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F.1 INTRODUCTION

A Tier 2 evaluation of potential migration of vapor-phase benzene, toluene, ethylbenzene,
and xylene (BTEX) transport through the vadose zone was conducted for the Del Amo Site.
A site map showing the parcels evaluated in the Baseline Risk Assessment is provided in
Figure F-1. The purpose of the evaluation was to estimate indoor air concentrations using a
site-specific vapor transport model that considers the impact of aerobic biodegradation of
BTEX on the vapor intrusion pathway. These predicted indoor air concentrations were used
as input into the risk calculations, as described in Section 4 of the Baseline Risk Assessment.

This appendix describes the approach used for Tier 2 modeling at the site, site-specific model
development, and Tier 2 evaluation results to support the Baseline Risk Assessment.

F.1.1 Approach

The Tier 2 evaluation was performed using the Dominant Layer Model (DLM) developed by
Johnson et al. (1999). The development of the methodology using the DLM for analyzing
the vapor transport from a groundwater source or shallow soil source was documented in the
Draft Vapor Transport Modeling Report (Dames & Moore, 1999).

It has been recognized that biodegradation plays an important role in the reduction of
contaminant concentrations of petroleum compounds in the vadose zone (Ostendorf and
Kampbell, 1991; Fisher et al., 1996; Fitzpatrick and Fitzgerald, 1997; Lahvis, et al., 1999;
Hers et al., 2000; DeVaull et al., 2002; Hohener, et al., 2003; DTSC, 2004). Some of these
studies compared measured and modeled indoor air concentrations while others examined
biological activity indicators (O, and CO;) compared to volatile organic compound (VOC)
concentrations. Additionally, conditional criteria for aerobic biodegradation of aromatic
hydrocarbons have been identified and a literature review of BTEX biodegradation rate
constants has been presented (DeVaull, et al., 1997). A summary of the BTEX
biodegradation rate constants reported by DeVaull, et al. (1997) is shown in Figure F-2.
Johnson et al. (1999) presented an analytical model that includes vadose zone biodegradation
in estimating the migration of VOCs to indoor air. These findings can be used to simulate
the migration of VOCs from subsurface sources to indoor air while incorporating
biodegradation mechanisms.

Site soil gas data have been reviewed to assess the significance of vadose zone
biodegradation at the site. Benzene soil vapor concentration profile data are compared to
model predictions with and without biodegradation to evaluate which modeling scenarios
provide a better match to site conditions. Additionally, comparisons of benzene soil gas
concentration data to the concentration data for a non-degradable compound (PCE) are used
to support the impact of vadose zone biodegradation on contaminant vapor migration. This
review of site data is also used to select the most appropriate input parameters for the
implementation of the DLM. Both the location of the biodegradation zone and the
biodegradation rate constant are determined by model calibration to benzene soil gas
concentration data.
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The calibrated DLM is utilized to evaluate the vapor intrusion pathway for shallow soil/soil
gas, deep soil/soil gas, and groundwater to indoor air exposure pathways for BTEX
constituents. The calibrated DLM is implemented to calculate soil gas to indoor air
attenuation factors which are used to predict indoor air concentrations for the calculation of
exposure point concentrations for the risk assessment.

F.2  SITE-SPECIFIC MODEL DEVELOPMENT

F.2.1 Model Selection

Contaminant vapor migration of BTEX was evaluated in this study using the DLM (Johnson
et al., 1999). This refined vapor intrusion model was developed in a similar manner to the
Johnson and Ettinger (1991) model (JEM), but incorporated vadose zone biodegradation.

The JEM is a one-dimensional (1-D) analytical solution that describes the relationship
between indoor air concentrations and subsurface vapor concentrations. The model considers
1-D VOC diffusion in soil vapor and soil moisture through the vadose zone, vapor
convection due to indoor-outdoor pressure difference, and mixing of the contaminants
migrating from the subsurface within the ventilated building. The model requires input of
chemical properties of the contaminant, soil properties of the unsaturated soils and structural
properties of the building. The JEM calculates a vapor intrusion attenuation factor, o

|:D;ﬁ AB :|exp( Q:j;;[ Lcrack J
o= Cind{mr _ QB LT Dcmck”AB
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where:
D = “overall” effective diffusion coefficient [cmz/s]
Deffcrack = effective diffusion coefficient through cracks in foundation [cm2/ s]
Cys = vapor concentration at the source [g/cm3]
Cindoor = 1ndoor air concentration [g/cm3 ]
Lt = distance from source to basement [cm]
Ag = cross-sectional area of foundation available for vapor flux [sz]
Qsii = volumetric flow rate of soil gas into the building [cm3/s]
Leack = thickness of the foundation [cm]
Acack = area of cracks or openings through which vapors enter building [sz]
Qs = building ventilation rate [m3/s]
n = the “crack factor” = A/ AR

The DLM is also a 1-D analytical solution describing the vapor intrusion pathway. In
addition to the transport mechanisms considered in the JEM (diffusion, convection, and
mixing due to building ventilation), vadose zone biodegradation is also considered. As
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illustrated in Figure F-3, in the DLM the vadose zone is conceptualized as a three-region, 1-
D soil column in which biodegradation is assumed to occur within a specified layer between
the source of contamination and building foundation or ground surface. The layer where
biodegradation is assumed to occur is referenced as the biodegradation zone or dominant
layer. The DLM was refined for this site-specific evaluation to permit multiple soil layers
(e.g., multiple soil properties) below the biodegradation zone and to consider vapor migration
to outdoor air. Using the DLLM, the attenuation factor is calculated by:
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and where
A = first order biodegradation rate constant [1/s];
0y = soil moisture content of dominant layer [dimensionless];
H = dimensionless Henry’s Law coefficient;
Df’ff = effective diffusion coefficient for layer i [cmZ/s]; and
L; = distance above the source for layer i [cm]
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F.2.2 Model Assumptions

Key assumptions used in this evaluation include the following:

e Significant biodegradation of aromatic hydrocarbons takes place in the vadose
zone. The biodegradation of BTEX can be modeled assuming first order kinetics.
The biodegradation zone is assumed to occur in shallow soils, near the ground
surface where adequate oxygen for aerobic biodegradation is expected. The
estimated biodegradation rate and depth of the biodegradation interval will be
determined by comparing modeled results with measured benzene concentrations.

e The analysis assumes steady-state transport conditions. The source terms are
assumed to remain constant over time. Model-predicted concentration at any
given depth is also assumed to be constant over time. No source depletion is
considered. These assumptions will yield conservative predicted indoor air
concentrations resulting from subsurface releases.

e [t was assumed that vapors originate from either a contaminated groundwater
source or a shallower source in the vadose zone. No contaminant sources above
the assumed model source depth are considered.

¢ The influences of individual source areas have not overlapped laterally so that the
sources can be considered separately by the vapor transport model (i.e., 1-D
transport).

e The calibration of the DLM was performed for benzene only; fate and transport of
ethylbenzene, toluene, and xylene in the Tier 2 analysis was evaluated assuming
the same degradation rate constant determined for benzene based on expected
similarity in their degradation mechanisms. This approach was necessary because
sufficient soil gas concentration profile data are not available for ethylbenzene,
toluene, and xylene to assess chemical-specific biodegradation rate constants.

F.2.3 Model Calibration

The DLLM was evaluated for the following three selected areas with the Del Amo Site: (1) the
Waste Pit Area, (2) the MW-20 NAPL area on the former styrene plant, and (3) the benzene
pipeline area near the corner of the former butadiene plant (see Figure F-1). At selected
boring locations within these areas, the first order degradation rate constant and
biodegradation interval were adjusted to match measured and modeled results.

No building structures existed in the sample locations selected for model calibration.
Therefore, model parameters related to building and ventilation characteristics were adjusted
to reflect the open ground-surface conditions in this area for the calibration analysis. Under
these conditions, subsurface vapor transport is controlled by diffusion.

e The vapor transport is evaluated over a 15m x 15m source area (note that the
model results are not sensitive to this parameter);
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e The air ventilation rate is set to 1.3x10* day™ (equivalent to a wind speed of 2.25
m/s over the 15m x 15m area);

¢ The indoor-outdoor pressure difference and Qsoil are assumed to be very small to
simulate the open-space conditions in the sampling areas; and

e The “foundation” crack ratio was set to 1 in the Waste Pit Area (where the soil
gas samples were taken from the open field) and the “foundation™ crack ratio was
set to 0.01 in the other two areas (where the samples were taken from soil borings
drilled through asphalt in areas surrounding building with planter boxes and green
strips).

Data used for model calibration include the measured soil gas concentrations from field gas
chromatography (GC) analysis (with detection limit of 1 ppmv) and Summa canister
confirmation samples analyzed by EPA Method TO-14 (with detection limit of less than
0.0005 ppmv). All available measurements performed at or near the same depth within a 50-
ft radius from the boring locations were selected as calibration targets.

To assist in the evaluation, the DLM and JEM results are compared to soil gas profile data
collected at 12 locations across the site. The JEM analysis does not consider biodegradation
and can be used to assess the significance of biodegradation.

F.2.3.1 The Waste Pit Area

The Waste Pit Area, located on the southern boundary of the site, includes six small
rectangular pits designated as the 2-series pits and four large rectangular impoundments or
evaporation known as the 1-series pits (Figure F-1)

Vapor migration modeling results are presented for four boring locations evaluated for the
Waste Pit Area: CPT-7 and CPT-8 located near the 1-series pits and CPT-15 and CPT-16
located near the 2-series pits. The details of sampling data including depth, soil vapor
concentrations, and distance to the modeled point are provided in Dames & Moore, 1999).
The modeling input parameters for the Waste Pit Area are summarized in Table F-1. The
model calculations and comparison with measured concentrations are shown in Figures F-4
through F-7.

These figures indicate a reasonable match of measured and modeled concentration data can
be obtained assuming a biodegradation zone from 1 — 10 ft bgs and a first order
biodegradation constant of 0.25 — 0.5 day'. Review of the vapor transport analysis
conducted for the Waste Pit Area clearly demonstrates that the JEM, which does not consider
biodegradation, does not match the observed soil gas concentration profiles. Rather, the
DLM, which incorporates biodegradation, results in an improved match with the observed
soil gas concentrations. This indicates that biodegradation is occurring in the Waste Pit Area
and that this mechanism can be simulated using the DLM.
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F.2.3.2 The MW-20 NAPL Area

The MW-20 NAPL area for which Tier 2 modeling was completed is located at parcel 7351-
34-57, along the western portion of the former styrene plant (Figure F-1). Benzene light
non-aqueous phase liquid (LNAPL) was detected in monitoring well MW-20 and nearby
monitoring wells within this area.

Vapor fate and transport modeling are presented for four boring locations in this area:
SGL0028, SGL0033, SGL0035, and SGL0O044. The source of subsurface vapor impacts at
the locations modeled was assumed to be from contaminated groundwater. The benzene
source vapor concentrations, based on measured vapor concentrations in samples collected
immediately above the capillary fringe, varied from 10,100 ppmv at SGL0033 to 25,900
ppmv at SGL0044.

In this area, soil gas concentration data for model calibration were available immediately
above the capillary fringe (~50 — 60 ft bgs) and shallower than 10 ft bgs. No soil gas data at
intermediate depths were collected. The details of the sampling data are provided in Dames
& Moore, 1999. The modeling input parameters for the MW-20 NAPL Area are summarized
in Table F-2. The model calculations and comparison with measured concentrations are
shown in Figures F-8 through F-11.

These figures indicate a reasonable match of measured and modeled concentration data can
be obtained assuming a biodegradation zone from 1 — 6 ft bgs and a first order
biodegradation constant of 0.048 — 0.1 day”'. Review of the vapor transport analysis
conducted for the MW-20 NAPL Area also demonstrates that the JEM does not match the
observed soil gas concentration profiles, while the DLM results in an improved match with
the observed soil gas concentrations. This indicates that biodegradation is occurring in the
MW-20 NAPL Area and that this mechanism can be simulated using the DLM.

F.2.3.3 The Benzene Pipeline Area in the Southeastern Former Butadiene
Plant Area

This area refers to the area comprising parcels 7351-33-22, -27, and -26, and the surrounding
area located in the southern portion of the former butadiene plant (Figure F-1). This area is
also in proximity to a former underground hydrocarbon product pipeline which served the
plant site. Groundwater sampling indicates that LNAPL is likely present in the area (Dames
& Moore, 1998a). In addition, results of field investigations indicate hydrocarbon
contamination and detection of benzene vapor in shallow soils within this area (Dames &
Moore, 1998b).

Vapor fate and transport modeling are presented for four boring locations in this area: SG-
01, SG-02, SG-04, and SG-022. Soil vapor concentrations were measured at two depths for
each of these locations; 5 ft and 13 ft bgs. The modeling input parameters for this area are
summarized in Table F-3. The model calculations and comparison with measured
concentrations are shown in Figures F-12 through F-15.
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These figures indicate a reasonable match of measured and modeled concentration data can
be obtained assuming a biodegradation zone from 1 — 10 ft bgs and a first order
biodegradation constant of 0.2 — 0.6 day'l. Review of the vapor transport analysis conducted
for the Benzene Pipeline Area also demonstrates that the JEM does not match the observed
soil gas concentration profiles, while the DLM results in an improved match with the
observed soil gas concentrations. This indicates that biodegradation is occurring in the
Benzene Pipeline Area and that this mechanism can be simulated using the DLM.

F.2.3.4 Model Calibration Summary

The DLM provides a technically defensible approach to modeling the vapor migration
pathway for BTEX at the Del Amo site. The methodology used in this model calibration
follows the approach previously documented to evaluate vadose zone biodegradation for the
Del Amo Site (Dames & Moore, 1999). The only update from the earlier modeling approach
is that the current model application assumes the biodegradation zone is present in the upper-
most portion of the vadose zone. Table F-4 summarizes the range of biodegradation
parameters (first order biodegradation rate constant and interval of the biodegradation zone)
used in the calibration of the model. Also, a comparison of estimated biodegradation rate
constants to other literature reported values is illustrated in Figure F-16. The estimated
degradation rate constants determined in this evaluation are lower (i.e., more conservative)
than the range of values reported by others. This may be a result of the cautious approach
was used to estimate degradation rate constants in this evaluation and/or limitations to
oxygen transport to the subsurface leading to anaerobic conditions and a lower degradation
rate.

F.2.4 Comparison of Vapor Migration of Biodegradable and Recalcitrant
Contaminants

To further support the use of the DLM for the BTEX vapor migration modeling to be
included in the risk assessment, a comparison between the measured and modeled
concentration profiles for biodegradable and recalcitrant constituents was conducted. The
objective of this comparison is to evaluate the applicability of the two tiers of modeling for
the Del Amo site.

Since the JEM does not consider the biodegradation of constituents in the vadose zone, the
JEM predictions should simulate the measured concentrations for recalcitrant compounds
such as the chlorinated VOCs. However, if biodegradation is occurring, measured
concentrations of degradable compounds such as BTEX are expected to be lower than the
JEM predictions. Conversely, the DLM, which includes vadose zone degradation, will
simulate the measured BTEX concentrations and under-predict the concentrations for the
chlorinated VOCs.

F.2.4.1 Locations of Potential Soil Gas Profile Data

The evaluation of the vapor migration models requires biodegradable and recalcitrant soil gas
results at (or near) one location from multiple depths. These data will be used to determine
measured soil gas profiles that will be compared with modeled estimates. Benzene was
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analyzed in all of the samples reviewed and will be used to characterize the biodegradable
compounds. For the recalcitrant compounds, the trichloroethene (TCE) and
tetrachloroethene (PCE) results were reviewed. Note that these constituents were analyzed
less frequently than benzene at this site.

To determine potential locations with sufficient soil gas concentration data for the evaluation
of the vapor migration models, all site data were reviewed to identify both the locations
where soil gas samples were collected at multiple depths and where analyses for TCE and/or
PCE were conducted. Figure F-17 summarizes the locations and depths for soil gas samples
collected at the Del Amo site for TCE and/or PCE analysis. This figure illustrates that
samples collected in the Waste Pit Area and MW-20 NAPL Area on the former styrene plant
are potential locations for the vapor migration modeling analysis. Eight clusters of sample
points (nearby sample points at multiple depths) for potential evaluation were identified and
are shown on Figure F-18.

F.2.4.2 Selection of Clusters for Evaluation

The analytical results for benzene, TCE and PCE for the clusters identified for potential
evaluation are summarized in Table F-5. Note that limited data is available for TCE at the
site. TCE was detected at 2 or more depths only in Clusters SGL0033 and SGL0034. Also,
TCE was not analyzed in any of the samples collected in the Waste Pit Area (Clusters CPT-7,
CPT-15, and CPT-16). Consequently, this vapor migration evaluation focuses on benzene
and PCE.

The data in Table F-§ indicates that there is limited PCE data available for the vapor
migration evaluation. PCE was not detected in any of the samples in Clusters SGL0034 or
CPT-16 and was only detected in one sample in Cluster SGL0035. Additionally, PCE was
not detected in the groundwater monitoring point closest to SGL0028 and SGLO0033.
Consequently, these clusters are not considered for the vapor migration evaluation. The soil
gas data from the three remaining clusters (SGL0044, CPT-7, and CPT-15) are compared
with the JEM and DLM models.

F.2.4.3 Modeling and Data Evaluation

Vapor concentrations profiles for the locations identified in the previous section were
calculated for no vadose zone biodegradation (JEM) and vadose zone biodegradation (DLM)
scenarios. At each cluster, the only difference between the JEM and DLM input parameters
is the characterization of the biodegradation zone of the DLM. All other input parameters
(i.e., vadose zone soil characterization parameters) are identical in both models. The source
concentration for the vapor migration modeling was estimated from measured groundwater
concentrations. At each of the clusters, the source concentrations for benzene and PCE differ
by orders of magnitude. Consequently, the reported soil gas concentrations have been
normalized by the source concentration.

Figures F-19 through F-21 show the results for the JEM and DLM models as well as the
normalized concentrations for the measured benzene and PCE in soil gas for the selected
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clusters. In these figures, the calibrated model results and benzene concentrations are the
same as those reported earlier in Section 2.3. The source concentrations and inputs to
characterize the biodegradation zone for the DLM are also shown on these figures. Although
there is limited data available to compare measured and modeled soil gas concentration
profiles, these figures do illustrate that the benzene concentrations are more accurately
represented by the DLM and the PCE concentrations are better represented by the JEM. The
concentration profiles for the biodegradable compound examined (benzene) are clearly
different from the profiles for the recalcitrant compound (PCE). This supports the proposed
two-tiered modeling approach for calculating risks attributable to BTEX due to the vapor
intrusion pathway at the Del Amo site.

F.3 TIER 2 EVALUATION TO SUPPORT RISK ASSESSMENT

F.3.1 Attenuation Factors

Using the calibrated model as discussed in the previous section, a Tier 2 evaluation was
conducted. Tier 2 vapor intrusion attenuation factors for BTEX were calculated for shallow
soil/soil gas sources, deep soil/soil gas sources, and groundwater sources. Printouts of
example spreadsheet calculations are provided in Attachment F-1. Both commercial and
residential scenarios were considered. These attenuation factors are then multiplied by the
soil gas concentration to calculate the indoor air concentration for each source considered.
Conservative biodegradation parameters were used in the Tier 2 Evaluation. The minimum
first order degradation rate constant determined from the calibration evaluation, 0.048 day'l,
and the smaller biodegradation zone (from 1 to 6 ft bgs) was used in the Tier 2 calculations
for all parcels considered. No attempt was made to use different degradation parameters for
different parcels. Key input parameters for the Tier 2 analysis are summarized in Table F-6.

Table F-7 lists the calculated Tier 2 attenuation factors for BTEX to be used in the risk
assessment. For comparison, the Tier 1 attenuation factors are also shown.

F.3.2 Exposure Point Concentrations

For the soil/soil gas concentrations, a Tier 2 vapor analysis was conducted for parcels with a
calculated Tier 1 cumulative risk greater than 1x10°. For each of these parcels, the indoor
air EPC for the Tier 2 evaluation was calculated by multiplying the representative soil gas
concentration by the Tier 2 attenuation factor. Tables F-8 and F-9 summarize the Tier 2
indoor air EPCs. Risks are then calculated from these indoor air EPCs as described in
Section 6 of the risk assessment.

For the groundwater sources, a Tier 2 evaluation was conducted only for parcels with limited
shallow soil gas measurements. If sufficient shallow soil gas measurements are available for
a parcel, there is less uncertainty in the risk estimates for the vapor intrusion pathway from
the soil gas concentrations than from the deeper groundwater concentrations. The available
soil gas data for each Parcel was reviewed to determine whether sufficient soil gas data was
available to justify using predicted indoor air concentrations from soil vapor data over those
from groundwater concentrations. The number of soil vapor samples, the distribution of the
soil vapor sample locations, and the historical use of the parcel were considered in the
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evaluation. Table F-10 summarizes the number of soil vapor samples and the determination
of the soil vapor data adequacy for each parcel. Following this evaluation, 13 parcels were
selected to evaluate the groundwater to indoor air pathway.

The Tier 2 attenuation factors were utilized to calculate predicted indoor air concentrations
due to vapor intrusion from groundwater for the parcels identified above. Calculations were
made for both the commercial and residential scenarios. The calculated indoor air
concentration is the product of the estimated groundwater concentration, the Henry's Law
Coefficient, and the Tier 2 attenuation factor. The predicted Tier 2 indoor air EPCs are
shown in Table F-11. Risks are then calculated from these indoor air EPCs as described in
Section 6 of the risk assessment.
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TABLE F-1

Input Parameters for Modeled Locations in the Waste Pit Area

Parameter Value Units Reference
CAS No. 71432
Chemical Name Benzene Selected
Chemical Properties
Dair 8.80E-02[cm?/s USEPA, 2003
7.60E-01|{m?/d Calculated
Dwater 9.80E-06|cm?/s USEPA, 2003
8.47E-05|m?/d Calculated
Hi 2.28E-01(- USEPA, 2003
MW 7.81E+01|g/mol
Ambient Air Calculation Parameters
W 15[m Estimated
Bamb 2|m ASTM, 1995
) 2.25|m/s ASTM, 1995
194400|m/d Calculated
Building Parameters
AB 225|m? Assume 15 m x 15 m source area
n 1{- Open Field
ER 1.30E+04|1/d Equivalent to 2.25 m/s wind over 15 m x 15 m area
Lb 3[m Estimated for commercial building, not critical for calibration
Qb 8.75E+06|m*/d Calculated
Lcrk 0.15|m Estimated for commercial building, not critical for calibration
Dcrk 0.1{m?d Estimated for commercial building, not critical for calibration
Constant Soil Parameters
Estimated for no scenario with no building. Assumes limited
Qsoil 1.00E-10|m°/s convection at surface
Qsoil 8.64E-06|m°/d Calculated
Dimensionless Groups
QsLcrk/DerkAcrk 5.76E-08|- Calculated
Qs/Qb 9.88E-13|- Calculated

USEPA, 2003. User's Guide for the Johnson and Ettinger (1991) Model for Subsurface Vapor Intrusion into
Buildings, USEPA Office of Emergency and Remedial Response.
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Soil Properties

Input Parameters for Modeled Locations in the Waste Pit Area

CPT-7

Soil Moisture

Depth bgs (ft) Porosity Content
0-15 0.396 0.211
15-20 0.376 0.249
20-25 0.457 0.383
25-30 0.386 0.269
30-35 0.465 0.315
35-40 0.452 0.353
45-47 0.413 0.361
CPT-8 . Soil Moisture

Porosity

Depth bgs (ft) Content
0-10 0.396 0.211
10-15 0.383 0.178
15-20 0.376 0.249
20-25 0.457 0.383
25-30 0.386 0.269
30-35 0.465 0.315
35-40 0.452 0.353
40-45 0.429 0.283
CPT-15 . Soil Moisture

Porosity

Depth bgs (ft) Content
0-10 0.491 0.197
10-15 0.437 0.199
15-20 0.422 0.358
20-25 0.370 0.314
25-30 0.372 0.270
30-35 0.433 0.413
35-40 0.434 0.122
40-43 0.458 0.070
43-48 0.550 0.490
48-52 0.522 0.145
52-53 0.437 0.133
CPT-16 . Soil Moisture

Porosity

Depth bgs (ft) Content
0-10 0.491 0.293
10-15 0.437 0.199
15-20 0.442 0.358
20-25 0.370 0.314
25-30 0.372 0.270
30-35 0.433 0.413
35-40 0.434 0.122
40-43 0.458 0.070
43-48 0.550 0.490
48-52 0.522 0.145
52-53 0.437 0.133

