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MISSION The members of the American Petroleum Institute are dedicated to continuous 
efforts to improve the compatibility of our operations with the environment while 
economically developing energy resources and supplying high quality products and 
services to consumers. We recognize our responsibility to work with the public, the 
government, and others to develop and to use natural resources in an 
environmentally sound manner while protecting the health and safery of our 
employees and the public. To meet these responsibilities, API members pledge to 
manage our businesses according to the following principles using sound science to 
prioritize risks and to implement cost-effective management practices: 

PRINCIPLES a 

o 

To recognize and to respond to community concerns about our raw materials, 
products and operations. 

To operate our plants and facilities, and to handle our raw materials and products 
in a manner that protects the environment, and the safety and health of our 
employees and the public. 

o 

To make safety, health and environmental considerations a priority in our 
planning, and our development of new products and processes. 

To advise promptly, appropriate officials, employees, customers and the public of 
information on significant industry-related safety, health and environmental 
hazards, and to recommend protective measures. 

To counsel customers, transporters and others in the safe use, transportation and 
disposal of our raw materials, products and waste materials. 

To economically develop and produce natural resources and to conserve those 
resources by using energy efficiently. 

To extend knowledge by conducting or supporting research on the safety, health 
and environmental effects of our raw materials, products, processes and waste 
materials. 

To commit to reduce overall emission and waste generation. 

To work with others to resolve problems created by handling and disposal of 
hazardous substances from our operations. 

To participate with government and others in creating responsible laws, 
regulations and standards to safeguard the community, workplace and 
environment. 

To promote these principles and practices by sharing experiences and offering 
assistance to others who produce, handle, use, transport or dispose of similar raw 
materials, petroleum products and wastes. 
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FOREWORD 

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL 
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE, 
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED. 

API IS NCYT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFAC- 
TURERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR 
EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY 
RISKS AND PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS UNDER 
LOCAL, STATE, OR FEDERAL LAWS. 

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS 
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU- 
FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV- 
ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN 

ITY FOR INFRINGEMENT OF LETTERS PATENT. 
THE PUBLICA'I?ON BE CONSTRUED AS INSURTNG ANYONE AGAINST LIABIL- 

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or transmitted by any 
means, electronic, mechanical, photocopying, recording, or otherwise, without prior written permissionfrom the 

publisher. Contact the publisher, API Publishing Services, 1220 L Street, N.W. Wáshington, D.C. 20005. 
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Executive Summary 

The move toward more structured risk-based corrective action (RBCA) approaches has 
led to an interest in better understanding vapor migration to enclosed spaces. The 
significance of this pathway is currently the subject of intense debate, with many 
believing that existing non-site-specific risk-based (“generic” or “Tier 1 ”) screening 
levels are too conservative. As little data are available to justi@ generic approaches, this 
pathway must be addressed on a more site-specific basis. This document provides 
options for addressing the vapor migration pathway on a more site-specific basis. 

Vapors in enclosed spaces pose two levels of concern. First, enclosed-space vapors may 
be found at concentrations near those that pose immediate flammability andor health 
risks. These sites warrant immediate attention and response as required by most state and 
federal regulatory guidance. In the second class of sites, concentrations are lower and the 
concern is for longer term health risks. This report focuses exclusively on îh is second 
class of sites, where advection and diffusion occur through a soil layer and into an 
enclosed space and time is available to adequately address the problem on a site-specific 
basis. 

The options considered in this document for refining generic vapor migration calculations 
and assessing the significance of this pathway on a more site-specific basis include: 

a) direct measurement through sampling of enclosed-space vapors, 

b) use of near-foundation or near-surface soil gas sampling results, 

c) use of site-specific homogeneous and layered soil diffusion coefficient estimates 
in generic algorithms, and 

d) assessment of bio-attenuation potential. 

Data requirements, data presentation, and data interpretation are discussed and illustrated 
for each option. As discussed in the document, it is envisioned that options (c) and (d) 
will be used much more often than options (a) and (b) for the assessment of longer term 
impacts, due to a variety of technical and practical considerations. 
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Also, a vision for a simpler site-specific assessment approach is presented and 
accompanied by a discussion of the steps necessary to progress toward that goal. This 
improved approach considers bio-attenuation, but requires only soil moisture content 
measurements, or alternatively, in-situ diffusion coefficient measurements, to screen 
sites. 
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1 .O INTRODUCTION 

When soils are impacted by leaks or spills, or wastes are placed in impoundments, the 
potential exists for contaminant vapor migration to enclosed spaces (buildings, conduits, 
etc .) and leachate migration to groundwater. Regulations have historically considered the 
leachate impacts on groundwater; however, the issue of vapor migration has only recently 
been formally and quantitatively considered. This focus has been brought about in large 
part by the move toward more structured risk-based corrective action (RBCA) 
approaches (e.g., ASTM 1995), coupled with an increased awareness of this pathway. 

The significance of the vapor intrusion pathway and natural attenuation of vapors in the 
vadose zone is currently the subject of intense debate. When common screening-level 
algorithms (e.g., Johnson and Ettinger 1991, Little et al. 1992) are combined with 
conservative soil properties, geometries, and exposure assumptions, the resulting risk- 
based screening levels (RBSLs) are very low. In fact they are often one-tenth to one- 
thousandth the existing cleanup guidelines in many states. For example, the sample 
calculation in the ASTM RBCA Standard (ASTM, 1995) suggests that benzene 
concentrations in excess of 5 pgkg-soil could be of concern if one wishes to be 
protective to a lo6 excess cancer risk level. 

Many intuitively feel that the current generation of screening-level predictive models is 
too conservative and leads to unnecessarily low cleanup levels. Some point to the fact 
that the algorithms generally do not account for biodegradation and other possible vadose 
zone attenuation mechanisms. It is reasonable to expect that some chemicals of interest 
degrade as they migrate, especially those originating from petroleum spills (e.g., 
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 (1 997) 
Massachusetts indoor air survey, the data of Fischer et al. (1 996), and others who have 
observed and reported on petroleum hydrocarbon biodegradation in the vadose zone 
under natural conditions (e.g., Ostendorf and Kampbell 1991). 

Unfortunately, little data exist to refute or support existing algorithms, or to quantify the 
degree of over-conservatism. This lack of data is a result of many factors, including the 
fact that interest in this pathway is relatively new. From a comparison of model 
predictions with published radon intrusion data, Johnson et al. (1 99 1) and Little et al. 

