soil vapor was observed over a small depth
interval below and adjacent to the building.

CONCLUSIONS

An attempt is made to predict the intrusion
rate of hydrocarbon contaminant vapors into
buildings through foundations in a general sce-
nario. Hazard Index of indoor air migrated from
petroleum-contaminated subsurface soil is com-
puted as a function of several important para-
meters under the default site conditions. For
the reliable estimation of HI of indoor air aris-
ing from the migration of petroleum-contami-
nated soil vapors, a critical procedure is to pre-
dict indoor air concentration (with acceptable
accuracy). The limited soil TPH monitoring
data and the predicted values computed by
three important mechanisms of equilibrium par-
titioning and subsequent diffusive and convec-
tive transport are quite far to be comparable.
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Thus, a better understanding of soil vapor be used to identify sites, or contaminant levels,
migration to enclosed space and its field valida- for which contaminant exposures through a
tion are needed. This approach slould be used vapor inhalation pathway may cause adverse
as a risk-assessment screening-level tool; it can  health effects.
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