Dames & Moore, 1999. Vapor Transport Modeling Report, Del Amo Study Area

TABLE F-1
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Table F-2

Input Parameters for Modeled Locations in the MW-20 NAPL Area

Parameter Value Units Reference
CAS No. 71432
Chemical Name [Benzene Selected
Chemical Properties
Dair 8.80E-02[{cm2/s USEPA, 2003
7.60E-01{m"2/d Calculated
Dwater 9.80E-06{cm2/s USEPA, 2003
8.47E-05{m"2/d Calculated
Hi 2.28E-01{- USEPA, 2003
MW 7.81E+01|g/mol
Ambient Air Calculation Parameters
W 15|m Estimated
Bamb 2|m ASTM, 1995
U 2.25|mls ASTM, 1995
194400|m/d Calculated
Building Parameters
AB 225|m"2 Assume 15 m x 15 m source area
n 0.01]- Assumed for asphalt cover
ER 1.30E+04|1/d Equivalent to 2.25 m/s wind over 15 m x 15 m area
Lb 3|lm Estimated for commercial building, not critical for calibration
Qb 8.75E+06|m"3/d Calculated
Lerk 0.15|m Estimated for commercial building, not critical for calibration
Dcrk 0.1\m"2/d Estimated for commercial building, not critical for calibration
Constant Soil Parameters
Estimated for no scenario with no building. Assumes limited
Qsoil 1.00E-10{m"3/s convection at surface
Qsoil 8.64E-06|m”3/d Calculated
Dimensionless Groups
QsLcrk/DerkAcrk 5.76E-06]- Calculated
Qs/Qb 9.88E-13|- Calculated

USEPA, 2003. User's Guide for the Johnson and Ettinger (1991) Model for Subsurface Vapor Intrusion into
Buildings, USEPA Office of Emergency and Remedial Response.
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Soil Properties

Input Parameters for Modeled Locations in the MW-20 NAPL Area

SGL0028

Soil Moisture

Depth bgs (ft) Porosity Content
0-15 0.448 0.380
15-30 0.500 0.300
30-40 0.425 0.399
40-44 0.459 0.404
44-54 0.474 0.410
54-55 0.455 0.381
55-60 0.474 0.368
SGL0033 Porosity Soil Moisture

Depth bgs (ft) Content
0-15 0.448 0.380
15-30 0.500 0.300
30-40 0.425 0.399
40-44 0.459 0.404
44-54 0.474 0.410
54-55 0.455 0.381
55-60 0.474 0.368
SGL0035 Porosity Soil Moisture

Depth bgs (ft) Content
0-15 0.448 0.380
15-30 0.500 0.300
30-40 0.425 0.399
40-44 0.459 0.404
44-49 0.474 0.410
SGL0044 Porosity Soil Moisture

Depth bgs (ft) Content
0-15 0.448 0.380
15-30 0.500 0.300
30-40 0.425 0.399
40-44 0.459 0.404
44-54 0.474 0.410
54-55 0.455 0.381
55-60 0.474 0.368

Dames & Moore, 1999. Vapor Transport Modeling Report, Del Amo Study Area

Table F-2
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Table F-3

Input Parameters for Modeled Locations in the Benzene Pipeline Area

Parameter Value Units Reference
CAS No. 71432
Chemical Name [Benzene Selected
Chemical Properties
Dair 8.80E-02{cm2/s USEPA, 2003
7.60E-01{m"2/d Calculated
Dwater 9.80E-06{cm2/s USEPA, 2003
8.47E-05[m"2/d Calculated
Hi 2.28E-01{- USEPA, 2003
MW 7.81E+01|g/mol
Ambient Air Calculation Parameters
W 15|m Estimated
Bamb 2|m ASTM, 1995
U 2.25|mls ASTM, 1995
194400|m/d Calculated
Building Parameters
AB 225|m"2 Assume 15 m x 15 m source area
n 0.01]- Assumed for asphalt cover
ER 1.30E+04|1/d Equivalent to 2.25 m/s wind over 15 m x 15 m area
Lb 3|lm Estimated for commercial building, not critical for calibration
Qb 8.75E+06|m"3/d Calculated
Lerk 0.15|m Estimated for commercial building, not critical for calibration
Dcrk 0.1\m"2/d Estimated for commercial building, not critical for calibration
Constant Soil Parameters
Estimated for no scenario with no building. Assumes limited
Qsoil 1.00E-10{m"3/s convection at surface
Qsoil 8.64E-06|m”3/d Calculated
Dimensionless Groups
QsLcrk/DerkAcrk 5.76E-06]- Calculated
Qs/Qb 9.88E-13|- Calculated

USEPA, 2003. User's Guide for the Johnson and Ettinger (1991) Model for Subsurface Vapor Intrusion into
Buildings, USEPA Office of Emergency and Remedial Response.
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Soil Properties

Table F-3

Input Parameters for Modeled Locations in the Benzene Pipeline Area

SG-01

Soil Moisture

Porosit
Depth bgs (ft) Y Content
0-13 0.362 0.164
SG-02 . Soil Moisture
Porosity
Depth bgs (ft) Content
0-13 0.362 0.164
SG-04 . Soil Moisture
Porosity
Depth bgs (ft) Content
0-13 0.362 0.164
SG-022 . Soil Moisture
Porosity
Depth bgs (ft) Content
0-13 0.362 0.164

Dames & Moore, 1999

Dames & Moore, 1999

Dames & Moore, 1999

Dames & Moore, 1999

Dames & Moore, 1999. Vapor Transport Modeling Report, Del Amo Study Area
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Table F-4

Summary of Dominant Layer Model Biodegradation Parameters

Deg Rate Dominant
Area Boring ID Constant Layer Interval

(1/day) (ft)

Waste Pit Area CPT-7 0.25 1-10
CPT-8 0.5 1-10

CPT-15 0.5 1-10

CPT-16 0.5 1-10

MW-20 Area SGL0028 0.05 1-6
SGL0033 0.048 1-6

SGL0035 0.05 1-6

SGL0044 0.1 1-6

Benzene P/L Area SG-01 0.59 1-8
SG-02 0.59 1-8

SG-04 0.29 1-8

SG-22 0.17 1-4

Bio_Rate_Summary_rev.XLS



Table F-5
Benzene, PCE and TCE Soil Gas Data Summary for Vapor Transport Modeling

Sample Depth Benzene PCE TCE
Cluster ID Sample ID (ft) (ppmV) (PpmV) (ppmV)
SGL0028 SGL0046 3.00 <0.3 0.119 <0.06
SGL0046 6.00 <0.3 <0.06 <0.06
SGL0133 8.00 <0.012 0.25 <0.01
SGL0132 10.00 0.019 <0.0120 <0.0120
SGL0134 10.00 <0.0300 <0.0120 <0.0120
SGL0028 59.00 12700 <0.6 0.086
SGL0033 SGL0040 1.00 <0.3 15.50 0.022
SGL0041 2.00 <0.3 <0.06 <0.06
SGL0040 3.00 <0.3 10.30 0.110
SGL0041 5.00 <0.3 <0.06 <0.06
SGL0042 5.00 <0.3 <0.06 <0.06
SGL0040 6.00 3.19 2.86 0.026
SGL0033 59.00 10100 <0.06 0.058
SGL0034 SGL0036 3.00 150 <0.0600 <0.06
SGL0036 6.00 2120 <0.06 0.015
SGL0242 6.00 2.3 <0.300 <0.250
SGL0048 10.00 480 <0.005 <0.005
SGL0048 9.80 0.016 <0.06 0.015
SGL0125 10.00 <0.0300 <0.0120 <0.0120
SGL0034 59.00 15600 <0.06 <0.06
SGL0035 SGL0013 6.00 0.037 0.012 <0.005
SGL0087 6.00 <0.300 <0.0600 <0.0600
SGL0035 48.00 15300 <0.06 0.017
SGL0044 SGL0053 10.00 <0.3 2.54 <0.06
SGL0054 10.00 23.2 0.305 <0.0600
SGL0056 10.00 31.0 2.64 <0.0600
SGL0057 10.00 5.60 0.162 <0.0600
SGL0058 10.00 <0.3 0.165 <0.06
SGL0060 10.00 <0.3 <0.06 <0.06
SGL0125 10.00 <0.0300 <0.0120 <0.0120
SGL0126 10.00 0.027 <0.0120 <0.0120
SGL0044 57.00 25900 <0.06 <0.06
CPT-7 SGL0836 6.00 <0.10 NA NA
SGL0849 6.50 0.028 0.0014 NA
SGL0835 7.00 <0.00043 0.001 NA
SGL0837 7.00 <0.10 NA NA
SGL0837 12.00 <0.10 NA NA
SGL0849 13.00 0.0067 0.014 NA
SGL0836 14.00 <0.10 NA NA
SGL0835 14.00 0.0036 0.0023 NA

PCE & B vapor modeling data_rev.xls



Table F-5
Benzene, PCE and TCE Soil Gas Data Summary for Vapor Transport Modeling

Sample Depth Benzene PCE TCE
Cluster ID Sample ID (ft) (ppmV) (PpmV) (ppmV)

CPT-15 SGL0822 7.00 <0.00042 0.00075 NA
SGL0823 7.00 <0.10 NA NA

SGL0824 7.00 <0.10 NA NA

SGL0825 7.00 0.01 0.00035 NA

SGL0842 7.00 <0.00042 <0.00042 NA

SGL0843 7.00 <0.00044 0.0009 NA

SGL0823 12.00 <0.10 NA NA

SGL0844 12.80 0.0092 0.0017 NA

SGL0822 14.00 0.0035 0.00065 NA

SGL0824 14.00 <0.10 NA NA

SGL0825 14.00 <0.10 NA NA

CPT-16 SGL0841 6.00 0.00063 <0.00045 NA
SGL0816 7.00 0.0005 <0.00039 NA

SGL0817 7.00 <0.10 NA NA

SGL0818 7.00 <0.10 NA NA

SGL0819 7.00 0.00041 <0.00041 NA

SGL0840 7.00 0.0026 <0.00042 NA

SGL0816 14.00 <0.10 NA NA

SGL0817 11.50 <0.00041 <0.00041 NA

SGL0818 14.00 <0.10 NA NA

SGL0819 14.00 <0.10 NA NA

NA - Not Analyzed
Shaded values are not detected

Bolded values are detected

PCE & B vapor modeling data_rev.xls



Table F-6

Tier 2 Model Input Parameters

Model Input Parameter Value Used Rationale
Soil Properties
Average Soil / Groundwater Temperature (Ts), °C 18 Area-Specific Value
Depth below grade to bottom of enclosed space floor (L (), cm 15 Slab construction
Depth below grade to top of shallow contamination (Lt), cm 228 Shallow, assumes infinite source impacts start at 7.5 ft bgs
Depth below grade to top of deep contamination (Lt), cm 914 Deep, assumes infinite source impacts start at 30 ft bgs
Depth below grade to bottom of contamination (Lb), cm 0 Assume infinite source
Depth below grade to water table (Lwt), cm 1435 Site-Specific, 47 feet bgs
Thickness of soil stratum A (h,), cm 458 Site-Specific Value, 15 feet bgs
Thickness of soil stratum B (hg), cm 458 Site-Specific Value, 15-30 feet bgs
Thickness of sail stratum C (h¢), cm 519 Site-Specific Value, 30-47 feet bgs
Soil stratum A SCS soil type SCL Site-Specific based on boring logs
Soil stratum directly above water table C Site-Specific based on boring logs
SCS soil type directly above water table SL Sandy-Loam based on USCS soil classification for Stratum C
Stratum A soil dry bulk density, gm/cm® 1.6317 Geomean, Site-Specific Value based on soil physical property testing - 0 to 458 cm bgs
Stratum A soil total porosity, unitless 0.3794 Geomean, Site-Specific Value based on soil physical property testing - 0 to 458 cm bgs
Stratum A soil water-filled porosity, cm®cm?® 0.2526 Geomean, Site-Specific Value based on soil physical property testing - 0 to 458 cm bgs
Startum A soil organic carbon fraction (f,"), unitless 0.006 Default Assumption
Stratum B soil dry bulk density, gm/cm® 1.5388 Geomean, Site-Specific Value based on soil physical property testing - >458 to 916 cm bgs
Stratum B soil total porosity, unitless 0.4136 Geomean, Site-Specific Value based on soil physical property testing - >458 to 916 cm bgs
Stratum B soil water-filled porosity, cm®cm?® 0.1760 Geomean, Site-Specific Value based on soil physical property testing - >458 to 916 cm bgs
Stratum B soil organic carbon fraction (f,,.%), unitless 0.006 Default Assumption
Stratum C soil dry bulk density, gm/cm? 1.5614 Geomean, Site-Specific Value based on soil physical property testing - >916 to 1435 cm bgs
Stratum C soil total porosity, unitless 0.3995 Geomean, Site-Specific Value based on soil physical property testing - >916 to 1435 cm bgs
Stratum C soil water-filled porosity, cm®/cm?® 0.2193 Geomean, Site-Specific Value based on soil physical property testing - >916 to 1435 cm bgs
Stratum C soil organic carbon fraction (f,.°), unitless 0.006 Default Assumption
Biodegradation Properties
First order degradation rate constant, day'1 0.048 Site-specific value, based on minimum of calibration evaluation
Top of biodegradation zone, cm 30.5 Site-specific value, assumed 1 ft bgs
Bottom of biodegradation zone, cm 183 Site-specific value, based on minimum of calibration evaluation
Residential Building Parameters
Enclosed space floor thickness (L ¢rack), €M 10 Default assumption
Soil-building pressure differential, g/cm-sec? 40 Default assumption
Enclosed space floor length (Lg), cm 1000 Default residential building dimension
Enclosed space floor width (Wg), cm 1000 Default residential building dimension
Enclosed space height (Hg), cm 244 Default residential building dimension for slab-on-grade, 8 feet
Floor-wall seam crack width (w), cm 0.1 Default assumption
Indoor air exchange rate (ER), hour® 0.5 50th percentile from a comprehensive US study (USPEA 2003)
Average vapor flow rate into building (Qsoil), L/'m 5 Default residential assumption
Commercial Building Parameters
Enclosed space floor thickness (L ¢rack), €M 10 Default assumption
Soil-building pressure differential, g/cm-sec ? 40 Default assumption
Enclosed space floor length (Lg), cm 5400 Assume commercial building length ~ 180 feet
Enclosed space floor width (Wg), cm 3000 Site-specific commercial building width ~ 98 feet
Enclosed space height (Hg), cm 305 Assume commercial building ceiling height = 10 feet
Floor-wall seam crack width (w), cm 0.1 Default assumption
Indoor air exchange rate (ER), hour™ 0.9 0.15 cfm/ft? (California Energy Commission, 2001)
Average vapor flow rate into building (Qsoil), L/m 80 Calculated based on site-specific building dimensions
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Tier 2 Modeling Attenuation Factors

Tier 2 Modeling Summary

Table F-7

Compound Scenario a o
JEM DLM FRF
Benzene Commercial Deep 1.53E-05 4.04E-08 3.79E+02
Commercial Shallow 3.76E-05 4.82E-07 7.80E+01
Commercial Groundwater 1.02E-05 1.79E-08 5.70E+02
Residential Deep 3.43E-05 8.82E-08 3.88E+02
Residential Shallow 8.42E-05 1.06E-06 7.95E+01
Residential Groundwater 2.30E-05 4.04E-08 5.68E+02
Toluene Commercial Deep 1.50E-05 5.96E-08 2.52E+02
Commercial Shallow 3.69E-05 6.57E-07 5.63E+01
Residential Deep 3.38E-05 1.34E-07 2.52E+02
Residential Shallow 8.31E-05 1.48E-06 5.62E+01
Ethylbenzene Commercial Deep 1.30E-05 4.95E-08 2.62E+02
Commercial Shallow 3.20E-05 5.52E-07 5.80E+01
Residential Deep 2.92E-05 1.10E-07 2.65E+02
Residential Shallow 7.19E-05 1.23E-06 5.85E+01
Xylene Commercial Deep 1.33E-05 4.95E-08 2.69E+02
Commercial Shallow 3.28E-05 5.53E-07 5.92E+01
Residential Deep 3.00E-05 1.11E-07 2.69E+02
Residential Shallow 7.38E-05 1.25E-06 5.92E+01

a JEM = Attenuation factor calculated using Johnson and Ettinger (1991) model

a DLM = Attenuation factor calculated using Dominant Layer Model (Johnson et al., 1999)

FRF = Flux Reduction Factor: Reduction in estimated flux using Tier 2 analysis

Tier2_Atten_Factors.xls



Baseline Risk Assessment

TABLE F-8
TIER 2 INDOOR AIR EPCs
SHALLOW SOIL/SOIL GAS

Del Amo Site
Residential Scenario Commercial Scenario
Analyte Max Soil Converted . Resident UCL95 Soil | Converted Worker
EPC SG* Resident IA EPC EPC SG* Worker IA EPC
a Alpha 3 a Alpha 3
mg/kg ug/m mg/m mg/kg ug/m mg/m

Parcel: 7351-33-17; EAPC No. 5
Benzene 5.9 2.60E+06 1.06E-06 2.75E-03 0.728 3.20E+05 4.82E-07 1.54E-04
Ethylbenzene 17 2.29E+06 1.23E-06 2.81E-03 0.899 1.21E+05 5.52E-07 6.67E-05
Toluene 18 3.81E+06 1.48E-06 5.64E-03 0.931 1.97E+05 6.57E-07 1.29E-04
Xylenes (Total) 22 2.56E+06 1.25E-06 3.20E-03 10.1 1.18E+06 5.53E-07 6.50E-04
Parcel: 7351-33-22; EAPC No. 6
Benzene 29.5 1.30E+07 1.06E-06 1.38E-02 3.29 1.45E+06 4.82E-07 6.98E-04
Parcel: 7351-33-24; EAPC No. 7
Benzene 2.7 1.19E+06 1.06E-06 1.26E-03 0.44 1.94E+05 4.82E-07 9.33E-05
Ethylbenzene 55 7.40E+06 1.23E-06 9.10E-03 10.6 1.43E+06 5.52E-07 7.87E-04
Xylenes (Total) 72 8.38E+06 1.25E-06 1.05E-02 32.7 3.81E+06 5.53E-07 2.10E-03
Parcel: 7351-33-26; EAPC No. 8
Benzene 0.89 3.92E+05 1.06E-06 4.15E-04 0.248 1.09E+05 4.82E-07 5.26E-05
Xylenes (Total) 0.38 4.42E+04 1.25E-06 5.53E-05 0.262 3.05E+04 5.53E-07 1.69E-05
Parcel: 7351-33-27; EAPC No. 9
Benzene 4 1.76E+06 1.06E-06 1.87E-03 1.26 5.54E+05 4.82E-07 2.67E-04
Xylenes (Total) 0.025 2.91E+03 1.25E-06 3.64E-06 0.0149 1.73E+03 5.53E-07 9.59E-07
Parcel: 7351-33-34; EAPC No. 11
Benzene 14.2 6.25E+06 1.06E-06 6.62E-03 6.26 2.75E+06 4.82E-07 1.33E-03
Toluene 0.102 2.16E+04 1.48E-06 3.19E-05 0.0427 9.04E+03 6.57E-07 5.94E-06
Parcel: 7351-33-900; EAPC No. 15
Benzene 35 1.54E+06 1.06E-06 1.63E-03 35 1.54E+06 4.82E-07 7.42E-04
Ethylbenzene 0.008 1.08E+03 1.23E-06 1.32E-06 0.008 1.08E+03 5.52E-07 5.94E-07
Toluene 0.004 8.47E+02 1.48E-06 1.25E-06 0.004 8.47E+02 6.57E-07 5.56E-07
Parcel: 7351-34-15,-50,-56; EAPC No. 16
Benzene 200 8.80E+07 1.06E-06 9.33E-02 11.2 4.93E+06 4.82E-07 2.38E-03
Ethylbenzene 12000 1.61E+09 1.23E-06 1.98E+00 703 9.45E+07 5.52E-07 5.22E-02
Toluene 200 4.23E+07 1.48E-06 6.26E-02 11.2 2.37E+06 6.57E-07 1.56E-03
Xylenes (Total) 200 2.33E+07 1.25E-06 2.91E-02 32.4 3.77E+06 5.53E-07 2.08E-03
Parcel: 7351-34-39; EAPC No. 17
Benzene 1.52 6.69E+05 1.06E-06 7.09E-04 0.532 2.34E+05 4.82E-07 1.13E-04
Ethylbenzene 20 2.69E+06 1.23E-06 3.31E-03 6.93 9.32E+05 5.52E-07 5.14E-04
Toluene 1.05 2.22E+05 1.48E-06 3.29E-04 0.368 7.79E+04 6.57E-07 5.12E-05
Xylenes (Total) 1.6 1.86E+05 1.25E-06 2.33E-04 1.6 1.86E+05 5.53E-07 1.03E-04
Parcel: 7351-34-41; EAPC No. 18
Benzene 0.0522 2.30E+04 1.06E-06 2.43E-05 0.0172 7.57E+03 4.82E-07 3.65E-06
Ethylbenzene 1.04 1.40E+05 1.23E-06 1.72E-04 0.339 4.56E+04 5.52E-07 2.52E-05
Toluene 0.165 3.49E+04 1.48E-06 5.17E-05 0.0538 1.14E+04 6.57E-07 7.48E-06
Xylenes (Total) 0.00643 7.48E+02 1.25E-06 9.35E-07 0.00643 7.48E+02 5.53E-07 4.14E-07
Parcel: 7351-34-47; EAPC No. 21
Benzene 0.0355 1.56E+04 1.06E-06 1.66E-05 0.0152 6.69E+03 4.82E-07 3.22E-06
Ethylbenzene 2.06 2.77E+05 1.23E-06 3.41E-04 0.871 1.17E+05 5.52E-07 6.47E-05
Toluene 0.00805 1.70E+03 1.48E-06 2.52E-06 0.00398 8.42E+02 6.57E-07 5.53E-07

Page 1 of 2
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TABLE F-8
TIER 2 INDOOR AIR EPCs
SHALLOW SOIL/SOIL GAS
Baseline Risk Assessment

Del Amo Site
Residential Scenario Commercial Scenario
Analyte Max Soil Converted . Resident UCL95 Soil | Converted Worker
EPC SG* Resident IA EPC EPC SG* Worker IA EPC
a Alpha 3 a Alpha 3
mg/kg ug/m mg/m mg/kg ug/m mg/m

Parcel: 7351-34-57; EAPC No. 23
Benzene 300 1.32E+08 1.06E-06 1.40E-01 135 5.94E+06 4.82E-07 2.86E-03
Ethylbenzene 12000 1.61E+09 1.23E-06 1.98E+00 577 7.76E+07 5.52E-07 4.28E-02
Toluene 50 1.06E+07 1.48E-06 1.57E-02 2.38 5.04E+05 6.57E-07 3.31E-04
Xylenes (Total) 150 1.75E+07 1.25E-06 2.18E-02 23.8 2.77E+06 5.53E-07 1.53E-03
Parcel: 7351-34-58; EAPC No. 24
Benzene 5 2.20E+06 1.06E-06 2.33E-03 1.19 5.24E+05 4.82E-07 2.52E-04
Ethylbenzene 82 1.10E+07 1.23E-06 1.36E-02 19.5 2.62E+06 5.52E-07 1.45E-03
Xylenes (Total) 15 1.75E+06 1.25E-06 2.18E-03 4.83 5.62E+05 5.53E-07 3.11E-04
Parcel: 7351-34-69; EAPC No. 28
Benzene 0.17 7.48E+04 1.06E-06 7.93E-05 0.0219 9.64E+03 4.82E-07 4.64E-06
Ethylbenzene 2.45 3.29E+05 1.23E-06 4.05E-04 0.288 3.87E+04 5.52E-07 2.14E-05
Toluene 0.397 8.40E+04 1.48E-06 1.24E-04 0.0434 9.18E+03 6.57E-07 6.03E-06
Xylenes (Total) 1.1 1.26E+05 1.25E-06 1.58E-04 0.118 1.36E+04 5.53E-07 7.50E-06
Parcel: 7351-34-73; EAPC No. 31
Benzene 0.00819 3.60E+03 1.06E-06 3.82E-06 0.00819 3.60E+03 4.82E-07 1.74E-06
Ethylbenzene 0.0223 3.00E+03 1.23E-06 3.69E-06 0.0223 3.00E+03 5.52E-07 1.66E-06
Toluene 0.00751 1.59E+03 1.48E-06 2.35E-06 0.00751 1.59E+03 6.57E-07 1.04E-06
Xylenes (Total) 0.00857 9.97E+02 1.25E-06 1.25E-06 0.00857 9.97E+02 5.53E-07 5.51E-07
Parcel: Magellan Dr; EAPC No. 35
Benzene 6.4 2.82E+06 1.06E-06 2.99E-03 1.71 7.52E+05 4.82E-07 3.63E-04
Ethylbenzene 170 2.29E+07 1.23E-06 2.81E-02 45 6.05E+06 5.52E-07 3.34E-03
Toluene 34 7.20E+06 1.48E-06 1.06E-02 8.87 1.88E+06 6.57E-07 1.23E-03
Parcel: Pacific Gateway (S); EAPC No. 37
Benzene 0.0025 1.10E+03 1.06E-06 1.17E-06 0.0022 9.68E+02 4.82E-07 4.67E-07
Ethylbenzene 0.477 6.41E+04 1.23E-06 7.89E-05 0.477 6.41E+04 5.52E-07 3.54E-05
Toluene 0.00822 1.74E+03 1.48E-06 2.57E-06 0.00772 1.63E+03 6.57E-07 1.07E-06
Xylenes (Total) 0.005 5.82E+02 1.25E-06 7.27E-07 0.005 5.82E+02 5.53E-07 3.22E-07

Notes:

EAPC: Exposure area of potential concern, EPC: exposure point concentration; IA: indoor air; SG: soil gas

* To convert mg/kg to ug/m?, take soil EPC + CF:

