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Environmental, Health, and Safety Mission

and Guiding Principles

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 safety of our
employees and the public. To meet these responsibilities, APl 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

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.

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

e To advise promptly, appropriate officials, employees, customers and the public
of information on significant industry-related safety, health and environmenta}
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.

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

e 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.

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

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

e 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 NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFACTURERS,
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.

INFORMATION CONCERNING SAFETY AND HEALTH RISKS AND PROPER PRECAU-
TIONS WITH RESPECT TO PARTICULAR MATERIALS AND CONDITIONS SHOULD BE
OBTAINED FROM THE EMPLOYER, THE MANUFACTURER, OR SUPPLIER OF THAT
MATERIAL, OR THE MATERIAL SAFETY DATA SHEET.

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS GRANT-
ING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANUFACTURE, SALE,
OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COVERED BY LETTERS PATENT.
NEITHER SHOULD ANYTHING CONTAINED IN THE PUBLICATION BE CONSTRUED AS
INSURING ANYONE AGAINST LIABILITY FOR INFRINGEMENT OF LETTERS PATENT.

API HAS ATTEMPTED TO ENSURE THAT THE FOLLOWING STUDY HAS BEEN CON-
DUCTED IN A MANNER THAT IS SCIENTIFICALLY ACCURATE. API MAKES NO REC-
OMMENDATIONS REGARDING THE COURSE OF CONDUCT TO BE FOLLOWED BY
READERS OF THIS STUDY. THE READER IS IN NO WAY BOUND TO THE FINDINGS OR
PROCEDURES OF THIS STUDY. THE READER SHOULD EXERCISE INDEPENDENT
JUDGMENT IN INTERPRETING AND APPLYING DATA PROVIDED IN THIS STUDY.

HARDWARE AND OPERATING SYSTEM SOFTWARE REQUIREMENTS FOR USE OF THIS
SOFTWARE ARE SPECIFIED IN THIS MANUAL. THIS SOFTWARE HAS BEEN TESTED
EXTENSIVELY; HOWEVER, API DOES NOT AND CANNOT CLAIM TO HAVE FORESEEN
NOR ELIMINATED ALL POTENTIAL PROGRAM INTERFERENCES, HARDWARE INCOM-
PATIBILITIES, OR OTHER LIMITATIONS OF SOFTWARE USE.

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 permission from the
publisher. Contact the publisher, API Publishing Services, 1220 L Street, N.W.,, Washington, D.C. 20005.

Copyright © 1999 Amcrican. Petroleum Institute
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API DSS
QUICK START SHEET

Before calling Technical Support, please review the following document to
see if your question is addressed.

Hardware and Software Requirements
The API DSS requires the following configuration:

« An Intel® 486 (with math coprocessor) or any 100%-compatible machine
Windows® 3.1%, NT, 95°, or 98°®

At least 8 megabytes of RAM
At least 8 megabytes of free space on the hard-disk drive
Microsoft EXCEL® version 5.0 for Windows®

L] [ ] L] *

Installation Procedure

The following steps will install the DSS on your computer; a new Windows®
program group as well as a “API DSS 2.0 icon will be installed into your Windows®
desktop. An uninstall option is available under the APl DSS program group. The
uninstall option will delete the DSS files and directory along with the API DSS icon
and group.

For Windows® 3.1

Step 1 Insert Distribution Disk #1 in drive A or B.
Step 2 Select “File” from the Program Manager menu and “Run” from the
pull-down menu. Enter the following command in the dialog box:

a\install.exe

Select OK on the Run dialog box.
Step 3 Follow the instructions in the installation package.

For Windows® 95, 98, and Windows® NT:

Step 1 Insert Distribution Disk #1 in drive A or B.
Step 2 Select the “Start” button and then “Run...” from the pop-up menu.
Enter the following command in the “Open” dialog box:

a\install.exe

Select OK.
Step 3 Follow the instructions in the instaliation package.

Quick Start - 1

Previous page is blank.
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Running the DSS

Starting DSS under Windows® 3.1:

Double-click on the “AP1 DSS 2.0” icon in the API DSS group.

Starting DSS under Windows® 95. 98, and Windows® NT:

Double-click on the “API DSS 2.0” icon from the Windows desktop or select
“‘Programs”, “API DSS”, and “API DSS 2.0" from the Start menu.

Starting the DSS is the only time you need to double-click. Double-clicks are not
required from within the DSS software and will be misinterpreted. All clicking
within the DSS must be single clicks.

Locating EXCEL for the DSS

When the DSS is opened for the first time, the user will be asked to “browse”
(using a file menu) to the location where EXCEL® is loaded on their system.
Using the file menu shown, the user should change the directory until the file
“‘EXCEL.exe” is shown in the “File name:” box.

Find Excel

excelexe = A
progra™~1
23 micros™2

<= oftfice

- micron

Remember, EXCEL® may be located on a network drive. Once the location of
EXCEL® has been identified this window will not appear again. If you are unable
to locate EXCEL® for the time being, select “Cancel”; you can still use the DSS
however you will be unable to bring up the FORTRAN results in EXCEL®
automatically. When the DSS is opened the next time it will ask again for the
location of EXCEL® (it will do this until the location has been established).

Quick Start - 2
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NOTE: If you are unable to locate EXCEL® but can still open
EXCEL® from your Windows® desktop, you may run the EXCEL®
macros externally from the DSS to view the FORTRAN results.
e If you have just run the fate and transport models,
open EXCEL® (from your Windows® desktop not the
DSS) and open the file called “APIDSSTP .xlIs”.
e [f you have just run the chemical intake model, open
open EXCEL® (from your Windows® desktop not the
DSS) and open the file called “APIDSSRK xls”.

Running the FORTRAN codes:

Upon successful execution of any of the DSS’s FORTRAN models, Windows will
display the message, ‘Program Terminated with exit code 0. Exit Window?’

You will be prompted to click on ‘Yes’ or ‘No’. This is not an error message!

If you click on ‘Yes’ the FORTRAN runtime window will be closed and you will be
returned to the DSS. If you select ‘No’ you can browse back up through the
FORTRAN output (AT123D displays groundwater concentration with time); when
you are through, close the FORTRAN runtime window (by selecting “File”, “Exit”,
or double-click on the window control box) and you will be back in the DSS.

Window
control box—
for closing
window

conc. [mg/1]
conc. [mg/l]

-8a8e
.08
. 880
.888
.279E-97
.275E-85%
- 002E-84

conc. [mg/1]
conc. [mg/l]
conc. [mg/l]
conc. [mg/l]
conc. [mg/1

Quick Start - 3
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Saved Files from DSS Version 1.x

Saved files from previous DSS versions are not compatible with version 2.0. Too
many additional features were added (especially in the SESOIL inputs) to keep
the compatibility option. The easiest way to get the old data into the new version
is to print out the “Data Requirements” summary from the previous version and
then retype in the data.

If the Initial Screen Looks Like This:

“ = API Rlsk Assessment

Welcome to
American Petroleum Institute’'s

EXPOSURE/RISK ASSESSMENT DECISION FRAMEWOH
FOR THE
MANAGEMENT OF SUBSURFACE CONTAMINANTS

Version 2.0 Beta
This software was developed by the API's Seil and Groundwater Ta
Point and click the mouse for more information on any items displayed i
Disclaimer: APl has attempted to ensure that the software has been deve
manner that is scientifically accurate. APl makes no recom

regarding the course of conduct to be followed by users of
The user IS in no way hound to the fmdmgs of this study Th

You need to set the “Font” option in your Windows’ display panel to “Small
Fonts”. The API DSS must be run with the small fonts option. To do this, select
“Settings” from the Windows Start Menu and then select “Control Panel”. Then
select “Display”. Under the “Settings” tab make sure that “Small fonts” are
selected under the “Font Size” option (not “Large Fonts”). Click on the OK
button.

Quick Start - 4
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EXECUTIVE SUMMARY

The American Petroleum Institute's (API) Exposure and Risk Assessment Decision
Support System (DSS) has been developed to assist environmental professionals
in estimating human exposure and risk from contaminated sites. The DSS is a
valuable, user-friendly tool that can be used to (i) estimate site-specific risks, (ii)
identify the need for site remediation, (iii) develop and negotiate site-specific
cleanup levels with regulatory agencies, and (iv) efficiently and effectively evaluate
the effect of parameter uncertainty and variability on estimated risk.

The API DSS Version 2.0 consists of four modules. The Development of Risk
Scenario module allows the user to develop a conceptual model for estimating the
risk. The Receptor Point Concentration module allows explicit entry of receptor
point concentrations or estimates the concentrations by contaminant fate and
transport modeling. The fate and transport models included in the DSS are:
SESOIL, VADSAT, and Jury unsaturated zone models; AT123D and VADSAT
saturated zone models; and Farmer's, Jury's, VADSAT and Thibodeaux's air
emission models linked with a box or Gaussian dispersion model. The Chemical
Intake and Risk Calculation module uses estimated or user-entered receptor point
concentrations to estimate chemical intake by a human receptor for several
different exposure routes. Further, this module uses the estimated dose and
chemical-specific toxicity (slope factor or potency value for carcinogens and the
reference dose for non-carcinogens) to estimate carcinogenic risk and
noncarcinogenic hazard index. Finally, the Risk Presentation module allows the
user to view the results of the analysis in tabular and graphical formats. The DSS
includes databases accessed by the various modules and contains chemicai-
specific fate and transport properties, toxicity properties and default uptake
parameters for 86 chemicals. Report-ready tables and graphs depicting the
exposure and risk results can be printed.

The Chemical intake and Risk Calculation module of the DSS can be implemented
in either deterministic or Monte Carlo simulation modes. The latter is used to
quantify the uncertainty in the exposure and risk results due to uncertainty in the
input parameters.

ES-1
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The DSS runs under the Microsoft Windows® 95, 98, 3.1, or NT environments. It is
user friendly and includes online help. The software accesses FORTRAN codes
to perform computations and relies on EXCEL® spreadsheet software (version 5.0
or higher) to present results in report-ready tabular and graphical formats.

System Limitations

DSS limitations include:

¢ The maximum number of chemicals for a DSS session is limited to
twenty.

e The DSS can only consider one receptor at a time. This limitation was
imposed to simplify system output and its interpretation. If a user wants
to analyze the risk posed to two different receptors, he or she may run
the DSS twice. Default parameter values from the first analysis can be
saved and then retrieved for the second analysis.

o The DSS includes six routes of exposure as discussed in Section 6.0.
Other exposure routes such as the ingestion of produce grown in
contaminated soil or the inhalation of indoor air in confined spaces (such

as basements), are not addressed. Depending on the site-specific
conditions, these routes of exposure may be significant.

Other assumptions and limitations include:

¢ The EPA Uptake Biokinetic model for lead is not included in the software.
If lead is added to the DSS database, it will be treated in the same
manner as other chemicals requiring a slope factor or reference dose.

o Risks are additive; chronic effects are additive.

o Risks are carcinogenic only. Teratogenicity, mutagenicity, etc., are not
considered.

e Chronic toxicities are not specified by toxic effect or affected organ.

¢ Fate and transport models may assume steady-state and compositional
equilibrium between phases at all times.

ES-2
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e Risk is to a maximally exposed individual. Population risks are
not addressed.

¢ Subchronic risks are not addressed by the DSS. The database
does not contain toxicity values for subchronic exposures (less
than two years).

» Risks/chronic effects to children can be calculated by assuming that a

child is a "small adult." It is assumed that potency factors, RfDs, apply to
children as well as adults.

Differences Between Version 2.0 and 1.0

The following additions and/or changes to the software have been made in version
2.0

e The VADSAT model was added.

e The new SESOIL code (1996) was incorporated and the interface was

updated to allow the user full access to all of the SESOIL options (except
the erosion module).

e Monte Carlo capabilities were removed for the fate and transport models.

e The new AT123D version developed by H.S.l. GeoTrans (for the EPA) was
incorporated. (This version of AT123D corrected a problem with the pulse
source option in the original AT123D code.)

e The AT123D coordinate system was changed to make it more intuitive to
use.

¢ The user may now enter time step size for AT123D. Using smaller time

steps will help reduce the number of cases where oscillations in the solution
occurred.

e A new capability was added to import concentration-time series data
generated by models external to the DSS.

e A user interface was added to allow users to append or modify the

toxicological and physical/chemical property databases directly from the
DSS.

ES-3
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1.0
OVERVIEW OF THE DECISION
SUPPORT SYSTEM

1.1 INTRODUCTION

This section presents an overview of the American Petroleum Institute's (API)
Exposure and Risk Assessment Decision Support System (DSS) Version 2.0. The
DSS is a valuable user-friendly tool that can estimate risks at sites contaminated by
petroleum hydrocarbons and other contaminants. While the DSS is a convenient

tool for preparing a relatively complex level of risk assessment, it should be run by
personnel knowledgeable in risk assessments.

The exposure/risk assessment process is a multidisciplinary process requiring
expertise in data collection and site characterization, contaminant fate and transport
modeling, toxicology, environmental chemistry, and data analysis. Both federal and
state guidance encourage the use of site-specific risk assessments as well as the
evaluation of uncertainty in estimated risk (e.g., EPA Risk Assessment Guidance for
Superfund and the Texas Risk Reduction Rules). It is important to develop a
computerized framework to provide a consistent and cost-effective approach for
determining risk and cleanup levels at sites with subsurface contamination. The
development of the DSS is a first step in ensuring a consistent approach.

1.2  DESCRIPTION OF THE RISK ASSESSMENT PROCESS

As described by the National Academy of Sciences (1983), the risk assessment
process consists of four steps: (1) hazard identification, (2) exposure assessment,
(3) dose-response assessment, and (4) risk characterization. These steps are

illustrated in Figure 1-1 and briefly described below. Details are available in EPA
(1989a).

1-1
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Figure 1-1. Schematic of the Risk Assessment Process.
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In the hazard identification step, the chemicals of concern and the hazard
(carcinogenic or other adverse health effects) associated with exposure to these
chemicals are determined. This step necessitates collection of site-specific
information to characterize the site in terms of source-, media-, chemical-, and

receptor-specific characteristics. Potential receptors of concern and exposure
routes are also identified in this step.

The objective of the exposure assessment step is to estimate intake by the
receptor(s) identified in the previous step. This is a two-step process. First, the
concentrations in the contact media (soil, air, groundwater), termed “receptor point
concentrations” are estimated, and then the intake (or dose) is calculated for the
receptor. Receptor point concentrations are actual or projected concentrations in
site media to which a receptor (human) may potentially be exposed for particular
pathways. For example, a receptor point concentration for groundwater could be the
contaminant concentration projected to occur at a hypothetical or actual well iocation
some distance from a source. Estimation of the receptor point concentrations is a
key component of the exposure assessment step. This estimation often involves the
use of contaminant fate and transport models and historical site data to simulate the
movement of the chemicals of concern from the source to the receptor point.
Contaminant fate and transport modeling should be calibrated with site-specific

data. Once receptor point concentrations have been estimated, contaminant intake
by the receptors is estimated.