- 1 -  
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(1 992) conclude that the screening algorithms should predict reasonable results when 
contaminants are present in soil gas immediately adjacent to a basement (e.g., Nazaroff et 
al. 1987). Yet to be reported are rigorous comparisons of model predictions and 
measurements for well-characterized sites where the contaminant sources are located at a 
distance from the buildings. Recently, Fitzpatrick and Fitzgerald (1 997) presented their 
conclusions from a study of Massachusetts sites where indoor air samples were collected. 
Their goal was to review site characteristics and then identie specific trends and field 
conditions that most influence vapor migration and vapor intrusion into buildings. They 
also were interested in assessing the validity of generic state guidance derived from use 
of the Johnson and Ettinger (1 99 1) algorithm. In summary, they noted that the generic 
Massachusetts guidelines overestimated vapor intrusion impacts for petroleum fuel 
hydrocarbon sites; however, they also found that the generic screening guidelines 
sometimes under-predicted indoor concentrations at sites where chlorinated organic 
vapors were present. Contrary to the popular belief that the models are overly 
conservative, the authors concluded that the generic Massachusetts guidelines were not 
conservative enough for site 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 to lean toward conservativeness when developing 
regulations, it seems unlikely that technically defensible alternatives for developing 
generic screening levels will surface in the near-term. The inevitable consequence is that 
many sites containing volatile carcinogens are unlikely to satis9 generic RBSLs for this 
pathway. Thus, this pathway will need to be addressed on a more site-specific basis, and 
options are needed 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 more refined use of existing 
screening algorithms for layered geologic settings, as well as use of updated algorithms 
that consider biodegradation. These options stem from consideration of available data, 
existing algorithms, theoretical considerations, and empirical experience (Jury et al. 
1983, Kampbell et al. 1987, Nazaroff et al. 1987, Garbesi and Sextro 1989, Jury et aE . 
1990, Johnson et al. 1990, Loueiro et al. 1990, Ostendorf and Kampbell 1990, Johnson 
and Ettinger 199 1, Johnson and Perrot 1991, Hodgson et al. 1992, Little et al. 1992, Unlu 
et al. 1992, Ostendorf 1993, Jin 1994, Acomb et al. 1996, Auer et al. 1996, Fischer et al. 
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1996, Jeng et al .1996, Lahvis and Baehr 1996, Smith et al. 1996, Uchrin 1996, BP 1997, 
DeVaull et al. 1997, Li 1997, Sextro 1997, Stout 1997). The data collection and data 
reduction activities can easily be arranged in a sequence of increasing complexity, 
increasing data requirements, and likely increasing cost. Whether or not this approach is 
reasonable and defensible can only be determined by application to actual field sites 
followed by review of the results and experiences. It is recognized that with application, 
knowledge will continue to grow, and opinions and recommended practices are likely to 
evolve and become refined over the next few years. 

In order to provide insight to the technical challenges, the reader is first provided an 
introduction to current approaches for developing generic risk-based screening levels, 
and a discussion of other technical considerations important to the development of the 
options described here. This is followed by the proposed array 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 a much simpler site-specific assessment is presented and 
accompanied by a discussion of the developments necessary to progress toward that goal. 

2.0 CURRENT APPROACHES FOR DEVELOPMENT OF GENERIC RBSLs 

For reference, Figure 1 presents a conceptual model of the situation of interest. The 
concern here is the potential for adverse impacts due to contaminant vapors emanating 
from vadose zone soils, impacted capillary fringe soils, or dissolved chemicals in 
groundwater. 

Incidence of vapors in enclosed spaces fall into two major classes. In one class, 
enclosed-space vapors are found at concentrations near those that could cause immediate 
impacts (e.g., fire, explosion, acute health risks, etc.). This is most often due to a direct 
or highly permeable connection (e.g., electrical conduit, gasoline entering a sewer, etc.) 
between a flammable liquidvapor and the enclosed space. This class of sites deserves 
immediate attention and response as required by most state and federal regulatory 
guidance. In the second class of sites, the concern is with diffusion and advection from 
the vapor source through a soil layer and into an enclosed 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. 

- 3 -  
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Screening level algorithms for the vapor intrusion pathway (Johnson and Ettinger 199 1, 
Little et aZ. 1992, Johnson and Kemblowski 1998) couple source zone partitioning, 
vadose zone transport, building foundation transport, and enclosed-space mixing 

algorithms. The resulting algorithms then depend on parameters related to soil, chemical, 
and building characteristics. ASTM (1 995), USEPA (1 996), and some state regulatory 
agencies have used the Johnson and Ettinger (1 99 1) algorithm to relate the estimated 
indoor vapor concentration Cddoor [mg/m3] to the source zone vapor concentration C,,, 
[mg/m31: 

a= Cindoor 
C-e 

Here a is the vapor attenuation coefficient, and: 

surface area of enclosed space in contact with soil [m2] 
effective overall vapor-phase difision coefficient through the walls 
and foundation cracks [m2/d] 
effective overall vapor-phase diffusion coefficient between the source 
and foundation [m2/d] 
thickness of enclosed space walls and foundation [m] 
source - foundation separation [m] 
enclosed space air exchange rate [m3/d] 
soil gas flow rate into enclosed space due to under-pressurization 

[m3/d] 
hction of enclosed space surface area open for vapor intrusion 
[m2/m2] 

Johnson and Ettinger (1991) discuss in detail the development of this equation, the 
significance of each parameter grouping, and the results for certain limiting cases. In 
brief, diffusion through the soil and foundation is characterized by the parameters D e f f ~ ,  
LT, Deffcrack, Lcrack, AB, and q. Advective flow of vapors from the soil, through the 
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foundation, and into the building is characterized by Qsoil, AB, and q, and mixing within 
the enclosed space is characterized by QB and AB. 