Benzene

Ethylbenzene

Toluene

Xylenes (Total)

conversion

factor: CF
2.3E-06
7.4E-06
4.7E-06
8.6E-06
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TABLE F-9
TIER 2 INDOOR AIR EPCs
DEEP SOIL/SOIL GAS
Baseline Risk Assessment

Del Amo Site
Residential Scenario Commercial Scenario
Analyte Max Soil Converted . Resident UCL95 Soil Converted Worker
y EpC SG* Resident \A EPC EpC SG* Worker IA EPC
3 Alpha 3 3 Alpha 3
mg/kg ug/m mg/m mg/kg ug/m mg/m
Parcel: 7351-33-17; EAPC No. 5
Benzene 39 1.74E+07 8.82E-08 1.54E-03 39 1.74E+07 4.04E-08 7.04E-04
Ethylbenzene 14 1.89E+06 1.10E-07 2.07E-04 14 1.89E+06 4.95E-08 9.34E-05
Toluene 68 1.45E+07 1.34E-07 1.94E-03 68 1.45E+07 5.96E-08 8.62E-04
Xylenes (Total) 32 3.73E+06 1.11E-07 4.14E-04 32 3.73E+06 4.95E-08 1.85E-04
Parcel: 7351-33-22; EAPC No. 6
Benzene 1.9 8.50E+05 8.82E-08 7.49E-05 1.8 8.05E+05 4.04E-08 3.25E-05
Ethylbenzene 13 1.75E+06 1.10E-07 1.93E-04 8.7 1.17E+06 4.95E-08 5.80E-05
Toluene 11 2.34E+06 1.34E-07 3.14E-04 7.4 1.57E+06 5.96E-08 9.38E-05
Xylenes (Total) 78 9.09E+06 1.11E-07 1.01E-03 52.2 6.09E+06 4.95E-08 3.01E-04
Parcel: 7351-33-26; EAPC No. 8
Benzene | 2.1 | 9.39E+05 | 8.82E-08 | 8.28E-05 I 0.883 | 3.95E+05 | 4.04E-08 | 1.60E-05
Parcel: 7351-33-27; EAPC No. 9
Benzene | 20 | 8.94E+06 | 8.82E-08 | 7.89E-04 I 8.32 | 3.72E+06 | 4.04E-08 | 1.50E-04
Parcel: 7351-33-900; EAPC No. 15
Benzene 910 4.07E+08 8.82E-08 3.59E-02 312 1.40E+08 4.04E-08 5.64E-03
Toluene 5 1.06E+06 1.34E-07 1.43E-04 1.23 2.62E+05 5.96E-08 1.56E-05
Parcel: 7351-34-15,-50,-56; EAPC No. 16
Benzene 12.6 5.63E+06 8.82E-08 4.97E-04 6.9 3.09E+06 4.04E-08 1.25E-04
Ethylbenzene 1.2 1.62E+05 1.10E-07 1.78E-05 0.611 8.23E+04 4.95E-08 4.07E-06
Parcel: 7351-34-57; EAPC No. 23
Benzene 220 9.84E+07 8.82E-08 8.68E-03 81.8 3.66E+07 4.04E-08 1.48E-03
Ethylbenzene 9.97 1.34E+06 1.10E-07 1.48E-04 2.39 3.22E+05 4.95E-08 1.59E-05
Toluene 3.36 7.15E+05 1.34E-07 9.58E-05 1.1 2.34E+05 5.96E-08 1.39E-05
Parcel: 7351-34-58; EAPC No. 24
Benzene 2500 1.12E+09 8.82E-08 9.86E-02 2500 1.12E+09 4.04E-08 4.52E-02
Toluene 160 3.40E+07 1.34E-07 4.56E-03 146 3.11E+07 5.96E-08 1.85E-03
Parcel: 7351-34-70; EAPC No. 29
Benzene | 0.93 | 4.16E+05 | 8.82E-08 | 3.67E-05 I 0.738 | 3.30E+05 | 4.04E-08 | 1.33E-05
Parcel: 7351-34-901; EAPC No. 34
Benzene | 0.26 | 1.16E+05 | 8.82E-08 | 1.03E-05 I 0.215 | 9.61E+04 | 4.04E-08 | 3.88E-06
Parcel: Magellan Dr; EAPC No. 35
Benzene | 6.1 | 2.73E+06 | 8.82E-08 | 2.41E-04 I 6.1 | 2.73E+06 | 4.04E-08 | 1.10E-04
Parcel: Pacific Gateway (S); EAPC No. 37
Benzene 12.7 5.68E+06 8.82E-08 5.01E-04 12.7 5.68E+06 4.04E-08 2.29E-04
Ethylbenzene 8.98 1.21E+06 1.10E-07 1.33E-04 8.98 1.21E+06 4.95E-08 5.99E-05
Toluene 0.0821 1.75E+04 1.34E-07 2.34E-06 0.0821 1.75E+04 5.96E-08 1.04E-06
Notes:
EAPC: Exposure area of potential concern, EPC: exposure point concentration; IA: indoor air; SG: soil gas
* To convert mg/kg to ug/m?, take soil EPC + CF: conversion
factor: CF

Benzene 2.2E-06
Ethylbenzene  7.4E-06
Toluene  4.7E-06
Xylenes (Total) 8.6E-06
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Soil Vapor Data Adequacy Evaluation

Table F-10

Groundwater Data

Soil Gas Review

EAPC Parcel # of soil gas Soil Gas Notes
Benzene TCE PCE sampling Data
locations Adequate?
1 31-18 43.00 <0.5 <0.5 21 yes
2 31-20 <1l 2.7 <1l 3 no soil gas and gw concs both low
3 31-31 1.20 2.9 3.9 8 yes soil gas and gw concs both low
4 31-7 0.89 2 <1l 3 no soil gas and gw concs both low
5 33-17 Not provided numerous yes soil gas and gw both elevated
6 33-22 860,000 5.8 8 numerous yes soil gas and gw both elevated
7 33-24 0.6 0.7 1.6 23 yes soil gas and gw concs both low
8 33-26 10.00 11.3 6.5 13 yes soil gas and gw concs both low
9 33-27 850,000 10 6.4 18 yes soil gas and gw both elevated
10 33-30 21 <1 <1 1 no gw low
11 33-34 40,000 <1000 <1000 14 yes soil gas and gw both elevated
12 33-40 <1 <1 <1 2 no gw low
13 33-45 <1l <1l 2.4 18 yes soil gas and gw concs both low
14 33-9 4.4 5 6 9 yes soil gas and gw concs both low
GW high, but no buildings likely on this parcel because power
15 33-900 860,000 <25 <25 0 no line corridor.
16 34-15,50,56 340,000 2000 2100 numerous yes soil gas and gw both elevated
17 34-39 290 <10 <10 13 yes soil gas elevated; gw moderate
soil gas and gw both elevated; benzene in gw based on
contours (no sampling location) -check detection limits at
18 34-41 10,000 <10 <10 19 yes PZL0009 for TCE/PCE
soil gas low, gw high; gw benzene based on contours - no
location -TCE/PCE based on PZL0006. While # of samples is
19 34-43 10,000 3.9 4.8 5 YES low, there is sufficient coverage of the potential sources
soil gas low, gw high; gw benzene based on contours - no
20 34-45 100,000 3.9 4.8 4 no location -TCE/PCE based on PZL0006
soil gas and gw both elevated; gw benzene based on contours;|
21 34-47 100,000 <500 <500 13 yes TCE/PCE based on WPL0001
22 34-52 290,000 <3000 <3000 6 yes soil gas low, gw elevated; gw B based on CWL0012
23 34-57 820,000 | <10,000 | <10,000 numerous yes soil gas and gw both elevated
soil gas low, gw elevated. 2000 gw DLs elevated; used max
24 34-58 420,000 39 <5 22 yes from historical values.
soil gas low, gw elevated; used MBFB for gw benzene
25 34-66 59,000 32 1.6 5 no because higher than WT; probable additional source area.
26 34-67 42,000 <500 <500 12 yes soil gas low, gw elevated; source area nearby
27 34-68 3000 <100 <100 1 no
28 34-69 140,000 <200 <200 numerous yes soil gas and gw both elevated
29 34-70 420,000 760 300 28 yes soil gas low, gw elevated; gw TCE/PCE from XMW-13
30 34-72 43 <0.5 <0.5 20 yes low soil gas, low gw; for gw used CWL0041
31 34-73 290 <10 <10 3 no low soil gas, gw moderate. Few soil gas samples
32 34-76 11 3.9 4.8 4 no low soil gas, low gw; gw TCE/PCE from PZL0006
33 34-803 7.5 <5 350 0 no gw based on historical data at SWL0016
no buildings likely on this parcel due to utility corridor; B based
34 34-901 330,000 1.6 32 0 no on PZL0019; TCE/PCE based on XP-02
soil gas low, gw elevated; gw B based on contour; TCE/PCE
35 Magellan Dr 10,000 3.9 4.8 5 no based on PZL0006
soil gas low, gw low; gw based on PZL0014, PZL0015,
36 Pac.Gateway (N) <1 <1 <1 11 yes SWL0038
37 Pac.Gateway (S)| 140,000 <200 <200 9 yes soil gas and gw elevated; gw B based on WPL0002; TCE/PCE

GW Tier 2_rev.xls



Table F-11

Tier 2 Indoor Air EPCs
Groundwater-to-Indoor Air Pathway

Griﬁzz‘\e/\?;er Tier 2 Calc. Air Tier 2 Calc. Air

EAPC Parcel Concentration Concs. (Comm) Concs. (Res)
(ug/L) (ug/m3) (ug/m3)
2 31-20 <1 < 2.99E-06 <6.75E-06
4 31-7 0.89 2.66E-06 6.00E-06
10 33-30 21 6.28E-05 1.42E-04
12 33-40 <1 < 2.99E-06 <6.75E-06
15 33-900 860,000 2.57E+00 5.80E+00
20 34-45 100,000 2.99E-01 6.75E-01
25 34-66 59,000 1.76E-01 3.98E-01
27 34-68 3000 8.97E-03 2.02E-02
31 34-73 290 8.67E-04 1.96E-03
32 34-76 11 3.29E-05 7.42E-05
33 34-803 7.5 2.24E-05 5.06E-05
34 34-901 330,000 9.86E-01 2.23E+00
35 Magellan Dr 10,000 2.99E-02 6.75E-02

GW Tier 2_rev.xls
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First-Order Degradation Rate Constant, A (1/day)

Figure F-2
Literature Values of BTEX Vados Zone Biodegradation Rate Constants
(adapted from DeVaull et al., 1997)
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Figure F-4

Waste Pits Area CPT-7 DLM and JEM Results
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Waste Pit Area CPT-8 DLM and JEM Results

Figure F-5
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Figure F-6

Waste Pit Area CPT-15 DLM and JEM Results
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Figure F-7
Waste Pit Area CPT-16 DLM and JEM Results
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Figure F-8

MW-20 NAPL Area, SGL0028 DLM and JEM Results
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Figure F-9

MW-20 NAPL Area, SGL0033 DLM and JEM Results
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Figure F-10
MW-20 NAPL Area, SGL0035 DLM and JEM Results
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Figure F-11
MW-20 NAPL Area, SGL0044 DLM and JEM Results
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FIGURE F-12

Benzene Pipeline Area, SG-01 DLM and JEM Results
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FIGURE F-13
Benzene Pipeline Area, SG-02 DLM and JEM Results
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FIGURE F-14
Benzene Pipeline Area, SG-04 DLM and JEM Results
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FIGURE F-15
Benzene Pipeline Area, SG-22 DLM and JEM Results
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Figure F-16
BTEX Degradation Rate Constants from Site Data Evaluation
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Figure F-20
Waste Pit Area CPT-15 Benzene and PCE Comparison
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Attachment F-1
Example DLM Spreadsheet Calculations

Dominant Layer Model Input Parameters
Commercial Scenario

Parameter Value Units Note

CAS No. 71432

Chemical Name Benzene

Chemical Properties

Dair 8.80E-02[cm?/s
7.60E-01|m%/d

Dwater 9.80E-06|cm?/s
8.47E-05|m?/d

Hi 1.67E-01(- Temp Corrected H'

MW 7.81E+01|g/mol

Physical Properties

i 1.78E-04[g/cm/s

Building Parameters

AP 40|glcm/s?

Zcrk 1.50E-01|m

Xcrk 3.40E+01|m

rcrk 0.005(m

AB 1.65E+03|m?

n 1.02E-04(-

ER 2.16E+01|1/d

Lb 3.05|m

Qb 1.08E+05|m°/d

Lerk 0.1|m

Dcrk 5.48E-03|m?/d

Constant Soil Parameters

kv 1.00E-12|m?

Qsoil 1.33E-03|m%s 80 L/min

Qsoil 1.15E+02|m%d

Dimensionless Groups

QsLcrk/DerkAcrk 1.25E+04|-

Qs/Qb 1.06E-03(-

Page 1 of 1
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Attachment F-1
Example DLM Spreadsheet Calculations

Dominant Layer Model Simulaiton

Commercial Scenario. Deep Source. Benzene

Parameter Value Units Remark
A 2.00E-03 hr-1
4.8E-02 day-1
t1/2 3.47E+02 hr
1.44E+01 day

L1 7.01m 23.0 ft

L2 8.84 m 29.0 ft JEM Calcs

L3 8.99 m 29.5 ft

Deff 9.21E-03 m"2/d 1.07E-03 cm”2/s Deff Ab/Qbldg/LT 1.55E-05

D1ieff 1.47E-02 m”2/d 1.71E-03 cm”2/s Qs Lc/Dc/Ac 1.25E+04

D2eff 5.48E-03 m"2/d 6.35E-04 cm”"2/s Qs/Qb 1.06E-03

D3eff 5.48E-03 m”2/d 6.35E-04 cm”2/s

02m 0.25 - Region 2 Avg

n 6.66 API 4674 Eq. 15 o JEM 1.53E-05

a DLM 4.04E-08 Eq. 16 modified for high QsoilxLcrk/(DcrkxAcrk)

Bio atten fact  3.79E+02 (oo JEM) / (o DLM)

B 0.00E+00 Eq. 17 modified for high QsoilxLcrk/(DcrkxAcrk)

Y -8.19E+01 Eq. 18

c -1.40E+03 Eqg. 19

v 1.16E-03 Eq. 20

¢ -2.72E-02 Eqg. 21

C1l 1.00E+00 Csource - Set to 1 to show relative concentrations

Cc2 9.53E-02 Eq. 24

C3 1.12E-04 Eq. 23

C4 alternate 3.80E-05 Eq. 22 modified for high QsoilxLcrk/(DcrkxAcrk)

DLM Update JEM
Depth Z Deft T /D0
Region (ft) (m) n v om (m~2/d) (m) (d/m) C/Csource C/Csource

3 0.5 8.99 0.3794 0.127 0.253 5.48E-03 0.1524 2.78E+01 3.80E-05 0.00E+00
2 1 8.84 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 1.12E-04 2.85E-02
2 2 8.53 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 3.68E-04 8.54E-02
2 3 8.23 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 1.13E-03 1.42E-01
2 4 7.92 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 3.42E-03 1.99E-01
2 5 7.62 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 1.04E-02 2.56E-01
2 6 7.32 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 3.14E-02 3.13E-01
1 7 7.01 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 9.53E-02 3.70E-01
1 8 6.71 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 1.35E-01 4.27E-01
1 9 6.40 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 1.74E-01 4.84E-01
1 10 6.10 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 2.13E-01 5.41E-01
1 11 5.79 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 2.53E-01 5.98E-01
1 12 5.49 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 2.92E-01 6.55E-01
1 13 5.18 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 3.31E-01 7.11E-01
1 14 4.88 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 3.71E-01 7.68E-01
1 15 4.57 0.379 0.127 0.253 5.48E-03 0.3048 5.56E+01 4.10E-01 8.25E-01
1 16 4.27 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 4.49E-01 8.82E-01
1 17 3.96 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 4.89E-01 8.91E-01
1 18 3.66 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 5.28E-01 8.99E-01
1 19 3.35 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 5.67E-01 9.07E-01
1 20 3.05 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 6.07E-01 9.16E-01
1 21 2.74 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 6.46E-01 9.24E-01
1 22 2.44 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 6.85E-01 9.33E-01
1 23 2.13 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 7.25E-01 9.41E-01
1 24 1.83 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 7.64E-01 9.50E-01
1 25 1.52 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 8.03E-01 9.58E-01
1 26 1.22 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 8.43E-01 9.66E-01
1 27 0.91 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 8.82E-01 9.75E-01
1 28 0.61 0.414 0.238 0.176 3.71E-02 0.3048 8.21E+00 9.21E-01 9.83E-01
1 29 0.30 0.414 0.238 0.176 3.71E-02 0.1524 4.11E+00 9.61E-01 9.92E-01
1 29.5 0.15 0.414 0.238 0.176 3.71E-02 0.1524 4.11E+00 9.80E-01 9.96E-01
1 30 0.00 0.414 0.238 0.176 1.00E+00 1.00E+00

Benzene Comm Deep
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Attachment F-1
Example DLM Spreadsheet Calculations

Dominant Layer Model Simulaiton
Commercial Scenario. Shallow Source. Benzene

Parameter Value Units Remark
A 2.00E-03 hr-1
4.8E-02 day-1
t1/2 3.47E+02 hr
1.44E+01 day
L1 0.46 m 1.50 ft
L2 1.98 m 6.50 ft JEM Calcs
L3 213 m 7.00 ft
Deff 5.48E-03 m”~2/d 6.35E-04 6.35E-04 Deff Ab/Qbldg/LT 3.90E-05
D1leff 5.48E-03 m"2/d Qs Lc/Dc/Ac 1.25E+04
D2eff 5.48E-03 m”~2/d Qs/Qb 1.06E-03
D3eff 5.48E-03 m"2/d
62m 0.25 - Region 2 Avg
n 5.55 APl 4674 Eq. 15 o JEM 3.76E-05
o DLM 4.82E-07 Eqg. 16 modified for high QsoilxLcrk/(DcrkxAcrk)
Bio atten factor 7.80E+01 (o0 JEM) / (oo DLM)
B 0.00E+00 Eqg. 17 modified for high QsoilxLcrk/(DcrkxAcrk)
Y -1.54E+02 Eq. 18
c -4.62E+02 Eqg. 19
v 2.44E-03 Eq. 20
¢ -8.24E-02 Eqg. 21
C1l 1.00E+00 Csource - Set to 1 to show relative concentrations
c2 3.75E-01 Eq. 24
C3 1.34E-03 Eq. 23
C4 alternate 4.54E-04 Eqg. 22 modified for high QsoilxLcrk/(DcrkxAcrk)
DLM Update JEM
Depth z Deff L(1) L(1)/D(1)

Region (ft) (m) n ov om (m~2/d) (m) (d/m) C/Csource | C/Csource
3 0.5 1.98 0.379 0.127 0.253 5.48E-03 0.03048 5.56E+00 1.34E-03 0.00E+00
3 0.6 1.95 0.379 0.127 0.253 5.48E-03 0.03048 5.56E+00 1.51E-03 1.43E-02
3 0.7 1.92 0.379 0.127 0.253 5.48E-03 0.01524 2.78E+00 1.69E-03 2.86E-02
3 0.75 1.91 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 1.84E-03 3.57E-02
2 1 1.83 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 2.48E-03 7.14E-02
2 1.25 1.75 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 3.31E-03 1.07E-01
2 1.5 1.68 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 4.40E-03 1.43E-01
2 1.75 1.60 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 5.83E-03 1.79E-01
2 2 1.52 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 7.71E-03 2.14E-01
2 2.25 1.45 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 1.02E-02 2.50E-01
2 2.5 1.37 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 1.35E-02 2.86E-01
2 2.75 1.30 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 1.78E-02 3.21E-01
2 3 1.22 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 2.34E-02 3.57E-01
2 3.25 1.14 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 3.09E-02 3.93E-01
2 3.5 1.07 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 4.08E-02 4.29E-01
2 3.75 0.99 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 5.39E-02 4.64E-01
2 4 0.91 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 7.11E-02 5.00E-01
2 4.25 0.84 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 9.38E-02 5.36E-01
2 4.5 0.76 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 1.24E-01 5.71E-01
2 4.75 0.69 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 1.63E-01 6.07E-01
2 5 0.61 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 2.16E-01 6.43E-01
2 5.25 0.53 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 2.84E-01 6.79E-01
1 5.5 0.46 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 3.75E-01 7.14E-01
1 5.75 0.38 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 4.79E-01 7.50E-01
1 6 0.30 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 5.84E-01 7.86E-01
1 6.25 0.23 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 6.88E-01 8.21E-01
1 6.5 0.15 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 7.92E-01 8.57E-01
1 6.75 0.08 0.379 0.127 0.253 5.48E-03 0.0762 1.39E+01 8.96E-01 8.93E-01
1 7 0.00 0.379 0.127 0.253 5.48E-03 0.06096 1.11E+01 1.00E+00 9.29E-01
1 7.2 -0.06 0.379 0.127 0.253 5.48E-03 0.03048 5.56E+00 1.08E+00 9.57E-01
1 7.3 -0.09 0.379 0.127 0.253 5.48E-03 0.06096 1.11E+01 1.12E+00 9.71E-01
1 7.5 -0.15 0.379 0.127 0.253 1.00E+00 1.00E+00

Benzene Comm Shallow Page 1 of 1 AppendixF_AttachF-1.xls



Benzene Res Inputs

Attachment F-1

Example DLM Spreadsheet Calculations

Dominant Layer Model Input Parameters

Residential Scenario

Parameter Value Units Note
CAS No. 71432
Chemical Name Benzene
Chemical Properties
Dair 8.80E-02[cm?/s

7.60E-01|m%d
Dwater 9.80E-06|cm?/s

8.47E-05|m%/d
Hi 1.67E-01]- Temp Corrected H'
MW 7.81E+01|g/mol
Physical Properties
n 1.80E-04|g/cml/s
Building Parameters
AP 40|g/cm/s?
Zcrk 1.50E-01|m
Xcrk 3.40E+01|m
rcrk 0.001|m
AB 100|{m?
n 3.77E-04/|-
ER 1.20E+01|1/d
Lb 2.44|m
Qb 2.93E+03|m°d
Lcrk 0.1|m
Derk 5.45E-03|m%/d
Constant Soil Parameters
kv 1.00E-12|m?
Qsoil 8.33E-05|m°/s 5 L/min
Qsoil 7.20E+00|{m*/d
Dimensionless Groups
QsLcrk/DerkAcrk 3.51E+03|-
Qs/Qb 2.46E-03|-

Page 1 of 1
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Attachment F-1
Example DLM Spreadsheet Calculations

Dominant Layer Model Simulaiton
Residential Scenario. Deep Source. Benzene

Remark
A 2.00E-03 hr-1
4.8E-02 day-1
t1/2 3.47E+02 hr
1.44E+01 day
L1 7.01m 23.0 ft
L2 8.84 m 29.0 ft JEM Calcs
L3 8.99 m 295 ft
Deff 9.15E-03 m~2/d 1.06E-03 Deff Ab/Qbldg/LT  3.47E-05
D1leff 1.46E-02 m”2/d 1.70E-03 Qs Lc/De/Ac 3.51E+03
D2eff 5.45E-03 m"2/d 6.30E-04 Qs/Qb 2.46E-03
D3eff 5.45E-03 m"2/d 6.30E-04
62m 0.25 - Region 2 Avg
n 6.68 API 4674 Eq. 15 o JEM 3.43E-05
o DLM 8.82E-08 Eqg. 16 modified for high QsoilxLcrk/(DcrkxAcrk)
Bio atten factor 3.88E+02 (o0 JEM) / (oo DLM)
B 0.00E+00 Eqg. 17 modified for high QsoilxLcrk/(DcrkxAcrk)
Y -8.38E+01 Eqg. 18
c -1.43E+03 Eqg. 19
v 1.13E-03 Eqg. 20
¢ -1.60E-03 Eqg. 21
C1 1.00E+00 Csource - Set to 1 to show relative concentrations
Cc2 9.50E-02 Eq. 24
C3 8.68E-05 Eqg. 23
C4 alternate 2.61E-06 Eq. 22 modified for high QsoilxLcrk/(DcrkxAcrk)
DLM Update JEM
Depth Z Deft M) T/DQ)