Toxic effects of the chemical are identified and quantified in the dose- response
assessment step. For carcinogenic chemicals, toxicity is quantified by estimating
the chemical-specific potency value (also called slope factor). For non-carcinogenic
chemicals, toxicity is quantified as the chronic reference dose, an estimate of the
threshold daily level of exposure to the human population, including sensitive
subpopulations, that may cause a deleterious health effect.

Finally, the risk characterization step combines the results of exposure and dose-
response assessments to evaluate site-specific risk to the exposed populations.
Each of these steps is described in detail in the subsequent sections of this manual.
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The risk assessment process described above is very general in its application.
Most state and federal regulations and associated guidance documents require risk
assessments be conducted according to this process. However, there are many
differences in the actual details of any given risk assessment. For example, risk
may be based on arithmetic or geometric mean concentrations in the contact media.
Similarly, there are a number of ways in which chemical concentrations reported as
below the analytical detection limit may be treated. Additional variations exist in the
estimation of the frequency and magnitude of contact media uptake. Details of
these variations are not discussed in this manual. The manual and software
generally follow the guidance presented in EPA (1989a).

1.3 OVERVIEW OF THE DECISION SUPPORT SYSTEM

This DSS consists of four modules coupled together into an integrated, user-friendly
exposure/risk assessment framework. These modules are Development of Risk
Scenario, Receptor Point Concentrations, Chemical Intake and Risk Calculation,
and Risk Presentation.

The Development of Risk Scenario module allows the user to develop a conceptual
model of the site for the purposes of risk assessment. In this conceptual model, the
user identifies chemicals of concern, relevant uptake routes, and the specific models
to estimate receptor point concentrations.  Prior to running this module, an adequate
site assessment should have been conducted, which helps ensure that the location
is sufficiently well understood so that appropriate data are used in the DSS. This
step corresponds to the last part of a “Hazard Identification” step shown in Figure
1-1.

The Receptor Point Concentrations module includes models to simulate
contaminant fate and transport from source to receptor, thereby estimating receptor
point concentrations. These models include atmospheric emission and dispersion
models, and unsaturated and saturated zone contaminant transport models. It is
important that the models used be calibrated with field data to help prevent
inaccurate estimates. Alternatively, the user may enter directly into this module site-
specific measured receptor point concentrations or those estimated by models
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external to the DSS. The Receptor Point Concentrations module corresponds to the
first part of the “Exposure Assessment” step shown in Figure 1-1.

The Chemical intake and Risk Calculation module uses the computed or user-
entered receptor point concentrations or user-entered concentrations to estimate
chemical intake by the human receptor for several different exposure routes. These
routes include ingestion of contaminated water and soil, inhalation of air containing
volatile contaminants, and dermal contact with contaminated soil and water. This
module also estimates the carcinogenic risk and non-carcinogenic effect (hazard
index) due to these exposures. The Chemical Intake and Risk Calculation module
corresponds to the second part of the “Exposure Assessment” step shown in Figure
1-1. Usually, toxicity parameters are obtained from EPA databases or other sources
of published values. These toxicity parameters are specified in this module.
Obtaining (or deriving) the toxicity parameters for the chemicals of concern
corresponds to the “Dose-Response Assessment” step shown in Figure 1-1.

Finally, the Risk Presentation module uses EXCEL® to present the estimated
chemical intake, carcinogenic risk, and hazard index. Several graphical and tabular
options for presentation of results are available to the user. The results shown in the
Risk Presentation module correspond to the “Risk Characterization” step shown in
Figure 1-1.

An important aspect of this DSS is not only its ability to estimate the risk but also to
evaluate the uncertainty in the risk estimates due to uncertainty in, and variability of,
the input parameters. This uncertainty is quantified by using the Monte Carlo
simulation technique. Monte Carlo simulation generates a probability distribution of
the risk. From this distribution, the range as well as the most likely value (i.e., the
50" percentile) and the upper bound (i.e., the 95" percentile) can be estimated.

1.4 REPORT ORGANIZATION

This report includes the technical details and other information necessary to
understand API DSS Version 2.0. Section 2.0 describes the overall structure of the
decision framework and the hardware and software requirements of the system.
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Section 3.0 includes instructions for using the DSS. Section 4.0 describes the
details of the Development of Risk Scenario module and the development of a
conceptual model of the site for the purposes of the risk assessment. Section 5.0
presents instructions on how to use the Receptor Point Concentration module. (The
appendices of this manual contain detailed descriptions of the fate and transport
models.) Section 6.0 describes the Chemical Intake and Risk Calculation module
and includes the mathematical relationships used to estimate the intake, risk, and
hazard index for each exposure route. Section 7.0 describes the Risk Presentation
module and the available output formats. Sections 8.0 and 9.0 describe the DSS
Monte Carlo uncertainty analysis procedures and the contents of the DSS
databases, respectively.

This report also includes several appendices that provide the details of each fate
and transport model included in the DSS, limited guidance for estimating values of
selected input parameters, the probability distributions that can be used to describe
the uncertainty and variability in the input variables, and the cumulative probability
distributions based on data presented in the Exposure Factors Handbook (USEPA,
1989b). '

1-6
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2.0
STRUCTURE OF THE
DECISION SUPPORT SYSTEM

In the following sections the various components of the DSS, as well as overall

system requirements, software architecture, and flow of information will be
described.

21 SYSTEM REQUIREMENTS

The DSS is a Windows®-based software and will run under Windows® 3.1 or
Windows® 95 and 98 with the following minimum hardware and software
requirements.

2.1.1 Minimum Hardware Requirements
The API DSS requires the following configuration:

* An Intel® 486 or any 100%-compatible machine running at 25MHz or
faster

* At least 8 megabytes of RAM
* Math coprocessor
» At least 8 megabytes of free space on the hard-disk drive

2.1.2 Software Requirements
The API DSS requires the following software:

- Microsoft Windows® 3.1, 95, 98, or NT
+ Microsoft EXCEL® 5.0 (or higher version) for Windows®

2.2 DSS ORGANIZATION

The DSS consists of four modules as shown in Figure 2-1. These are the

(i) Development of Risk Scenario, (i) Receptor Point Concentrations, (i) Chemical
2-1
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Intake and Risk Calculation, and (iv) Risk Presentation modules. Each of these
modules accesses databases and runs different computational codes as needed.
The options available in, and data generated by, each module are shown in Figure
2-1. The structures of the databases are described in Sections 6 and 9. FORTRAN
computational codes are run in both the Receptor Point Concentrations and the
Chemical Intake and Risk Calculation modules as discussed in Section 2.3. DSS
results are presented using EXCEL® macros. These macros are discussed in
Section 2.4.

23 FORTRAN CODES

FORTRAN codes are used in the DSS for estimating receptor point concentrations
and for calculating dose and risk. Fate and transport codes used to estimate
receptor point concentrations are run in a deterministic mode. The risk calculation
code may be run either deterministically or in a Monte Carlo mode. The risk
calculation code is linked to a Monte Carlo software code so that uncertainty
analyses can be performed easily. Details of the Monte Carlo code are discussed in
Section 8.0.

The DSS collects all the information necessary to run each FORTRAN code,
generates an input file on the hard drive, then runs the code. A new window
appears and the FORTRAN code runs in this window, so the user can track the
progress of the simulation. Successful completion of the FORTRAN run results in a
message on the screen "Error Code = 0", see Figure 2-2. The user is also prompted
to close the window and return to the DSS (select "Yes"). If the user wants to scroll
through the screen output generated by the code, he or she can leave the window
open (select "No") and look at the output. Before returning to the DSS, the user
must close the FORTRAN window (select "File" from the menu bar, then “Exit", see
also Section 3.3.6).
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1. DEVELOPMENT OF RISK SCENARIO MODULE

Purpose: To define the risk scenario being evaluated.

User Identifies:
Chemicals of concem
Exposure routes
Method(s) of estimating Receptor Point Concentrations

Module Output:

Once the above information is specified a summary of data required to

perform analysis based on selected options can be generated from the
main screen.

2. RECEPTOR POINT CONCENTRATIONS MODULE

Purpose: To enter or estimate receptor point concentrations.

User Input: Receptor point concentrations and/or data for the fate and transport
models.

The following transport models are available to estimate receptor point
concentrations in the contact media:

Contact Media Model

Groundwater: SESOIL linked with AT123D
VADSAT
Jury linked with AT123D
AT123D

Air: Emissions Dispersion _ Particulate
Jury Box Cowherd
Thibodeaux-Hwang  Gaussian
Famers
VADSAT

Module Output:
EXCEL® tables and charts.

FORTRAN output files summarizing all inputs and results.

Figure 2-1. Overview of the DSS.

2-3
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3. CHEMICAL INTAKE AND RISK CALCULATION MODULE
Purpose: To calculate chemical dose and risk.

User inputs:
Exposure data
Toxicity data

Output:
EXCEL® charts and tables containing the risk assessment results.
FORTRAN output file (INTAKE.OUT) summarizing all inputs and results.

4. RISK PRESENTATION MODULE (can also be accessed from the Chemical
Intake and Risk Calculation module)

Purpose: To present results from the risk assessment.

No user input. _
This module uses the EXCEL” spreadsheet to present report ready
tables and charts of dose, risk and hazard index.

Module Output:

User can print or save the charts and tables and load them into other
word processing programs.

Figure 2-1. Overview of the DSS (concluded).

2-4
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2.4 EXCEL® MACROS FOR PRESENTATION OF RESULTS

The EXCEL® spreadsheet is used by the DSS to present results of the analysis.
EXCEL® macros are used to provide the specialized functions for the DSS. These
macros bring up a new menu item within EXCEL® allowing the user to select various
tables and charts of results for both receptor point concentrations (accessed in the

Fate and Transport module) and risk and hazard indices (the Risk Presentation
module).

85

= TRANSPRT

Figure 2-2. FORTRAN Code Co

The EXCEL® spreadsheet is accessed directly by the DSS; the user does not have
to exit the DSS to run EXCEL®. After a FORTRAN run has been completed
successfully, the EXCEL® button on the DSS screen becomes available. When
selected with the mouse, the EXCEL® spreadsheet comes up automatically.

n Petroleum Institute
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Once in EXCEL® there is a new menu option called "DSS" on the menu bar at the
top of the EXCEL® window. When chosen, the "DSS" menu option brings up more
menus from which the user can choose specific tables and graphs.

The EXCEL® macros create plots and tables of model output as shown in

Section 7.0; however, users are free to modify the plots (using the standard EXCEL®
commands) if they prefer a different font or type of plot. Also, the user can modify
the format of the tables if desired (again, using standard EXCEL® commands). The
tables and charts can be printed directly from EXCEL® just as from any other
EXCEL® spreadsheet.

2-6
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3.0
INSTRUCTIONS FOR USING

THE DECISION SUPPORT SYSTEM

The DSS is designed to be user friendly with online help. This section will describe
the installation procedures, as well as describe some of the system limitations.

3.1 INSTALLATION PROCEDURE

For Windows® 3.1:

Step 1 Insert Distribution Disk #1 in drive A or B.

Step 2 Select “File” from the Program Manager menu and “Run” from the pull-
down menu. Enter the following command in the dialog box:

a:\install.exe
Select OK on the Run dialog box.

Step 3 Follow the instructions in the installation package.

For Windows® 95, 98, and Windows® NT:
Step 1 Insert Distribution Disk #1 in drive A or B.

Step 2 Select the “Start” button and then “Run...” from the pop-up menu. Enter
the following command in the “Open” dialog box:

a:\install.exe

Select OK.

Step 3 Follow the instructions in the installation package.

3-1
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3.2 STARTING A SESSION

To start the DSS, double-click on the API DSS icon in your Windows® desktop. The
main menu of the DSS is shown in Figure 3-1. This screen has five buttons in the
center. The top four correspond to the four modules of the API DSS. Only the first
button is enabled, indicating that this step must be performed first. When the first
step has been performed the other buttons will become available as appropriate.

At the bottom of the screen are four buttons: Quit, Load a Session, Help, and Save
a Session. The Help button, when chosen with the mouse, brings up the help
system for the DSS. The help system provides help for the current screen: the user
is free to view the help index and display help for any listed topic. When Quit is
chosen, the user will be prompted to save the session before exiting. When the
“Load a Session" button is chosen, the user will be prompted to load a previously
saved file. The "Save a Session*" button allows the user to save data entered in the
current session without having to leave the DSS.

American Petroleum Institute's

BECISION SUPPORT SYSTEM {DSS)

For Parorming Fatz and Trarsport Modeling and
Human Heslth Risk Assessments

FILE: New Session

Figure 3-1. The Main Menu.
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3.3 HOW TO USE API DSS

This section describes the screen formats observed when using the DSS and the
types of information available from the different modules. It is recommended that
the user run the DSS while reading this section.

3.3.1 Choose Options With a Single-Click

The only time the user should double-click the mouse is to start the DSS from the
Windows® desktop or to close a window. Once in the DSS, the user chooses
options such as buttons or hypertext by single-clicking with the mouse button.

3.3.2 Hypertext

Hypertext is special text (highlighted in green) which can be selected as a topic by
clicking with the mouse. Selecting hypertext usually displays additional information
on the word or phrase that was highlighted. Hypertext in the DSS is highlighted in
green. The mouse cursor changes to a hand when it is over Hypertext.

3.3.3 Screen Layout in the DSS

The basic format of the DSS screens consists of a maximized window with a title bar
and a control menu (the box at the left side of the title bar, refer to Figure 3-1). The
title bar shows the application name "API Risk Assessment." The control menu
allows the window to be minimized or moved. The control menu allows the user to
switch to other Windows® programs if desired. Another way to minimize the window
is to click on the down arrow on the right side of the title bar.

3.3.4 Buttons, Drop-Down Lists, and Edit Boxes
Within the modules, the user should click on the button corresponding to the desired

step. After entering all the appropriate information for that step, the user is returned
to the module window and the box next to the selected button will be checked.

33
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Occasionally, some of the buttons will be disabled (shaded) indicating that other
information is needed before that step can be performed. For example, in the
AT123D initial input screen the aquifer data cannot be entered until the AT123D
model control parameters are chosen. Once these control parameters have been
entered the aquifer data buttons will become available.

Edit boxes are used wherever the user may want to change the default values (e.g.,
model parameters, title boxes). These boxes may be edited by clicking on the edit
box with the mouse and typing a new value.

A drop-down list (i.e., a box with a down arrow on the right) is used to select a value
from a list of options. When the down arrow is selected, a list will appear and the
user can select any item on the list. When an item from the list is selected, the
drop-down list will close and the new default will appear in the box. This type of
drop-down list is used to choose among the various distribution types in the Monte
Carlo mode.

3.3.5 HELP System

The DSS has on-line help that is available from every screen. This feature can be
activated by choosing the HELP button (located at the bottom of the screen) with
the mouse. This displays the Help Window that has (i) topic specific information and
(i) a menu bar at the top with six buttons (Contents, Search, Back, Copy, Print and
Quit) that perform the following functions:

Contents: Displays the list of contents (modules and databases) of the
DSS.

Search: Displays a list of all the HELP topics (in alphabetical order)
included in the DSS. The user may choose any topic to view
information on that topic.