The effective porous media overall vapor-phase diffusion coefficients are generally 
determined from the Millington-Quirk formuiation (Millington 1959, Millington and 
Quirk 196 1, Millington and Shearer 197 1): 

where: 

Hi = Henry's Law constant [(mg/m3-vapor)/(mg/m3-H20)] 
8, = volumetric moisture content [m3-H20/m3-soil] 
8 T  = total porosity [m3-voids/m3-soil] 
eV = volumetric vapor content [m3-vapor/m3-soil] 
Dair = molecular diffusion coefficient in air [m2/d] 
DWo = molecular difision coefficient in water [m2/d] 

For reference, molecular diffusion coefficients in air for most petroleum fuel compounds 
range from 0.05 - O. 1 O cm2/s (0.4 - 0.9 m2/d); molecular diffusion coefficients in water 
are roughly 1/1 O000 of molecular diffusion coefficients in air. USEPA (1 996) tabulates 
relevant chemical properties such as Da" and Dwater for many chemicals of interest. Total 
porosity varies roughly between 0.35 and 0.45 for most soil types; in many well-drained 
sandy soils, 8,<8T /5,8,  can approach 8 T  /2 in clayey soils, and 8, approaches 8 T  as 
depth increases through the capillary fringe to groundwater. More information on the 
parameterization of moisture levels through unsaturated soils and the capillary fringe in 
various soil types is presented in Guymon (1 994). 

In typical RBSL calculations, the source zone vapor concentration csource [mg/m3] is often 
assumed to be related to the source zone total soil concentration CT [mgkg-soil], 
assuming a single-component, linear-partitioning relationships, and three-phase 
equilibrium (vapor, sorbed, dissolved phases): 

- 5 -  
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where: 

Ks = soil sorption coefficient [(mg/kg-soil)/(mg/m3-H~O)] 
Rv = soil vapor retardation factor [unitless] 
Pb = soil bulk density [kg-soil/m3-soil] 

While this expression is used frequently, it is not appropriate for cases where an 
immiscible phase is present (e+, residual hydrocarbon source zones). in those cases the 
partitioning calculations are much more complex and generally nonlinear (Johnson et al. 
1990). At high residual soil concentration levels (typically >500 mgkg total 
hydrocarbons for gasoline; see Johnson et al. 1990), the partitioning is better 
approximated by Raoult's Law. Equation (3) may over- or under-predict the vapor 
concentration calculated using Raoult's Law. 

As an example of the use of Equation (1), Figure 2 presents a vs. DT~"/LT for the 
following reasonable parameter values: 

AB = 50m2 

QB 
Qsoil 
Lcrack = 0.15 m 
Dcrack = 0.1 m2/d (cracks filled with well-drained sandy soil; note - the results 

are not sensitive to reasonable changes in this parameter for these 
conditions) 

= 0.001 m /m (note - the results are not sensitive to reasonable changes 

in this parameter for these conditions) 

= 1200 m3/d (12 air changes per day in 100 m3 enclosed space) 
= 1.5 m3/d (=l L/min) 

2 2  
q 

This graph allows examination of changes in attenuation with changes in distance fÌom 
source (LT) and effective diffusion coefficient (DT"~). For reference, moving along the x- 
axis in the direction of increasing DT"/LT corresponds to moving a source closer to the 
enclosed space, or alternatively, to increasing the effective diffusion coefficient (e.g., 
when decreasing the moisture content). As can be seen, no matter where the source is 
placed, or what the soil properties are, ~x<lO-~. The upper asymptote of a=10-3 
corresponds to the case where sources are very close to buildings, transport is controlled 
by advection through the foundation, and attenuation is due solely to dilution by mixing 
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within the enclosed space (e.g., radon intrusion). Below DTeff/L-pO. 1 míd, a is sensitive 
to changes in moisture content and distance from the source to the enclosed space. For 
Qsoil values in this range, it can be shown that the results in Figure 2 are not sensitive to 
changes in q or Deffcrack, within a reasonable range of q and DeffCrack values. 

Due to this sensitivity to soil moisture content and distance fiom the source, and the 
potential for a wide range of conditions to be encountered in practice, generic 
calculations are often biased toward relatively close sources and well-drained sandy soils. 
Thus, a ranges fiom lo4 to in most generic RBSL developments. 

These results also point toward a practical opportunity for improving the generic RBSL 
screening process. Rather than entailing the calculation of a single attenuation factor for 
the most conservative geometry and soil type, the RBSL process might employ a table of 
a values or a contour plot for a range of possible source distances and soil types. 

Johnson and Ettinger (1 99 1) also show how to account for depleting sources; although, 
this option has not often been used by those developing generic RBSLs. This may be 
attributed to the fact that users must also define a generic source zone thickness. The 
impact of considering depleting sources is more significant for carcinogenic compounds, 
as exposure to these compounds is averaged over a longer period of time (often 30 y) 
than for noncarcinogens (often 7 years or less). 

3.0 KEY TECHNICAL CONSIDERATIONS 

Factors not typically considered in generic RBSL development include: a range of soil 
types, layered stratigraphies, biodegradation of contaminants, and depleting sources. 
Any, or all of these can be considered when assessing the significance of the vapor 
intrusion pathway on a site-specific basis. Also, as shown in Figure 1 , there are a myriad 
of site-specific sampling options. The following technical considerations play an 
important role in the selection of site-specific data collection and analysis options 
presented below: 

the options should rely upon measurements that are easily integrated into typical 
site assessments; placing an emphasis on using soil cores, soil moisture, and soil 
gas measurements. 

- 7 -  

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

--`,,-`-`,,`,,`,`,,`---



~ ~ ~~ 

STD*API/PETRO PUBL 4b74-ENGL II978 M 0732290 ObL4b03 II84 

for reasons discussed above (see discussion associated with Equation (3)), 
methods that do not rely on soil vapor - soil contamination partitioning 
calculations are preferred; thus, emphasis is placed on use of soil gas 
measurements. 

given current site assessment practices and tools, it is difficult to define source 
zone masses with any reasonable accuracy. Considering depleting sources on a 
site-specific basis is not typically a practicable option, although it could be 
considered in developing generic RBSLs as discussed above. 

. 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 interest. In addition, the presence or 
absence of surface barriers (pavement, buildings, etc.) can affect near surface 
vapor concentrations. In making decisions involving potential future impacts, 
some emphasis is placed on soil gas measurements near the source rather than 
measurements near the surface or enclosed-space. 