Region (ft) (m) n ov om (m~2/d) (m) (d/m) C/Csource | C/Csource
3 0.5 8.99 0.379 0.127 0.253 5.45E-03 0.1524 2.80E+01 2.61E-06 0.00E+00
2 1 8.84 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 8.68E-05 2.85E-02
2 2 8.53 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 3.52E-04 8.54E-02
2 3 8.23 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 1.10E-03 1.42E-01
2 4 7.92 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 3.36E-03 1.99E-01
2 5 7.62 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 1.02E-02 2.56E-01
2 6 7.32 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 3.12E-02 3.13E-01
1 7 7.01 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 9.50E-02 3.70E-01
1 8 6.71 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 1.34E-01 4.27E-01
1 9 6.40 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 1.74E-01 4.84E-01
1 10 6.10 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 2.13E-01 5.41E-01
1 11 5.79 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 2.52E-01 5.98E-01
1 12 5.49 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 2.92E-01 6.55E-01
1 13 5.18 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 3.31E-01 7.12E-01
1 14 4.88 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 3.70E-01 7.69E-01
1 15 4.57 0.379 0.127 0.253 5.45E-03 0.3048 5.60E+01 4.10E-01 8.26E-01
1 16 4.27 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 4.49E-01 8.82E-01
1 17 3.96 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 4.88E-01 8.91E-01
1 18 3.66 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 5.28E-01 8.99E-01
1 19 3.35 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 5.67E-01 9.08E-01
1 20 3.05 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 6.07E-01 9.16E-01
1 21 2.74 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 6.46E-01 9.24E-01
1 22 2.44 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 6.85E-01 9.33E-01
1 23 2.13 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 7.25E-01 9.41E-01
1 24 1.83 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 7.64E-01 9.50E-01
1 25 1.52 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 8.03E-01 9.58E-01
1 26 1.22 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 8.43E-01 9.66E-01
1 27 0.91 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 8.82E-01 9.75E-01
1 28 0.61 0.414 0.238 0.176 3.69E-02 0.3048 8.25E+00 9.21E-01 9.83E-01
1 29 0.30 0.414 0.238 0.176 3.69E-02 0.1524 4.13E+00 9.61E-01 9.92E-01
1 29.5 0.15 0.414 0.238 0.176 3.69E-02 0.1524 4.13E+00 9.80E-01 9.96E-01
1 30 0.00 0.414 0.238 0.176 1.00E+00 1.00E+00
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Attachment F-1
Example DLM Spreadsheet Calculations

Dominant Layer Model Simulaiton
Residential Scenario. Shallow Source. Benzene

Remark
A 2.00E-03 hr-1
4.8E-02 day-1
t1/2 3.47E+02 hr
1.44E+01 day
L1 0.46 m 1.50 ft
L2 1.98 m 6.50 ft JEM Calcs
L3 213 m 7.00 ft
Deff 5.45E-03 m"2/d Deff Ab/Qbldg/LT  8.72E-05
D1leff 5.45E-03 m~2/d Qs Lc/Dc/Ac 3.51E+03
D2eff 5.45E-03 m"2/d Qs/Qb  2.46E-03
D3eff 5.45E-03 m"2/d
62m 0.25 - Region 2 Avg
n 5.57 API| 4674 Eq. 15 aJEM  8.42E-05
o DLM 1.06E-06 Eq. 16 modified for high QsoilxLcrk/(DcrkxAcrk)
Bio atten factor 7.95E+01 (oo JEM) / (oo DLM)
B 0.00E+00 Eq. 17 modified for high QsoilxLcrk/(DcrkxAcrk)
Y -1.57E+02 Eq. 18
I -4.71E+02 Eqg. 19
v 2.39E-03 Eq. 20
¢ -4.88E-03 Eqg. 21
C1l 1.00E+00 Csource - Set to 1 to show relative concentrations
c2 3.74E-01 Eq. 24
C3 1.04E-03 Eq. 23
C4 alternate 3.13E-05 Eq. 22 modified for high QsoilxLcrk/(DcrkxAcrk)
DLM Update JEM
Depth Z Deft N T/D{)

Region (ft) (m) n ov om (m~2/d) (m) (d/m) C/Csource C/Csource
3 0.5 2.13 0.379 0.127 0.253 5.45E-03 0.03048 | 5.60E+00 3.13E-05 0.00E+00
3 0.6 2.10 0.379 0.127 0.253 5.45E-03 0.03048 | 5.60E+00 2.33E-04 1.43E-02
3 0.7 2.07 0.379 0.127 0.253 5.45E-03 0.01524 | 2.80E+00 4.36E-04 2.86E-02
3 0.75 2.06 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 5.71E-04 3.57E-02
2 1 1.98 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 1.04E-03 7.15E-02
2 1.25 1.91 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 1.59E-03 1.07E-01
2 1.5 1.83 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 2.27E-03 1.43E-01
2 1.75 1.75 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 3.13E-03 1.79E-01
2 2 1.68 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 4.22E-03 2.14E-01
2 2.25 1.60 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 5.65E-03 2.50E-01
2 2.5 1.52 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 7.52E-03 2.86E-01
2 2.75 1.45 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 9.98E-03 3.21E-01
2 3 1.37 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 1.32E-02 3.57E-01
2 3.25 1.30 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 1.75E-02 3.93E-01
2 3.5 1.22 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 2.31E-02 4.29E-01
2 3.75 1.14 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 3.05E-02 4.64E-01
2 4 1.07 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 4.03E-02 5.00E-01
2 4.25 0.99 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 5.33E-02 5.36E-01
2 4.5 0.91 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 7.04E-02 5.71E-01
2 4.75 0.84 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 9.30E-02 6.07E-01
2 5 0.76 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 1.23E-01 6.43E-01
2 5.25 0.69 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 1.62E-01 6.79E-01
2 5.5 0.61 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 2.15E-01 7.14E-01
2 5.75 0.53 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 2.83E-01 7.50E-01
1 6 0.46 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 3.74E-01 7.86E-01
1 6.25 0.38 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 4.79E-01 8.21E-01
1 6.5 0.30 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 5.83E-01 8.57E-01
1 6.75 0.23 0.379 0.127 0.253 5.45E-03 0.0762 1.40E+01 6.87E-01 8.93E-01
1 7 0.15 0.379 0.127 0.253 5.45E-03 | 0.06096 | 1.12E+01 7.91E-01 9.29E-01
1 7.2 0.09 0.379 0.127 0.253 5.45E-03 0.03048 | 5.60E+00 8.75E-01 9.57E-01
1 7.3 0.06 0.379 0.127 0.253 5.45E-03 | 0.06096 | 1.12E+01 9.17E-01 9.71E-01
1 7.5 0.00 0.379 0.127 0.253 1.00E+00 1.00E+00
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ATTACHMENT F-2

COMMENTS AND RESPONSE TO COMMENTS ON DOMINANT LAYER MODEL



Shell Oil Company @@

March 12, 2001 Environmental Remediation
4482 Barranca Parkway
Suite 180-171
Irvine, CA 92604

Dante Rq_driguez . : 949-654-1275

U.S. Environmental Protection Agency, Region IX 949-654-1303 (FAX)

l\/fall Stop SFD-7-1 cbpaineii@shellus.com

75 Hawthorne Street

San Francisco, California 94105

Gloria Conti

Department of Toxic Substances Control
5796 Corporate Avenue

Cypress, California 90630

RE:  Administrative Order on Consent (AOC): U.S. EPA Docket No. 92-13
Responses To Comments Received On:
Vapor Transport Modeling Report, Del Amo Study Area, Dated November 4, 1999

Dear Mr. Rodriguez and Ms. Conti:

Enclosed herewith are responses to the following written comments received from EPA and DTSC
on the subject report:
e January 7, 2000 letter to C.B. Paine from Dante Rodriquez, and
e March 8, 2000 letter to Kathleen Salyer from Haissam Salloum, with 3 attachments:
1. January 6, 2000 Memo to Gloria Conti from Marie McCrink,
2. January 12, 2000 Memo to Gloria Conti from Joe Hwong, and
3. February 23, 2000 Memo to Gloria Conti from Michael Schum.

Several copies of our responses are enclosed for you to distribute to those who provided the
written comments on the draft report.

In responding to the comments we describe actions we have taken to modify the report, or provide
additional information in response to statements or questions contained in the comments. Given
the nature of many of the comments, we suggest that before we formally reissue the revised report,
it would be desirable for us to schedule a conference call after the reviewers of the report have had
opportunity to read over our responses. We anticipate that some additional discussion would be
helpful in flushing out any remaining questions, and would help us in issuing a final report that is
fully responsive to all the questions and comments.

Additionally, in accordance with our schedule to submit a draft risk assessment report on or before
March 30, 2001, we plan to proceed at this time with the vapor modeling work in support of the
risk assessment. For the risk assessment, our approach for modeling vapor transport of



Dante Rodriguez
Gloria Conti
March 12, 2001
Page 2

chlorinated compounds from soil and contaminated groundwater to the surface will be to apply a
simple single-layer Johnson and Ettinger model which does not account for any biodegradation
that may be occurring and will provide a conservative estimate of the risk (see response to EPA
comment #2, attached).

If questions arise during your review of our comment responses, we are available to meet or
teleconference with you and/or any of the reviewers to address any further questions. Please
contact John Dudley at (805) 964-6010, ext. 317 with any questions, or if you feel it is appropriate
to meet or arrange for a teleconference.

Sincerely,

C_J ﬁ 'PM /by93D

C.B. Paine
Project Coordinator For Respondents
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RESPONSE TO EPA JANUARY 7, 2000 COMMENTS

1. The modeling effort to date offers a reasonable approach for estimating a range of values for
the intrusion rate of volatile compounds from groundwater emission sources or from emissions
originating in subsurface soils. However, use of the fitted decay coefficients presumes that the
degradation evaluated at the three experimental sites is ubiquitous and that similar coefficients
can be used at other locations. Because there are no data on dissolved oxygen gradients in
vadose zone soils, there is no way to ensure that aerobic degradation is occurring throughout the
site. We recommend using confirmatory soil gas sampling at prospective locations. This
sampling could consist of in situ measurements of vapor-phase total organics, one sample above
the biodegradation interval and another below the interval. In the absence of shallow soil
contamination, the soil gas concentration below the biodegradation interval at the groundwater
interface can be calculated from the groundwater concentration. Use of a subsurface sampling
device such as a Geoprobe can be used to attain the shallow soil gas concentrations. This
sampling would confirm the existence of the concentration gradient across the hypothetical
degradation interval and could also be used to calibrate the model to location-specific vapor
concentrations. Use of this technique would depend on many factors, but in the end, would
depend on the degree of certainty required. [Craig Mann]

Response:

The Respondents agree that additional vertically distributed soil gas data for benzene and oxygen
at a few on-site locations would be of value in confirming that the pattern of degradation in the
vadose zone above contaminated groundwater noted at the three sites evaluated in the report is
representative of the site as a whole. A comprehensive data gaps analysis is planned as part of the
baseline risk assessment, currently in progress for the soil and NAPL operable unit. Additional
soil gas profiling at selected locations may be included in a draft scope of work developed to
address any additional data gaps revealed during the risk assessment.

2. The analyses conducted thus far were for benzene, which is assumed to be biodegrading. If
TCE is relatively resistant to biodegradation, as has been suggested, then we would expect to
see a different soil profile for this chemical than that demonstrated for benzene. This
additional information would provide greater assurance to the agencies that the
interpretations of the soil profiles presented in the draft “Vapor Transport Modeling Report”
are correct. If the soil profiles for the two different contaminants turn out to be similar, then
this raises some additional interesting questions that would need to be flushed out before
acceptance of the site-specific decay coefficients. [Stan Smucker]

Response:

Modeling of TCE in the soil profile above contaminated groundwater at selected locations such as
the Coca-Cola site within the Del Amo site may be performed, and if conducted, the output will be
appended to the final report or submitted under separate cover. For the site-wide risk assessment,
in accordance with our schedule to submit a draft risk assessment report on or before March 30,
2001, a more conservative approach will be adopted for TCE and other chlorinated compounds by
using the simple Johnson and Ettinger (1991) model (JEM) which does not take credit for any
biodegradation that may be occurring in the vadose zone.
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RESPONSE TO DTSC MARCH 8, 2000 COMMENTS
ON THE DRAFT VAPOR TRANSPORT MODELING REPORT,
DEL AMO STUDY AREA

The Del Amo Respondents are pleased to present responses to the aforementioned comments on
the Draft VVapor Transport Modeling Report, Del Amo Study Area (herein referred to as the Draft
Report). The responses are provided for each DTSC reviewer in the following.

REVIEW COMMENTS OF MARIE T. MCCRINK DATED JANUARY 6, 2000

1. Section 4.0 Key Assumptions Used. The fourth bullet states that significant
biodegradation of aromatic hydrocarbons takes place in the vadose zone. The GSU
recommends that this key assumption be completely substantiated with field data,
specific to the three modeled areas, before the methodology is applied to the rest of the
Study Area as part of the FS. (a)

Response:

We would first like to point out that the investigations summarized in the Draft Report
clearly demonstrate that biodegradation or other similar BTEX destruction mechanisms are
taking place in the vadose zone at the Del Amo Site. This conclusion is also strongly
supported by field tests previously and recently conducted in the Pit Site within the Study
Area. Results of the field studies are summarized below.

I. Bioventing Test Results and Comparison to Site Vapor Transport Model Results and
Other Emperical Data

A Pilot Treatability Test using the bioventing technology was performed in the Pit Site to
estimate the degradation rates in the presence of air (oxygen) (Dames & Moore, 1993). Field
bioventing tests were performed in SVE test well TW-1, immediately north of Pit-1C, and
background SVE test well TW-10 in the northwest corner of the Pit Site. Field data indicate
that first-order kinetics can describe the aerobic biodegradation of the aromatic petroleum
hydrocarbon contaminants in the vadose zone. The oxygen consumption rate constants were
measured to be 8.40x10° ~ 3.79x10% day™. The corresponding biodegradation rate
constants of aromatic hydrocarbons following air (oxygen) injection into vadose zone soils
range from 3.50x10™* to 1.58x107 day™, assuming the degradation is controlled by aerobic
destruction of benzene (Dames & Moore, 1999, Eq. (27)). Note that TW-10 was a
background well located in an area with low initial benzene concentration; the rate constants
estimated for that location may not provide a true measure of the degradation and hence are
not compared to other rate constants in Figure 1.
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FIGURE 1

Comparison of Degradation Rate Constants
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The biodegradation rate constant obtained from the bioventing test in TW-1 is plotted against
initial average benzene vapor concentrations present in vadose zone at the time of testing,
and compared to the model-estimated rate constants at three areas within the Del Amo Study
Area, including the Pit Site area, the Coca-Cola area, and the Hamilton-Dutch area (Dames &
Moore, 1999) in Figure 1, which also contains similar data from several investigators’. Note
that the vapor transport modeling was conducted independently from the Pilot Treatability
Test. The figure shows that the treatibility-test rate constant of TW-1 is near the 95% LCL
established by DeVaull et al. (1997). This constant is also consistent with the range of rate
constants derived by the vapor transport modeling. This good comparison between the
modeled biodegradation rates and those derived from the bioventing tests in the Pit Site
confirms that the model that incorporates biodegradation in the vadose zone is appropriate
for assessing vapor transport under the specific site conditions, and provides independent
support of the range of model-estimated aerobic degradation rates not only at the Pit Site, but
also at two other widely spaced areas within the Del Amo Study Area.

I1. Baseline O, and CO, Measurements

Vertical profiles of oxygen and carbon dioxide in vadose zone soils were recently measured
at seven locations within the Pit Site (Table 1). Aerobic degradation of aromatic
hydrocarbons is the dominant biodegradation process in vadose zone soils when available
oxygen exceeds 1% to 4% by volume, and the soils contain suitable moisture and nutrient
levels (McAllister and Chiang, 1994; Hinchee et al., 1995; Wiedemeier et al., 1998). All
measured oxygen levels in vadose zone vapor samples are within or greater than this range.
Secondly, O, levels generally show an inverse relationship to benzene vapor concentrations.
This is consistent with increased utilization (consumption) of O, in the presence of higher
levels of available fuel (benzene or other aromatic hydrocarbon) for aerobic microbes.
Thirdly, CO; levels generally show an inverse relationship with O, levels and a direct
relationship with benzene vapor concentrations. Again, these relationships are consistent with
aerobic degradation of the aromatic hydrocarbons in the Pit Site vadose zone.

In summary, therefore, we concur with U.S. EPA (2000) on its review comment number 1 of
the Draft Report that states: “The modeling effort to date offers a reasonable approach for
estimating a range of values for the intrusion rate of volatile compounds from groundwater
emission sources or from emissions originating in subsurface soils”.

! Note that TW-10 was a background well located in an area with very low initial benzene concentration;
the rate constants estimated may not provide a true measure of the degradation and hence are not
included in the figure.
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TABLE 1
OXYGEN AND CARBON DIOXIDE DATA IN VADOSE ZONE SOILS
DEL AMO WASTE PITS AREA (1)

SAMPLE
well ID# | DEPTH ASTCI\/(I) D1946 ASTgI D1946

(feet bgs) 2% 2%
MW-B"-1 29.2 21 3.2
MW-B"-2 38.2 19 2.6
MW-B"-3 49.2 19 3.9
MW-C"-1 29 7.9 15
MW-C"-2 38 24 14
MW-C"-3 50 17 9.5
MW-F"-1 32.4 10 10
MW-F"-2 39.4 2.2 22
MW-F"-3 48.4 7.6 12
MW-H"-1 27.4 9.2 6.1
MW-H"-2 39.4 6.8 7.3
MW-H"-3 46.4 12 5.1
MW-J"-1 32.4 0.17 22
MW-J"-2 39.4 13 6.8
MW-J"-3 48.4 11 7.8
MW-L"-1 29.3 18 15
MW-L"-2 36.3 20 2.4
MW-L"-3 50.3 9.6 8.3
MW-M"-1 32.3 19 2.6
MW-M"-2 37.3 19 4.8
MW-M"-3 52.3 |Non Recoverable sample

(1) Source: C2REM and Dames & Moore (2000)
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The GSU also recommends that the information on Biodegradation in Vadose Zone Soils
presented at the October 26, 1999 Vapor Transport Modeling Workshop be included in this
report. This discussion, in conjuction with area specific field data, will help provide
evidence to support the occurrence of biodegradation in the vadose zone. (b)

Response:
The Respondents agree with this recommendation. The referenced information will be
included as an appendix in the Vapor Transport Modeling Report.

The GSU concurs that there is good agreement presented in this report between observed
soil gas concentrations and the results of the DLM, which automatically incorporates
biodegradation in the vadose zone. However, the GSU can not recommend approval of a
document that assumes biodegradation is occurring. This assumption should be supported
by facts from existing data and/or by proposing an assessment of biodegradation in the
vadose zone based on field parameters measured at each site. (c)

Response:

The Respondents would like to point out that active degradation taking place in the Study
Area is supported not only by numerical modeling, but also by field observations. During the
bioventing tests conducted as part of the Pilot Feasibility Test at the Pit Site, degradation has
been demonstrated to be occurring at an oxygen consumption rate of 8.40x10° to 3.79x1072
day™ and a benzene consumption rate constant of 3.50x10™ to 1.58x10 day™. For further
details, please see response to McCrink’s comment 1a in the above.

Finally, as stated on page 4, the DLM predicts relatively higher vadose zone
biodegradation rate constants than those estimated from groundwater studies (DeVaull et
al., 1997). Therefore, the uncertainty of applying groundwater studies to the vadose zone
further supports the need to establish the occurrence of biodegradation in the vadose zone
based on field evidence. (d)

Response:

First, modeling presented in the Draft Report was not based on degradation rate constants
estimated from groundwater studies. Rather, it was based on demonstrated vadose zone
degradation, and measured rates of aerobic degradation in the vadose zone based on
measured oxygen consumption during controlled respiration testing in the vadose zone (see
the response to McCrink’s comment 1a above).

Second, it is reported that vadose zone degradation rate constants estimated from the DLM
are typically higher than those estimated from groundwater studies (Johnson et al., 1999,
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p.416). Johnson et al. (1999) believe that there may be alternative mechanistic explanations
for this behavior. They reported DLM-estimated vadose zone half-lives of roughly 22 day™
compared to 0.001 to 0.01 day™ from groundwater plume data fitting. These values are
generally consistent with the DeVaull et al. (1997) study for aerobic degradation except for
high vapor concentrations where the DeVaull et al. (1997) rate constants tend to be more
conservative. The site-specific application of DLM to the three sites within the Del Amo
Study Area yielded rate constants that range from 1.23x10 to 5.90x10™ day™, which are
near or below the 95% LCL of DeVaull et al. (1997) (see Figure 1). It is the intention of the
Respondents to apply the site-specific degradation rate constants in the sitewide risk
assessment.

2. Section 4.0 Key Assumptions Used. The fifth bullet states that the influence of
individual source areas have not overlapped laterally and the source can be considered
separately by the vapor transport model. The GSU recommends a discussion be
included that specifies the procedure to follow if overlapping source areas are
encountered when this methodology is applied to other parts of the Study Area.

Response:

This recommendation will be considered and where appropriate, implemented in the sitewide
risk assessment. In the Study Area, there may be cases in which more than one
contamination source impacts the soil and soil vapor above the source areas. In that case, the
risk will be assessed for the overlapping sources separately, and then be combined by the
method of superposition. The development and application of such an approach will be
included in the risk assessment.

3. Section 5.0 Results. The third paragraph discusses the chemical and geologic
parameters input into the DLM.

a. Ky, Vertical Intrinsic Permeability: The text states that the value for soil in the
vadose zone was assumed to be 10" m? which is equivalent to a water
saturated hydraulic conductivity of 9.8x10™ cm/sec. The GSU recommends that
an explanation be provided about why an assumed value has been used rather
than a field measured value, and how that value was estimated to be adequate.
Also, a sensitivity analysis of this parameter should be included to indicate how
a higher or lower value impacts the value of Qs the flow rate of soil gas into
the building.

Response:
As documented on page 9 in the Draft Report, the vertical permeability used in the
model was selected after considering the vertical permeability values obtained
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through 1-D consolidation tests and saturated zone aquifer tests. The test data
showed significant variations, as can be expected for this site with its heterogeneous
soils. The value of 10> m? was selected to be within the range of test-derived data.
In response to this comment, a sensitivity analysis on this parameter will be
completed and discussed in the finalized report.

b. Hydraulic Conductivity: The text states that values for this parameter were
estimated from pumping tests of the saturated Upper Bellflower zone. The GSU
recommends that the test specify if this parameter represents horizontal or
vertical hydraulic conductivity and how it is used in the DLM. Based on the
context, this usually refers to horizontal conductivity. If this is the case, an
explanation should be included about how a horizontal hydraulic conductivity
value from the saturated zone can be justified for use in a vadose zone model in
which vertical migration is the dominant transport path.

Response:

The hydraulic conductivity discussed in the Draft Report were values obtained from
the same hydrostratigraphic unit with similar soil composition to the vadose zone.
Hydraulic conductivity derived from pumping tests are indeed more representative of
flow in the horizontal direction in the saturated zone; however, 1-D consolidation
tests showed similar and variable vertical and horizontal permeabilities. Therefore,
the Respondents believe that it was appropriate to compare the hydraulic conductivity
to the vertical permeability in the report to gain an understanding about their orders of
magnitude.

C. Qsil, flow rate of soil gas into the building: This term is listed in Table 5-1,
Input Parameters for Modeled Locations in the Pit Site Area, but is not
discussed in this section. The GSU recommends that a complete discussion of
Qsoil be included in the text. All parameters in the equation should be defined
and all parameters affecting Qs should be defined and discussed. It is the
GSU’s understanding that this parameter will drive the equation for phase 11 of
this modeling effort in which potential concentrations of VOC vapors in indoor
air resulting from subsurface sources will be estimated for risk assessment
purposes.

Response:

Qsoil is simply calculated from the other input parameters using Eqg. (24) in Johnson
and Ettinger (1991). All the other input parameters are provided in Table 5-1 in the
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Draft Report. The equation and parameters used for calculating Qs will be clarified
in the final report.

4. Section 5.0 Results. In the last paragraph of this section on page 10, the text states that
in most cases studied, the Johnson and Ettinger (1991) Model (JEM) without
degradation over-estimates the shallow vapor concentration by about 3 orders of
magnitude... The GSU recommends a discussion be added to this section about the
significance of cases studied in which the JEM rather than the DLM appears to
accurately estimate the shallow soil vapor concentration. This occurred at the Coca-
Cola Area location SGL0034 and at the Hamilton-Dutch Area locations SG-05 and
SG-06. Based on the modeling results of those locations, it appears that when the JEM
is the better predictor of soil gas concentration, this is evidence of a shallow source
area rather than the deep groundwater source.

Response:

This recommendation will be incorporated into the text of the final report. A paragraph will
be developed to summarize the modeling results for locations SGL0034, SG-05, and SG-06.
However, it is important to note that in a preliminary assessment of the locations for which
sufficient data existed, once a shallow source was simulated in the model, the results for the
transport from that shallow depth to the ground surface still indicate that some degree of
biodegradation was necessary to reproduce the observed soil vapor concentrations above that
depth. The combined results, therefore, indicate that degradation is taking place whether the
source is present in groundwater or in shallow soil.

5. Table 5-1, Input Parameters for Modeled Locations in the Pit Site Area. This table
contains values for Kv and Qsoil that have been used for modeling the Pits Area. The
GSU recommends that values specific to the Coca-Cola and Hamilton-Dutch Areas be
calculated.

Response:
The values have been calculated and will be provided in the revised report.

REVIEW COMMENTS OF JOE T. HWONG DATED JANUARY 12, 2000

1. Numerous parameters were used to develop the vapor transport model for benzene.
Because each parameter may have a specific effect on the simulation results, each
parameter should be explained in detail and a discussion provided regarding their
effect on the modeling results. In addition, the ranges for each parameter should be
provided along with a sensitivity analysis to support the selection of each parameter.
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Response:

Parameters associated with Egs. (1) through (26) are all defined in the text of the Draft
Report. The selection of key parameters is discussed on pages 9 through 15 of the Draft
Report. As stated in response to Comment 3a of McCrink, a sensitivity analysis on the
vertical permeability will be completed and provided in the final report. As for every other
parameter, the Respondents do not think that this report should repeat the original
development of JEM and DLM in addition to the brief summary as already provided; rather,
the readers should refer to the original documents for further details of the JEM and DLM
including sensitivity of input parameters. For reference, these documents (i.e., Johnson and
Ettinger, 1991 and Johnson et al., 1999) are attached herein.