Back: Displays the previous topic.

Copy: Copies the contents of the HELP window into the Windows®
Clipboard. The text can then be transferred to a word
processing file.

3-4
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Print: Sends the HELP text directly to the printer
Quit: Closes the window and returns the user to the DSS.

Note, some of the text displayed in the HELP window is highlighted in green. This is
HYPERTEXT and can be selected by the user (by clicking) to view additional
information on the topic.

3.3.6 Running FORTRAN Codes

The computational elements of the DSS are written in FORTRAN and include (i) the
models in the Receptor Point Concentrations Module and, (ii) the algorithms to
compute dose, carcinogenic risk and the hazard index in the Chemical Intake and
Risk Calculation Module. The FORTRAN codes are executed by selecting the
"Run” button. This button is not available until all the data required to run the
FORTRAN codes have been entered. Quantitative data can be entered in either
floating point, integer, or exponential form. The number of significant digits is left to
the user's discretion. The interface performs limited range checking but users are

cautioned to enter the appropriate value and not rely solely on the interface to check
the appropriateness of a data value.

The DSS runs each FORTRAN code in a window that displays the code's output as
it is generated. The sole objective of the screen output is to monitor the progress of
the computations (e.g., the number of Monte Carlo runs completed). At the
completion of the run a message is displayed on the screen which shows (i) an error
code of either 1 or 0 and (ii) a query prompting the user to exit the FORTRAN
window (Figure 2-2). An error code of 0 indicates successful completion of the
FORTRAN code. An error code of 1 indicates an unsuccessful completion -
probably due to an error in the data entered. In either case (an error code of 0 or
1) the user must exit the FORTRAN window before proceeding further.

An "MSLANGLOAD" (Microsoft Language Loader) error may occur if too many
Windows® applications are open or the computer does not have enough memory
(RAM). If an MSLANGLOAD error occurs, the user should make sure that all other
Windows® applications are closed (e.g., EXCEL®, DOS Shell, File Manager).

3-5
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After the run has been successfully completed and the FORTRAN window has been
closed, the DSS allows the user to select one of two options: (i) "View Charts and
Tables in EXCEL," or (i) "View FORTRAN Results." EXCEL® outputs are discussed
in Section 3.3.7 below. For SESOIL, AT123D, and Jury's model, these FORTRAN
output files are similar to the output files a user would obtain by running these
models outside the DSS. The FORTRAN output files may be printed from the
interface.

3.3.7 Using EXCEL® with DSS

After running the FORTRAN code, the user can review the results in EXCEL®
provided the directory containing EXCEL® has been added to the DOS path
specified in the AUTOEXEC.BAT file (see Section 3.1). When running EXCEL® the
user can view tables and charts showing the results of the analysis by choosing the
"DSS" option that has been added to the standard EXCEL® menu bar. These charts
and tables can be printed or saved by using the "print" or "save" option respectively
under the “file” menu. The tables contain the name of the analysis entered by the
user before running the FORTRAN codes.

To exit EXCEL®, use the "Return to DSS" option under the DSS menu item.
34 MONTE CARLO AND DETERMINISTIC MODES

The user can choose to run the risk calculation FORTRAN code in either a
deterministic mode or a Monte Carlo mode. The default option is the deterministic
mode, as indicated by the solid bullet in the first screen of the Chemical Intake and
Risk Calculation module and each fate and transport model's main screen. To
choose Monte Carlo made, the user may click on the words "Monte Carlo." A new
edit box will appear so the user can enter the number of Monte Carlo runs desired.
The maximum number of runs is 10,000.

Under the Monte Carlo option, the format of the user input screens is altered.

Whereas the deterministic input screens have only one edit box for each parameter,
the Monte Carlo input screens allow the user to choose a distribution from a

3-6
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drop-down list and then enter the statistical parameters needed to describe the
distribution for each parameter. Available statistical distributions are: constant,
normal, log-normal, exponential, uniform, and triangular. The statistical parameters
that describe the distribution are mean, mode (for triangular distributions), standard

deviation, minimum, and maximum. Additional details are included in Section 8.0
and Appendix K.

3.5 PRINTING

There are several places in the DSS where the user can print information, assuming
that Windows® has been configured to print. (If Windows® has not been configured
to print, the user should follow the instructions in the Windows® manual and set up
the appropriate printer.) The main screen of the API DSS has an option to print a
summary of the data requirements for a given analysis. This summary is available
from a button on the main module screen.

The tables and charts presented in EXCEL® can also be printed. These are
designed to be report-ready; the user can easily print them directly from EXCEL®.
Users experienced with EXCEL® may wish to reformat the tables and charts. Again,
the charts can be saved as text files and brought into a word processing program.

The FORTRAN output files can also be printed. These output files ("*.out") are
neither formatted nor report-ready; they are merely designed to provide summary
statistics to the experienced user. After running any FORTRAN code, the user has
the option to view a summary of the FORTRAN output. These files can be opened
with a word processor (such as Microsoft Word®, or Write®) and reformatted.

3.5.1 Performing a Screen Dump to the Windows® Clipboard

The following steps describe how to perform a screen dump from the screen to the
Windows® Clipboard.

Make sure the information you want to copy is on the screen. Press PRINT
SCREEN. The contents of the screen are copied onto the Clipboard. |f the above

3-7
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procedure does not copy the screen onto the Clipboard, you may not have an
enhanced keyboard. Try pressing ALT+PRINT SCREEN or SHIFT+PRINT
SCREEN to copy the screen.

Choose the Clipboard Viewer icon in the Windows Main group to view the contents
of the Clipboard. Switch to the destination application, i.e., the application from
which you want to print (such as MS Word®, EXCEL® or Paintbrush®). Place the
insertion point where you want the information from the Clipboard to appear. From
the application's Control menu, choose Edit. From the Edit menu, choose Paste.
The screen can now be printed from the application.

3.6 QUITTING AND SAVING USER PREFERENCES

Whenever a user quits a session in the DSS the user is prompted to save choices
and results. Similarly, the data can also be saved without exiting the DSS by
choosing the "Save a Session" button on the main screen. The information is saved
in a user-specified file as compiled code (not editable). When a new session is
started, the user has the option to load any of the previously saved files.

Information from this file will appear as defaults for the current analysis.

3.7 LOADING A SAVED FILE

After a session has been saved (Section 3.6) it can be reloaded at a later time. This
is accomplished by choosing the "Load a Session" button from the main menu
(Figure 3-1). Clicking on the "Load a Session" button brings up a file selection
window showing the files with the extension *.sav. If the saved file has a different
extension the user can find the file by entering "*.*" in the "File Name:" edit box. If
the saved file is in another directory or drive the user can change directories by
choosing the appropriate directory from the boxes in the window.

The saved file contains all the data entered in the session and the FORTRAN code

results if a successful run was made. To transfer the saved file to another directory
(or computer) just copy the saved file to the new directory (or computer).

3-8
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3.8

SYSTEM LIMITATIONS

DSS limitations include:

The maximum number of chemicals for a DSS session is limited to twenty.

The DSS can only consider one receptor at a time. This limitation was
imposed to simplify system output and its interpretation. If a user wants to
analyze the risk posed to two different receptors, he or she may run the
DSS twice. Default parameter values from the first analysis can be saved
and then retrieved for the second analysis.

The DSS includes six routes of exposure as discussed in Section 6.0.
Other exposure routes such as the ingestion of produce grown in
contaminated soil or the inhalation of indoor air in confined spaces (such
as basements), are not addressed. Depending on the site-specific
conditions, these routes of exposure may be significant.

Other assumptions and limitations include:

The EPA Uptake Biokinetic model for lead is not included in the software.
If lead is added to the DSS database, it will be treated in the same manner
as other chemicals requiring a slope factor or reference dose.

Risks are additive; chronic effects are additive.

Risks are carcinogenic only. Teratogenicity, mutagenicity, etc., are not
considered.

Chronic toxicities are not specified by toxic effect or affected organ.

Fate and transport models may assume steady-state and compositional
equilibrium between phases at all times.

3-9
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e Risk is to a maximally exposed individual. Population risks are
not addressed.

¢ Subchronic risks are not addressed by the DSS. The database
does not contain toxicity values for subchronic exposures (less
than two years).

¢ Risks/chronic effects to children can be calculated by assuming that a
child is a "small adult." It is assumed that potency factors, RfDs, apply to
children as well as adults.

3-10
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4.0
DEVELOPMENT OF RISK SCENARIO MODULE

41 OVERVIEW OF THE MODULE

An important first step in conducting a risk assessment is to develop a conceptual
model of the site. Key elements of the conceptual model include identification of
the contaminated media, the chemicals of concern, the types and locations of
receptors, the relevant routes of exposure, and the manner in which the receptor
point concentrations for each chemical are to be estimated. The Development of
Risk Scenario module allows the user to define a conceptual model for the site-

specific risk assessment by specifying three types of information. These are
categorized as:

i)  chemicals of concern,
i) routes of concern, and
i)  method for estimating receptor point concentrations.

Figure 4-1 shows the "Development of Risk Scenario” input screen. The first
button is where the chemicals of concern are chosen. The second button is where

the routes of exposure and the method for estimating receptor point concentrations
are identified.

4.2 CHEMICALS OF CONCERN

Figure 4-2 shows the Chemicals of Concern screen. Chemicals of concern are
selected from this list by clicking on the chemical(s) with the mouse and then
choosing “Add->." A selected chemical may be deselected by clicking on it and
selecting “€Remove.” Version 2.0 of the DSS allows the user to select up to 20
chemicals of concern from a total of 48 chemicals included in the database. Use
the up and down arrows to scroll through the chemicals listed in the database.

New chemicals may be added to the DSS by choosing “Add Chemical to
Database.”

41
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“Figure 4-2. Selecting Chemicals of Concern.
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The process for selecting chemicals of concern is described in the EPA Risk
Assessment Guidance for Superfund manual (RAGS, EPA 1989a). Section 5.8 of
the RAGS guidance lists the criteria for identifying chemicals of potentiél concern
using site-specific information. Briefly, the initial chemical list should include
chemicals that were:

1) positively detected in at least one sample;

2) detected at levels significantly elevated above levels of the same
chemicals detected in associated blank samples;

3) detected at levels significantly elevated above naturally occurring
background levels;

4) only tentatively identified but may be associated with the site
historically; or

5) transformation (daughter) products of chemicals demonstrated to be
present.

This initial list can be slimmed down using toxicity/concentration screens, etc. See
the RAGS guidance for more information.

4.2.1 Edit/View Chemical Properties

By selecting this button, the user may view or change the values for the chemical
properties for each chemical in the APl DSS database. Please note, if the values
are changed in this location they will be permanently changed in the database. If
the values were changed mistakenly, the user either can change them back (using
the values presented in the manual, Table 9-1) or reload the API DSS from the
installation disks. This process will just overwrite the files used to run the program
and will not overwrite any saved session files.

43 ROUTES OF CONCERN

From the Development of Risk Scenario screen, the user must also choose the
exposure routes of concern. There are six routes available in the DSS:

4-3
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1) Ingestion of Drinking Water

2) Dermal Absorption while Bathing
3) Inhalation while Showering

4) Inhalation of Soil Emissions

5) Dermal Contact with Soil

6) Ingestion of Soil

- Sroundwater Concentration:
" User specified concentrations ¥  { User specified concentsations
& Use model to estimate concentrations @: Use model to estimate concentrations

e Emizs ¥odel:
AT123D Vo!actfﬁui;;u ions Mode!

{* SESOIL followed by AT123D v £ Thibodeaux-Hwang
{™ SESOIL with Mixing Zone % " Fammers

C: Jury followed by AT123D - £~ SESOIL

{=: VADSAT
{- User specified emissions

R R SRR BRI % D ispel sion Hodel
[ EJ.
Sof Concentsation: ; & Box

{": Gaussian

& User specilied concentrations Laleulate Puticulate Emissiong:

{"Yes &:No

Figure 4-3. Selecting Routes of Concern.

These routes are displayed on the top of the “Select Routes of Concern” screen
(Figure 4-3). The user should select exposure routes based on the receptor type
and expected location of the receptor. For example, if risks to an on-site resident
are being estimated, then all the above routes may be of concern. On the other
hand, if an on-site worker is being considered, the shower routes may be eliminated
leaving inhalation of soil emissions, dermal contact with soil, soil ingestion, and
ingestion of groundwater as routes of concemn. Of course, if showers are available
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to the workers at the site (and the showers use groundwater) then the shower
routes should be considered for a worker scenario.

Table 4-1 lists suggested exposure routes for different combinations of receptor
type and the contaminated media. As an example, if soil is contaminated at a
given site and the receptor is an off-site resident, ingestion of contaminated soil
and dermal absorption of chemicals due to contact with soil are not considered
viable routes of concern. However, chemicals may leach from the soil into
groundwater so the groundwater routes are potential routes of concern. Similarly,
chemicals may volatilize from the soil into the air, making inhalation of soil
emissions a pathway of concemn.

When a route of concem is selected from the interface, the associated media
concentration box (below the Routes of Concern) becomes available. For
example, when the user selects "Drinking Water" as a route of concern, the
"Groundwater Concentration” group becomes available indicating that the user
needs to specify the methodology for estimating receptor point concentrations.
This process is explained in the following section.

44 RECEPTOR POINT CONCENTRATION ESTIMATION METHODOLOGY

Receptor point concentrations in the contact media are necessary variables for
computing chemical intake. Depending on the routes of concern identified,
receptor point concentrations may be required for air, groundwater, and soil. For
example, if the only exposure routes to be analyzed are ingestion of soil and
dermal absorption of chemicals due to contact with soil, the only receptor point
concentrations required are the concentrations in soil.

In general, receptor point concentrations for each medium can be estimated by: (j)
analysis of site-specific data, or (ii) application of fate and transport models. In the
"Select Routes of Concern" screen (Figure 4-3), the user identifies the method to
be used to estimate concentrations for each medium of concern (groundwater,
soil, and/or air).

4.5
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TABLE 4-1. Suggested Routes of Exposure for Selected Receptor
Type and Contaminated Medium.

Possible Routes of Exposure

Receptor Type and  Contaminated 1 2 3 4 5 6
Location Media
On-site Resident Soil . . . . . .
Groundwater J . . — —_ —
Air — —_— — . —_ —
Off-site Resident Soil . . . . — —
Groundwater . . . — —_ -_—
Air —_— —_— — . — _
On-site Worker Soil — — — . . .
Groundwater . — —_ — —_ -
Air — —_ — . — —
Off-site Worker Soil —_— — — . — —
Groundwater . —_ —_ —_ —_ —_
Air —_ —_— — . —_— —_
Visitor Saoil — _— —_ . . .
Groundwater —_ —_ —_— — — —
Air — —_— —_— . —_— —_
1. Ingestion of water
2. Dermal absorption while showering
3. Inhalation while showering
4. Inhalation of emissions from soil
5. Dermal contact with soil
6. Ingestion of soil

If the first option is selected (using site-specific data), the receptor point
concentrations are entered by the user in the Receptor Point Concentrations
module. If the second option is selected (using fate and transport models), the
user must specify which model(s) will be used. The fate and transport models
included in the DSS are described in Section 5.0 and Appendices A through H,
and O. The available choices are shown in Figure 5-1. Receptor point
concentrations may be user-entered for some media and calculated for others.