An estimate of the time T~~ [d] required to reach near-steady vapor concentrations and 
fluxes at any distance L [m] from a source is: 

R, eV L~ 
D Y  

zss => (4) 

where all quantities are as defined above with R,, the vapor-phase retardation factor, 
given by Equation (3). Equation (4) is derived from solutions to transient diffusion 
problems (Crank 1956) with step-change boundary conditions imposed at zero time. 
Figure 3 presents calculated z,&, values for a range of soil moisture contents and: 

Dair = 0.09 crn2/s (= 0.78 m2/d) 
Dmo = 1 x cm2/s (= 8.6 x 10 m /d) 
0~ = 0.35 m3-voids/m3-soil 
Hi = 0.2 (mg/m3-vapor)/(mg/m3-H20) 

-5 2 
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For reference, the chemicals most likely to cause exceedences of flammable levels (Cindoor 

> 1% v/v) at fuel release sites will have retardation factors close to unity (e.g., propanes, 
butanes, pentanes). Oxygen will move relatively unretarded (high Henry's Law constant, 
and low sorption), and chemicals most often of concern fiom health considerations (e.g., 
benzene) will have vapor-phase retardation factors on the order of 1O<R<1 OO. Thus, 
different chemicals will approach near-steady concentrations at different times. 

Figure 3 again emphasizes that soil gas hydrocarbon concentrations closer to the source 
zone reach near-steady values relatively quickly (hours - days); those several meters 
away may require years or decades to reach near-steady conditions as zss increases with 
the square of the distance from the source. Analyses that consider chemical reactions 
show that near-steady conditions can be reached faster than shown in Figure 3, when 
significant degradation rates occur and steady state conditions at a given distance from 
the source are reached at much lower concentrations. Significant advection will also 
decrease the time to reach near steady conditions, as might be the case if pressure-driven 
vapor flow occurs along or within a permeable conduit. 

The major conclusions here are that soil gas concentrations measured near a source will, 
in most cases, be representative of near-steady conditions; meanwhile, near-surface 
concentrations or soil gas 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 ($4. i), near-surface and near-foundation ($4.2) 
soil gas concentrations, or soil gas concentrations measured several meters fiom a source 
($4.5) should only be used when one is confident that the time since the release exceeds 
the Equation 4 estimate of the time to reach near-steady conditions. Site-specific 
assessment using soil gas concentrations measured near the source is always an option, 
provided that the user has an understanding of the subsurface geology between the source 
and enclosed space (94.3). 

4.0 SITE-SPECIFIC ASSESSMENT OF THE SIGNIFICANCE OF VAPOR 
MIGRATION TO ENCLOSED SPACES 

It is assumed that situations requiring emergency response have been addressed, site 
conditions have already been compared against generic risk-based screening levels, and 
exceedences have been noted. Therefore, a more site-specific assessment of future and 
long-term impacts is desired. 
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As discussed above, generic RBSLs often assume a vadose zone that is homogenous, 
sandy, and relatively dry. Furthermore, biodegradation is neglected and the vapor source 
is assumed constant with time. Thus, on a site-specific basis, one might assess the 
potential for increased attenuation (relative to the generic RBSL case) due to: a) layered 
strata, b) higher moisture contents, c) biodegradation in the vadose zone, and d) source 
depletion with time. One might also elect to pursue direct measurement of enclosed- 
space concentrations or near-foundation soil gas measurements. 

In the following, this range of options is discussed. Direct enclosed-space measurement 
is discussed in $4.1 and near-foundation measurements are discussed in $4.2. Factors 
that decrease the potential for vapor migration impacts, relative to typical regulatory 
generic base cases, are considered in $4.3 - $4.5. Increased diffusion resistance is 
discussed in $4.3, the use of soil gas concentrations with depth to guide refined analyses 
are discussed in $4.4, and the incorporation of vadose zone biodegradation in the analysis 
is addressed in $4.5. Source depletion is discussed briefly in $4.6. 

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

4.1 Direct Measurement of Enclosed-Space Vapor Concentrations 

Whenever it is suspected that explosions, fires, or acute health impacts might occur, 
vapor samples are quickly collected fiom the enclosed space or building. Use of this 
same direct measurement approach for the more refined site-specific assessments of 
future and long-term impacts, however, is envisioned to be more limited. Obtaining 
vapor samples from enclosed spaces and interpreting the results involve a host of 
complex issues and sensitivities. 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. For these 
considerations alone, unless other data (odors, flammable sub-foundation 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 (1 992). Some of the complications and interferences of indoor air sampling are 
covered in a series of Total Exposure Assessment Methodology (TEAM) studies 
undertaken by USEPA (1987). 
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There is also the issue discussed in the previous section concerning whether or not the 
current vapor concentrations are representative of long-term conditions. Enough time 
may not have passed to ensure near-steady conditions; moreover, the concentrations may 
be affected by other dynamic processes (e.g., seasonal changes in soil conditions). 

In addition, many site-specific assessments will involve sites where a building or 
enclosed space does not currently exist, and the concern is for impacts under reasonable 
potential future scenarios. 

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

4.2 Use of Soil Gas Samples Collected Near Surface, or Near the Foundation of the 
Enclosed Space 

Near surface and sub-foundation sampling is an option that is attractive for two primary 
reasons. First, obtaining samples is relatively straightforward and vapor sampling probes 
can often be driven to depth by hand, or with hand-operated power tools. Second, data 
analysis generally does not require additional characterization of the subsurface, nor does 
it rely on prediction of vapor transport through the subsurface between the source and 
enclosed-space foundation. For example, using Figure 2, one can estimate near-term 
indoor concentrations from sub-foundation measurements: 

'soil as 
%door loi ( 5 )  

where Csoilga [mg/m3] is the chemical concentration in soil gas immediately adjacent to 
the basement wall or foundation. This estimate is specific to the inputs defmed 
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 circulation, the 
resulting indoor concentrations could be greater. 
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As in the case of direct indoor measurement, it should be noted that there are also serious 
limitations to this approach, mainly: 

Near-surface soil gas measurements are more prone to sampling errors (short- 
circuiting along the sampling probes). 

Surface barriers (pavement, buildings, or lack thereof) can affect near-surface 
vapor concentrations. For example, near-surface measurements made at open 
surface sites are unlikely to be representative of near-surface soil gas 
concentrations under buildings (e.g., see BP 1997). In contrast, vapor 
concentrations at depths near the source are not affected significantly by the 
surface conditions. 

. It is possible that not enough time has passed since the release for near-steady soil 
gas concentrations to be achieved near the surface as discussed above. 

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

In this simple refinement option, algorithms employed in generating generic RBSLs are 
used; however, generic effective diffusion coeficients, soil types, moisture contents, and 
source-receptor distances are replaced with values more representative of the site under 
consideration. In this case the data required for generating a conservative site-specific 
indoor air concentration estimate include: 

the source zone vapor concentration, and 

the location, thickness, and moisture content of all subsurface strata located 
between the source and enclosed space. 