2. Page 16, Section 7.0 Summary of Findings — The paragraph states that “This suggests
that the models are adequate for predicting near surface concentrations of aromatic
hydrocarbon vapors from subsurface sources.” The depth of the near surface should
be defined and that definition supported in the report.

Response:

The terms “near surface” and “shallow depth” are used to describe shallow soil
contamination as opposed to groundwater emission sources. It should be noted that there are
some variations in ground surface elevations and depths to groundwater across the Study
Area. The depth to groundwater measured on October 9-10, 1997 varied from approximately
49 ft at SBL0124 in the Hamilton-Dutch Area to approximately 61 ft at SBL0125 in the
Coca-Cola Site. In the risk assessment, the near surface is defined as the vadose zone
between 0 and 15 ft below ground surface.

3. Additional data should be collected to verify the modeling results for the benzene vapor
concentration, especially, from the depths of 10 to 60 feet below ground surface. The
additional data will help to verify the accuracy of the modeling results.

Response:

Please see our response to McCrink’s comment la.

REVIEW COMMENTS OF MICHAEL SCHUM DATED FEBRUARY 23, 2000
HERD has also reviewed comments on the approach supplied by DTSC Geologic Services

Unit Staff (memos from M. McCrink dated 1/6/2000 and J. Hwong dated 1/12/2000). We
agree with their assessment particularly as it applies to attempting to apply the model to
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areas outside of the study area where geologic conditions may not be the same as those
used to estimate model parameters within the study area.

In the past few years HERD has had considerable involvement with several versions of the
fate and transport model referred to as the “Johnson and Ettinger Model”. HERD has
recently been recommending that the version of this model released by the USEPA in
January 1999 as part of their CERCLA guidance be used to estimate potential indoor air
risks if there is a potential for exposure from VOCs ...

1. Proposed model has not been adequately peer-reviewed. The second paragraph in
Section 2.0 states that *“vapor transport models using the newly released dominant-
layer model (Johnson et al., 1999)” will be used. HERD has reviewed this citation and
we do not concur that the article is sufficient to establish the model as a widely applied,
rigorously peer-reviewed fate and transport model that should be routinely applied to
health risk assessments for CalEPA. In fact, the article cites as the basis for the model
development an unplished manuscript by the same authors (Johnson and Kemblowski,
1998) implying that the model has not undergone a formal scientific peer review
process. This is reinforced by the statement on pg. 409 of the cited article which notes
that “Neither model has undergone rigorous comparison with extensive field data.”
While the modeling studies and field data currently being conducted at Del Amo will
help to provide this information, there still needs to be independent confirmation by
scientists not so intimately involved with promulgating their own version of a
biodegradation model.

Response:

It is shown in the Draft Report that the only vapor transport model that has been peer
reviewed to the extent suggested (i.e., the Johnson and Ettinger model or JEM) does not
adequately match the site data. Consequently, the improved Johnson et al. (1999) model
(DLM) was used to better estimate the potential impact to indoor air at the site. The DLM is
basically a modification of the JEM to account for biodegradation in the vadose zone, which
was published in Johnson and Ettinger (1991). The theoretical development of DLM has
been completed separately from the Johnson et al. (1999) paper that was published in the
Journal of Soil Contamination. The DLM has been reviewed by U.S. EPA’s technical
consultant, Mr. Craig Mann (1999). The Respondents will be pleased to meet with the DTSC
technical staff to discuss the derivation of the equations used in the DLM.

2. Model is calibrated against itself Field data on soil gas measurements are used to

generate biodegradation rate constants in lieu of measuring biodegradation rates
specifically. While this approach is not without merit, it limits the application of the
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fitted model to those areas with virtually identical soil geological profiles, soil moisture
content, and dissolved oxygen profiles. We recommend independent confirmation of
these rate constants which could be accomplished by suitably designed field
experiments.

Response:

First, it is a commonly accepted practice to calibrate transport models such as this against
field data collected from an area, and then to apply the calibrated model to evaluate transport
in the same general area (ASTM, 1996). This was necessary because, to the best of our
knowledge, no approach existed that would allow for direct field measurement of
biodegradation rate constant in vadose zone under site conditions similar to Del Amo. In this
study, biodegradation rate constants were adjusted to match field data collected from three
different areas, the Pit Site, Coca-Cola, and Hamilton-Dutch, within the Del Amo Study
Area, and then compared to published values to ensure results are consistent with
observations elsewhere. The results obtained are therefore, to a large extent, field
measurements.

Secondly, the bioventing tests conducted in the Pit Site confirmed that the degradation is
taking place in the Study Area and that the degradation rate constants estimated by the model
are consistent with the measured values (see Figure 1 and the response to McCrink’s
comment la). Therefore, additional field experiments are not necessary to determine the
degradation rate constants for the site.

3. Conclusions based on circular reasoning. Related to the previous comment, Page 11,
Section 5.1.3, first paragraph states that “the DLM model, which incorporates
biodegradation, results in an excellent match with the observed soil gas concentrations.
This demonstrates that biodegradation is occurring in the Pit Site Area”. The DLM
model is not a mechanism based model. It relies on fitting observed soil gas data to
estimate an empirical biodegradation rate constant. As such, it is not surprising that
the predicted results “fit” the original data used to generate the prediction. It is not
proof that biodegradation is occurring.

Response:

The Respondents would first like to clarify that biodegradation incorporated in the DLM and
subsequently used in this report includes those mechanisms or processes that result in
reduction of the soil vapor concentrations that can be quantified by first-order kinetics. For
practical purposes of estimating the vapor release at the ground surface and into buildings, it
is more important to focus on the model’s ability to simulate concentration profiles rather
than discerning the exact contributing mechanism. It is in this regard that we conclude that
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the good match between DLM predictions and the observed soil vapor concentrations is
consistent with biodegradation occurring in the Pit Site.

In addition, contrary to some other models that may not provide unique calibration against a
given set of observation data, our experience with the DLM suggests that the fitting set of
parameters fall into a narrow range that are unique and physically consistent with our
conceptual model. Therefore, the model fitting with the DLM provides a fairly unique way
of reproducing the field conditions that will be adequate for the risk assessment purposes.

Finally, we would like to reiterate that bioventing tests that were separately conducted
confirmed that vadose zone biodegradation is taking place in the Study Area, as discussed in
detail in our response to McCrink’s comment 1a. The good comparison of model-estimated
rate constants and bioventing tests-derived values provides a strong validation to the
degradation model developed for the Pit Site.

4. Conclusions not supported by the data. Page 17, second paragraph states that the
estimated benzene biodegradation rate constants are “conservative compared to these
published values” as shown in Figure 7-1. HERD does not agree with this conclusion.
The estimated rate constants are lower than nearly all “published” comparisons. A
first order rate constant, expressed as a fraction degraded per day (1/day), that is lower
than another value is less conservative not more conservative.

Response:
The Respondents have to disagree with this comment. The first-order degradation
incorporated into the DLM can be written as:

dC/dt=-%.C (1)

where C is concentration, t is time, and A is the rate constant. For a stagnant contaminant source
with an initial concentration of Cy at time 0, the remaining concentration at any given instant
can be calculated as follows,

C(t) =Coexp (-1 t) (2)

It can be seen from this equation that the smaller the A, the larger the C(t). Similarly, when
using the DLM, lower values of A will result in higher estimated indoor air concentrations
which will lead to more conservative results as far as the health risk is concerned.
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Summary

HERD always recommends that site-specific data be used to estimate human health
risks when available. HERD also recommends that the most current USEPA
recognized fate and transport model be used. Since the proposed changes to the
USEPA model have not been adopted by the USEPA, we do not recommend that the
revised model be used exclusively in any health risk assessment submitted to DTSC for
review. We agree that there is evidence to suggest that biodegradation may be
occurring and should be evaluated by the best available science, and we suggest that
predicted results from both types of models be included in the ongoing site-wide risk
assessment.

Response:

The Del Amo Respondents agree with DTSC on the need to use site-specific data to evaluate
the health risk for the specific site conditions. As detailed in our response to McCrink’s
comment 1a, we also believe that both field data (including bioventing tests, baseline CO,
and O, measurements) and modeling results (presented in the Draft Report and herein)
clearly demonstrate significant biodegradation in the vadose zone in the Study Area. In
addition, it should be noted that the modeling work presented in the Draft Report that extends
the JEM to DLM has been extensively reviewed by the U.S. EPA including its technical
consultant. The U.S. EPA technical consultant, Mr. Craig Mann, has reviewed the
theoretical development of the equations, the modeling approach, as well as the application
of the approach to the three sites studied (Mann, 1999). At the October 26, 1999 Vapor
Transport Modeling Workshop, Mr. Mann has also concurred with the general approach
proposed for conducting the site-wide risk assessment. Following this detailed review, both
JEM and DLM have been used in the evaluation presented in the Draft Report. In its January
7, 2000 review comments, the U.S. EPA (2000) stated that “The modeling effort to date
offers a reasonable approach for estimating a range of values for the intrusion rate of volatile
compounds from groundwater emission sources or from emission originating in subsurface
soils”. The success of this exercise convinces us, as U.S. EPA concurred in their January
2000 review, that the DLM is an appropriate tool for the site-wide risk assessment.
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INTRODUCTION

thn soils are impacted by leaks or spills, or wastes are placed in im-
poundments, there is the potential for contaminant vapor migration to
enclosed spaces (buildings, conduits, etc.) and Jeachate migration to groundwater.
Historieally, regulations bave considered the potential for feachate from contami-
nated soils and wastes to impact groundwater; however, the issuc of vapor migra-
tion has only rccently begun to be formally and quantitatively addressed- This has
been brought about in Jarge part by the move toward more structured risk-based
corTective action (RBCA) approaches {c.g., ASTM 1695) and an increased awarce-
ness of this pathway. :

The significance of the vapor intrusion pathway and natural attenuation of
vapors in the vadose zone are currently the subject of intense debatc. When
common screening-level algorithms (¢.g., Johnson and Ettinger, 1991; Little ez al,
1992) are combined with conservative soil propertics, geometries, and exposure
assumptions, then the resulting target risk-based screening levels (RBSLs) are very
low, In fact, they are often one to three orders-of-magnitiude lower than existing
cleanup guidelines in many states. For example, the sample calculation shown in
the ASTM RBCA Standard (ASTM, 1995) suggests that benzene concentrations
in excess of 5 ug/kg-soil could be of concern if one wishes to be protective to a
104 excess cancer risk levsl,

Many intuitively feel that the current generation of screening-level predictive
models are too conservative and lead to unneccssarily low cleanup targets. Some
point to the fact that the algorithms generally do not account for biodegradation and
other possible vadose zone attenuation mechanisms. Based on the biodegradation
literature, it is reasonable to expect that some chemicals of interest degrade as they
migrate, especially those originating from petroleum spills (¢.2., benzene). If this
is true, then these chemicals should be found at concentrations much less than
those predicted by the current generation of screening level algorithms. This
hypothesis is supported to some degree by the Fitzpatrick and Fitzgerald (1997)
Massachusetts indoor air survey, the data of Fischer ez af, (1996), and others who
have ohserved and reported on petroleum hydrocarbon bicdegragation in the
vadose zone under natural conditions (e.g., Ostendorf and Kampbéll, 1991).

Unfortunately, little data exist to refute or support existing algorithms, or to
quantify the degrec of overconservatism. This lack of data is a result of many |
 factors, including the fact that interest in this pathway is relatively new. Johnson
and Ettinger (1991) and Little er g/, (1992) conclude that the screening algorithms
should predict reasonable results when contaminants are present in soil gas imme-
diately adjacent to a basement, bascd on a comparison of model predictions with
published radon intrusion data (e¢.g,, Nazaroff et al., 1987). Bowever, rigorous
comparisons of madel predictions and measurements foc well-characterized sites
where contaminant sources are located somc digtance away from a building have
yet to be reported. Recently, Fitzpatrick apd Fitzgerald (1997) presented their
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conclusions from a study of sites in Massachusctts where indoor air samples were
collected, Their goal was to review site characteristics and then identify specific
trends and field conditions that most influence vapor migration and vapor intrusion
into buildings. They also were interested in assessing the validity of gencric state
guidance derived from usc of the Johnson and Ettinger (1991) algorithm. In
surnmary, they noted that the generic Massachusetts guidelines overestimated
vapor inwusion impacts for petroleum fuel hydrocarbon sites; however, they also
found that the generic screening guidelines sometimes underpredicted indoor
corncentrations at sites wherg chlorinated organic vapors were present. Contrary to
fhe popular belief thet the models are overly conservative, the authors concluded
that the genexic Massachusetts guidclines were not conservative enough for siw
screening purposes, at least for chlorinated compound sites,

Given limited data and limited understanding, the potential for high sensitivity
to site-specific conditions, and the tendency 10 lean toward copservativeness when
developing regulations, it seems unlikely that technically defensible altematives
for developing generic screening levels will surface o the near-term. The inevi-
tzble consequence is that many sites containing volatile carcinogens are unlikely
to satisfy generic RBSLs for this pathway. Thus, this pathway will need to be
addressed on a more site-specific basis, and options are necded to ensure that this
is done in a technically defensible manner. Some state-level regulatory agencies
are already struggling with developing site-specific guidance for assessing this
pathway.

In answer to this need, options for addressing the vapor migration pathway on
a more site-specific basis are proposed here. These include a more refined use of
existing screening algorithms for layered geologic settings, as well as the use of
updated algorithms that consider biodegradation. These options stem from consid-
eration of practically available data, existing algorithins, theoretical consider-
ations, and empirical experience (Jury ef al, 1983; Kampbell et al, 1987; Nazaroff
et al., 1987; Garbesi and Sextro, 1989; Jury et gl., 1990; Johnson et al., 1950;
Loueiro ef al,, 1990; Ostendotf and Kampbell, 1950; Johnson apd Ettinger, 1991,
Johnson and Perrot, 1991; Hodgson ef al., 1992; Little.pt al,, 1992; Unlu e o,
1992; Ostendorf, 1993; Jin, 1994; Acomb et al,, 1996=Auer et al., 1996; Fischer
et al., 1996; Jeng et al., 1996; Lahvis and Bachr, 1996; Smith ez al., 1996; Uchrin,
1996; BP, 1997; DcVaull, 1997; DeVaull et af, 1997, Li, 1997; Sextre, 1997;
Stout, 1997). The data collection and data reduction activities can easily be
arranged in a scquence of increasing complexity, increasing data requireracnts, and
likely increasing cost. Whether this approach is reasonable and defensible can only
be determined by application to actual field sites followed by a review of the results
and experiences. It is recognized that with application, our knowledge will eon-
tinug to grow, and opinions and recomtmended practices are likely to evolve and
become refined aver the next few years,

In order 1o provide insight to the techmical challenges, the reader is first provided
an introduction to current approaches for developing generic risk-based screening
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levels and 2 discussion of other technical considerations important to the develop-
ment of the options described here. This is followed by the proposed away of
options for assessing the significance of the vapor intrusion pathway on a more
site-specific basis. At the end of this report, a vision for a2 much simpler site-
specific asscssment is presented and accompanied by a discussion of the develop-
ments necessary to progress toward that goal.

CURRENT APFROACHES FOR DEVELOPMENT OF GENERIC RBSLS

For reference, Figure 1 preseats a conceptoal mode] of the situation of interest. The
concern here is the potential for adverse impacts due to contamiaant vapors
emapating from vadese zone soils, impacted capillary fringe soils, or dissolved
chemicals in groundwater.

Incidenee of vapers in enclosed spaces fall into two major clasges. In one class,
enclosed-space vapors are found at concentrations near those thar could cause
immediate impacts (¢.g., fire, explosion, acute health risks, ctc.). This is most often
due to a direct or highly penmeable connection (¢.g., electrical conduit, gasaline
entering a sewer, clc.) between a flammable liquid/vaper and the enclosed space.
This class of sites deserves immediate atteption and response as required by most
state and federal regulatery guidance. In the sesond class of sites, our concem is
with diffusion and advection from the vapor source through a soil layer and into
an encloged space. This report focuses exclusively on this second class of sites,
where the concern is for longer-term health effects and time is available to
adequately address the problem on a more site-specific basis,

Sercening level algorithmns for the vapor intrusion pathway (Johnson and Ettinger,
1991; Little et af., 1992; Johnson and Kemblowski, 1938) couple sour¢e zone
partitioning, vadose zone transpost, bullding foundation transport, and enclosed-
space mixing algorithms, The resulting algorithms then depend on parameters
rclated to soil, chemical, and building characteristics. ASTM (1995), USEPA
(1996), and some state regulatory agencics have used the Johnson-and Ettinger
(1991) algorithm to relate the estimated indoor vapor concenu'atloﬂ @mw {mg/m’]
to the source zone vapor concentration C,,.. Img/m?]:

aoff
D‘\' AE}CX;}( qu#'LS'“k
QB T DmcknAB

) QEML ) ] [D;" } [DS{WAB} ( QmﬂLmd( ] ‘ (1)
exp| —i—* exp| —i—mac |
(ch‘.k AB QBL’I QqnilLT D:r[;cknAB

Here @ = (Cipgoe/ Goune) 15 the vapor attenuation cocfficient, and Ay = surface area
of cnclosed space in contact with soil (m?); DY = effective overall vapor-phase
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FIGURE 1
Schematic of vapor migralon scenaric and sampling options,

diffusion cosfficicns through the walls and foundation cracks {m?/d}, DgT = effec~
tive overall vepor-phase diffusion coefficient between the source and foundation
[M2d]; Lenex = thickness of enclosed space walls and foundation [m]; Ly = sourve-.
foundation separation [m]; Qp = enclosed space air exchange rate {m¥d); Q, =
soil gas flow rate jpto enclosed space due to und@ssmmatxon [@¥d); n=
fraction of enclosed space surface area open for vapor intrusion {m?/m?].

The cffective porous media overall vapor-phase diffusion cocfficients are gen-
erally determined from the Millington-Quirk formulation (Millington, 1959;
Millington and Quirk, 1961; Millington 2ad Shearer, 1971):

6335 DH;_O 83-5’
eIl _ it m :
S @

where: H, = Henry’s Law constant {(mg/m?-vapor)/(rog/m’~H,0)]; 8,, = volumet-
ric moisture content [m*~H,0/m?-soil]; 8y = total porosity [m’-veids/m?-soif]; 8y =
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volumetric vapor eontent [m3-vapor/m?~s0il]; D" = malecular diffusion cocfficient
in air [m%d]; DH29 = molecular diffusion coefficient in water [m?/d].

For reference, molecuwlar diffusion coefficients in air for most petroleuwrn fuel
compounds range from 0.05 to 0.10 em?/s (0.4 to 0.9 m*d), molecular diffusion
coefficients in water are roughly 1/10000 of molecular diffusion cocfficients in air.
USEPA (1996) tabulates relevant chemical properties for many chemicals of
iterest. Total porosity vanes roughly between 0.35 and 0.43 for most soil types;
in many welf-drained sandy soils, 6,,< 8y /5, 8, can approach 8y /2 in clayey soils,
and 8, approaches 6 as one moves down through the capillary fringe to ground-
water. More information on the parameterization of moisture levels through wnsat-
urated sofls and the capillary fringe in various soil types is presented in Guymon
(1994).

In typical RBSL calculations, the source zone vapor concentration Cy, . [mg/m?)
is often assumed to be related to the source zone total soil concentration C; [mg/
kg-soil], assuming a single-componcent, linear-partitioning relationships, and three-
phase equilibrium (vapor, sorbed, dissolved phases):

8. pK
CT":mmev[“evH e”H Py = CouuesB Ry /Py ©)

where: K, = soil sorption coefficient [(mp/kg-s0il)/(mg/m*~F1,0)]; R, = soil vapor
retardation factor [unitless); p, = soil bulk density [kg-soil/m®-soil],

While this expression is wsed frequently, it is not appropriate for cases where an
immiscible phase is preseat (e.g., residual hydrocarbon sowrce zones). In those
cases the partitioning caloulations are much more complex and generally nonlinear
(Johnson er al,, 1990). At high residual soil concentration levels (fypically >500
mg/kg total hydracarbons for gasoline; sec Johnson et al,, 1990), the partitioning
is better approximated by Raoult’s Law. Equation (3) may over- or underpredict
the vapor concentration cafculated using Raoult’s Law.

As an example of the use of Eq. 1, Figure 2 presents a vsi-P§7Ly for the
following rcasonable parameter values: A, = 50 W% Qg = 1208 ai/d (12 aix
changes per day in 100 m* enclosed space) Q. = 1.5 m¥/d (= 1 L/min); L. .=
0.15 m; D, =0.1 m¥/d (cracks filled with wejl-drained sandy soil; note the results
are not sensitive to reasonable changes in this -parameter for these conditions)
n = 0.001 m¥m? (note -~ the results are not sensitive to reasonable changes in this
parameter for these conditions).

This graph allows examination of changes in atenuation with changes in
source-enclosed space separation (L) and effective diffusion cocfficient (Df7).
For reference moving along the x-axis in the direction of increasing DfVLy
corresponds to moving 2 source closer to the enclosed space, or, altematively, to
increasing the effective diffusion coefficient (e.g., when decrgasing the moisture
content). As can be seen, no matier where the source is placed, or what the soil
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FIGURE 2

Johnson and Ettingsr (1991) site-specific vapor attenuation coefficient & = (Crgon FCroures)
astimate as g funclion of the overall effective vaperphase parous media diffusion coefliclent
O#* and distance belwean the source and foundation L.

propertics are, o S 1073 The upper asymptote of & = 10-3 corresponds to the case
where souzces are very close to buildings, transport i controlled by advection
through the foundation, and attenuation is due solely tg  dilution by mlxmg within
the enclosed space (e,g., radon intrusicn). Below D5V, = 0,1 mv/d, « i3 sensitive
to changes in sowrce-foundation separation and moisture content. For Q,, values
inthis range it can be shown that the results in Figure 2 are not sensitive to changes
in 1 or D, within 2 reasonable range of 1 and DL, values.

Due to this sensitivity to source-foundation separation and soil moisture content,
and the potential for a wide range of conditions t¢ be encountered in practice,
gencric calculations are often biased toward relatively close sourees and well-
drained sandy soils. Thus, o ranges from 10 to 10 in most generic RBSL
developments.

These results also point toward a practica! opportunity for improving the generic
RBSL screening process so fewer sites nced be addressed on a site-gpecific basis.
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Rather than develop a single attenuation factor for the rost conservative geometry
and soil type, a table of o values or a contour plot could be developed for a range
of possible source-foundation separxations and soil types.

Johnson and Ettinger (1991) also show how to account for depleting sources,
although this option has not been used often by those developing generic RBSLs.
This may be attributed to the fact that users must 2lso define 2 generic source zone
thickness. The impact of considering depleting sources is more significant for
carcinogenic compounds, because exposure to these compounds is averaged over
a longer period of time (often 30 years) than for noncarcinogens (often 7 years or
Jess).

Key TECHNICAL CONSIDERATIONS

Factors not typically considered in generi¢ RBSL development include a range of
soil types, layered stratigraphies, biodegradation of contaminants, and depleting
sources. Any or all of these can be cansidered when assessing the sigrufieance of
the vapor intrusion pathway on & site-specific basis, Also, as shown in Figure 1,
there are myriad site-specific sampling cptions. The following technical consider-
ations play an important role in the sclection of site-gpeeific data collection and
apalysis aptions presented below:

*  The opticns should utilize measurements that are casily integrated into
typical site assessments; thus, there is an cmphasis on using soil cores, soil
moisture, and soil gas meagurements. :

» Forreasons discussed above (sec discussion associated with Eq. 3), methods
that do not rely on soil vapor—soil contamination partitioning calculations
are preferred; thus, the options balow emphasize use of soil gas measure-
ments.

+  Given current site assessment practices and tools, it is difficult to define
source zouc geometries and source zone masses with any rzafonable accu~
racy; thus, considering depleting sources on a site-specific basis is pot
typically a practicable option, although it could be considered in developing
generic RBSLs as discussed apove.