4-6
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In some cases the fate and transport models are linked together. For instance,
SESOIL (a vadose zone model) may be used to calculate contaminant mass
loading to groundwater and volatile emission rates. Both of these outputs are
used as inputs to other models. The loading to groundwater is used as an input to
the saturated zone model, AT123D, and the volatile emission rates are used as

input to an air dispersion model (either box or Gaussian) if the air pathway is being
considered.

4.5 DATA REQUIREMENTS SUMMARY

The data required to estimate the risk at a site depend on the conceptual model
developed. Thus, the necessary data depend on the type and location of the
receptor, the contaminated media, the method of estimating receptor point
concentrations, and the relevant routes of exposure. Based on the decisions
made by the user, as discussed above, the DSS summarizes all the data that will
be necessary to estimate the risk. This information is available from the "Data
Requirements/Summary” button on the main API DSS screen (Figure 3-1).

An example of this summary is included in Table 4-2. Specific values for these
parameters can be estimated based on a combination of site-specific field
investigations, a literature search, professional judgment, or default values
included in the DSS databases discussed in Section 9.0. It is recommended that
while conducting a site assessment or risk assessment the user print this list and
select values for each parameter before proceeding on to the site assessment or
to the next module. Appendix J also includes a list of the input variables and
guidance on estimating their values.

If the “Data Requirements/Summary” button is chosen after information has been
entered in the DSS, the output will summarize the values entered.

47
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Table 4-2. Printout of the Data Requirements/Summary Option.

API DSS Data Requirements Example 10/25/97 10:08

DEVELOPMENT OF RISK SCENARIO

The following chemicals were selected:
Benzene
Ethylbenzene

The following exposure routes were selected:
Drinking Water
Inhalation During Shower

RECEPTOR POINT CONCENTRATIONS

User-Specified Receptor Point Concentration Distributions
Groundwater Concentrations [mg/L]

Benzene 0.0
Ethylbenzene 0.0

INTAKE PARAMETERS

Analysis Type:

Body Weight and Lifetime
Average Weight (kg)
Lifetime (yrs)

Drinking Water
Exposure Frequency [days/yr]
Exposure Duration [years]
Ingestion Rate [liters/day]

Drinking Water Chemical Specific Parameters

Benzene

Bioavailability [fraction] 1
Ethylbenzene

Bioavailability [fraction] 1
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Table 4-2. Printout of the Data Requirements/Summary Option (Concluded).

Inhalation During Shower
Exposure Frequency [days/yr]
Exposure Duration [years)
Inhalation Rate [m*3/hr]

Time in Shower [hours/day]
Fraction Volatilized [-]

Shower Flow Rate [I/min)]
Volume of Bathroom [m*3]
Temperature of the Water [C]
Droplet Diameter [cm]

Droplet Drop Time [s]

Liquid Mass Trans. Coeff. [cm/hr]
Gas Mass Trans. Coeff. [cm/hr]

Inhalation During Shower Chemical Specific Parameters

Benzene
Henry's Constant [(mg/L)/(mg/L) 2.49E-01
Bioavailability [fraction] 1
Ethylbenzene
Henry's Constant [(mg/L)/(mg/L) 2.87E-01
Bioavailability [fraction] 1
Oral Toxicity Parameters
Benzene
Slope Factor [ 1/(mg/kg-day) ] 0.029
Reference Dose [mg/kg-day] ND
Ethylbenzene
Slope Factor [ 1/(mg/kg-day) ] NA
Reference Dose [mg/kg-day] 0.1
Inhalation Toxicity Parameters
Benzene
Slope Factor [ 1/(mg/kg-day) ] 0.029
Reference Dose [mg/kg-day] ND
Ethylbenzene
Slope Factor [ 1/(mg/kg-day) ] NA
Reference Dose [mg/kg-day] 2.86E-01

4-9

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:22 2008



STD.API/PETRO PUBL 4LA5-ENGL 1999 mR 0732290 0627011 435 W

5.0
RECEPTOR POINT CONCENTRATION MODULE

A required step in the risk assessment process is to estimate the receptor point
concentrations in the various contact media. Contact media are air, water, and soil
that come in contact with or otherwise enter the human body. Receptor point
concentrations are used to estimate the dose or intake (via the Chemical Iintake and
Risk Calculation module) and can be estimated by: (i) application of fate and
transport model(s), (ii) analysis of site-specific data, or (iii) a combination of the two.

The API DSS can be used to estimate the chemical intake and risk from the six

routes of exposure shown in Table 5-1. Specifically, the APl DSS requires the
following four receptor point concentrations:

e concentration in groundwater
e concentration in surface soil
e concentration in ambient air

o concentration in shower air (estimated from concentration in groundwater)

Table 5-1. Receptor Point Concentrations Required
for Different Routes of Exposure.

ROUTE OF EXPOSURE | CONCENTRATION

Ingestion of contaminated groundwater Concentration in groundwater
Inhalation while showering Concentration in shower air
Dermal contact while bathing Concentration in shower water
Ingestion of contaminated soil Concentration in soil

Dermal contact with contaminated soil Concentration in soil
Inhalation of outdoor air Concentration in air

The Receptor Paoint Concentrations module allows the user to either directly specify
concentrations (except for shower air concentrations) or to use fate and transport
models to estimate these concentrations. The shower concentrations are estimated
in the Chemical Intake and Risk Calculation Module. Table 5-2 lists the models
included in the APl DSS and the pathways associated with them. Figure 5-1 shows

how the models are linked together.

5-1
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Table 5-2. Fate and Transport Models in the DSS by Model Type.

Model Type Model Processes Simulated Receptor Point
Name Concentrations
Calculated
Vadose Zone VADSAT Leaching to groundwater | Groundwater
Groundwater transport
Volatile emissions
Vadose Zone SESOIL Leaching to groundwater | Groundwater (directly
: Mixing in groundwater beneath source)
Volatile emissions
Vadose Zone Jury Leaching to groundwater | None
Volatile emissions
Volatile Emissions | Farmers Volatile emissions None
Only
Volatile Emissions | Thibodeaux- | Volatile emissions None
Only Hwang
Particulate (Dust) Cowherd Particulate emissions None
Emissions
Saturated Zone VADSAT Groundwater transport Groundwater
Saturated Zone AT123D Groundwater transport Groundwater
Air Box Mixing in a “box” Air
Air Gaussian Transport downwind Air
Jury/SESOILIVADSAT | Box, Gaussian|
hibodeaux-Hwang

Farmer

¥

Cowherd

AT123D, VADSAT

Direction of Groundwater Flow

Figure 5-1.
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5.1  ENTERING RECEPTOR POINT CONCENTRATIONS

If “User-Specified Concentrations” is selected in the Development of Risk Scenario
module, the user will be prompted to enter concentrations in this module. Figure 5-2
shows a hypothetical input screen for soil concentrations for four chemicals. Please
note, these are receptor concentrations (not necessarily source concentrations)—
they will not be linked to any fate and transport model.

APl Risk Assessment

Enter Soi Concentrsiions {mgikg]

For each of the chemicals below. either choose a concentration distribution or spedfy
a file containing the concentration time series.

Standard
Chemical Souice Distribution Mean Deviation Min Max

Benzene |0-055 |

Ethylbenzene [User Enty = | | o |5 |
Toluene [User Enty % #oa7 | 0.25 [0 ] [10 B

Xylene % P(ylene.dai l

NOTE: Forlognormal distribution enter mean and std. deviation of the untransformed data.

Click here to see an example of the file format,

The screen contains two drop-down lists, one labeled Source, and the other
Distribution. The source option allows the user to specify whether the
concentration data are read from an external file or entered directly on this screen
(the default). The external data file option allows the use of external time-series
concentration data (not generated by one of the models in the DSS). The green
hypertext, “file format,” provides guidance on the file format required. Note: If an
external data file is entered, the Monte Carlo distributions can not be used for
the same media—the selections shown in Figure 5-2 are just for illustration.
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If the external data file option is used, the time vs. concentration data should be
contained in a separate file for each chemical. The length of the time series in each
file should be equal if they are to be viewed using EXCEL®.

The Distribution drop-down list allows the user to specify a distribution for the
concentration data. If a deterministic analysis is being performed, the constant
option should be selected (the default). If a different distribution is selected,
additional data will be required to specify the distribution (standard deviation,
minimum, and maximums). For more information see Section 8, Monte Carlo
Analysis.

52 OPTIONS TO ESTIMATE RECEPTOR POINT CONCENTRATIONS

Table 5-3 summarizes the fate and transport models included in the DSS. The
following sections are organized by media for which the model estimates the
concentrations. '

5.2.1 Estimation of Groundwater Concentration

Groundwater concentrations can be estimated by a number of different fate and
transport models in the DSS:

» VADSAT (vadose zone and saturated zone model)
e SESOIL linked with AT123D

e Jury linked with AT123D

e AT123D (for groundwater sources)

» SESOIL to mixing zone in groundwater (Summers)

All of these models use site-specific information to estimate concentrations in
groundwater. Comprehensive descriptions of these models are presented in the
Appendices of this manual.

VADSAT is a new model added to version 2.0 of the DSS. This model offers several
advantages over SESOIL and Jury. It was developed specifically to handle mixtures
such as total petroleum hydrocarbons (TPH). This is an important consideration if
the contaminants of concern are part of a mixture because they will solubilize and
transport ditferently than if they were the only contaminant present in the soil. For

54

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:23 2008



STD.API/PETRO PUBL 4LB5-ENGL 1999 mm 0732290 0627015 D0 mm

JopoLL uopeziiie|oA
€ )M paxul
aq isnw ‘(1eak;by)

ajel
uolssiwa ue uanlb
SUOIBJJUSdUOD

si0}danal ajsyoO

|apow uoisiadsiq

ajel uoISSIWS 8Jlie|oA Jie sajewysy Iy ajqeolddy JoN SOA |eopAjeuy AjuQ uoisiadsig Ny ueissnen
|epolW UOHEZI|}EJOA EEY
e yjim payuil uo|sSILD ue usalb -
aq jshw ‘(1eak6%) SuoneuUasuod 10ydedal 8)isuQ
8jel UoISSIWA 3IJB[OA Jle sajewnsy Wy a|qeol|ddy JoN SOA [eonAjeuy AjuQ uoisiadsig Ny 1epop xog
(Buipesbep
10 Buiyoes|
Ajuo ejes S]edIWaYD 10} Junodoe
(By/B6wi) uoISsSIW® B|IJEJOA 10U S80p }Nq 92IN0S 19poN
UOljBIUSIUOD) uonezinejon SBJBWIISO ‘BUON SOA pajiwi| e sey) oN jeonfeuy AuQ |opoy uoissiwg | Buemy-xnespoqiyL
Ajuo ajes
(Bx/6w) uoISS|? 3[IjejoA
uoneUadUoD uonezine|on S8)eL|Ise 'aUON SOA (e21n0s aliuyu) ON |eonhjeuy AU 1epoyy uoissiul jOPOW Jouned
1opoW sAINp Ajpgnjos pasoxe "SUOISUSLUIP 9944}
10 7I0S3S UM paxul U0z pajeinies SUONRIJUBOUOD w uoisiadsip sejewlss

aq Aew ‘(Jeak/by

8y} u) uoisieds|p

1 898 0} Yoayo

‘dajs awi} e sesy

‘MO}} |EUOISUBWIP-BUO

10 By) Buipeo| ssepy pue uoNOIAPY 13)eMpuUncIo) Jou seop }l ‘'ON SOA JeonAjeuy-1was |apoy euoZ pejeinjes aeeLiy
auoz Ayqnios "SUOISSIWIa 3|IE|OA
1es u “dsipy Ape aAloeye ‘Ajuo podsuel} panjossig
9U0Z pPojeulLIEjU0D ‘suolssie S9)e|Nnojed ‘|9pOIN SUO0Z pajeinles
uy (By/Bw) ‘|oA '19jempunolb SUO|SSILLS SIIB|0A Ajjeanewolne UMO S)i ylIim pajdnod
UoijeNUaUOD o0} Bupyoean '19)eMpUNOID) ‘SOA S$OA leonkjeuy | [apoy suoz pejeinjesun 1vysavAa
191EMpUnc.b "SUOISSILD 81)e|OA PUB
2U0Z pajeujejuod SUCISSILLIS BI}Bj0A o} Guipeoj pue Hodsuel) 9n|0s POA|OSSIp
u (By/6w) ‘1ojempunoiff SUOISSIWa B|1)B|0A ‘|leuoisuswip-auo
uoljesuscu0Y) 0} Buiyoea sajewu|}se ‘auoN oN SO [eonAjeuy { |2pOW BuoZ pajeinjesun [opol s,Amnp
Ajjgnjos "SUOISSIWI® 8)))ejoA puB
SUOISSILUA B[i}8|0A CINRETIE) Hodsuel} 8)n|0S PAA|OSSIP
(6y) 194e) '1ajempunolb (suoz Bupx a)e|nojed o} |esuswnN ‘|eucisuswip-auo
Jl0s yoea 10} sseN 0} Buiyoee ui) Jejempuncioy aIns a)ew ‘seA SaA -iwag padwnn Jopo auoz pajeinjesun NOS3S
syndu) paje|nwig ¢ SuUo|je]juUadu0d ¢1onpoid eayy Jssew anbiuyos|
8oIn0g $9s582%01d elpaw sajewl}s3 Jo asueseid ay} S8AJaSUOD) uonnjosg |SPOW 40 @dAL 13a0NW
u| pasn aq ue)
‘SSa 9yj ul sjIspoiN tonm:w._._. pue ajed jo ENEESW '€-G 9Iqel

5-5

Copyright by the American Petroleum Institute

Mon Jun 02 10:03:23 2008



STD.API/PETRO PUBL 4LAS-ENGL 1999 mR 0732290 062701k TL7? HM

example, benzene will leach out of a gasoline mixture at 1-3% of its pure phase
solubility. This means that the concentrations will be lower in the soil and the source
will last longer than for the case of pure benzene. VADSAT is a coupled VADose
zone and SATurated zone model and may only be run in this linked mode.

AT123D is a saturated zone (only) model. Therefore, AT123D may be used for
cases where the source is in the groundwater aquifer or it may be linked with the
SESOIL or Jury vadose zone models for contamination originating in the vadose
zone. AT123D can only simulate the transpont of dissolved phase contaminants and
cannot account for the presence of mixtures (it does not check effective solubility).

The SESOIL and Jury vadose zone models are quite different from each other and
have been included in the DSS because they offer features not found in the other
codes. SESOIL estimates the hydrology (all the other models require the user to
enter the infiltration rate) and SESOIL can also handle multiple layers. Jury, on the
other hand, assumes a uniform vadose zone but has a more sophisticated method
for estimating volatile emissions. Jury does not address residual concentrations
(concentrations high enough that the contaminant forms a fourth phase, non-
aqueous phase liquid [NAPL]).