Once the required inputs are measured or estimated from available data, the following 
analyses are performed: 

1) a subsurface conceptual model is created in which the subsurface is divided into 
distinct strata, each having a thickness Li [m]. 
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2) effective vapor-phase porous media diffusion coefficients (Di'"> are calculated for 
each layer using Equation (2); alternatively, site-specific values can be measured 
using the method described by Johnson et al. (1 998). 

3) the overall effective difision coefficient for the region between the source and 
enclosed space D T ~ ~  [m2/d] is calculated using: 

D P  1 

where LT (= CLi) is the distance between the source and building. Resistances 
(Li/&") to diffusion are in series and additive. 

4) use the (DT"%T) value calculated with Equation (6) and Equation (1) to calculate 
a, or read the attenuation factor value fiom Figure 2, if the Figure 2 inputs are 
reasonable for that site. 

5) use a and the measured source zone vapor concentration Cs,-,urce to determine if 
expected indoor concentrations exceed target levels. 

For example, consider the data shown in Table 2 for a site that has been conceptualized 
as having five depth intervals as shown in Figure 4a (BP 1997). There the moisture 
content decreases with depth, thereby causing the effective diffusion coefficient to 
increase with depth. From this table we see that (DT~~/L,T) = 0.0042 d d .  Using Figure 2, 
this yields a = 1.5 x lo4. For reference, using standard generic assumptions for sandy 
soil at 1 m depth (ASTM, 1999, the corresponding values would be (DT~~/LT) = 0.061 
d d  and a = 8.4 x lo4. Thus, by considering the site-specific soil moisture distribution, 
the generic enclosed-space concentration estimate was reduced to a factor of about one- 
sixth. 

At this site, the source zone vapor concentrations are 94,000 mg/m3 (approx. 0.02% VIV) 
for total hydrocarbons and 120 ppm, for benzene. Using the site-specific estimate for a 
yields indoor concentration estimates of 14 mg/m3 (approx. 3 ppm,) for total 
hydrocarbons and 20 ppb, (80 pg/m3) for benzene. 
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The results of this analysis indicate that concentrations within the enclosed space should 
remain well below flammable levels. This low benzene level would not likely be 
detected on a portable field instrument, and the benzene concentration is at most an order 
of magnitude greater than typical urban background levels (Shaw and Singh 1988), 
Consistent with this analysis, petroleum hydrocarbons and benzene were not detected 
above background levels in the building at this site. 

Fischer et al. (1 996) also present soil gas and indoor air concentrations at a petroleum 
spill site. From their SF6 tracer gas study data, a=l O4 for nondegrading compounds 
located close to the building that they studied. This is in good agreement with the generic 
a plot given in Figure 2; using Figure 2 with the soil moisture and porosity data for that 
site produces @T'~/LT) = 0.035 m/d and a = 7 x lo4. On the other hand, using the 
measured soil gas and indoor air isopentane concentrations yields a N 7 x l O-7. Thus, due 
to degradation, indoor concentrations are about one-thousandth of those predicted using 
Figure 2. The agreement between the field observation and the screening-level model 
estimate is actually within a factor of about 100, when using the site-specific building 
characteristics and exchange rates reported by the authors, rather than the values used to 
create Figure 2. 

4.4 Use and Interpretation of Soil Gas Data with Depth 

While soil gas samples with depth are not required in the analysis above, such data can be 
used to corroborate assumptions built into the site conceptual model (e.g., soil moisture 
and geology assumptions). They are also useful for assessing if additional model 
refinements are warranted. 

Soil gas data can be relied upon to fully characterize the site only if enough time has 
passed for near steady conditions to have been reached at that sampling depth. The 
distance from the source, knowledge of the spill history, and Figure 3 can be used in 
making this decision. 

Soil gas concentrations should be plotted vs. depth and then compared with the expected 
soil gas concentration profile for the soil moisture content and soil type, or with the soil 
concentration profile for the measured site-specific effective diffusion coefficients 
(Johnson et al. 1998). 
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Figures 4a and 4b show sample data presentations for data from BP (1997) and Fischer et 
al. (1 996). The BP data represent soil gas samples obtained with depth adjacent to a 
building, while the Fischer et a2. data represent soil gas samples collected from beneath a 
building. When plotting data, it is preferable to overlay soil gas concentrations on, or to 
plot soil gas concentrations 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 concentrations decrease or increase sharply should be identified. 

To check data consistency with the initial refinement discussed above in $4.1, the 
measured vapor concentrations should be compared with the expected concentration 
profile for the conservative case where soil properties vary with depth, but there is no 
degradation. For a system composed of n layers, the concentration Cj(Z) in any layer j is 
expected to be: 

where z [m] is measured up from the bottom of layer j, C(LT) is the concentration at the 
upper boundary, and Li [m] is the thickness of layer i having the effective diffusion 
coefficient Dieff [m2/d]. In layered settings, larger concentration 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 presented in 
Figures 4a and 4b, respectively. For open surfaces, C(LT) is generally much less than 
C(z=O) and can be neglected; however, this may not hold true for covered sites, or below 
a building (Fischer et al. 1996, BP 1997). 

At this 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 
site-specific estimate of attenuation (54.3) likely describes behavior adequately at the 
site. For example, consider Figures 4a and 4b. Here the concentration profiles are not 
well predicted; although the qualitative features are better predicted in Figure 4b than in 
4a. Agreement would be better in Figure 4b, if it happened that the moisture content in 
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the 0.48 to 0.58 m region below ground surface (BGS) was closer to 0.15 g-H2O/g-soil 
than to O. 10 g-HzO/g-soil. The effect of this change on the predictions is shown in 
Figure 5b. 

As in Figure 5a, the sharp transitions observed in actual concentration profiles may not 
appear in the predicted concentration profiles, and deviations might not be easily 
attributable to reasonable errors in soil property measurements. One possibility is that 
these sharp transitions could be the result of thin fmer grained soil layers not detected in 
the initial geologic assessment. To test this hypothesis at a site, the user can either collect 
additional continuous soil cores, or conduct in situ diffusion coefficient measurements in 
the region of the sharp transition. For example, given the data in Figure 4% in situ 
diffusion coefficient measurements would be made in the 4 - 8 ft  BGS, 8 - 12 ft  BGS, and 
12 - 16 ft  BGS intervals. It should be noted that there may be more than one plausible 
hypothesis for a given data set. For example, Fischer et aZ. proposed that their observed 
sharp transition was the result of more highly transmissive near-surface soils and 
subsurface advective flow resulting from wind-induced pressure gradients. 