*  The time required for vapors to reach near-steady concentrations at any
point increases with the square of the distance from the source and also is
affected by the chemical properties of the compound of inserest, In addition,
the prescnce or absence of surface barriers (pavement, buildings, etc.) can
affect near surfsce vapor concenlrations; thus, in making decisions involvs
ing potential future impacts, some options below emphasize the use of soil
gas concentrations measured near the source rather than measurements near
the surface or enclosed space.
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Expanding on this last bullet item, an estimate of the time 1, [d] required to
reach near-steady vapor concentrations and fluxes at any distance L (m] from a
souree 1§

RO L
Tgs == D 4

v

where all quantitics are as defined above with R, the vapor-phase retardation
factor, given by Eq. 3, Equation 4 derives from solutions to transient diffusion
problems (Crank, 1956) with step-change boundary conditions imposed at zero
time. Figure 3 presents caloulated 1, /R, values for a range of soil maisture contents
and: DY = 0.09 cm¥d (= 0.78 m¥d); D"® =1 x 10~ cmd (= 8.6 X
1073 cim¥/d); 8; = 0.35 m?-veids/m®ssoi); H; = 0.2 (mg/m?-vapor)/(mg/m*-H,0).
For refercnce, the chemicals most likely to cause excesdences of flammable
levels (Cipgur = 1% V7v) at fuel release sites will have retardation factors ¢lose to
unity (¢.g., propanes, butanes, pentancs). Oxygen will move relatively unretarded
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T./R,
[d]
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FIGURE 3

Estimated time for nonrelarded chemicals (o reach near steady vgpor concentrations
r1,/R.) al the distance I, from a scurce, For retarded compounds mulliply the (. /R.) valus
by the relardation facter R, defined in Eq. 4,
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(high Henry's Law Constant and low sorption), and chemicals most often of
concern from health considerations (e.g., monoaromatic hydrocarbons, MTBE)
will have vapor-phase retardation factors on the order of 10 < R, < 100. Thus,
different chemicals will approach near-steady concentrations at different times.

Figure 3 again emphasizes that soil gas hydrocarbon cencentratiops eloscr to the
souree zone reach near-steady values relatively quickly (hours, days); those several
meters away may require years or decades to reach near-steady conditions 25 1,
Increases with the square of the distance from the source. Jt should be noted that
analyses that consider chermical reactions will show thatnear-steady conditions can
be rcached faster than shown in Figure 3 when significant degradation rates occur,
Significant advection will also decrease the time ta reach near steady conditions,
as might be the case if pressure-driven vapor flow ocours along or within a
pecmeable conduit.

The major conclusions here arc that soil gas concentrations measured near a
source will, in most cases, always be represcotarive of near-steady conditions;
meanwhile, near-surface, or soil pas concentrations measured several meters from
a source may, or may not be representative of near-steady conditions. Thus, the
reader is cautioned that site-specific assessment relying on indoor or near-surface
and near-foundation or soil gas concentrations measured several meters from a
source should only be used when one is confident that the time sin¢e the release
exceeds the estimate of the time to reach near-steady conditions given by Eq. 4,
Site-specific assessment using soil gas concentrations measured near the source is
always an option, prayided that the user has an understanding of the subsurface
geology between the source and enclosed space (see later section).

SITE-SFECIFIC ASSESSMENT OF THE SIGRIFICANCE OF
YAPOR MIGRATION TO ENCLOSED SPACES

It is assumcd that situations re.qumng EMErgeucy responsc have been addressed,
site conditions have already been compared against generic risk-based screening
levels, and exceedences have been noted. Therefore, a more sitc- Spcciﬁc 2S5ESS-
ment of future and long-term impacts is desired. i3

As discussed above, generic RBSLs often assume a vadose zoné'that is homog-
cnous, sandy, and relatively dry. Furtheomore, biodegradation is meglected and the
vapor source is constant with time. Thus, on 2 site~specific basis, one might assess
the potential for increased attenuation (relative to the peneric RBSL case) due to:
(1) layered strata, (2) higher mojsture contents, (3) biodegradation in the vadose
zone, and (4) source depletion Wwith time. One might also eleet to pursue direct
measurement of enclosed-space concentrations or' near-foundation scil gas mea-
surements.

In the following, this range of options is discussed. Direct enclosed-space
measurement 1s discussed in the next section and then near-foundation measure-
ments are discussed in a subsequent section. Factors that decrease the potentjal for
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vapor migration jmpacts, relative to typical regulatory gencric base cases, are
considered in two later sections. There, increased diffusion resistance is discussed
in onc of those sectians, the use of soil pas concentrations with depth to guide
refined analyses arc disoussed in another, and the incorporation of vadose zong
biodegradation in the analysis is addressed in 2 later section. Source depletion is
discussed briefly in the final section.

Table 1 summariaes the options and data collection requirements for each.

Direct Measurement of Enclosed-Space Vapor Congentrations

Whenever it is suspected that explosions, fircs, or acute health impacts might
Qecur, vapor samples arc quickly collected from the enclosed space or bujlding,
Use of this samc direct measurement approach for the more refined site-spegific
assessments of future and long-term Lmpacts, however, is envisioned to be very
limited for several practical and technical reasons,

First, obtaining vapor samples from enclosed spaccs and interpreting the results
involves 2 host of camplex issues and sensitivitics. For example, there may be
alternate indoor vapor sources already within the enclosed space. Also, sampling
occupied buildings or residences often causes unnecessary emotional stress to the
occupants. Therefore, for these considerations alope, unless other data (odors,
flammable subfoundation vapor concentrations, etc.) suggest a short-term threat,
direct collection of indoor vapor samples is generally not preferred. Guidance on
considerations for indoor air sampling is given in USEPA (1992). Some of the .
complications and interferences of indoor air sampling are covered in 8 series of
Total Exposure Assessment Methodology (TEAM) studies undertaken by USEPA
(1987).

Second, there ig the issue discussed in the previous section concerning whether
-the current vapor concentrations are represcntative of Jong-term conditions. For
example, enough timne may not have passed to ensure near-steady conditions, or the
concentrations may be affected by other dynamic processes (e.g., seasonal changes’
in soil conditions). SaF

Third, many site-specific assessments will involvé sites where a building or
enclosed space does not cwrreatly exist, and the concern is for impacts under
reasonabie potential future scenarics.

Therefore, as stated above, this option is envisioned to be of imited uss when
making more refined site-specific assessments of potential impacts from vapor
migration to encloséd spaces.

Use of Soil Gas Samples Collected Near Surface or
Near the Foundation of the Ehclosed Space

Near surface and subfoundation sampling is an option that is attractive for two
primary reasons. First, obtaining samples is relatively straightforward and vapor
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Refinement Qptians and Associated Data Collection

TABLE 1

and Analysis Needs

Analysig
step

Refinement
refative to
previous
analysls

Description

Data needs relativa to
base list of neads?

Genenic RBSL Nome

{ndoor
" sampling

Near-
foundation
and near-
surface
sampling

Site-
spacific:
simple
Tohined
caleulation

Site~
specifict
rofined |

Site-
specific:
refined 2

Direct meagute ~—
no prediction

Direot mepsure
of curyent
conditions in
sojl nepr
enclosed-space
and cstimate of
impact to
enclosed space

Site-specific
estimates of
effective porous
media diffusion

¢ocfficionts

Site-specific
assessment of
altcnuation due
to bivdegradation

Seurce zone
depletion

Calculation of base case
RBSLs using generic

properties; user should ensurs

that generic inputs are

conservative relative 10 serual

site canditions, soil type and

depth ta contamination should

be known
Vupaer sampie collested in

enclosed space and compared

with regulatory limits

Near-foundation measurement
coupled with simple
adycctive-driven vapor
intrugion cqaation

Use of algorithms cmployed

in Generic RBSL calculation,

bur input of site-specific

effective diffusion coafficiznt

estimate (or valu¢ measured
In sitw), and source zone
Vapor concentration

Use of medified screening-
level algorithms, degradation
fiving parameter determined
from vertioal sall gas profile
and 50| properties, asd
possibly effsctive diffusion
coefficicnt measured in situ

Same as above, exeept todel
refinemints aceount for
souree depletion

+ Nove

» Indoor vapor samples at
different tlmes of the yesr

* Surety of no ather sources

* Time sincc relaase

+ Ncar-foundatien soil gas
ssmple

* Eyrimate of enclosed-space
air exchange rate

"+ Time sincg relaise

* Source zone 50il vapor
concentration

* Moisture content vs. depth

» Effective diffusion
cocficients meagured
in 3itu (Optional)

v Bource zong soil vapor
conceftration

+ Moistig€contens vs, depth

+ Estimarte of time
since releage

* Soil vepor concentrations
with depth, including O,

+ Bffective diffusion
coefficicnts measured
in situ (optional)

* Same as above, plus source
zone dimensions and
source mass

2 DBase eage data neods include: subsucface lithology and depth w contarnination,
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sampling probes can often be driven to depth by hand or with hand-operated power
tools. Second, analysis of the data gencrally does not require additional character-
ization of the subsurface, or does it rely on prediction of vapor transport through
the subsurface between the sowce and enclosed-space foundation. For example,

using Figure 2 one can estimate near-term indoor concentrations from subfoundation
measurements:

— Cmil (33

Cindocr 1000 (5)

where C_;, . (mg/m?] is the chemical concentration in soil gas immediately adja-
cent 1o the basement wall or foundation. This estimate is specific to the inputs
defined previously above, but it is consistent with published data from field studies
focused on the relationships between concentrations of radon in soil gas and indoor
radon concentrations (Nazaroff, 1987), For enclosed spaces with less air circula-
tion, the resulting indoor concentrations could be greater. ,

As in the case of direct indoor measurement, it should be noted that there arc
also serjous limitations to this approach, mainly:

= Near-surface soil gas measurements are morg prone to sampling errors
(ofen short-circuiting down the sampling probes).

= The presencc or absence of surface barriers (pavement, buildings, or lack
thereof) can affect neansurface vapor coneeatratons, For example, near-
surface measurements made at open surface gites are unlikely to be repre-
sentative of near-surface soil gas concentrations under buildings (i.e., sec
BP, 1957). In contrast, vapor concentrations at depth near the source are not
affected significantly by the surface conditions.

= It is possible that not enough time has passed sinee the release for near-
steady soil gas concentrations to be achieved near the surface as discussed.
above. Meanwhile, near-steady-state vapor coggentrations are schieved
rapidly enough at depth near the source zone thatknowledge of the rejease
history is not critical.

Use of Site-Specific Diffusion Coefficients in the
’ Generic RBSL. Algorithms

In this simple refinement option, algorithms employed in generating generic -
RBSLs arc used; however, generic effective diffusion coefficients, soil types,
moisture contents, and source-receptor distances arc replaced with values more
representative of the site under consideration. In this case the data required for
gencrating a conservative site-specific indoor air concentration estimate include:
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»  The source Zone vapor concentration
«  The location, thickness, and moisture content of all subsurface strata located
between the source and enclosed space
Once the data are collected, the following analysis is performed:
1. A subsurface conceptual model is created in which the subsurface is divided
into distinct strata, each having a thickness L; [m]

2. Effective vapor-phase porows media diffusion coefficients (D™ are calcu- -
lated for each layer using Bq. 2; alternatively, site-specific values can be
measured using the method described by Jobnson et al, (1998)

3. The overall effective diffusion coefficient for the region between the source
and enclosed space D" [m¥/d] is caleulated using:

Dy 1

L, B 2(_]%5] ()

i=1

where L, (= ZL,) is the distance between the source and building.

4. Use the (D;°VL;) value calculated with Eq. & and Eq. 1 to calculate &, or
read the attenuation factor value from Figure 2, if the inputs are reasonable
for that site.

5. Use o and the measured source zone vapor concentration C,.. to deter-
mine if expected indoor concentrations exceed target levels.

For example, consider the data shown below in Table 2 for a site that has been
conceptualized as having five depth intervals as shown in Figure 4s (BP, 1997),
There the moisture contcat decreases with depth, thereby causing.the cffective
diffusion coefficient to increasce with depth. From this table we seethigt (D=™/Ly) =
0.0042 nv/d. Using Figurc 2, this yields &= 1.5 x 104, For reference;uising standard
generic assumaptions (ASTM, 1995; sandy soil at 1 m depth), the corresponding
values weuld .be (D) = 0.061 m/d and ot = 8.4 x 104 Thus, by considering .
the site-specific soil moisture distribution, the generic enclosed-spacc concentra-
tion estimate was teduced by a factor of about six.

At this site, the source zone Vapor concentrations are 94,000 mg/m? (approx.
0.02% v/v) for total hydrocarbons and 120 ppm, for benzene. Using the site-
specific estimare for & yields indoor concentration estimates of 14 mg/m? (approx.
3 ppm,) for total hydrocarbons and 20 ppb, (= 80 |g/m?) for benzene.

The results of this analysls indicate that even though source zone concentrations
exceed flammable levels, concentrations within the enclosed space should rermain
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TABLE 2
Sample Use of Field Data
{Data from BP 1997)
to Determine Site-Specific Effective
Vapor-Phase Diffusion Coefficients

o 8

Depth {g8,0!  [m-H,0/ Dy DL
{ft BGS] Type g-saif] masoilr [m¥d] [m/d]

04 Siley sand 0.1l 0.1 0.016 0.013

4-7 Silty sand 0.12 0.20 0.010 oon

7-10 Silry sand 0.10 0.16 0.023 0.025

10-13 Sang 0.056 0.10 0.087 0.073
13-16 Sand 0.059 0.9 0.062 0.068
DiWL.=  0.0042

¥ Assuming 2 bulk seil density of 1,7 goiVam=seil.
* Fot DV~ 0,09 otn¥/s = 0.78 m/d,

well below flammable levels. In fact, this low level would not likely be detected
on 3 portable field instrument, and the benzene concentration is at most an order
of magnitude greater than typical wrban background levels (Shew and Singh,
1988). Consistent with this analysis, petroleum hydracarbons and benzene were
not detected above background Jevels in the building at this site.

Fischer et al. (1996) also present soil gas and indoor air concentrations at a
petraleurn spill site. From their 8F, tracer gas study data, onc can estimate o = 107
for nondegrading compounds located close ta the building that they studied. This
in paod agreement with the generic & plot given in Figure 2. The one order-of-
magnitude diffcrence (0= 10 in Figure 2 vs. 10 measured) is attributable to the
high indoor air exchange ratcs in their study building. Using Figuxe 2 with the
soil moisture and porosity data for that site produces (D*7L;) = 0.035 mv/d and,
=7 x 1074, Using the measured soil gas and indoor aif isopentans concentrations
yields @ = 7 x 10*", Thus, in this case indoor concentsitions are three orders of
magnitude lower than predicted by the conservative Hsyered geclogy algorithm.
The agreement would be to within two orders of maguitude, rather than three, if
the site-specific building characteristics and exchange rates reported by the authors
were considered. '

Use and Interpretation of Soil Gas Data with Depth

While soil gas samples with depth are not required in the analysis above, these data
can be used to corroborate and test assumptions built into the site conceptual model
(c.g., soil moisture and geology sssumptions). It is also useful for assessing If
additional model refinements sre warranted.
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FIGURE 4

Sample prasentation using dafa from (a) BP (1997) and (b) Fischer &4 al. (1996).

First, the data should onjy be used if enough time has passed for pear steady
conditions to have been reached st that sampling depth. The distance from the
source, knowledge of the spill history, and Figure 3 can be used in making this
decision.
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Second, soil pas concentrations should be plotted vs, depth and then compared
with the expected s0il gas concentration profile for the goil moisture content and
soil type data, or the measured site-specific effective diffusion cocfficients (Johnson
et al., 1998),

Next, the dats should be plotted and reviewed. Figures 4a and 4b show sample
data presentations for data from BP (1997) and Fischer et al. (1996). The BP data
represent soil gas samples obtained with depth adjacent to a building, while the
Fischer et al. data represent $oil gas sampjes collected from beneath a building.
When plotting data, it is preferred that the soil gas concentrations be overlajd on,
or platted next to, a conceptual model of the subsurface. Available moisture
content data should be presented as well. Once the data are plotted, regions across
which concentration decreass ot inerease sharply should be identified.

To check data consistency with the injtial refinement discussed above in, the
measured vapor concentrations should be compared with the expected concentra-
tion profile for the conservative case where soil properties vary with depth, but
there is no degradation. For a system cormposed of n layers, the concentration Cy(2)
in any layer j is expected to be:

§ ( Ly )+_3_
C(e) = Cle=0)+ o)~ Cla=0)] ot ”
3 (3

where z [m] is measured up from the bottor of Iaycr j» C(Ly) is the concentration
at the upper boundary (dctermmed using Eq. 15 in Johnson and Ettinger (1991)),
L, [m] is the thickness of layer i having the effcctive diffusion coefficient D {m?/
d]. In layered settings, larger concentraton gradients are expected across regions
with finer-grained soils and larger moisture contents. For example, Figures 5a and
5b present the predicted concentration profiles for the data preserted in Figures 4a
and 4b, respectively. For open surfaces, C(Ly) is ger}grally much less than C(z =
0) and can be neglected; however, this may fot hold tme for covered sites or below
a building (Fischer et al, 1996, BP 1997).

Axthis point, the predicted concentration distributions should be compared with
the field data. If there is good agreement, then diffusion is likely the dominant
transport attenuation mechanism, biodegradation is not playing a significant role,
and the initial sitesspecific estimate of attenuation likely descrives behavior ad-
equately at the site. For example, consider Figures 5a and Sb. Here the concentra-
tian profiles arc not well predicted, although the qualitative features are betier
predicted in Figuze 5b than in 5a, Agreement would be better in Figure 5b, if it
happened that the moisture content in the 0.48 to 0.58 m region BGS was closer
10 0.15 g-H,0/g-soil than to 0.10 g-H,0/g-s0il. The effect of this change on the
predictions is shown in Figure 5b.
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Vapar concentration data compared with predictions for one-dimensional transport through
a Iayered systam withou! degradation, using data from (a) BRP (1997) and (b) Fischer et al,

(1596).

As in Figure 53, the sharp transitions observed in actual concentration profiles
, and deviaticns might not

be casily attributable to reasonable errors in soil property measurements. One

may not gppear in the predicted concentration profiles
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possibility is that these sharp transitions could be the result of thin finer-prained
soil Jayers not detected in the initial geologic agsessment. To test this hypothesis
at a site, the user can either colicet additional continuous seils cores, or conduct in
sity diffusion coefficient measurements in the region of the sharp transition. For
example, given the data in Figure 4a, in sitw diffuslon coefficient measurements
would be made inthe 4 to 8 ft BGS, 810 12 R BGS, and 12 to 15 {t BGS intervals,
It should be noted that there may be more than one plausible hypothesis for a given
data set. For example, Fischer et o/, proposed that their observed sharp transition
wzs the result of more highly transmissive near-surface scils and subsurface
advective flow resulting from wind-induced pressure gradients,

Ideally, soil gas samples should be collepted from each distinct soil strata
identificd by the geologic assessment at & site, Vadose zone sampling implants
connected to ground surface with small diameter (1/8” OD) nonadsorbing tubing
are the preferred method of data collection. It is recommended that the implants be
left in place for future sampling, because often more than one sampling event is
necessary. The implants can then also be used for performing in situ diffusion
cocfficiont measurernents, The intent here is not to provide detailed guidauvce for
soil gas sampling; however, the rwo main concerns in soil gas sampling are the
ability to collect discrete depth samples and to prevent atmospheric dilution. For
this reasox, readers should nate that: (1) sample line and vapor sampler voluwaoes
should be minimized so that the purge volume is small, (2) the potential for
atmospheric short-circuiting down the annulus between the scil and sampier should
be minimized, and (3) sampling flow ratcs in the range cf about 1 L/min or less are
preferred.

Accounting for Attenuation Due to Biodegradation in Site-Specific
Assessments

Incorporation of aerobic biodegradation into the site-Speciﬁc assessment of poten-.
tial vapor migration unpacts is discussed here. As in previous sections, much of the
following analysis i3 appropriate only for sites that‘.iaavc reached near-stcady
conditions. In the case that near-steady conditions are not hkely to have been
achieved, the user should review the discussion below in concerning site condi-
tions that are likely more conducive for degradation, and to identify if such
conditions cxist at theix site.

To assess if sigpificant vapor migration attenuation due to biodegradation is
occurming, it is necessary ta characterize the vertical soil gas distribution and vapor
transport propertics of the unsaturated zone. Information needed includes:

+  Total hydrocarbon soil gas concentration vs. depth,

¢« Specific chemicals soil gas concentrations of interest vs. depth (e.g., ben-
zene)
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«  Oxygen soil gas concentrations vs. depth
Site conceptual model {iayers, soil types, depth to source, e¢c.)

When selecting specific analytes, it is useful to include at least one compound
that is known to be recalcitrant to degradation and is relatively unretarded, cven
though it may not be of concern from a health risk perspective. As mentioned
above, these data can be used to ensure that cstimates of the diffusive properties
of the soil are reasonable and that near-steady conditions cxist.

In some cases, theee will be large discrepancies between the measured concen-
trations and those predicted with Eq. 7 as ig the case in Figure 52 and Figure 6
(Ostendorf and Kampbell, 1991). This may be an indication of significant biodeg-
radation, but may also be duc 10 ejther poor site characterization data or non-neax-
steady conditons, Thus, if it is hypothesized that biodegradation is playing an

O -oxygen
A -tow| hydrocarbons

slesdy-tts 1-D solugon wils
ustifonn peoperties and no
dugradauon

3¢ o e
3 / ’\.‘ﬁ-"
seady.mue 1-Dsolulfog with .
wrilorm peopertier and fits- .
oeder degradation Witk &=4
_4 _O_; & 1 A, A & L Py " 1 a A L
0.0 0.2 0.4 0.6 0.8

Normmalized Concemrﬁtion IC/C sl

Depth Relative to Ground Surface [m]

FIGURE 6

Nomalized hydrocarbon and oxygen soil gas concentrations In a shallow near-homogeneous
setling; data from Ostendort and Kampbell (1991). Lines show expected concentration
profiles n homogeneous selfings at near steady conditions for no degradation, and first-
order degradatlon,
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important role, then it is important to look for other supporting evidence of
biodegradation, in¢luding

*  Decreasing oxygen concentrations with depth that are consistent with the
contgiminant vapor concentration profile {e.g, sharp transitions in samc
region) and substantially different from oxygen profiles with depth in
background soils

Elevated carbon dioxide levels consistent with oxygen profile
= Relatively stable soil gas concentrations with time

These zre traditional indicators of aerobic biodegradstion. If one simply
desires only to demonstrate that natural attenuation is qocurring in the vadose
zone, then the data necds listed above are sufficient for this purpose at most sites.
If, however, one wishes to be more quantitative and to incorporate big-attenua-
tion into the development of site-specific vapor intrusion pathway screening
levels, additional analysis is necessary.

If the data suggest that biodegradation is playing a significant rcle, as is
suggested o Figures $b and 6, then the next ¢hallenge is to characterize this
behavior sufficiently to be able to refine the asscssment of the significance of the
vapor migration pathway. At this point in time it is not clear how to best
accomplish this in general, as available data have been limited and models are
still being developed, tested, and refined. Below twe possible screening-level
mode! refinements (Johnson and Kemblowski, 1998) are presented. These are
inspired by availeble field and laboratory soil column data. Neither model has
undergone rigorous comparison with extensive field data, Both are capable of
mimicking characteristics of the available data as shown below, and hence are
adequate for fitting and extrapolation purposes. Both decouple oxygen and
hydrocarbon, vapor transport so that complete speciation of the hydrocarbon
vapars is rot required. o :

The first algorithm mimics daiz from shallow (%4 m BGS) and rclatively
homogeneons settings, such as those studied by Ostén}crf and Kampbdell (1991)
in the field and DeVaull (1997) in the laboratory. Figure 6 presents a subset of
the data from Ostendorf and Kampbell (1991) as an {llustration. Generally in
these settings the oxygen concentration in the soil gas remains high (>5% v/v),
except perhaps in the vicinity of the source zone. The contaminant vapor concen-
trations appear to decrease exponentially with distance away from the source,
ang at any point are less than those that would be predicted by the one-dimen-
sional steady-state mode! discussed in the previcus section, assuming uniform
properties and no degradasion.

Here a screening model that essumes 2 first-order reaction in a homogencous
medium is uscd. In this case the equation describing the steady-state vapor
concentration profile C(Z) [mg/m?] is
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C(z = 1)[::"82 —382]+ clz= 0)[0—6(1-2) B eau-z)}

C(Z) = [e"” ~ c"] (8)

where L [m)] is the depth interval of interest, Z = z/L is the normalized height above
the source zone, S is given by:

_ g L
-\)I H-‘Dc” (9)

)

where A [d-1] is a first-order decay coefficient for degradation that is assumed to
occur in the soil moisture, The parameter 1) represents & ratio of degradation rate
to diffusion rate; thercfore, it is expected fthat attenuation will increase with
increasing 8. : ‘
For reference, Figure 7 presents a family of type curves predicted by Eq, 8 for
a xange of 8 values, assuming that C(Z = 1)<<C(Z = 0), Note that the curves in

1.0 LAS SI Sun el R A SR T Y v
\ 3= (anz/HiDgﬂ’)lfz
08 | -
o6 ]
ZII.« 8<0.1 :

FIGURE 7

Predicled vapor concentration profiles for 8 homaogeneous system al steady-~state with a
first-craer reaclion using £q. 8.
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Figure 7 suggest that degradation does not significantly imnpact the shape of the
vapor concentration distribution unless 1 > 1.

Incorporating Eq. 8 into the development of Jolinson and Ettinger (1991) yiclds
the following refined equation for the attenuation factor (Johnson and Kemblowski
1998):

p=1- cxp[—f‘“—r“—) (11)

and all other parameters arc as defined above for Eq. (1).

Figure 8 plots the attenuation factor a as a function of (D<"/L) for a range of
8. All parameter values are the same as those used in Figure 2. Note that unless,
& > 1 the impact of including degradation is negligible. In addition, @ is very
sensitive to small variations in & when 8 > 1.