5.2.2 Estimation of Ambient Air Concentration

Ambient air concentrations are required to estimate intake due to inhalation of
outdoor air. In the API DSS, these concentrations can either be specified by the
user based on site-specific concentration measurements or estimated using the box
or the Gaussian dispersion models. Typically, the box model is used to estimate
ambient air concentrations when receptors are located on or near the contaminated
site. The Gaussian model is used for receptors located further away from the
source. Comprehensive descriptions of both these models are presented in
Appendices G and H, respectively.

A key input for both of these models is the contaminant emission rate, which is the
sum of the volatile and particulate emission rates. In the APl DSS, this total
emission rate can either be specified by the user or the emission rates can be
estimated using emission models. Specifically, the APl DSS includes the VADSAT,
SESOIL, Farmer, Jury, and Thibodeaux-Hwang models for estimation of air emission
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rates. A comprehensive description of each of these models and the underlying
assumptions are included in the Appendices.

The Farmer and Thibodeaux-Hwang models should be considered crude screening
level models. They were included in the DSS to provide a quick “first look” to see if
air emissions need to be considered. Briefly, the Farmer model assumes an infinite
source of contaminant mass in the soil. The Thibodeaux-Hwang model assumes a
finite source and estimates the average emission rate over a user-specified time

period. This model does not account for any downward leaching of contaminants or
other losses.

The Jury, SESOIL, and VADSAT models can also be used to estimate the emission
rate. If other than a rough estimate of air emission is needed, it is recommended
that these models be used to estimate volatile emissions rather than Farmer’s or

Thibodeaux-Hwang because the vadose zone models conserve mass and account
for losses due to leaching and degradation.

The Farmer’s and Thibodeaux-Hwang models estimate volatile emissions only.
Particulate emissions are estimated using the Cowherd model. This is an empirical
model based on wind tunnel experiments on mining soils. A comprehensive
discussion of this model is presented in detail in Appendix F. The particulate
emission rates and the volatile emission rates are added to yield the total emission
rate used as an input to the box or Gaussian model.

5.2.3 Estimation of Concentration in the Shower Air

Air concentrations in the shower-stall are necessary to estimate the intake due to
inhalation during showering. The shower air concentration is estimated by first
estimating the contaminant mass that volatilizes from the water used for showering.
This estimation is based on either the Foster and Chrostowski model described in

Appendix | or by specifying a fraction of the total contaminant that volatilizes from
shower water.

The concentration in the shower air is estimated by dividing the volatile mass by the
volume of air in the shower. This concentration is then used to estimate the intake
due to inhalation of the shower air.

5-7
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5.3 ESTIMATION OF TIME-AVERAGED RECEPTOR POINT
CONCENTRATION

The above sections present a discussion of the use of specific models to estimate
receptor point concentrations. In the event that the models and their inputs are
steady state, the receptor point concentrations do not vary in time and the estimated
concentration is used directly to estimate the intake as discussed in Section 6.0.
Examples include the direct application of the Farmer, Thibodeaux-Hwang, or
Cowherd emission models coupled with a box or Gaussian model.

If the models or the inputs vary in time, the model output consists of a receptor point
concentration that varies with time. For example, application of AT123D could result
in a time varying concentration in the receptor well. However, in order to estimate
exposure (dose), an average concentration over the exposure duration is needed for
carcinogens. These average concentrations used to estimate the dose (refer to
Section 7.0) are calculated internally by the API DSS in accordance with the
foliowing procedure. For non-carcinogens, the maximum concentration is used for
calculation of hazard index.

The time-varying concentration values are analyzed to estimate the maximum
running average concentrations taken over 5-year increments for up to 75 years
(maximum likely human exposure duration). This results in 15 values, i.e., the
maximum 5-year running average concentration, the maximum 10-year running
average concentration, etc. Note, the maximum 5-year average concentration does
not necessarily correspond to the average concentration for the first five years
simulated. Rather, it corresponds to the five years surrounding the point in time
when the maximum concentration occurred. Figure 5-3 shows an example.

In case the model is run for less than 75 years, the concentration is assumed
constant for all averaging periods larger than the simulation time. For example, if
the model is run for 37 years, the maximum 40-, 45-,....., and 75-year running
average concentrations would be the same as the 35-year maximum running
average concentration. These 15 concentrations are used to estimate the specific
value used for estimating the dose. If the exposure duration is not a multiple of five,
the next lowest averaging year is used for the concentration value. For example, if
the exposure period is 37 years, the model calculates running average
concentrations up to a 35-year averaging period.
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Figure 5-3. Schematic Showing the Estimation of Maximum Average Concentrations
' for Different Averaging Periods.
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6.0
CHEMICAL INTAKE AND
RISK CALCULATION MODULE

6.1  OVERVIEW OF THE MODULE

This module estimates the chemical intake and computes the human health risk due
to this intake. Chemical intake is computed using equations (presented
subsequently in this section) that include variables for exposure concentration,
frequency, duration of exposure, body weight, and contact rates. The latter reflect
the rates at which contaminated media (soil, water, air) come in contact with the
receptor. The estimated intake is then used to quantify the risk for each exposure
route, as discussed in Section 6.3.

The procedures used to compute intake are consistent with those described in
EPA's Risk Assessment Guidance for Superfund (EPA, 1989a). Specifically this
module can be used to estimate chemical intake for the following routes:

¢ Ingestion of contaminated water

» Inhalation while showering

» Dermal contact with contaminated groundwater

e Ingestion of contaminated soil

e Dermal contact with contaminated soil

e Inhalation of air containing chemical vapors or particulates.

These are typically the most important routes of exposure at petroleum
contaminated sites. Other exposure routes, such as inhalation of contaminated
indoor air or ingestion of produce grown in contaminated soil, may be important in
certain situations but are currently not included in this module.

As shown in Table 6-1, two sets of default data are included in the DSS. These are
the (1) EPA-recommended reasonable maximum exposure assumptions, and (2)
average most-likely intake parameter values derived from EPA's Exposure Factors
Handbook (EPA, 1989b) and Risk Assessment Guidance for Superfund Manual

Previous page is blank.
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Parameter Units Default Maximum {Default Most-Likely

Exposure Value Value
Common to all Routes
Body Weight [kal 70 (Adult) 70 (Adult)

15 (Child) 15 (Child)

Lifetime [years] 70 70
Ingestion of Drinking Water
Exposure Duration [years] 30 9
Exposure Frequency [days/year] 365 350
Ingestion Rate [liters/day] 2 1.4
Bioavailability [mg/mg] Chemical-Specific | Chemical-Specific
Inhalation During Shower
Exposure Duration [years] 30 9
Exposure Frequency [days/year] 365 350
Exposure Time [hours/day] 0.333 0.12
Inhalation Rate [mA3/hour] 0.89 0.63
Bioavailability [mg/mg] Chemical-Specific | Chemical-Specific
Dermal Exposure in Shower
Exposure Duration [years] 30 9
Exposure Frequency [days/year] 365 350
Exposure Time [hours/day] 0.333 0.12
Total Skin Surface Area [cm~2] 18150 18150
Permeability Coefficient [cm/hour] | Chemical-Specific | Chemical-Specific
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Table 6-1. Intake Parameters Database*.

(Page 2 of 2)

[Parameter

Units

Default Maximum

Defauit Most-

Exposure Value Likely Value
[Inhalation of Volatile Soil
Emissions
Exposure Duration [years] 30 9
Exposure Frequency [days/year] 365 350**
Time Outdoors [hours/day] 8 4
Inhalation Rate [mA3/hour] 1.25 0.833
Bioavailability [mg/mg] | Chemical-Specific | Chemical-Specific
Dermal Contact with Soil
Exposure Duration [years] 30 9
Exposure Frequency [days/year] 365 350
Skin Surface Area (arms and fcmA2] 3120 3120
hands)
Adherence Factor [mg/cm2] 1.45 0.6
Absorption Coefficient [mg/mg] | Chemical-Specific { Chemical-Specific
Ingestion of Soil
Exposure Duration [years] 30 9
Soil Contact Frequency [days/year] 365 350
Soil Ingestion Rate [mg/day] 200 (Child) 50 (Child)

100 (Adult) 10 (Adult)

Fraction Soil Contaminated [mg/mg] 1 Site-Specific
Bioavailability [mg/mg] | Chemical-Specific | Chemical-Specific

Note: the module allows the user to enter site-specific values for analysis. It is strongly

recommended that site-specific values be used when available.

* U.S. EPA (1989a)
* U.S. EPA (1989b)
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(EPA, 1989a). In the deterministic mode, these two data sets will be presented side-
by-side on the screen. One of these data sets may be selected for analysis, or the
user may enter his/her own data.

The equations in the DSS calculate an administered dose. The administered dose
or intake is defined as the mass of a substance that comes in contact with an
exchange boundary within an organism (e.g., gastrointestinal tract, skin, lungs) per
unit body weight of that organism per unit time. Absorbed dose, on the other hand,
is the mass of the substance that, after contact, penetrates the exchange
boundaries, enters the metabolic system and causes the adverse health effect. This
is sometimes referred to as the bioavailable dose. EPA (1989a) states that most
toxicity values are based on administered doses and therefore the intakes
calculated should be administered intakes. Occasionally toxicity values may be
based on absorbed dose and then the administered dose should be adjusted to
reflect the amount of chemical absorbed. The bioavailability terms in the DSS are
used to make this adjustment. Unless a review of the toxicity data suggests
otherwise, the bioavailability values should be left at their default value of 1.

For ingestion and inhalation exposure routes, the daily intake rate is equivalent to an
administered dose. For dermal exposure routes, by which the chemical is absorbed
directly into the bloodstream, the daily intake rate calculated by the DSS is
equivalent to an absorbed dose. Even though the dermal doses usually represent
absorbed doses, it is standard practice to use the oral toxicity value to calculate risk
from the dermal pathways. This is how the risk from dermal exposures is calculated
in DSS.

The equations used to estimate the intake for each of the routes of exposure
included in the DSS are presented below.

6.2 DESCRIPTION OF EACH INTAKE ROUTE

The Chemical Intake and Risk Calculation module first estimates the intake of
chemical that occurs during an exposure event. This intake rate, expressed in
milligrams per day of chemical taken into the body per unit body weight (mgkg-d), is
then averaged over time for use in characterizing risk.

6-4

Copyright by the American Petroleum Institute

Mon Jun 02 10:03:24 2008



STD-API/PETRO PUBL 4b85-ENGL 1999 mE 0732290 0OL27024 093 mm

6.2.1 Ingestion of Drinking Water

Daily intake from ingestion of contaminated water is computed from the rate of water
ingestion and the contaminant concentration in the drinking water source:

DI =  bilRCw/BW (6-1)
where

DI =  daily absorbed dose from water ingestion (mg/kg-d)

IR = wateringestion rate (//d)

Cw =  contaminant concentration in drinking water (mg/l)

BW =  body weight (kg)

bi = chemical-specific bioavailability for ingestion (mg/mg)

In the above equation, IR is the rate of ingestion from the contaminated water source
only, and is not necessarily equal to the total daily fluid intake. For a contaminated
water supply, IR would be the ingestion rate of tap water and drinks made from tap
water. This intake estimate is conservative because it ignores the dilution of
contaminated groundwater by pumping.

6.2.2 Inhalation While Showering

While showering, volatile compounds in domestic water are volatilized into the air
within the shower stall, the bathroom, and the remainder of the household. Recent
studies have shown that risks from inhalation while showering can be comparable to
or greater than risks from drinking contaminated water (McKone, 1987). Daily
inhalation intake during showering is computed as a function of the concentration of
volatile chemicals in the shower air, the inhalation rate, and the duration of the

shower:

DI = basaCalHET/BW (6-2)
where

DI = daily absorbed dose from inhalation while showering (mg/kg-d)

Cs =  concentration of chemicals in shower air (mg/ma)

IH = inhalation rate during showering (m3/hr)

ET =  shower duration (hr/day)

6-5
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BW
ben

body weight (kg)
chemical-specific bioavailability for inhalation (mg/mg)

The concentration Cs is estimated using the shower volatilization model described
in Appendix I. The transport of chemical vapors from shower stall to other parts of
the house and the subsequent inhalation of indoor air are not considered in the
model presented in Appendix B or included in the DSS.

6.2.3 Dermal Absorption While Showering

During showers and baths humans may absorb dissolved contaminants across the
skin into the bloodstream. The dose to humans by this route is computed as an
absorbed dose rather than as an administered dose (or intake). The daily dose will
depend upbn the absorpﬁon characteristics of the chemical, the surface area of skin
in contact with the water, and the duration of the bath or shower:

Das = 10°Cw SAPCET/BW (6-3)
where

Das =  dermal absorbed dose (mg/kg-d)

Cw =  concentration of chemicals in water (mg/)

SA =  exposed skin surface area (cm?)

PC =  chemical-specific skin permeability constant (cm/hr)

ET =  bath or shower duration (hr/day)

BW =  body weight (kg)

10° = conversion factor from (l/cm®)

The chemical-specific skin permeability constant is equal to the chemical diffusivity
through the skin, cm?/hr, divided by the skin thickness, cm. This method assumes
that diffusion across the stratum cormeum (skin layer) can be described by Fick's
Law, and that the concentration in the bloodstream is small relative to the
concentration in water. The permeability constant quantifies the diffusion properties
of the skin and the chemical; values of PC are tabulated in the user's manual for the
Pollutant Hazard Assessment System (U.S. Army, 1991) as well as EPA's Interim
Report on dermal exposure assessment (1992). Section 9.2.7 presents the values
contained in the DSS database as well as a method for estimating values.
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6.2.4 Ingestion of Soil

Adults wbrking outdoors may ingest soil orally through incidental contact of the
mouth with hands and clothing. Soil ingestion by children is often the primary route
of exposure from contaminated surface soils (Paustenbach, 1989a,b). Daily intake
of contaminants in soil through this route is estimated as follows:

DI = 10°b,C,IRFI/BW (6-4)
where

DI =  daily absorbed dose from soil ingestion (mg/kg-d)

C; =  concentration of chemicals in contaminated soil (mg/kg)

IR = ingestion rate of soil (mg/d)

FI = fraction of total ingested soil that is contaminated (mg/mg)

BW =  body weight (kg)

10®° =  conversion factor from (kg/mg)

b, = chemical-specific bioavailability for soil ingestion (mg/mg)

The total amount of soil ingested by adults and children is highly uncertain. The
U.S. EPA recommends ingestion rates of 100 mg/d for adults and 200 mg/d for
children. Calabrese et al. (1989) discuss methodologies for measuring soil
ingestion rates. Paustenbach (1989a, b) presents data suggesting that actual rates
may be as low as 10 mg/d for adults and 50 mg/d for children. The ingestion rate is
sometimes expressed as the product of the total soil ingested and the fraction of
the total soil that is contaminated, as above.