Ideally, soil gas samples should be collected from each distinct soil stratum identified by 
the geologic assessment at a site. Vadose zone sampling implants connected to ground 
surface with small diameter (1/8” OD) non-adsorbing tubing are the preferred method of 
data collection. It is recommended that the implants be left in place for future sampling, 
as more than one sampling event is often necessary. The implants can then also be used 
for performing in situ difision coefficient measurements. The intent here is not to 
provide detailed guidance for soil gas sampling; however, the two main concerns in soil 
gas sampling are the ability to collect discrete depth samples and to prevent atmospheric 
dilution. For this reason, readers should note that: a) sample line and vapor sampler 
volumes should be minimized so that the purge volume is small, b) the potential for 
atmospheric short-circuiting along the mulus  between the soil and sampler should be 
minimized, and c) sampling flow rates in the range of about 1 L/min or less are preferred. 

4.5 Accounting for Attenuation Due to Biodegradation 

Incorporation of aerobic biodegradation into the site-specific assessment of potential 
vapor migration impacts is discussed here. As in $4.1, $4.2, and $4.4, much of the 
following analysis is appropriate only for sites that have reached near-steady conditions. 

- 16- 
                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



S T D * A P I / P E T R O  P U B L  4b7q-ENGL 1998  D 073227U ObLLib12 197 

In the case that near-steady conditions are not likely to have been achieved, the user 
should review the discussion below in $5.0 concerning site conditions that are likely 
more conducive for degradation, and identify if such conditions exist at the site. 

To assess if significant vapor migration attenuation due to biodegradation is occurring, it 
is necessary to characterize the vertical soil gas distribution and vapor transport 
properties of the unsaturated zone. Needed information includes: 

total hydrocarbon soil gas concentration vs. depth, 
specific chemical (e.g., benzene) soil gas concentration vs. depth, 
oxygen soil gas concentration vs. depth, 
subsurface conceptuai model (layers, soil types, depth to source, etc.). 

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, even though it may 
not be of concern from a health risk perspective. 

In some cases, there will be large discrepancies between the measured concentrations and 
those predicted with Equation (7), as is the case in Figure 4a and Figure 6 (Ostendorf and 
Kampbell 1991). This may be an indication of significant biodegradation, but may also 
be due to either poor site characterization data, or non near-steady conditions. Thus, if it 
is hypothesized that biodegradation is playing an important role, then it is important to 
look for multiple lines of supporting evidence, including: 

. decreasing oxygen concentrations with depth, consistent with the contaminant 
vapor concentration profile (e.g., sharp trait ions in same region), 
carbon dioxide concentration profile consistent with oxygen profile, 
relatively stable soil gas concentrations with time 

These are traditional indicators of aerobic biodegradation. If one simply desires only to 
demonstrate that natural attenuation is occurring in the vadose zone, then the data needs 
listed above are sufficient for this purpose at most sites. If, however, one wishes to be 
more quantitative and to incorporate bio-attenuation into the development of site-specific 
vapor intrusion pathway screening levels, additional analysis is necessary. 
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At this point in time it is not clear how to best accomplish this in general, as available 
data are limited and models are still being developed, tested, and refined. Two possible 
screening-level model refinements (Johnson and Kemblowski 1998) are presented. 
These are inspired by available 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 vapors is not required. 

The first algorithm mimics data from shallow (<4 m BGS) and relatively homogeneous 
settings, such as those studied by Ostendorf and Kampbell(l991) in the field and 
DeVaull(l997) in the laboratory. Figure 6 presents a subset of the data from Ostendorf 
and Kampbell(l991) as an illustration. 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 concentrations appear to decrease exponentially 
with distance away from the source, and at any point are less than those that would be 
predicted by the one-dimensional steady-state model discussed in $4.4, assuming uniform 
properties and no degradation. 

Here a screening model that assumes a first-order reaction in a homogeneous medium is 
used. In this case the equation describing the steady-state vapor concentration profile 
C(Z> [mg/m31 is: 

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

where h [d-'1 is a first-order decay coefficient for degradation that is assumed to occur in 
the soil moisture. The parameter q represents a ratio of degradation rate to diffusion rate; 
therefore, it is expected that attenuation will increase with increasing q. 
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For reference, Figure 7 presents a family of type curves predicted by Equation (8) for a 
range of q values, assuming that C(Z=l)<<C(Z=O). Note that the curves in Figure 7 
suggest that degradation does not significantly impact the shape of the vapor 
concentration distribution unless rpl . 

Incorporating Equation (8) into the development of Johnson and Ettinger (1 99 1) yields 
the following refined equation for the attenuation factor (Johnson and Kemblowski 
1998): 

.=indoor= C 

'outdoor 

where: 

) 
Qsoii Lcrack 

Dcrack A crack 
ß= l -exp(  

and all other parameters are as defined for Equation (1). 

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

The procedure for using this refined model is as follows: 

1) compare field data with predictions given by Equation (8) for a range of q values 
(one simple approach would be to plot normalized data on top of Figure 7), 

2) assess whether or not Equation (8) adequately describes the data, and if so, find 
the value of q that best fits the field data, 

- 19- 

                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



STD-API/PETRO PUBL qb7q-ENGL 1998 0732290 ObLqbL5 9Tb W 

3) then use this value of q to obtain a value of a fiom Equations (1 O) and (1 i), or 
Figure 8, and 

4) use a and the measured source zone vapor concentration C,,, to determine if 
expected indoor concentrations exceed target levels. 

For example, as shown in Figure 6, the Ostendorf and Kampbell data can be reasonably 
fit with Equation (8) using q=4. 

Given the sensitivity to small changes in when q> 1, it is recommended that q be 
regarded simply as a site-specific fitting parameter. It is also recommended at this time 
that q values derived for one site not be used at other sites. In addition, q values may be 
specific only to the setting for which they are measured; for example, the data in Figures 
4a and 6 are specific to two sites without ground cover. It is not yet known if it is 
appropriate to extrapolate that data to covered areas at those two sites. 

If one is interested in developing a database of first-order degradation rate values (hi) 
with an aim toward justieing conservative base-level generic degradation rates, then 
great care should be taken to also characterize the difisive properties of the system at 
each site contributing to the database. 