The procedure for using this refined mode! is as follows:

1. Compars ficld data with predicticns given by Eq. 8 for a range of & values’
(one simple approach would be to plat normahped data on top of Figure 7)

2, Asscss whether Eq. 8 adequately describes the' data and if so, find the value
of O that best fits the field data

3, Then pse this value of  to obtain a value of afrom Eqs. 10 and 11, or Figure
8 ,

4. Useaand tie measured source zone vapor concentration C, . to determine
i expected indoor concentrations exceed target levels.

For example, as shown in Figute 6, the Ostendorf and Kampbell data can be
reasopably fit with Eq. 8 using 8= 4.
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FIGURE &

Altenuation caefficient predicted by Eq. 10 for the case of & homogensous meadium at
steadysstale with g flrst-order degradation reaction,

Given the sensitivity to small changes in & when & > 1, it is recommended tha:
3 be regarded simply as 2 site-specific fitting parameter. It is also recommended
at this time that 8 values derived for one site not be used at other sites. In addition,
d values may be specific only to the setting for which they are measwed; for
cxample, the data in Figures 4a and € are specific to two sites without ground
cover. It is not yet known if it is appropriate to extrapolate that_';d;a;t_a to covered
areas at those two sites. w5

If ove is interested in developing a database of first-order degradation rate
values (A;) with an ainy toward justifying conservative base-level generic degrada-
tion rates, then great care should be taken to also characterize the diffusive
properties of the system at each site contributing to the database.

Data of the type shown previously in Figure 4 are not well fit by the simple first- .
order degradation model discussed above. These data sets are characterized by
substantial changes in contaminant and oxygen concentrations across rclatively
thin vadose zone scctions. Generally, these seetions also correspond to regions of
higher moisture content or decreased air-filled porosity. Thus, the processes oceur-
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ring in these scctions dominate the overall observed behavior for a number of
rcasons, including higher diffusion resistances and incrcased residence times for
reaction.

Data of this type might be reasonably fit by a “dominant layer” model (Johnson
and Kemblowski, 1998). In this approach the vadose zone is conceptualized as
having three zones as shown in Figurc 9. A ¢entral zone in which the reaction takes
place is bordered by two zones through which transport occurs without reaction.
At ncar steady-state conditions the concentration profile for thxs SCEnario is given
by (Johnson and Kemblowski, 1998):

™
-LLI enclosed space '_‘_F
C‘hﬂw
L,
Layec3 Dy
— L
D
Layer 2 2 L,
Layer | Dyt
T
C4 CJ C! Cncunn
Source Coneentration

FIGURE 9
Schematic of dominant layer maodel ble-attenuation scensno,
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C(Z) = Csomc - (Csuumc - Cl)(i] Re gion 1 <o <z < I_,‘)

(12)

Region2 (L, <z<L,)

=y
(13)
C(z)=C;—(C,—C,)[ 2=l ] Region3 (L, <z<L,)
L,-L.
(14}

whare:

- }‘ien:'(.l"-;_r'l)z
s_/ T (15)

Using the general development of Johnson and Ettinger (1991), the attenuation
coefficient a for this approach becomes (Johnson and Kemblowsld, 1998):

il
- X

3

@]

indoor __ §_ lFB .

S ECreE)

a=

where:
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ﬁ: 1 - cxp( Qiml crack ]

DcrpckAm-ck (17)
— Dam {an'—ca] (LZ_LI}
Dy e~ (£, -L)
=[P 1
(o) e 2
1
V= | (20)
Q_(ABD;’“] 1
a L,-L, [G—(l/\p‘)-y+4\g] €3]

To solve for the concentration profile, Eqg. 16 is first solved to get a. Then each

of the following relations is solved sequentially for C,, C;, and C,, in terms of
C

poures*

C, = 2Pyyd - Q.
cgpure: (B — I}Quﬂ — E\f’ s 'BW + 4ﬁw¢ (22)
Cg = 7«'}"4’ + G(Ct/cscuru) .
Comne  Goacybdy @3)
vy
o - ,
—z‘”c s ZV(CJ/ Cmu) TV L (24)

3

These equations are easily set up and solved within any standard spreadsheet.
Figure 10 iHlustrates madel predictions compared with the dats from Fischer ez af,
(1996) for the case of the parameters defined in Table 3, No attempt has been made
to find a best fit here, and it is clear that results are sensitive to small changes in
5. With 8= 6 in Eq. 16, then & = 106, which is of the same order of magnitude
as the empirical value based on measured soil gas and indoor isopentane coneen-
trations. It is also roughly three crders of magnitude lower than the estimare
genexated in the previous section for the case of a layered system without degra-
datjon, Even though good agreement is achieved here, it should be cautioned that
there may be other reasonable hypotheses consistent with this data set, as discussed
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FIGURE 10
Comparlson of dominant l2yer medel with data from Fischer et al. (19586).

TABLE 3
Inputs Used in Generating
Figure 10 Using the Dominant Layer Madel

Layer
Property 1 2 1
Thickness [m] 0.3 02 0.4
5 0 6 ¢
D=7 [m/d] 0.07 0.02 0.05

above, This 15 especially true for this data set, especially becauacﬁthc first-order
decay constant congistent with Bq. 15, 8= 6, and the other sxte-specxﬁc data are
about 1000 to 10,000 greater than typically reported first-ordef- biodegradation
rates (roughly A = 22 d™' vs. 0.001 to 0.01 d™' based on dissolved groundwater
plume data fitting). Here the data are used simply to demonstrate use of the
equations as fitting and cxtrapolation tocls, and it is recognized that there may be
alternate mechanistic explanations for the behavior abserved at this site.

Other Refinements

One can also consider sowrce zone depletion when refinuig their assessment of
poteatial vapor migration impacts. This requires knowledge of contaminant distri-
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butions in soil and knowledge of contaminant partitioning propecties and behavior.
lIohnson and Ettinger (1991) describe how to account for depleting sources using
this informmation. It is not discussed further here, because it is unlikely that the
necessary data will be knawn with any degree of accuracy greater than what would
be assurned when penerating geaetic RBSL estimates. 1t is also felt that the
majority ¢f sites can be adequately assessed on a site-specific basis using the
guidance provided in previous sections. In addition, the issuc of source longevity
13 one that has received little attention to date and is not wel]l understood.

AN OPPORTUNITY FOR THE FUTURE

Figures 7 and 8 and the data from Fischer et af. (1996) and BP (1997) suggest that
there is potential for a much simpler site-specific screening methodology 1o be
developed. Collectively, this information suggests that there conditions might exist
for which bio-attenuation is so significant that there would be no potential for
adverse impacts at any possible source vapor concentration. If thesc critical con-
ditions could be defined, then vertical soil gas profiling and detenmination of
biological rate constants at each site would not be pecessary. Instead, one would
focus site assessment activities on identifying if the critical conditions were satis-
fied, As an added bepefit, it would also not be as important w determine if vapor
concentrations had reached near-steady conditions before reaching & conclusion
regarding the significance of vapor migration.
One hypothesis is that these critical conditions include the following:

» No significant advective vapor flow (uL/D=" < 1; p = velocity)
- Sufficient oxygen for aerobic biodegradation (>5% v/v)
- Nonrecalcitrant, aerobically biodegradable compounds

«  Slow enough diffusion rates and Jong enough dlstances for degradation to
be significant

The first twa cap be reasonably quantified based on existing litcrature; for
example, both the bioventing and groundwater biodegradation literature suggest
that aerobic degradation slows significantly when oxygen concentrations ate less
than about 25% of air-saturated conditions (5% v/v or 2 mg/L~H,0).

The last condition is the one for which future study is needed, To help show how
it might be quantified, Figure 11 has been prepared. It presents the distance L, [m]
over which the vapor concentration would be reduced by 99.9% as a function of
soil molsture content for the range of first-order decay rates displayed. Fipure 11
i5 derived fram Eq. 8, which yields the conditioa for this case that:
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2
Lcﬁ:)‘j_m.e =69 (25)

HiD:ﬁ‘

Figure {1 is presented for illustrative purposes only. It should be noted that at
this time a range of reasonable first-order degradation rates has yet to be identified,
and we do not even know if first-order expressions adequately describe the kinet-
ics. The reader is referred to DeVaull ef af. (1997) for more discussion on this issue.

However, for the sake of illustration, suppose that 104 < A8, /H;< 10-° 7' is
agreed to be a reasonable range and that a concentration redugtign of 99.9% is
sufficient to allcviate vapor migration concems &t service statiorspill sites. Then
a graph of this type would define al] the possible combinations of acceptable
vadose zone thicknesses and moisture contents. Then, in the initial assessment, a
user would simply collect and compare the site-specific moisture content distribu-
tion and source-receptor distance with a graph like this to ensure sufficient bio-
attenuation. For example, soild with moistare contents =0.1 g-H,0/g-soil require
soil thicknesses of =0,2—4.0 m to assure 2 99.9% reduction. Figure 11 shows that
much thinner strata of higher moisture cantent would also achieve the same effect,

For a concept like this to progress, more well-documented data and fundamental
research studies are necded to identify reasonable kinctic expressions and kinetic
paramecters and to verify the hypotheses presented above.
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Heuristic Model for Predicting the Intrusion Rate of Contaminant Vapors into

Buildings

Paul C. Johnson* and Robert A. Ettinger

Shell Development, Westhollow Research Center, Houston, Texas 77251

m The intrusion into and subsequent accumulation of
contaminant vapors in buildings and family dwellings is
of concern for health and safety reasons. When preparing
environmental and health risk assessments, one must be
able to quantify this exposure pathway in order to decide
if site-specific conditions correspond to unacceptable in-
door contaminant vapor concentrations. For cases in which
contaminated-site soil cleanup levels can be negotiated
based on site-specific conditions, a related problem is the
determination of residual contaminant levels below which
associated adverse health effect risks are deemed negligible.
Unfortunately, there are currently no accepted models for
predicting vapor intrusion rates, and there is considerable
debate over which transport mechanisms govern the pro-
cess. This paper presents a heuristic model for screen-
ing-level calculations. It incorporates both convective and
diffusive mechanisms, as well as contaminant soil, and
building foundation properties. Sample calculations are
presented for a range of parameter values to illustrate use
of the model and the relative contributions of indjvidual
transport mechanisms.

Introduction

The intrusion and subsequent accumulation of radon
vapors in commercial buildings and family dwellings has
received considerable attention in the last decade. Of
growing interest is the related problem of vapor transport
from contaminated soils into buildings and dwellings.
When preparing health and environmental risk assess-
ments, regulators may require one to determine a residual
contaminant level below which the associated adverse
health effect risk is deemed negligible. To accomplish this,
however, predictive transport models are required. Despite
the attention focused on radon intrusion, no such validated
models are available.

The current level of understanding is that both diffusion
and convection contribute to vapor intrusion, and specific
site characteristics will determine the significance of each.
Nazaroff et al. (1) attempted to correlate radon concen-
trations in basements with building ambient pressure
differences, wind speed, temperature differences, soil radon
activity, and indoor air-exchange rates. In summary, for
the three dwellings studied, typical building underpres-
surizations (ambient basement pressure drop) ranged be-
tween 1 and 50 Pa, and radon intrusion rates increased
with increasing building underpressurization. Through the
use of a tracer gas and controlled building underpressur-
ization, Nazaroff et al. (2) studied the coupling between
building underpressurization, induced soil depressuriza-
tion, and flow of soil gas to a building. In ancther field
study, Hodgson et al. (3) studied the transport of vapors
from a landfill to a residential basement: they concluded
that convective transport was negligible for the conditions
at that site. By building a scale model of a building, Arnold
(4) attempted to correlate building underpressurization,
wind speed, soil type, soil gas intrusion rates, and pressure
distributions in surrounding soils.

Attempts to model radon intrusion have produced both
semianalytical solutions and detailed numerical codes.
Landman {5), who considered only vapor-phase diffusion,

0013-936X/91/0925-1445$02.50/0 € 1991 American Chemical Society

modeled radon transport through cracks in slabs and
predicted that a slab with 1% open cracks by area will
reduce the radon flux by 75% relative to the case of a bare
dirt floor. Landman and Cohen (6) later tried to simplify
this analysis and incorporate convective transport. Other
authors, such as Zapalac (7), have attempted to model and
measure radon fluxes through intact (i.e., no macroscopic
cracks) concrete barriers.

Recently, numerical models have been employed by
Garbesi and Sextro (8) and Loureiro et al. (9). The former
model soil gas entry through “permeable” walls, rather than
through cracks and openings, and predict reasonable soil
gas entry rates for the cases studied. The latter couple soil
gas flow field solutions with a contaminant transport model
to predict radon intrusion rates through cracks and
openings in basement floors and walls. It should be noted
that one must be careful when extending results and
conclusions from radon intrusion studies to the problem
addressed in this study. Tn the case of radon intrusion,
vapors are typically generated within the soil matrix ad-
jacent to the foundation, while contaminant vapors of the
type discussed in this report must migrate from a source
located a distance from the building.

The goal of this work is similar to those of Nazaroff (10)
and Nazaroff and Sextro (17); we want to develop a less
computationally complex screening-level model for esti-
mating contaminant vapor intrusion rates. Nazaroff (10)
outlined a semianalytical approach for predicting indoor
radon concentrations in the limit of convective-dominated
transport, while Nazaroff and Sextro (11) described a more
empirical technique based on a site-specific in situ mea-
surement. Here we utilize the results and observations of
these authors to formulate a heuristic model for predicting
the intrusion rate of contaminant vapors into buildings
through foundations in a more general scenario: contam-
inant vapors originating an arbitrary distance away from
a building. This model can be used as a risk assessment
screening-level too‘};;ﬂt can be used to identify sites, or
contaminant levels, for which contaminant exposures
through a vapor inhalation pathway may cause adverse
health effects. It can also be used as a tool to help identify
sites where more detailed numerical simulations or field
sampling are appropriate. Below, the basis for the model
is discussed, model equations are derived, and sample
calculations are presented that illustrate the use of the
model.

Heuristic Model Basis

While the formal development of the heuristic model
Is presented below, it is necessary to identify relevant
phenomena that govern contaminant vapor transport into
dwellings. In the following section, a dimensional analysis
is cenducted to assess the relative importance of each
phenomenon. The transport of contaminants through soil
matrices is often modeled by solving the following trans-
port equation:

a2 ¢C,

+ 2wy VC = TV-DACC, + TR, {1)
i

¢ i

at
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where 7 is a subscript that specifies the phase (e, v =
vapor, s = sorbed. f = free phase or precipitate, and m =
soil moisture), t is time (s), ¢ is the volume fraction of
phase { {volume of phase i/volume of s0il, dimensionless),
C, is the concentration of contaminant in phase ¢
(mass/volume of phase i, g/cm?), u, is the Darcy velocity
vector associated with phase i {cm/s), V is the del operator
(1/cm), D is the effective porous medium diffusion
coefficient of contaminant in phase / {cm?/s), and R, is the
formation rate of contaminant in phase i (g/cm3-s).

For the special case where residual contaminant levels
are low enough that no contaminant free-liquid/precipitate
phase is present in the soil pores, under equilibrium con-
ditions contaminant levels in the vapor, sorbed, and soil
moisture phases are often assumed to be proportional to
each other and the total contaminant level [Johnson et al.
{12)]. Equation 1 can then be written in terms of a single
phase concentration. One can assume, without any loss
of generality, that contaminant levels in the soil moisture
and vapor phases are related by a Henry's law constant,
H (cm?® of H,0/cm? of vapor):

C,=HC, @)

A similar equation can be written for the relationship
between sorbed and soil moisture phases, except that H
is replaced by a sorption coefficient. If one assumes that
diffusive transport is significant only in the vapor and soil
moisture phases, then it follows from eq 2 that

T V-DFAVC, = V(D2 + D /H)VC, = V-DHVC, (3)

where D*ff, defined by eq 3, is the “effective porous medium
diffusion coefficient based on vapor-phase concentrations”.
The effective porous medium diffusion coefficients (D%
and D) are related to the pure component molecular
diffusivities in water and air, DH2© and D#, total soil po-
rosity, ey = (¢, + €y), vapor-filled porosity, ¢,, and mois-
ture-filled porosity, e, by the Millington-Quirk [Bruell
and Hoag (13)] expression:

Dmeff = DH2oem3'33/eT2 (4)
and
Dveff = Dairev3.33/eT2 (5)

where ¢, and ¢, are related to ¢r, the moisture content 0
{cm® of H,0/g of soil), and the bulk soil density py, (g/cm?):

€m = Omop (6
and
(7

For most compounds (except those with very small Henry's
law constants), the contribution due to diffusion through
the soil moisture will be insignificant in comparison with
vapor-phase diffusion.

For the purpose of this analysis, we also assume that
significant convective transport occurs only in the vapor
phase, and vapor flow is described by Darcy’s law:

€, = €ép ~ empb

ky
u, = -—VP (8)
n

where k, is the soil permeability to vapor flow (cm?), u is
the vapor viscosity (g/cm-s), P is the pressure in the vapor
phase (g/cm-s?), and u, is the vapor-phase mass-average
velocity (cm/s).
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Table I. Dependence of Pe or Soil Type®

soil type permeability, k, (darcy or 107 cm?) Pe
silt 0.01-0.1 0.08-0.08
silty sand 0.1-1 0.080.8
fine sand 1-10 0.8-8
medium sand 10-100 8-80

aPe = (kAP Lp/D*uLp), where AP, = 10 Pa = 100 g/cm-s? =
107* atm, D®* = 0.087 cm?/s (benzene at 20 °C); DH©® = 1.0 x 10°¢
cm?/s; H = 0.18 cm?® of H,0/cm? of vapor (benzene at 20 °C); ¢ =
0.38; 8, = 0.07 g of HyO/g of soil (sandy soil at field capacity
moisture content); p, = 1.7 g of soil/cm® of soil; » = 1.8 X 10
g/cmes; Lp = Lp; D =~ D = 0.087 cm?/s X (0.26%%/0.38%) =68
X 1073 cm?/s.

Inserting egs 3 and 8 into eq 1 and nondimensionalizing
the resulting equation yields
é)Ze;C,—*

i _ (Z—P)(V*P*)'(V*Cv*) =

at* b

o De[f[.LLP V*C - S—R * 9

° kvAPrLD 'y T i ( )
where AP, is the reference or characteristic indoor-outdoor
pressure difference and * denotes nondimensional varia-
bles:

Ci*=C,'/C,.' V*=LDV P*=P/APX
t* = t(k, AP, /LpLpn)  R* = RLpLpu/C.k,AP,

where C,, Lp, and Lp are characteristic concentration,
diffusion pathway length, and convection pathway length
values, respectively, chosen to give the dependent con-
centration variable and derivatives of C;* and P* magni-
tudes of order unity. Then the dimensionless group

(k,AP.Lp/D*uLp] = Pe (10)

determines the relative significance of convective and
diffusive transport mechanisms. Here Pe is the Peclet
number, expressed in terms of the driving pressure AP,
If Pe > 1, convective transport dominates; if Pe « 1,
diffusive transport dominates. Note that the Peclet num-
ber defined by eq 10 contains two length scales Ly, and Lp.
This is appropriate for the problem of contaminant vapor
intrusion into buildings, where the characteristic length
scales for diffusion'and convection may be quite different.
Logical choices far #p and Lp are the contaminant
source—basement s€paration and the distance between
ground surface and the basement floor, respectively.

It is useful to examine the magnitude of Pe before for-
mulating any simpler vapor intrusion models. Based on
the Nazaroff et al. (I, 2) studies, typical values of AP, are
1-10 Pa (10-100 g/cm-s?), so we will choose the following
representative parameter values: AP, = 10 Pa = 100 g/
cm-s? = 10™ atm; D* = 0.087 cm?/s (benzene at 20 °C);
DHD =10 X 1078 em?/s; H = 0.18 cm® of H,0/cm? of vapor
(benzene at 20 °C); ep = 0.38; §,, = 0.07 g of H,0/g of soil
(sandy soil at field capacity moisture content); pp, = 1.7 8
of soil/cm? of soil; x = 1.8 X 10~ g/cm-s; Ly, = Lp. Table
I presents values for Pe for different soil types. While 0
e, Pp» and hence D*ff will vary with soil type, it has been
assumed that all soils listed in Table I have similar to
porosities, soil moisture contents, and bulk densities (an
assumption that would not be valid for comparing sandy
and clayey soils). The diffusion coefficients in water &n
air are also compound-specific; however, compounds whose
molecular weights range from 70 to 300 have diffusion
coefficients that differ by only a factor of ~2 [Lyman et
al. (14)]. Of the parameters appearing in eq 10, the soil
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Figure 1. Vapor intrusion scenario.

permeability, k,, is the most variable at any given site; it
is not unusual for k, to vary by 3 orders of magnitude
across a site the size of a typical residential lot. As can
be seen in Table I, Pe ranges between 0.01 and 100 for the
soil types listed there. The significance of this observation
is that any vapor intrusion model based only on either
convective or diffusive transport mechanisms cannot rea-
sonably describe the relevant phenomena over the typical
range of soil types. Any proposed model, therefore, must
include both transport mechanisms.

Formulation of the Heuristic Model

This discussion will be limited to problems in which
chemical or biological transformations are not significant
(i.e., R; = 0). Recall that the goal of this development is
to produce a predictive model suitable for screening-level
calculations. Given that biological transformations in the

‘ unsaturated zone are presently not very well understood,

it is not appropriate to attempt to incorporate them into

- this level of modeling. The reader should understand,
- however, that degradation due to microorganisms does

occur; any model that includes them will predict lower
intrusion rates than the model presented here (unless the
contaminant of concern is produced by the biological
transformation).

At this point we will restrict the analysis to steady-state
(nondiminishing source) problems, although it will be
shown later how one might adapt the results to diminishing
source problems. Figure 1 presents a simplified sketch of
the problem under consideration, in which a contaminant
vapor source of concentration Cyyy,.. is located some dis-
tance Lt below the floor of a basement or building slab.
We want to predict the intrusion rate of vapors into the
building. To accomplish this, the following assumptions
are made:

(i) Contaminant vapors enter structures primarily
through cracks and openings in the walls and foundation
{electrical outlets, wall-floor seams, sump drains, etc.).

(ii) Convective transport is likely to be most significant
in the region very close to a basement, or foundation, and
vapor velocities decrease rapidly with increasing distance
from a structure.

(iii) Vapor-phase diffusion is the dominant mechanism
for transporting contaminant vapors from contaminant
Sources located away from the foundation to the soil region
near the foundation.

(iv) All contaminant vapors originating from directly
below the basement will enter the basement, unless the

floor and walls are perfect vapor barriers.

Assumption i reflects the current thinking that vapor
intrusion is mainly due to cracks, seams, and openings in
basement floors and walls, while ii and iii are based on the
analysis presented above, the Peclet numbers appearing
in Table I, and analogy to known solutions of fluid me.
chanics problems. In this simplistic model, contaminants
volatilize from the source and diffuse toward the founda-
tion. When convection is significant, they are “swept” into
the building through cracks; otherwise, the contaminant
vapors diffuse through the cracks and openings. As-
sumption iv restricts contaminant vapors from leaking
around a building to ground surface and, therefore, adds
a level of conservation to the model. Vapor leakage to the
surface will be significant whenever the resistance to
transport into a building is much greater than the resist-
ance to transport to ground surface, such as buildings built
on relatively intact slab foundations. It should be noted
that the final results will not be limited by the validity of
assumption i; if one follows the analysis below for the case
where vapors are transported through intact porous walls,
the final equations are identical in form with the results
presented below (this will be shown later).

In addition to assumptions i-iv listed above, there are
also assumptions inherent in the simplistic mathematical
models described below. One-dimensional transport
models form the basis for the heuristic model; therefore,
it is assumed that the soil is homogeneous within any
horizontal plane with respect to effective diffusion coef-
ficients (heterogeneity in the vertical direction is accounted
for). Also, it is assumed that convective vapor flow in the
region near the foundation is uniform. This assumption,
however, does not preclude application of the model to
scenarios where there is a uniform layer of gravel adjacent
to the foundation; in fact, the idealization described in
assumption ii accurately represents this scenario, and one
only needs to be sure to predict the soil gas entry rate
based on properties of this region (and not the permeability
of surrounding soils).

In the following, the heuristic vapor intrusion model is
formulated by combining approximate mathematical de-
scriptions of the relevant transport phenomena:

(a) Diffusive Transport from the Source to a Re-
gion near the Structure. As described above, it is as-
sumed that contaminant vapors are transported from the
contaminant sou;e’egto ‘a region near the structure, pri-
marily by a molecatar diffusion through pore vapor and
soil moisture phases. The rate can be approximated by
the expression

El = AB (C - Csnu)DTEIr/LT (11)

where E| is the mass-transport rate toward the structure
(g/s), Ap is the cross-sectional area through which vapors
pass (cm?), Cyupce is the vapor concentration at the con-
taminant source (g/cm?), C,; is the vapor concentration
in the region near the structure {g/cm®), L1 is the distance
from contaminant source to foundation (¢m), and Dreftis
the “overall” effective porous media diffusion coefficient
based on vapor-phase concentrations for the region be-
tween the source and foundation (cm?/s).