6.2.5 Dermal Contact with Soil

Soil contaminants may be absorbed across the skin into the bloodstream.
Absorption will depend upon the amount of soil in contact with the skin, the
concentration of chemicals in soil, the skin surface area exposed, and the potential
for the chemical to be absorbed across skin. The steady-state dose absorbed is
computed as follows:

6-7
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D.. = 10°C,SA AF ABS/BW (6-5)
where

D.s = dermal absorbed dose (mg/kg-d)

C, = concentration of chemicals in soil (mg/kg)

SA = skin surface area exposed to soil per day (cm?d)

AF = soil-to-skin adherence factor (mg/cm?)

ABS = fraction of chemical that is absorbed (mg/mg)
BW = body weight (kg)
10° = conversion factor from (kg/mg)

The absorption factor accounts for both contaminant desorption from soil-and
absorption across the skin, and is rarely known for a specific chemical.
Paustenbach (1989a, b) indicates that petroleum contaminants in soils will absorb
at a rate of 2 to 10 percent. Ryan et al. (1986) derive absorption factors for general
classes of chemicals; they found that volatile organic compounds have absorption
factors of 10 to 25 percent, while inorganics have absorption factors of 0.1 to 1
percent.

6.2.6 Inhalation of Soil Emissions

As discussed in Section 5.1.3, volatile and particulate emissions from the
contaminated site mix with the on-site ambient air and are transported off site by
advection and dispersion. On-site and off-site receptors may therefore be exposed
to chemicals by inhalation. Inhalation intake is computed as follows:

DI = b,C,IHET/BW (6-6)
where

DI =  daily absorbed dose from inhalation of soil emissions (mg/kg-d)

C, =  concentration of chemical in ambient air (mg/m?®)

IH = inhalation rate (m%hr)

ET =  exposure time (hr/day)

BW =  body weight (kg)

b, = chemical-specific bioavailability for inhalation (mg/mg)

The concentration of the chemical in the ambient air is the sum of vapor and
particulate chemical concentrations. The inhalation rate for this exposure route

6-8
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should account for the type of activity occurring during the exposure time (e.g.,
outdoor work, light to moderate activity, resting). For residential exposure, the
exposure time will typically equal the time spent at home, and an average daily
inhalation rate may be representative of inhalation during multiple sets of activities
(e.g., resting, light housework).

6.2.7 Estimation of Chronic and Lifetime Daily Intakes

The chronic daily intake (CDI) is used in the assessment of non-carcinogenic

effects from chronic exposure, and is computed by averaging daily intake over the
exposure period: '

CDI = DIEFED/(365AT) (6-7)
where

CDI = chronic daily absorbed dose (mg/kg-d)

DI = daily intake estimated using the equations presented above

(mg/kg-d)

EF = exposure frequency (days per year)

ED = exposure duration (years)

AT = averaging time (years)

When evaluating non-carcinogenic effects the averaging time (AT) is equal to the
exposure duration (ED).

The lifetime average daily dose (or intake) (LADD or LADI) is used to aséess

carcinogenic risk, and is estimated by averaging the daily intake over a human
lifetime:

LADD = DIEF ED/(365AT) (6-8)
where

LADD = lifetime average daily absorbed dose (mg/kg-d)

AT = averaging time (years)

When evaluating carcinogenic effects the averaging time is equal to the length of a
human lifetime (years). The exposure frequency (EF in Equations 6-7 and 6-8)
corresponds to the number of daily exposure events that occur within a year and is

6-9
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specific to each site. For instance, in assessing dermal exposure to soils, the
exposure frequency equals the number of days per year that the receptor comes in
direct contact with soils (sometime during the day) at the site. The exposure
duration is the number of years that the receptor is exposed, e.g., the number of
years that the receptor lives or works in the vicinity of the site.

6.3 CALCULATION OF RISK

Risk calculation is the final step in the risk assessment process, and serves as the
bridge between risk assessment and risk management. In this step, information on
the toxicity of chemicals is combined with intake estimates discussed above to
compute the potential risk to human receptors. If the computed risks exceed
acceptable levels, results of this analysis should be carefully analyzed to identify
alternative risk management options, or the need for more detailed modeling and/or
monitoring to better estimate risk. EPA generally allows 10° to 10 excess risk.

The approach used here to quantify risk is consistent with EPA's guidelines for
hazardous waste sites (EPA, 1989a). Similar procedures have been adopted in
regulatory guidance for many states, including California (California Department of
Health Services, 1990), Massachusetts (Massachusetts Department of
Environmental Quality, 1989), and Florida (Florida Department of Environmental
Regulation, 1989). The state of New Jersey essentially uses this approach to
derive soil cleanup criteria for petroleum products, based on average exposure
assumptions for soil ingestion (Stokman and Dime, 1986).

For each receptor, total risk and risk due to each chemical and each pathway of
concern are evaluated. Separate calculation methodologies are provided for
evaluating carcinogenic risk and non-carcinogenic effects; these are discussed in
detail below.

6.3.1 Risk Calculation for Carcinogenic Effects
For carcinogens, risk is quantified as the incremental probability of an individual

developing cancer over a lifetime. This risk, referred to as the individual excess
lifetime cancer risk (IELCR), is the excess risk incurred by individuals exposed to

6-10
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the chemicals by the pathways and routes identified in the exposure assessment.
This risk is quantified as the product of the slope factor (also referred to as the
potency factor) and the lifetime average daily dose (LADD):

IELCR; = SF;LADD; (6-9)
where
IELCR; = the individual excess lifetime cancer risk for chemical i,
| exposure route j (dimensionless) |
SF; = the slope factor for chemical i, exposure route j (mg/kg-d)”
LADD; = the lifetime average daily dose for chemical i, exposure route j
(mg/kg-d)

This approach to estimating risk is based on the linear low-dose cancer risk model
described by the EPA (1989a), and is valid for risks below 0.01. The model

assumes that exposure to any amount of a carcinogen will increase the risk of
cancer.

To assess total risk to receptors exposed to multiple chemicals and exposure
routes, risks are assumed to be additive:

IELCR,
where
IELCR,

2 [ELCR; . (6-10)

the total individual excess lifetime cancer risk (dimensionless)

This method for estimating total risk assumes there are no synergistic or
antagonistic interactions between chemicals.

6.3.2 Calculation of Hazard Index for Non-carcinogenic Effects

Non-carcinogenic effects are evaluated by assuming that there is a threshold level
of exposure (i.e., the RfD) below which it is unlikely that sensitive populations will
experience adverse health effects. Non-carcinogenic effects are characterized by
comparing the chronic daily intake for each chemical and exposure route to the
chemical- and route-specific RfD. This risk is quantified as the ratio of the chronic
daily intake to the RD:
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HQ; = CDI;/ RfD; (6-11)
where
HQ; = the hazard quotient for chemical i, exposure route j
(dimensionless)
CDI; = the chronic daily intake for chemical i, exposure route j
(mg/kg-d)
RfD; = the reference dose for chemical i, exposure route j (mg/kg-d)

The hazard quotient is an index of the potential for non-carcinogenic effects, and is
not a probabilistic risk. If the value exceeds unity, there is the potential for adverse
non-carcinogenic health effects, and some risk management may be necessary.

For receptors exposed to multiple chemicals and exposure routes, the potential for
non-carcinogenic effects is quantified by the hazard index (HI), equal to the sum of
the hazard quotients for each chemical and exposure route:

HI = 2 HQ; (6-12)

The hazard quotient is the ratio of a single substance exposure level over a
specified time period to a reference dose for that substance. The hazard index is
the sum of more than one hazard quotient for multiple substances and/or multiple
exposure pathways.

This method of assessing overall hazard assumes that the effects from all
chemicals are additive and neglects any synergistic or antagonistic effects among
multiple chemicals. If the overall hazard index is greater than unity, a more detailed
evaluation of the potential for adverse health effects should be conducted. In such
an analysis, the risk assessor should evaluate the toxicity and endpoint (the
specific adverse health effect) for each chemical in detail. Hazard indices can then
be computed for each specific health effect. The DSS does not perform this effect-
specific hazard evaluation.
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6.4 SUMMARY OF DATA REQUIREMENTS

The data requirements summary for the Chemical Intake and Risk Calculation
module is shown for each exposure route in Table 6-2. Values marked with an
asterisk can either be calculated in the Fate and Transport module or be entered by
the user in this module. These data can be entered as constant values or as a
probability distribution by specifying the parameters of the distribution. The
distributions are used for the Monte Carlo uncertainty analysis procedure described
in Section 8.0. Default values and statistics for some of the input variables are
available in the Exposure Factors Handbook (EPA, 1989b)

6.5 MODULE OUTPUT

Using the data discussed in Section 6.4 and the algorithms discussed in

Sections 6.2 and 6.3, this module runs a FORTRAN program to estimate intake
and risk. Specific output for each exposure route includes daily intake (see
Equations 6-1 through 6-6), chronic daily intake (see Equation 6-7), lifetime
average daily dose (see Equation 6-8), carcinogenic risk (see Equation 6-9), and
hazard index (see Equation 6-11). The module also estimates cumulative values
for these results by route and by chemical. Output is stored in 14 ASCI! files shown
in Table 6-3 which are used as input files to the Risk Presentation module
discussed in Section 7.0.

A short summary of the FORTRAN output can be viewed and printed by choosing
the "View FORTRAN Results" button. The Risk Presentation module is also
available from the Chemical Intake Module by choosing the "View Charts and
Tables in EXCEL" button. This is the same as choosing the "Risk Presentation”
button from the main screen.
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Table 6-2. Data Requirements Summary for the Chemical Intake Module.
(Page 1 of 2)

All Routes
Body Weight [kg]
Lifetime [years]

Drinking Water
Exposure Frequency [days/yr]
Exposure Duration [years]
Iingestion Rate [liters/day]
For each chemical of concern in groundwater:
*Concentration [mg/l]
Oral Reference Dose [mg/kg—d]
Oral Slope Factor [mg/kg-dJ
Bioavailability [mg/mg]

Inhalation During Shower
Exposure Frequency [days/yr]
Exposure Duration [years]
Inhalation Rate [m3/hr]
Time in Shower [hours/day]
For each chemical of concern in groundwater:
*Concentration [mg/l]
Inhalation Reference Dose [mg/kg-d]
Inhalation Slope Factor [mg/kg-d]”
Bioavailability [mg/mg]

Dermal Exposure in Shower
Exposure Frequency [days/yr]
Exposure Duration [years]
Total Skin Surface Area [cm?]
Time in Shower [hours/day]
For each chemical of concern in groundwater:
*Concentration [mg/l]
Dermal Permeability Coefficients [cm/hr]
Oral Reference Dose [mg/kg-d]
Oral Slope Factor [mg/kg-d]

6-14

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:25 2008



STD.API/PETRO PUBL 4bLAS-ENGL 1999 MM 0732290 0627034 T332 M

Table 6-2. Data Requirements Summary for the Chemical intake Module.
(Page 2 of 2)

Inhalation of Volatile Soil Emissions
Exposure Frequency [days/yr]
Exposure Duration [years]

Inhalation Rate [m*hr]
Time Outdoors [hours/day]

For each chemical of concern in air:
*Concentration [mg/m’]
Inhalation Reference Dose [mg/kg-d]
Inhalation Slope Factor [mg/kg-d]
Bioavailability [mg/mg]

Dermal Contact with Soil
Exposure Frequency [days/yr]
Exposure Duration [years]
Skin Surface Area [cm’]
Adherence Factor [mg/cm’]

For each chemical of concern in soil:

*Concentration [mg/kg]
Dermal Absorption Factors [fraction]
Oral Reference Dose [mg/kg-d]
Oral Slope Factor [mg/kg-d]

Ingestion of Soil

Exposure Frequency [days/yr]
Exposure Duration [years]
Ingestion Rate [mg/day]
Fraction Soil Contaminated [cc/cc]

For each chemical of concern in soil:
*Concentration [mg/kg])
Oral Reference Dose [mg/kg-d]
Oral Slope Factor [mg/kg-d]
Bioavailability [mg/mg]

* These concentrations can be entered by the user or they can be calculated using
fate and transport models.

6-15

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:25 2008



Table 6-3. Output Files from the Chemical Intake Module.

File Name Contents

Dosel.dat Daily Intakes, Chronic Daily Intakes and Lifetime Average Daily Intake for
each chemical in the Drinking Water route.

Dose2.dat Daily Intakes, Chronic Daily Intakes and Lifetime Average Daily Intake for
each chemical in the Inhalation During Shower route.

Dose3.dat Daily Intakes, Chronic Daily Intakes and Lifetime Average Daily Intake for
each chemical in the Demmal Exposure During Shower route.

Dosed.dat Daily Intakes, Chronic Daily Intakes and Lifetime Average Daily Intake for
each chemical in the Inhalation of Soil Emissions and Particulates route.

Dose5.dat Daily Intakes, Chronic Daily Intakes and Lifetime Average Daily Intake for
each chemical in the Demal Exposure to Soil route.

Dose6.dat  Daily Intakes, Chronic Daily Intakes and Lifetime Average Daily Intake for
each chemical in the Ingestion of Soil route.

Riski.dat  Excess Lifetime Cancer Risk and Hazard Quotient for each chemical in the
Drinking Water route.

Risk2.dat  Excess Lifetime Cancer Risk and Hazard Quotient for each chemical in the
Inhalation During Shower route.

Risk3.dat  Excess Lifetime Cancer Risk and Hazard Quotient for each chemical in the
Demal Exposure During Shower route.

Riskd.dat  Excess Lifetime Cancer Risk and Hazard Quotient for each chemical in the
Inhalation of Soil Emissions and Particulates route.

Risk5.dat  Excess Lifetime Cancer Risk and Hazard Quotient for each chemical in the
Demal Exposure to Soil route.

Risk6é.dat  Excess Lifetime Cancer Risk and Hazard Quotient for each chemical in the
Soil Ingestion route.

Dosetot.dat Dalily Intakes, Chronic Daily Intakes and Lifetime Average Daily Intake for all
of the chemicals summed across all of the routes analyzed.

Risktot.dat Excess Lifetime Cancer Risk and Hazard Quotient for all of the chemicals

summed across all of the routes analyzed.
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7.0
RISK PRESENTATION MODULE

The last module in the DSS allows the user to view the results in several different
formats depending on whether a deterministic or a Monte Carlo analysis of chemical
intake and risk calculation was performed. Specific options are presented below.
These risk results are calculated by the FORTRAN code in the Chemical Intake and
Risk Calculation module. The Risk Presentation module uses EXCEL® macros to
read the FORTRAN output files and present resuits. When this button is chosen (it
can also be accessed from the Chemical Intake and Risk Calculation module) the
EXCEL® spreadsheet is loaded automatically.

71 DETERMINISTIC ANALYSIS

Figure 7-1 shows how to access the results of the risk assessment. There are three
table options and six chart options. Figures 7-2(a), 7-2(b), and 7-2(c) are examples
of tables that are generated by selecting bar chart numbers 1, 2 and 3 indicated in
Figure 7-2(a). Similarly, Figures 7-3(a) through 7-3(f) show the format for charts that
can be generated. The risk/dose values on these tables and charts do not

correspond to a specific example. These figures are included to illustrate the table
formats only.