Data of the type shown previously in Figure 4a 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 relatively thin vadose zone 
sections. Generally these sections also correspond to regions of higher moisture content, 
or decreased air-filled porosity. Thus, the processes occurring in these sections dominate 
the overall observed behavior for a number of reasons, including higher diffusion 
resistances and increased 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 Figure 9. A central zone in which the reaction takes place is bordered 
by two zones through which transport occurs without reaction. At near steady state 
conditions the concentration profile for this scenario is given by (Johnson and 
Kemblowski 1998): 
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Region 2 (Ll<z<Lz) (1 3) 

where: 

q = 7  Hi Deff 

Region 3 (Lz<z<L3) (14) 

Using the general development of Johnson and Ettinger (1 99 l), the attenuation 
coefficient a for this approach becomes (Johnson and Kernblowski 1998): 

I 

where: 

ß = 1 - exp( Qsoil Lek) 
Dcrack *crack 
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1 

e-q +e11 - y  
Y =  

To solve for the concentration profile, Equation (1 6) is first solved to get a. Then each of 
the following relations is solved sequentially for Cq, C3, and C2 in terms of Cl. 

These equations are easily Set-up and solved within any standard spreadsheet. Figure 1 O 
illustrates model predictions compared with the data from Fischer et al. (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 q. With 77'6 in Equation 
(1 6), then a= 1 06, which is of the same order of magnitude as the empirical value based 
on measured soil gas and indoor isopentane concentrations. It is also roughly one- 
thousandth the estimate generated in $4.1 for the case of a layered system without 
degradation. 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 
above. This is especially true for this data set, since the fust-order decay constant 
consistent with Equation (1 5), q=6 and the other site-specific data are about 1 O5 times the 
typically reported first-order biodegradation rates (roughly h=22 d-' vs. 0.01 to 0.001 d-' 
based on dissolved groundwater plume data fitting). Here the data are used simply to 
demonstrate use of the equations as fitting and extrapolation tools, and it is recognized 
that there may be alternate mechanistic explanations for the behavior observed at this site. 
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To provide strong proof that the site characterization data and conceptual model 
adequately describe the site, and that reasonable estimates for effective diffusive 
properties are being used, one can also check for good agreement between predictions 
and field data for the vapor concentration profiles of known recalcitrant compounds. 

4.6 Other Refinements 

One can also consider source zone depletion when refining the assessment of potential 
vapor migration impacts. This requires knowledge of contaminant distributions in soil 
and knowledge of contaminant partitioning properties and behavior. Johnson and 
Ettinger (1 991) describe how to account for depleting sources using this information. It 
is not discussed further here, as it is unlikely that the necessary data will be known with 
any degree of accuracy greater than what would be assumed when generating generic 
RBSL estimates. It is also felt that the majority of sites can be adequately assessed on a 
site-specific basis using the guidance provided in $4.3 through $4.5. In addition, the 
issue of source longevity is one that has received little attention to date, and is not well 
understood. 

5.0 AN OPPORTUNITY FOR THE FUTURE 

Figures 7 and 8 and the data from Fischer et al. (1 996) and BP (1 997) suggest that there 
is potential for a much simpler site-specific screening methodology to be developed. 
Collectively, this information suggests that there might exist conditions for which bio- 
attenuation is so significant that there would be no potential for adverse impacts at any 
possible source vapor concentration. If these critical conditions could be defined, then 
vertical soil gas profiling and determination of biological rate constants at each site 
would not be necessary. Instead, one would focus site assessment activities on 
identi@ing whether the critical conditions were satisfied. As an added benefit, it would 
not be as important to determine if vapor concentrations had reached near-steady 
conditions before reaching a conclusion regarding the significance of vapor migration. 

One hypothesis is that these critical conditions include the following: 

no significant advective vapor flow (uL/DT < 1 ; u=velocity); 
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sufficient oxygen for aerobic biodegradation (>5% v/v); 
non-recalcitrant, aerobically biodegradable compounds; and 
slow enough diffusion rates and long enough distances for degradation to be 
significant. 

The second can be reasonably quantified based on existing literature; for example, both 
the bioventing and groundwater biodegradation literature suggest that aerobic 
degradation slows significantly when oxygen concentrations are less than about 25% of 
air-saturated conditions (5% v/v or 2 mg/L-H20). 

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,it [m] over 
which the vapor concentration would be reduced by 99.9% as a function of soil moisture 
content, for the range of first-order decay rates displayed. Figure 11 is derived fiom 
Equation (8), which yields the condition for this case that: 

= 6 . 9  
L C ~ ~  hi e, 
Hi Deff 

Figure 11 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 first-order 
expressions may not adequately describe the kinetics. The reader is referred to DeVaull 
et al. (1 997) for more discussion on this issue. 

-5 -1 However, for the sake of illustration, suppose that 1 O-6<hûm/Hi<l O s is a reasonable 
range and that a concentration reduction of 99.9% is sufficient to alleviate vapor 
migration concerns at service station spill sites. A graph of this type would define all 
possible combinations of acceptable vadose zone thicknesses and moisture contents. In 
the initial assessment, a user would simply collect and compare the site-specific moisture 
content distribution and source - receptor distance with the graph to veri6 bio- 
attenuation. For example, soils with moisture contents =O. 1 g-HzO/g-soil require soil 
thicknesses of =0.2 - 4.0 m to assure a 99.9% reduction. Figure 11 shows that much 
thinner strata of higher moisture content would also achieve the same effect. 
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More well-documented data and fundamental research studies are needed to identiSl 
reasonable kinetic expressions and kinetic parameters, and to veri@ the hypotheses 
presented above. 
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Table 1.  Refinement options and associated data collection and analysis needs. 