The cross-sectional area, 4y, can be approximated by
the total basement area (floor and walls). Assuming that
convection, when significant, is only dominant in a region
very near the foundation allows us to approximate the total
diffusion length, Ly, as the distance between the source
and foundation. The soil permeability to vapor flow,
building underpressurization, and physical setting will
determine the actual thickness of the convection-domi-
nated region, which will increase with increasing permea-

source
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bility to vapor flow and increased building underpres-
surization. In general, the unsaturated soil zone may be
composed of several soil types with varying moisture
contents and porosities, and the effective overall diffusion
coefficient for a region between z = Q and 2z = Ly is

X Ly _
Drft/Ly = U; dz/De%(z)| (12)

where D®f(z) is the effective porous media diffusion
coefficient at z, which is a function of the contaminant type
and soil characteristics as defined by eqgs 3-7.

For systems composed of n distinct soil layers defined
by thicknesses L; and uniform effective overall porous
media diffusion coefficients D, £, eq 12 reduces to

Dyt /Ly = [ZL;/ D1 (13)
i=0

(b) Transport from Soil Gas into Building. The
transport of contaminants from soil gas adjacent to a
foundation is assumed to occur by a combination of con-
vective and diffusive transport mechanisms. As a first
approximation, the steady-state, one-dimensional solution
to eq 9 for vapor transport through a crack (or porous
medium) with a constant uniform convective velocity
(Qqoi/ Acrack) 18 used to predict the total rate of contaminant
intrusion into a building:

E Q C Qsoil(csoil - Cbuﬂding) (14)

soilsall [1 - exp(Qsoichrack/DckaAcrack)]
where E is the entry rate of contaminant into the building
(g/s), Buwou is the volumetric flow rate of soil gas into the
building (ecm?/s), D*k is the effective vapor- pressure
diffusion coefficient through the crack (cm?/s), L is the
thickness of the foundation {cm), Cpyiging is the contami-
nant vapor concentration in the building (g/cm?), and A o
is the area of cracks/openings through which contaminant
vapors enter the building (cm?).

The only “unknown” in eqs 11 and 14 is the soil gas
contaminant concentration, C,,;, which can be obtained
by requiring that the rates E, and E be equal at steady
state. The result

DTeffA B anuLcrack
C i = Cgource D 7 Derackq -1 *
- [ [ anilLT exp DcraCkAcrack
DTEffAB ngichrack
Cbuilding]/[[ anilLT exp IWTAC,.,C)‘ T

L .
exp anll crack (15)
D crackAcmck

can be substituted into eq 14 to obtain E, the rate of
contaminant entry into a building through the foundation:

Dq® T ABCsou:ce QsmlL crack _
crack Acrack
Cbuudmg DTeffAB QuoitLcrack
ex - ] -
source QsollL T P D cmckAcrack

B 'Lc ac!
1] + exp E_mf’_k (16)

Dcrack A

crack

When eq 16 is written this way, E is the product of the
steady-state diffusive rate of contaminant transport from
a source to a bare dirt floor foundation (first term on
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right-hand side) and a factor containing a number of di-
mensionless groups whose significance will be discussed
below.

Indoor Air Quality. Equation 16 can be incorporated
into a steady-state mass balance for a basement (or
building) to produce an explicit expression for the indoor

contaminant vapor. Assuming no other contaminant
sources or sinks (i.e., sorption to walls or furniture) and
a well-mixed building, this expression can be written

QbuitdingChuiiding = £ 17

where @puiding denotes the basement (or building) venti-
lation rate, expressed as a volumetric flow rate. Often, this
term is expressed as the product of an “air-exchange rate™
and a basement (or building) volume; however, here these
terms are combined into @y,uqdine- Substituting eq 16 into
eq 17 and rearranging yields

al —
Chuitding = | C*building X

Qsmchreck Qsmchmck
exp +
Dcrack Acrack Dcrack A crack

DTeHAB N DTeffAB anchrack 1
Qbu ildingL T QsoilLT D cmck‘Acmck
(18)

where
DTe“ABCsouxce
QbuildinglT

In eqs 18 and 19, C*y,u4ing Fepresents the indoor vapor
concentration corresponding to the case where vapors
diffuse from the source to a bare soil foundation. As will
be derived later, this is the limiting case in which @,
becomes very small and the diffusional resistance through
the basement floors/walls is significantly less than the
diffusional resistance through the soil zone between the
contaminant vapor source and building. Equation 18 can
also be arranged to produce the “attenuation coefficient”

C*buﬂding = [ (19)

R

= » Chuilding/ Csource (20)

or equivalently “°
D eff A
rA4s
Qbm]dmgLT
( sochrack ) ( Qsmchrack )
exp cratk exp crack +
crack D Acxack
effAB D TeﬁAB Qam]L crack 1
QbulldmgLT QsoilLT D’-’“C"A
(21)
Both egs 18 and 21 depend on three dimensionless groups:
quilL crack D TEﬁAB Qsoil

Derackq QbuitdinglT Quilding

The first represents the equivalent Peclet number for
transport through the foundation, the second is the at-
tenuation coefficient (as defined in eq 20) for diffusion-
dominated transport from a constant source to a bare di

floor, and the third is the attenuation coefficient for con-
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vective transport from a source located adjacent to the
building.

At this point it is useful to examine the behavior pre-
dicted by eq 21 in certain limiting situations, in order to
verify that the mathematics represents the phenomena
incorporated into their derivation and that the results fall
within appropriate bounds:

(8) (QuonL raci/ D™™*A 1 3) ~ . In this limit con-
vection is the dominant transport mechanism through the
basement (building) floor and walls. Equation 21 becomes

D Teft' AB
@buildingLT
QO —— = (22)

. Qsoichrack
m—*—_ —_—
D crackA crack DTeffAB

+1

li

J s —

Qso’l}L T

If the source lies directly beneath the foundation (Lp —
0), then & — Q,.u/ building Which is the proper result for
convection-dominated transport of a vapor stream with
concentration Cyoye.. If the source is “far” from the
basement (i.e., D1*%Ag/Qulr — 0), then transport is
limited by diffusion from the source to foundation, and
a — DTefrAB(QbuildingLT' Note that in the limit
QuoitLcrac/ D™k A, — = the results are independent of
the cracked area of the floor and walls. This is because
contaminant vapors are swept into the building as fast as
they are transported to the soil adjacent to the floor and
walls, .

(b)) (@i L oo/ DA _..) — 0. In this limit diffusion
is the dominant transport mechanism through the base-
ment floor and walls, and eq 21 reduces to

QsoﬂLcrack
—_— —
[erack A

crack
DTeffAB
QhuﬂdingLT (23)

) Dr*Ap n Dr*AgL pcy
+

QuuildingLlT Derackg Ly
Equation 23 contains two dimensionless groups. As dis-
cussed above, Dr*f4, / QuuidingLT TEpresents the attenuation
coefficient for diffusive transport to a bare dirt floor. The
second dimensionless group, D*®AgL . . /D4 o Lo,
is a measure of the diffusion rates through the soil relative
to those through the floor and walls. If D1*fAgL 0/
Derackg Ly << 1, then o — Dr*Ap/ QuuiigingLr because

o —

. DrAg/ QuigingLr will typically be much lese than unity

€8S Qbuﬂding —0. If DTBEABLka/Daad‘AkaLr > 1, then
a— DCHCkAcrack/Qbui]dinchmck: which is the appropriate
attenuation coefficient for transport from a source located
adjacent to the floor and walls. When DAL ot/
Dersckg L > 1, then diffusion through the floor and
walls is the rate limiting mechanism, and there is a vapor
concentration “buildup” below the building or basement.

(€) @yuitging — 0. This limit corresponds to a perfectly
sealed basement, Q.on must also approach zero, and the

- model predicts that o — 1; that is, the indoor contaminant

vapor concentration approaches the contaminant vapor
concentration in the soil gas.

Sample Calculations
On the basis of the analysis above, it appears that model

. predictions fall correctly within the appropriate bounds
- for all limiting cases examined. These results, however,

Table II. Parameter Values Used To Generate Figures 2-5

AB=7m><10m+2(2mx7m)+2(2mxlom)=138m2=

138 X 10 cm?

Litack = 6 in. = 15 ¢cm
buitging = 7 M X 10 m X 3 m X 0.5 volume exchanges/h = 105
m"/f\ = 2.9 X 104 cm3/s

D= = (.087 cm?/s (benzene)

DM = 1.0 X 107 cm?/s

H = 0.18 cm® of HyQ/cm? of air (benzene)

0 = 0.07 g of HyO/g of soil

ep = 0.38 cm?3/cm? of soil

oy = 1.7 g/cm3

AP =10 Pa = 10 g/cm-s?

give no indication of what “typical” values of these di-
mensionless groups might be. It ig useful at this point,
therefore, to examine model predictions for a sample case.
Consider al0m X 7m X 3 m (length X width X height)
basement whose floor lies 2 m below grade. It is assumed
that the floor/wall cracks and openings are filled with dust
and dirt characterized by a density, porosity, and moisture
content similar to that of the underlying soil. Model pa-
rameters AB! Lcrack! Qbuﬂding’ Da.i:r, DHZO, H, Bm, €T, and py are
given in Table II. The remaining unspecified parameters
are the convective flow rate from the soil into the base-
ment, &, the area of cracks, A racx, and the distance
between the contaminant source and the foundation, L.
The soil gas flow rate, Qs is likely to be dependent on
the basement crack area, A cracks 8011 type and stratigraphy,
building underpressurization, and basement geometry. For
simplicity, however, we will estimate Qi 28 suggested by
Nazaroff (10):

Q _ QWAkaXcmck Terack
soil —

#1n [2Zcmck/rcrack] Zcrack

Equation 24 is an analytical solution for flow to a cylinder
of length X o, and radius r_,, located a depth Z_,,, below
ground surface; this is an idealized model for soil gas flow
to cracks located at floor/wall seams. Here AP, k., and
p are as defined above. For this sample problem, Z,,,., =
2 m (as stated above), Xerack is taken to be the total
floor/wall seam perimeter distance (34 m), and for con-
sistency repe is given by

\fm}ac‘i = UAB/‘Ycrack (25)

<1 (24)

where the ratio 7.2¥4 .../ Ap, so that 0 < n < 1. For
reference, n = 0.0f"corresponds L0 rerack = 4.1 em for the
values of Ay and X_,,., given above; o, = 1 em corre-
sponds to n = 0.0025.

In the Nazaroff et al. studies (1, 2), estimates for Quoil
are in the 280~2800 cm?/s (1-10 m3/h) range, for induced
building underpressurizations of 5-30 Pa and very
permeable soils (k, > 108 cm?). Note that 1 m?3/h corre-
sponds to ~1% of the assumed total basement air ex-
change rate (0.5/h). For the purpose of this sample cal-
culation we choose AP = 1 Pa (10 g/cm-s?), which is
probably a reasonable long-term average value for
screening calculations.

Figure 2 presents soil gas flow rates predicted by eq 24
for n = 0.01 and 5 = 0.001. This figure illustrates the
strong dependence of @, on soil type, and a weaker de-
pendence on crack size (as reflected in the value of ). For
very permeable soils (&, = 10 cm?), the predicted @Q,;
values are of the same order of magnitude as the values
observed by Nazaroff (1, 2). For example, Q. = 260 em?/s
forn =001 and k, = 1 X 10 cm? For reference, medium
sandy soils correspond to 107 < k. < 107 em?

Figures 3-5 present predicted attenuation coefficients
a, for 7 = 0.01, and n = 0.001. as a function of &,, for L
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Soil Gas
Flowrate
fem” fs]

Permeability [cm"’]

Figure 2. Dependence of soil gas entry flow rates, Q. on soil
permeability, k,, as predicted by eq 24 for the parameters listed in
Table II.

0" 107 10° 0]
Permeability [cm?}

IR )
1 1 B
10

Figure 3. Dependence of attanuation coefficlent, o, on soil permea-
bility, k. as predicted by eq 21 for the parameters listed in Table 11
and Ly = 0.

" 10" 107 1wt 1w’ 10t 10°

Permeability [cmz]
Figure 4. Dependence of attenuation coefficient, a, on soil permea-

bility, k., as predicted by eq 21 for the parameters listed in Table 11
and Ly = 100 cm.

= 0, 100, and 1000 cm. Recall that o = Cyuaging/ Coourcer and
it is a measure of both the indoor contaminant vapor
concentration and contaminant vapor intrusion rate. The
results are plotted in this way to facilitate comparison with
numerical modeling results presented by Loureiro et al.
(9). Figure 3 corresponds to the case where the contam-
inant vapor source lies adjacent to the building foundation
(Ly = 0) and is roughly equivalent to the radon intrusion
scenario modeled by these authors. The screening model
predicts results that are in good qualitative and quanti-
tative agreement with the detailed numerical modeling
results [i.e., see Loureiro et al. (9), Figure 11]; both predict
that a (and hence the intrusion rate) is independent of k&,
for “small” values of k, and becomes proportional to k, at
“large” values of k,. The transition between these two
regimes occurs near k, = 107 cm? For k, < 1078 cm?, the
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Figure 5. Dependence of attenuation cosfficient, «, on soil permea-
bility, k. as predicted by eq 21 for the parameters listed in Tabie [1
and L+ = 1000 cm.

soil gas flow rate through the cracks becomes so low that
diffusion is the dominant transport mechanism and « is
therefore independent of k,. For k, > 1078 cm? on the
other hand, containment vapors are swept into the building
primarily by convection. In this limit, @ = Qui1/ Qbuilding
and becomes proportional to the resistance to flow (as
measured by k,). In this case the proposed screening
model predicts 0.001 < o < 0.01 for 1077 < k, < 1078 cm?,
which happens to fall in the range of values typically re-
ported for radon intrusion studies. Figure 3 also indicates
that the screening model predicts a dependence of intru-
sion rate and attenuation on the size of the crack, with the
effect being more pronounced at lower permeabilities. As
the crack size decreases, resistance to both diffusive
transport and soil gas flow increases; thus, « is always
predicted to be less for n = 0.001 than for » = 0.01. The
decrease in flow rate predicted by eq 24 is apparently not
as significant, however, as the increased resistance to
diffusion through foundation cracks. Thus, for practical
purposes, it can be concluded that the effect of crack size
on contaminant vapor intrusion rates will be relatively
insignificant in the limit of convective-dominated trans-
port. - -

Figures 4 and 5 present model predictions for cases
where the contaminant vapor source is located some dis-
tance Lo away from the foundation. In each figure the
dependence of « on &,-is a sigmoidal-shaped curve, where
a becomes independeﬁt of k, in the limits of “large™ and
“small” soil permeabifities. In the limit of less permeable
soils, soil gas flow rates are so low that vapor intrusion is
governed entirely by the relative rates of diffusion through
the soil and foundation. As the soil becomes more
permeable, the “sweeping” of contaminant vapors into the
building by soil gas flow increases the intrusion rate. At
some point, howeyer, diffusion from the containment vapor
source to the region of soil gas flow limits the rate of
contaminant vapor transport. For highly permeable soils,
therefore, a becomes independent of k, and only weakly
dependent on foundation properties. The transition 1;8-
tween Figures 4 and 5 also illustrates that « and the in-
trusion rate become less dependent on foundation prop-
erties as L increases. This is evidenced by the conver-
gence of the “low” and “high” k, asymptotes, and the n =
0.001 and n = 0.01 predictions as Ly increases; in the lil}llt
Ly — o, diffusion through soil becomes the limiting
transport mechanism.

Figures 35 illustrate the necessity of developing models
that incorporate both convective and diffusive transport
mechanisms. Single transport process based models can-
not predict the wide range of behavior exhibited in theseé
figures, nor can they explain the difference in the obser-

ont
pen
mec
por
tion
pres
cha:
cati
It is
how
are
effe
dict:

for
corr
0.01
of b

prec
dim
The
corr

Ext
Fou

Ir
vapt
wall;
On-
pros
equi

whi
Dcrs(
thro
is re;
4--7

and
resu
crac
unif.
ther
lowe
this

foun
that

. Exte

E

. vapc

of t}

reas
; and

, forl
whei




sa-
11

1at
¢ is
‘he
ing
ding
(as
ing

re-
ites
Iu-
the

sive
‘ays
The
not
: to
ical
size
vely
ans-

ases
dis-
the
here
and
able
Jnis
>ugh
nore
> the
. At
-apor
te of
SOilSy
:akly
n be-
e in-
Jrop-
nver-
en=
limit
Wting

lOdels
sport
3 can-
these
ybser-

" through the porous foundation floor and walls, and L

vations of Nazaroff (1, 2) for radon intrusion, and those
of Hodgson et al. (3) for vapor transport of contaminant
vapors from a landfill. The sample calculations also il-
lustrate that the soil type can have a significant impact
on the indoor vapor concentration, since @, will be de-
pendent on the soil permeability, and the effective porous
media diffusion coefficient is sensitive to changes in soil
porosity and moisture content. Being an analytical solu-
tion, eq 21 is easily used to study the sensitivity of model
predictions over a range of reasonable soil and building
characteristics. The major limitation to practical appli-
cations of the model is the lack of site-specific 7 values.
It is not likely that such values can be easily measured;
however, one can use the model to examine predictions for
a realistic range of such values in order to determine the
effect of this parameter at any given site. Clearly, pre-
dictions are insensitive to 7 in the limit of “permeable™ soils
and large source-foundation separations. A realistic range
for 7 can be proposed by considering physical realizations
corresponding to specific values of . For example, =
0.01 corresponds to a 1-cm-wide crack running the length
of basement floor/walls every 100 cm.

It should be noted that Figures 2-5 contain model
predictions for specific soil characteristics and building
dimensions and are presented for illustrative purposes.
The results should not be extrapolated to other sites not
corresponding to the chosen parameters.

Extension of Theory to Relatively Permeable
Foundation Walls ’

In the work of Garbesi and Sextro (8) it is assumed that
vapor intrusion occurs through permeable below-grade
walls, rather than through foundation cracks and openings.
On the basis of this assumption, one can follow the ap-
proach used to derive eq 21 to obtain the following
equivalent expression:

i o [ Dr*#Aq ox QuonLr ex Quoirlr
I.QbuildingLT P DFAg P DFAg

D4y DroffAg Quoitlr
+ + expl ——— -1
QuuitdingL T Qooitlr DF A,
(26)

which is similar to eq 21, except A, is replaced by Ag,
Dereck ig replaced by DF, the effective diffusion coefficient
crack
is replaced by the foundation/wall thickness L. Equations
4-7 and 12 should be used to calculate DF. While eqs 26
and 21 appear similar, they can predict quite different
results. Equation 26 is independent of the area of
cracks/openings because intrusion is assumed to occur
uniformly over the floor/wall area. For a given Qeoils
therefore, the soil gas velocity through the floor/walls is
lower for the permeable floor/wall case. The impact of
this is that eq 26 may predict that transport through the
foundation is diffusion dominated, while eq 21 predicts

that it is convection dominated, for a given @,,; and Derack
= DF.

Extension of the Theory to Transient Problems

Equation 21 provides a screening estimate of indoor
vapor concentrations, but does not account for depletion
of the contaminant vapor source. This assumption is
reasonable when short-term exposures are being estimated
and does provide a conservative (upper bound) estimate
for long-term exposures. There are situations, however,
when more realistic long-term exposure estimates are de-

sired and it is unlikely that the source will remain constant
for a long period of time (usually ~70 years for most
exposure estimates). Many processes can contribute to an
unsteady source, including the depletion due to transport
away from the source, biodegradation, and chemical re-
action. Of the three processes, the depletion due to
transport is most often modeled, due to the current un-
certain quantification of the other two. A first-order es-
timate of whether or not significant changes will occur over
a given time period 7 is obtained by calculating the mass
of contaminant emitted from the source over that time
period (E) and comparing it with the initial residual
contaminant mass in the soil directly below the building
(pyCrAH Ap):

TE = prRAHcAB (27)

where Cg and AH, denote the average residual contami-
nant level in the soil (g/g of soil) and the thickness of the
vertical interval (cm) over which the contaminant is dis-
tributed, respectively, and E is given by eq 16. If the
left-hand side of eq 27 is greater than the initial mass of
contaminant right-hand side, then it is possible that the
contaminant lying beneath (or adjacent to) the building
will eventually volatilize and enter the building. The va-
lidity of this assumption will depend on site characteristics.

The simplest extension of the model is derived by in-
voking the quasi-steady-state assumption used by Thibo-
deaux and Hwang (15) for single-component contaminants
or mixtures of compounds having similar vapor pressures
and molecular weights. In this approach it is recognized
that the source-building separation increases with time
due to depletion; however, it is assumed that the rate at
which a steady-state vapor concentration profile is estab-
lished is much greater than the rate at which depletion
occurs. At any time, therefore, the emission rate is given
by eq 16 with Ly replaced by the source-building sepa-
ration at that time. Implicit in this approach is the as-
sumption that depletion occurs first from the layers of
contaminant closest to the building floor and walls, and
a hypothetical “depletion zone” grows with time. In a
sense, the mass of contaminant incorporated in the soil
“dries up”, beginning at the edge closest to the building.
This is a reasonable assumption for diffusion-dominated
transport to the building-soil interface, but not valid for
convection-dominatgd transport from contaminated soil
adjacent to a buildihg®floor. With this limitation in mind,
eq 16 combined with a mass balance provides a mathe-
matical expression of the guasi-steady-state assumption:

CoA dts DTEffABCsource Qsoichrack
PG T T o || PP\ Do,
Cbuilding DTEHAB
—_— | x
Caource QuoalLY + 5)
ex aniI-Lcrack -1 + Qsoichmck (98)
p DC“CkAcrack exp DckaCcrack -
where §, t, and LS denote the “depletion zone™ thickness
(6 =0att =0) (cm), time (s), and initial contaminant-

building floor separation {cm), respectively. Equation 28
can be rearranged and rewritten in the form

dé*/de = ¢ /(3 + 5%)

(29)
where

#* =5/L% (30)
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D EffA : Qs iLcrac
3= -————T 2l 1 - exp(——————-—w“k x + 1 (32)
L‘E‘Qsoil LDyerae Acrack

In this analysis it is assumed that the residual contaminant
level in soil Cg is uniform, D*f is constant as & increases,
and the ratio Cpyiging/ Csource << 1. Equation 29 can be
solved to obtain

o = -3+ /82 + 2yt (33)

The time rp required to deplete a contaminated zone of
thickness AH, can be obtained from eq 33, by setting 6*
= AH. /L% v
[AH./L% + 8)2 - 82
™ = 2"[/

(34)

Equation 34 predicts that rp increases with increasing L
and Cg; increasing L} decreases the initial diffusive driving
force, while increasing Cg increases the contaminant ca-
pacity of the contaminated soil zone. If 7 = rp, the average
emission rate into the basement (E) over the time period
7p is obtained by a simple mass balance:

(E) = ppyCrAH Ap/7

For time periods <rp, the average emission rate is given
by

(35)

(8 + 2¢7)'/2 - 8] (36)

CrAH Ag[ L
(E) - Py RT B(_%_

AH,

which can be derived by substituting eq 33 for 8* (5/L%)
into the right-hand side of eq 28 and then averaging the
resulting expression over the time period 7. As expected,
eq 36 predicts a decrease in (E) with increasing r. The
corresponding long-term average attenuation coefficient
(a) is then

ppCrAH Ap ( Ly

AH. [(82 + 2y7)*/? - 6]

(37)

(ay = —————
' QbuildingcsourceT

While eqs 28-37 form a more sophisticated mode] than eq
21, one must be aware that increasing the level of so-
phistication usually increases the amount of site-specific
information required. More sophisticated screening
models are usually also based on additional assumptions,
and one must be careful to ensure that these assumptions
are valid for specific site characteristics.

Vapor Equilibrium Models

The models presented above require an estimate of the
source vapor concentration, Cyyre- TWo main approaches
are used in vapor transport modeling; in the first Cyoce
is assumed to be proportional to the residual level in the
soil, and in the second C,yye 18 independent of the residual
level, but is a function of composition. The former is
applicable in the limit of “low™ residual levels where com-
pounds are sorbed to the soil, dissolved in the soil moisture,
and present in the vapor space; the latter is applicable for
“high” residual levels where free-phase liquid or precipitate
is trapped in the soil interstices. A more detailed de-
scription of this topic can be found in Johnson et al. (12),
and it is not appropriate to repeat the discussion here. It
is important to note, however, that if one chooses an in-
correct model for predicting C,,..c., then it is possible to
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over- or underpredict the actual C . value by orders of
magnitude.

Conclusions

We have derived and illustrated the use of a heuristic
model of the intrusion rate of subsurface contaminant
vapors into buildings through basement, or foundation,
floors and walls. The model provides an exposure as-
sessment screening-level tool; it can be used to identify
sites, or contaminant levels, where contaminant exposures
through a vapor inhalation pathway may cause adverse
health effects. It can also be used to help identify sites
where more detailed numerical simulation, or field sam-
pling, is appropriate. The model was used to make pre-
dictions of basement vapor concentrations over a range of
realistic parameters. It is clear from the wide range of
results that field data will only be correlated by models
such as this that incorporate both convective and diffusive
transport mechanisms.

Currently, there are few reported experimental studies
that are sufficiently detailed to compare with model pre-
dictions. However, the range of behavior, dependence on
relevant parameters, and limiting bounds of the model are

.in qualitative agreement with published case histories. At

this point, more detailed field studies and numerical sim-
ulations are needed to help validate this screening-level
model. ‘
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