7.2 MONTE CARLO ANALYSIS

Figure 7-4 lists the available options for presenting the results in tables and charts.
The user has the option to select any percentile for which the results are desired.
Figure 7-5(a) shows the format of Table 1 and includes carcinogenic risk and hazard
index for each chemical and route of exposure for the user-selected percentile.
Figure 7-5(b) presents summary dose results for the selected percentiles. Figures
7-5(c) through 7-5(e) present key statistics for risk, hazard index, and dose. These

include the minimum, maximum, median, and the user-selected percentiles as well
as the 95th percentile value. '
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The chart options are analogous to those for the deterministic case. Specific values
are picked from Table 1 (Figure 7-5a), i.e., the values plotted will be for the
percentile selected in Table 1. In addition to these charts, the DSS allows the user
to plot CDFs of risk and hazard index by route and by chemical as well as total risk
and hazard index. The CDF menu is shown at the bottom of Figure 7-4. The box on
the left shows the chemical or routes analyzed for which CDFs can be selected.
Figure 7-6 is an example output of CDF obtained by selecting Option 2.
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X Microsoft Excel - Sheetl I [=] B3

”ﬁ File Edit View Insert Format Tools Data ‘Window ﬂelp@ : _Iﬂlﬂl
: 3

5

414> [»I]\ DetTable2 £ DetTablel )Sheet1 / Xl |

Table Options (D eterministic) I

Tables

& Summaty of Risk and Hazard Index
€ Total Dose for Each Chemical

€ Dose for Each Chemical and Route __Cancel I

Chasting Options (D eterministic) I

—Bar Charts

€ Total Risk by Chemical
" Total Risk by Route
¢ Total H! by Chemical _Cancel |
€ Total HI by Route

€ Risk for Each Route by Chemical
€ Hl for Each Chemical by Route

Figure 7-1. The DSS Menu in EXCEL®: Table and Chart Options.
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Total Dose for Each Chemical of Concern

Chronic Litetime Average
Daily Intake Daily Intake Daily Dose

(DI (CD) (LADD)
Chemical (mg/kg-d) (ma/kg-d) (mg/kg-d)
Benzene 5.30E-04 5.08E-04 6.54E-05
Ethylbenzene 8.86E-07 8.48E-07 1.09E-07
Toluene 3.84E-06 3.68E-06 4.72E-07
Xylenes 1.86E-05 1.78E-05 2.29E-06

. Figure 7-2(b). Example of Table Obtained by Selecting Deterministic Table 2.

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:26 2008



STD.API/PETRO PUBL 4bB5-ENGL 1999 mE 0732290 027041 172 MM

Dose by Chemical for Each Route of Concern {(mg/kg-day)

Drinking Water

|- Intake Value
Benzene Dl 3.18E-04]
CD!I  3.05E-04
LADD 3.93E-05
|Ethylbenzene DI 2.93E-07
CDi 2.81E-07
LADD 3.61E-08
[Toluene Di 1.49E-06

CDI 1.43E-06

LADD 1.84E-07

Xylenes DI 1.03E-05
CDI  9.87E-06

LADD 1.27E-06

Dermal Uptake During Shower

Intake Value
Benzene DI 1.04E-05

CDI  1.00E-05

LADD 1.29E-06

hEthylbenzene DI 3.38E-08
CDI  3.24E-08

LADD 4.17E-09

[Toluene Di 1.05E-07
CDI  1.00E-07

LADD 1.29E-08

Xylenes Di 1.28E-06
CDI  1.23E-06

LADD 1.58E-07

Inhalation During Shower

I'i Intake Value

Benzene DI 1.96E-04
CDI 1.88E-04
LADD 242E-05

|Ethylbenzene DI 1.63E-07
(ov]} 1.56E-07

LADD 2.01E-08

Toluene DI ° 871E-07

CcD! 8.35E-07

LADD 1.07E-07

Xylenes DI 5.72E-06
CD!  5.48E-06

LADD 7.05E-07

Inhalation of Soil Emissions
l_ Intake Value
Benzene DI 5.16E-06

CDI 4.94E-06
LADD 6.36E-07

|Ethylbenzene DI 3.96E-07
cDl 3.79E-07

LADD 4.88E-08

Toluene DI 1.37E-06

CDI  1.31E-06

LADD 1.68E-07

Xylenes DI 1.28E-06
COi 1.23E-06

LADD 1.58E-07

Figure 7-2(c). Example of Table Obtained by Selecting Deterministic Table 3.
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Total Carcinogenic Risk By Chemical

1.00E-05

Risk
[+]
g
&

1.00E-06

T

Benzere Ethyibenzene Toluene Xylenes
Chemical

Figure 7-3(a). Example of Chart Obtained by Selecting Deterministic Chart 1.

Total Carcinogenic Risk By Route

1.00E-05

Risk

Drinking Water Dermal Uptake During Inhatation During Shower inhalation of Soil Emissions
Shower

Route

Figure 7-3(b). Example of Chart Obtained by Selecting Deterministic Chart 2.
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Total Hazard Index By Chemical

1.00E+00

1.00E-01 -

1.00E-02 -

1.00E-03 -

Hazeard ndex

1.00E-04 A

1.00E-06

Ethylbenzene Xylenes

Chemicai

Figure 7-3(c). Example of Chart Obtained by Selecting Deterministic Chart 3.

Total Hazard Index By Route

1.00E+00

1.00E-01 A

B Seriest

Hezerd Index

1.00E-02 -

1.00E-03 -

Drinking Water Dermal Uptake During  Inhalation During Shower  Inhalaion of Soil Emissions
Shower

Route

Figure 7-3(d). Example of Chart Obtained by Selecting Deterministic Chart 4.
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Carcinogenic Risk for Each Route By Chemical

1.00E-05
1.00E-06
HBenzene
x MEthylbenzene
]
H DTolusne
CXyienes
1.00E-07
1.00E-08 4 4 v
Drinking Water Dermal Uptake During Shower inhalation During Shower Inhalation of Soil Emissi
Chaemicsl

Figure 7-3(e). Example of Chart Obtained by Selecting Deterministic Chart 5.

Hazard index for Each Roule By Chemical

1.00E+00

1.00E-01 4

1.00E-02 4

% 100E-03 EBenzene

..g HEthylbenzene
§ OToluene

T 1.00E-04 DO Xylenes

1.00E-05 {

1.00E-06

1,00E-07

Orinking Water Dermal Uptake During Shower

Inhalation During Shower Inhalation of Scil Emissions
Chemical

Figure 7-3(f). Example of Chart Obtained by Selecting Deterministic Chart 6.
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T able Options {Monte Carlo} [ 2] X t

~Tables
¢ 1 -- Summary of Risk and HI for Specified Percentile

" 2 -- Summary of Dose by Chemical

{¥ 3 — Key Statistics of Risk and HI by Chemical and Route Cancel I
{" 4 -- Key Statistics of Risk and HI for Each Chemical and route

{" 5 - Key Statistics of Dose by Chemical and Route

Specify Percentile: |95

Charsting Options [Monte Carlo} 20 X] |

rBar Charts
¢ 1 -- Total Risk by Chemical
" 2 -- Total Risk by Route

{% 3 -- Total HI by Chemical Cancel I

¢ 4 -- Total HI by Route
(" 5 -- Risk for Each Chemical by Route

€ 6 - HI for Each Chemical by Route CDFs ...

These tables will display the 95th percentile
To use a different percentile, redo table 1

CDF Options HE |

Choose CDF type, then press OK or Cancel

Option
Dermal Uptake During Shawer & 1 - Risk by Route
Inhalation During Shower " 2 -- Risk by Chemical

Inhalation of Soil Emissions . (" 3 - Hazard Index by Route

" 4 -- Hazard Index by Chemical
" 5 - Total Risk
¢ 6 — Total Hazard Index

Figure 7-4. vAvaiIabIe Options for Presenting Monte Carlo Results.

7-10

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:27 2008



STD.API/PETRO PUBL 4LAS5-ENGL 1999 mE 0732290 0Obe2?704b 754 WM

85th Percentile Risk by Chemical for Each Route of Concern

BCh Ingestion of Dermal Uptake Inhalation Inhalation of
emical Drinking Water _ During Shower  During Shower  Soil Emissions Total

enzene 1.68E-06 1.19€E-07 5.79E-06 9.16E-08 7.68E-06
Ethylbenzene ND ND ND ND 0.00E+00
Toluene ND ND ND ND 0.00E+00
\Xylenes ND ND ND ND 0.00E+00
Total 1.68E-06 1.19E-07 5.79E-06 9.16E-08 7.68E-06
85th Percentile Hazard Index by Chemical for Each Route of Concern

Ingestion of Dermat Uptake Inhalation Inhalation of

Chemical Drinking Water _ During Shower  During Shower __ Soil Emissions Total
Benzene 3.15E-01 2.39E-02 1.23E+00 2.17E-02 1.59E+00
Ethylbenzene 4.93E-06 1.32E-06 5.97E-06 9.79E-06 2.20E-05
fToluene 1.25E-05 2.04E-06 8.12E-05 8.59E-05 1.82E-04
Xylenes 8.66E-06 2.51E-06 3.04E-04 4.58E-05 3.61E-04
Total ‘ 3.15E-01 2.39E-02 1.23E+00 2.19E-02 1.59E+00

Number of Monte Carlo Runs: 500

ND = Not Determined because RfD or Slope Factor not entered
NA = Not Applicable
09/02/98 22:53

Figure 7-5(a). Example of Table Obtained by Selecting Monte Carlo Table 1.

85th Percentile Total Dose for Each Chemical of Concern (mg/kg-day)

Chronic Lifetime Average
Chemical Daily Intake Daily Intake Daily Dose
(D1) (CDy) (LADD)

_[mg/kg-d] [mg/kg-d] [mg/kg-d]
Benzene 2.14E-03 2.67E-03 2.48E-04
Ethylbenzene 4.02E-06 4.48E-06 411E-07
Toluene - 1.65E-05 1.88E-05 1.70E-06
Xylenes 7.34E-05 8.68E-05 8.53E-06

Number of Monte Carlo Runs: 500

NA = Not Applicable
09/02/98 22:53

Figure 7-5(b). Example of Table Obtained by Selecting Monte Carlo Table 2.
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Total Carcinogenic Risk by Chemical

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 3.51E-06 3.17E-06 3.42E-07 1.76E-05 7.18E-06 1.10E-05
Ethylbenzene ND 0.00E+00 ND ND ND ND
Toluene ND 0.00E+00 ND ND ND ND
Xylenes ND 0.00E+00 ND ND ND ND
Total 3.51E-06 NA 3.42E-07 1.76E-05 7.18E-06  1.10E-05

Total Hazard Index by Chemical

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 7.84E-01 5.88E-01 2.65E-01 3.19E+00 - 1.57E+00 2.16E+00
Ethylbenzene 1.32E-05 4.99E-06 4.62E-06 3.24E-05 1.92E-05 2.27E-05
Toluene 9.80E-05 4.90E-05 2.02E-05 2.93E-04 1.54E-04 1.96E-04
Xylenes 1.56E-04 1.42E-04 2.08E-05 7.22E-04 3.42E-04 4.90E-04
Total 7.84E-01 NA 2.65E-01 3.19E+00 1.57E+00 2.16E+00

Total Carcinogenic Risk by Route

Standard 85th 95th
Route Median _ Deviation Min Max Percentile Percentile
Drinking Water 1.24E-06 4.47E-07 1.21E-07 2.40E-06 1.68E-06 1.93E-06
Dermal Uptake During Show 6.72E-08  4.36E-08 5.21E-09 2.31E-07 1.19E-07  1.58E-07
Inhalation During Shower 2.22E-06 292E-06 6.37E-08 153E-05 579E-06 9.15E-06
Inhalation of Soil Emissions 4.60E-08  3.64E-08 2.38E-09 1.77E-07 9.16E-08  1.24E-07
Total 3.57E-06 NA 1.92E-07 1.81E-05 7.68E-06 1.14E-05

Total Hazard Index by Route

Standard 85th 95th
Route Median  Deviation Min _Max Percentile Percentile
Drinking Water 2.60E-01 4.65E-02  1.53E-01 3.58E-01 3.15E-01  3.45E-01
Dermal Uptake During Show 1.48E-02  7.58E-03 3.96E-03  3.95E-02 2.39E-02 3.02E-02
Inhalation During Shower 4. 87E-01 5.68E-01 3.92E-02 2.83E+00 1.23E+00 1.83E+00
Inhalation of Soil Emissions 1.18E-02  7.72E-03 8.32E-04 340E-02 2.19E-02 2.53E-02
Total 7.73E-01 NA 1.97E-01  3.26E+00 1.59E+00 2.23E+00

Number of Monte Carlo Runs: 500 _
ND = Not Determined because RfD or Slope Factor not entered

NA = Not Applicable
09/02/98 22:53

Figure 7-5(c). Example of Table Obtained by Selecting Monte Carlo Table 3.
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Carcinogenic Risk by Chemical for Each Route of Concern

Drinking Water

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 1.24E-06 4 47E-07 1.21E-07 2.40E-06 1.68E-06 1.93E-06
Ethylbenzene ND 0.00E+00 ND ND ND ND
Toluene ND 0.00E+00 ND ND ND ND
Xylenes ND 0.00E+00 ND ND ND ND
Total 1.24E-06 4 47E-07 1.21E-07 2.40E-06 1.68E-06 1.93E-06

Dermal Uptake During Shower

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 6.72E-08 4.36E-08 521E-09 2.31E-07 1.19E-07 1.58E-07
Ethylbenzene ND 0.00E+00 ND ND ND ND
Toluene ND 0.00E+00 ND ND ND ND
Xylenes ND 0.00E+00 ND ND ND ND
Total 6.72E-08 4.36E-08 5.21E-09 2.31E-07 1.19E-07 1.58E-07

Inhalation During Shower

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 2.22E-06 2.92E-06 6.37E-08 1.53E-05 5.79E-06 9.15E-06
Ethylbenzene ND 0.00E+00 ND ND ND ND
Toluene ND 0.00E+00 ND ND ND ND
Xylenes ND 0.00E+00 ND ND ND ND
Total 2.22E-06 2.92E-06 6.37E-08 1.563E-05 5.79E-06 9.15E-06

Inhalation of Soil Emissions

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 4.60E-08 3.64E-08 2.38E-09 1.77E-07 9.16E-08 1.24E-07
Ethylbenzene ND 0.00E+00 ND ND ND ND
Toluene ND 0.00E+00 ND ND ND ND
Xylenes ND 0.00E+00 ND ND ND ND
Total 4.60E-08 3.64E-08 2.38E-09 1.77E-07 9.16E-08 1.24E-07

Figure 7-5(d).
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Drinking Water

Standard 85th 95th
Chemical Median Deviation Min Max_ Percentile Percentile
Benzene 2.60E-01 4 65E-02 1.563E-01 3.58E-01 3.15E-01 3.45E-01
Ethylbenzene 4.07E-06 7.26E-07 2.40E-06 5.59E-06 4.93E-06 5.39E-06
Toluene 1.04E-05 1.85E-06 6.10E-06 1.42E-05 1.25E-05 1.37E-05
Xylenes 7.14E-06 1.28E-06 4.21E-06 9.83E-06 8.66E-06 9.47E-06
Total 2.60E-01 4.65E-02 1.63E-01 3.58E-01 3.15E-01 3.45E-01