Analysis 
Step 

Generic 
RBSL 

Indoor 
Sampling 

Near- 
Foundation 
and Near- 
Surface 

Sampling 

Site- 
Specific: 
Simple 
Refined 

Calculation 

Site- 
Specific: 
Refined 1 

c Site- 
Specific: I Refined2 

Refinement 
Relative to 
Previous 
Analysis 

none 

direct measure - 
no prediction 

direct measure 
of current 
conditions in 
soil near 
enclosed-space 
and estimate of 
impact to 
enclosed space 
site-specific 
estimates of 
effective porous 
media difision 
coefficients 

site-specific 
assessment of 
attenuation due 
to 
biodegradation 

source zone 
depletion 

Description 

calculation of base case 
RBSLs using generic 
properties; user should ensure 
that generic inputs are 
conservative relative to actual 
site conditions, soil type and 
depth to contamination should 
be known 
vapor sample collected in 
enclosed space and compared 
with regulatory limits 

near-foundation measurement 
coupled with simple 
advective-driven vapor 
intrusion equation 

use of algorithms employed 
in Generic RJ3SL calculation, 
but input of site-specific 
effective diffusion coefficient 
estimate (or value measured 
in situ), and source zone 
vapor concentration 
use of modified screening- 
level algorithms, degradation 
fitting parameter determined 
from vertical soil gas profile 
and soil properties, and 
possibly effective diffusion 
coefficient measured in situ 

same as above, except model 
refinements account for 
source depletion 

Data Needs Relative to Base 
List of Needs (1) 

none 

indoor vapor samples at 
different times of the year 
surety of no other sources 
time since release 
near-foundation soil gas 
sample 
estimate of enclosed-space 
air exchange rate 
time since release 

source zone soil vapor 

moisture content vs. depth 
effective diffusion 
coefficients measured in 
situ (optional) 

concentration 

source zone soil vapor 

moisture content vs. depth 
estimate of time since 
release 
soil vapor concentrations 
with depth, including 02 
effective diffusion 
coefficients measured in 
situ (optional) 
same as above, plus source 
zone dimensions and 
source mass 

concentration 

(1) Base case data needs include: subsurface lithology and depth to contamination. 
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Table 2. Sample use of field data (data from BP 1997) to determine site-specific 
effective vapor-phase diffusion coefficients. 

0.19 0.016 
0.20 0.010 

[ft BGS] 
g-soil] 

siltv sand 0.0 13 
0.01 1 4-7 I siltv sand I 0.12 

13-16 

7-10 I siltv sand I 0.10 

sand 0.059 
10-13 I sand I 0.056 

0.10 0.062 0.068 
DT~" /LT = 0.0042 

0, Dieff Dieff rL 
[m3-H20/ 1 [m2/d] ** 1 [m2/d] 

Property 
Thickness [m] 

rl 
Deff [m2/d] 

Layer 
1 2 3 

0.3 0.2 0.4 

O 6 O 

0.07 0.02 0.05 

0.16 I 0.023 I 0.025 
0.10 I 0.067 I 0.073 

* assuming a bulk soil density of 1.7 g-soil/cm3-soil 
** for Dair = 0.09 cm2/s = 0.78 m2/d 

Table 3. Inputs used in generating Figure 1 O using the dominant layer model. 
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sewer 
vadose zone 

aquifer 

1 - data used when assessing near-tem impacts 
2 - data used when making initial site-specific estimate of longer-term impacts 
3 - data used when making estimates accounting for attenuation due to biodegradation 
4 - data required for possible future screening approach 

Figure 1. Schematic of vapor migration scenario and sampling options. 
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attenuation due to mixing with indoor air only 
(insignificant soil diffusion resistance) 

1 E-O2 

1 E-O3 

a 

1 E-O4 

1E-05 

1 E-O6 

- - - - 

- - QB = 12 exchanges per da] 
in 100 m3 space -- - Qsoil = 1 L/min 

Lcnick = 15 cm 
Dcmck = o. 1 m2/d 

= 0.001 m2/m2 
IlllilI I I I I I U  

I 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . .  

increase in 
attenuation due 
to increase in 

- - 

- - QB = 12 exchanges per da] 
in 100 m3 space -- - Qsoil = 1 L/min 

Lcnick = 15 cm 

1 attenuation due 
to increase in 

Dcmck = o. 1 m2/d 
= 0.001 m2/m2 

1E-05 1E-04 1E-03 1E-02, 1E-O1 lE+OO 

DTff/LT [ d d ]  

Figure 2. Johnson and Ettinger (1991) site-specific vapor attenuation coefficient 
a'(Cjndoor/Csource) estimate as a function of the overall effective vapor-phase 
porous media diffusion coefficient D T ~ ~  and distance between the source and 
foundation LT . 
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1 O000 

1 O00 

Tss R 
[dl 

1 O0 

10 

L - - - - - - 
- 

medium sands (0.03 g-HzO/g-soil) 
fine sands (0.06 g-H20/g-soil) 

O 5 10 15 20 25 30 

Distance fi-om Source [m] 

Figure 3. Estimated time for non-retarded chemicals to reach near steady vapor 
concentrations (-rsS/Rv) at the distance L fkom a source. For retarded 
compounds multiply the (zss/Rv) value by the retardation factor R, defined in 
Equation (4). 

- 36 - 
                                      
                                         
                                      
                                         

Copyright American Petroleum Institute 
Provided by IHS under license with API

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
,
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



~ 

STD-API/PETRO PUBL 4b7q-ENGL 1996 0732290 UbLclb3L 049 m 

0.0 0.2 0.4 0.6 0.8 1 .o 

Normalized Concentration [ C/C,,] 

silty sand 
(O. 1 1 g-H,O/g-soil) 

sand 
(0.059 g-H,O/g-soil) 

-lo2 t P 
- isopenme(- 30 ghd m a . )  

a - CO2 (- 200 gíd m a . )  
0 - O2 (- 300 gíd m a . )  

-2.0 
0.0 o .2 0.4 0.6 0.8 1 .o 

Normalized Concentration [C/ C,,] 

[g-H,O/g-soil] 

0.0 0.2 0.4 

Figure 4. Sample presentation using data from a) BP (1 997) and b) Fischer et al. (1 996). 
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Figure 5. Vapor concentration data compared with predictions for one-dimensional 
transport through a layered system without degradation, using data from a) BP 
(1 997) and b) Fischer et aE. (1 996). 
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A - total hydrocarbons 
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Figure 6. Normalized hydrocarbon and oxygen soil gas concentrations in a shallow 
near-homogeneous setting; data from Ostendorf and Kampbell(l991). 
Lines show expected concentration profiles in homogeneous settings at 
near-steady conditions for no degradation, and first-order degradation. 
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Figure 7. Predicted vapor concentration profiles for a homogeneous system at steady- 
state with a first-order reaction using Equation (8). 
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Figure 8. Attenuation coefficient predicted by Equation (1 O) for the case of a 
homogeneous medium at steady-state with a first-order degradation reaction. 
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Figure 9. Schematic of dominant layer model bio-attenuation scenario. 
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Figure 10. Comparison of dominant layer model with data from Fischer et al. (1996). 
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Figure 1 1. Hypothetical plot showing conditions necessary for significant bio- 
attenuation. 
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