Dermal Uptake During Shower

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 1.48E-02 7.58E-03 3.96E-03 3.95E-02 2.39E-02 3.02E-02
Ethylbenzene 8.16E-07 417E-07 2.18E-07 2.18E-06 1.32E-06 1.66E-06
Toluene 1.26E-06 6.47E-07 3.38E-07 3.37E-06 2.04E-06 2.567E-06
Xylenes 1.55E-06 7.93E-07 4 14E-07 4.13E-06 2.51E-06 3.16E-06
Total 1.48E-02 7.58E-03 3.96E-03 3.95E-02 2.39E-02 3.02E-02

inhalation During Shower

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 4.86E-01 5.68E-01 3.92E-02 2.83E+00 1.23E+00 1.83E+00
Ethylbenzene 2.37E-06 2.76E-06 1.91E-07 1.38E-05 597E-06 8.91E-06
Toluene 3.22E-05 3.75E-05 2.59E-06 1.87E-04 8.12E-05 1.21E-04
Xylenes 1.21E-04 1.40E-04 9.69E-06 7.01E-04 3.04E-04 4 52E-04
Total 4.86E-01 5.68E-01 3.92E-02 2.83E+00 1.23E+00 1.83E+00

Inhalation of Soil Emissions

Standard 85th 95th
Chemical Median Deviation Min Max Percentile Percentile
Benzene 1.18E-02 7.67E-03 8.26E-04 3.38E-02 2.17E-02 2.51E-02
Ethylbenzene 5.29E-06 3.45E-06 3.72E-07 1.52E-05 9.79E-06 1.13E-05
Toluene 4 65E-05 3.03E-05 3.26E-06 1.33E-04 8.59E-05 9.92E-05
Xylenes 2.48E-05 1.62E-05 1.74E-06 7.11E-05 4.58E-05 5.29E-05
Total 1.19E-02 7.72E-03 8.31E-04 3.40E-02 2.19E-02 2.53E-02

Figure 7-5(d). Example of Table Obtained by Selecting Monte Carlo Table 4
(concluded).
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Dose by Chemical for Each Route of Concern (mg/kg-day)

Drinking Water
Standard 85th 95th

Intake Median Deviation Min Max __ Percentile  Percentile

Benzene DI 3.64E-04 1.28E-04 1.00E-04 6.34E-04 5.07E-04 5.92E-04
CDi 4.42E-04 7.90E-05 2.61E-04 6.08E-04 5.36E-04 5.86E-04

LADD 4.27E-05 1.54E-05 4.16E-06 8.26E-05 5.79E-05 6.65E-05

Ethylbenzene DI 3.28E-07 1.21E-07 8.76E-08 5.83E-07 4.66E-07 5.44E-07
CDI 4.07E-07 7.26E-08 2.40E-07 5.59E-07 4 93E-07 5.39E-07

LADD 3.78E-08 1.39E-08 3.83E-09 7.60E-08 5.14E-08 6.01E-08

Toluene DI 1.63E-06 6.40E-07 4.22E-07 2.97E-06 2.38E-06 2.77E-06
CD! 2.07E-06 3.70E-07 1.22E-06 2.85E-06 2.51E-06 2.74E-06

LADD 1.86E-07 6.92E-08 1.95E-08 3.87E-07 2.56E-07 3.06E-07

Xylenes DI 1.19E-05 3.95E-06 3.48E-06 2.05E-05 1.64E-05 1.91E-05
CDI 1.43E-05 2.55E-06 8.42E-06 1.97E-05 1.73E-05 1.89E-05

LADD 1.45E-06 5.17E-07 1.35E-07 2.67E-06 1.90E-06 2.21E-06

Dermal Uptake During Shower
Standard 85th 95th

Intake Median Deviation Min Max Percentile Percentile

Benzene DI 1.94E-05 1.25E-05 3.70E-06 7.00E-05 3.51E-05 4.81E-05
CDI 2.52E-05 1.29E-05 6.73E-06 6.71E-05 4.07E-05 5.13E-05

LADD 2.32E-06 1.50E-06 1.80E-07 7.95E-06 4.10E-06 5.44E-06

Ethylbenzene DI 6.17E-08 4.08E-08 1.14E-08 2.27E-07 1.14E-07 1.56E-07
CDI 8.16E-08 4.17E-08 2.18E-08 2.18E-07 1.32E-07 1.66E-07

_ LADD 7.27E-09 4.75E-09 5.82E-10 2.58E-08 1.30E-08 1.71E-08

Toluene DI 1.89E-07 1.27E-07 3.34E-08 7.03E-07 3.51E-07 4.83E-07
CDI 2.53E-07 1.29E-07 6.75E-08 6.74E-07 4.09E-07 5.15E-07

LADD 2.17E-08 1.43E-08 1.80E-09 7.98E-08 3.89E-08 5.08E-08

Xylenes Di 2.45E-06 1.53E-06 4.89E-07 8.62E-06 4.34E-06 5.92E-06
CDI 3.10E-06 1.59E-06 8.28E-07 8.27E-06 5.01E-06 6.32E-06

LADD 2.92E-07 1.92E-07 2.21E-08 9.79E-07 5.23E-07 7.12E-07

Figure 7-5(e). Example of Table Obtained by Selecting Monte Carlo Table 5
(continued).
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Standard 85th 95th
Intake Median Deviation Min Max Percentile Percentile
Benzene DI 6.37E-04 8.57E-04 4.04E-05 4.89E-03 1.73E-03 2.75E-03
CDI 8.27E-04 9.65E-04 6.66E-05 4.82E-03 2.08E-03 3.11E-03
LADD 7.63E-05 1.01E-04 2.20E-06 5.26E-04 2.00E-04 3.16E-04
Ethylbenzene DI 5.16E-07 7.09E-07 3.19E-08 4.06E-06 1.40E-06 2.28E-06
CDI 6.86E-07 8.01E-07 5.53E-08 4.00E-06 1.73E-06 2.58E-06
LADD 6.13E-08 8.17E-08 1.82E-09 4 37E-07 1.59E-07 2.51E-07
Toluene Di 2.65E-06 3.77E-06 1.61E-07 2.17E-05 7.32E-06 1.22E-05
CDI 3.66E-06 4,28E-06 2.95E-07 2.14E-05 9.25E-06 1.38E-05
LADD 3.12E-07 4 25E-07 9.74E-09 2.33E-06 8.14E-07 1.33E-06
Xylenes Dl 1.94E-05 2.51E-05 1.26E-06 1.42E-04 5.17E-05 8.12E-05
CDI 2.41E-05 -2.81E-05 1.94E-06 1.40E-04 6.07E-05 9.06E-05
LADD 2.27E-06 3.04E-06 6.39E-08 1.53E-05 5.88E-06 9.73E-06
inhalation of Soil Emissions
Standard 85th 95th
Intake Median Deviation Min_ Max Percentile  Percentile
Benzene Di 1.51E-05 1.32E-05 4.49E-07 5.62E-05 3.39E-05 4.27E-05
CDI 2.00E-05 1.30E-05 1.40E-06 5.74E-05 3.69E-05 4.27E-05
LADD 1.59E-06 1.26E-06 8.22E-08 6.09E-06 3.16E-06 4.30E-0R
Ethylbenzene DI 1.16E-06 1.01E-06 3.45E-08 4.32E-06 2.60E-06 3.28E-01
CDI 1.54E-06 1.00E-06 1.08E-07 4.40E-06 2.84E-06 3.28E-00
LADD 1.22E-07 9.64E-08 6.31E-09 4.67E-07 2.42E-07 3.29E-07
Toluene Dl 3.98E-06 3.49E-06 1.19E-07 1.49E-05 8.98E-06 1.13E-05
CDI 5.30E-06. 3.45E-06 3.72E-07 1.52E-05 9.80E-06 1.13E-05
LADD 4.21E-07 3.32E-07 2.18E-08 1.61E-06 8.34E-07 1.14E-06
Xylenes DI 3.73E-06 3.26E-06 1.13E-07 1.39E-05 8.40E-06 1.06E-05
CDI 4.96E-06 3.23E-06 3.48E-07 1.42E-05 9.17E-06 1.06E-05
LADD 3.94E-07 3.13E-07 2.04E-08 1.51E-06 7.87E-07 1.06E-06

Number of Monte Carlo Runs: 500
ND = Not Determined because RfD or Slope Factor not entered
NA = Not Applicable

09/02/98 22:53

Figure 7-5(e). Example of Table Obtained by Selecting Monte Carlo Table 5
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Total Risk

Cumulative Probability

0.0000001 0.000001 0.00001 0.0001
Total Risk

Figure 7-6. Example of Chart Obtained by CDF Chart Option 5:
CDF of Total Risk.
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8.0
UNCERTAINTY ANALYSIS

The Risk Calculation model may be run in a Monte Carlo mode. Monte Carlo
analysis allows the evaluation of uncertainty in input parameters for a given model.
In a risk determination, variables such as exposure frequency and duration can vary
considerably from one potential receptor to the next. Therefore, it is often more
appropriate to express their value in terms of a probability distribution rather than a
single deterministic value and to use an uncertainty propagation model to assess

the effect of the variability on the output of the models (i.e., to assess the uncertainty
in the risk and hazard index values).

This section presents the uncertainty propagation method (Monte Carlo simulation
technique) implemented in the DSS. The method allows a quantitative estimate of
the uncertainty in the risk/hazard index estimated using the DSS.

8.1  UNCERTAINTY IN THE INPUT VARIABLES

For exposure and risk analysis, input variables can be broadly classified into two
categories having different uncertainty characteristics. These are:

()  Variables that describe the physical and toxicological properties of the
chemicals of concemn. A few examples of these include parameters such
as bioavailability, Henry's law constant, and carcinogenic slope factors.

(i) Variables that describe the environmental properties of various media,
as well as characteristics of human receptors. A few examples of these

include groundwater concentrations, skin surface area, and inhalation
rate.

Uncertainty in the first set of variables arises primarily due to non-systematic/random
laboratory measurement errors or due to the use of empirical and/or theoretical
methods used to estimate numerical values. In addition to experimental precision

-1 Previous page is blank.
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and accuracy, errors may arise due to extrapolations from controlied (laboratory)
measurement conditions to uncontrolled (field) conditions.

Uncertainty in the second set of variables may include measurement and
extrapolation errors, but is predominantly due to inherent natural variability (e.g.,
spatial, temporal, and interhuman variability). For environmental properties, this can
be due to the natural variability of soil, groundwater, and meteorologic properties
within the region of interest. For human exposure parameters, uncertainty arises
primarily due to the variability of physiological and behavioral characteristics from
person to person. This uncertainty will depend upon the scale of the problem, since
greater variability will result in an assessment of large-scale regional risks than in an
assessment of site-specific local risks.

Whatever the source of the parameter uncertainty, the uncertainty can be quantified
using a cumulative probability distribution. Thus, for each parameter to be analyzed
as an uncertain variable, the user needs to select and assign a probability
distribution for the variable and specify the parameters that describe the distribution.
Methods for testing and fitting probability distributions to data are described in
Benjamin and Cornell (1970).

The current version of the DSS allows the user to assign one of the following five
probability distributions to quantify uncertainty in the chemical intake input variables:

() Normal
(i)  Log Normal
(i)  Uniform

(iv) BExponential
(v)  Triangular

Alternatively, the DSS allows a constant value to be assigned to any variable. Many
environmental data are skewed and bounded by zero (or the method detection limit),
and can be represented well by log-normal distributions. A uniform distribution can
be used only if the range of possible values is known; if the most likely value (or

8-2
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mode) is also known, a triangular distribution can be used. Appendix K provides a
brief discussion of each probability distribution.

In addition to the parameters of the distribution, it is important to specify the upper
and lower bounds of each distribution. These bounds may be based on available
data or physical considerations (e.g., porosity must be greater than 0 and less than
1.0). Specifying upper and lower bounds will ensure that the randomly generated
values from the distributions are not outside these specified bounds.

Having quantified the uncertainty in the input parameters, the Monte Carlo
simulation technique is used to propagate the uncertainty through the computational
algorithm in the Chemical Intake and Risk Calculation module to estimate the
uncertainty in chemical intake, risk and hazard index. The Monte Carlo simulation
technique, as well as its specific application for the DSS, is presented below.

8.2  DESCRIPTION OF THE MONTE CARLO METHOD

Figure 8-1 illustrates how the Monte Carlo method performs uncertainty analysis. In
the analysis, computation algorithms (equations used to estimate risk in this case)
are represented as a function g(X) relating the model output Y to the input
parameters Xi, X, ... Xn:

Y = 9(Xs, Xz, ... Xn) (8-1)

A user-specified number (Nsm) of sets of input parameters (X; ... Xn) is randomly
generated from the probability distributions that describe the uncertainty in each
input parameter. The model is applied Nsm times using the randomly generated sets
of input parameters, resulting in Nsm values of the model output Y. This series of
outputs is then statistically analyzed to yield a cumulative probability distribution of
Y. The specific steps involved in the application of the method are as follows:
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Figure 8-1. Schematic Description of the Monte Carlo Method of Uncertainty Analysis.
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(i)  Select probability distributions to describe uncertainty in model input
variables.

(i)  Generate a set of random values of input variables from the distributions
selected in (i) using random number generators.

(iii) Apply the model using the randomly generated input values. Store the
calculated output value.

(v)  Repeat steps (ii) and (jii) until a sample of model outputs sufficiently
large for statistical analysis is produced.

(v)  Use the results from (iv) to develop probability distributions of model
outputs for use as a tool in decision making.

Step (i) should be performed by the user prior to using the DSS, and involves
statistical analysis of data collected from on-site sampling activities or the open
literature. Methods for testing and fitting probability distributions to data are
described in Benjamin and Comell (1970).

Steps (ii), (iii), (iv), and (v) of the uncertainty analysis are performed for the user by
the DSS. The number of Monte Carlo runs required in Step (iv) will depend upon
the variability of the model inputs, the response of the model output to inputs, and
the percentile (or confidence level) in which the user is interested. There is no way
of knowing beforehand how many runs are sufficient; a common approach is to try
different numbers of runs (e.g., 50, 100, 500, 1000, and 5000) and observe the
convergence in the confidence bounds about the estimated percentile as the
number of runs increases. Generally, 1000 or more runs are required for accurate
estimation of low-frequency parameters such as the 90th or 95th percentile of the
model output. The DSS allows a maximum of 10,000 Monte Carlo simulations.

The output of the Monte Carlo simulation is the Nsm number of model output (Y)
values which are used in Step (v) to develop a cumulative probability distribution of

8-5
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Y. This distribution quantitatively describes the uncertainty in the model output and
can be used for decision making.

83  APPLICATION OF THE MONTE CARLO METHOD IN THE DECISION
SUPPORT SYSTEM

The DSS performs Monte Carlo analyses of the Risk Calculation module only. This
analysis may use the results of a deterministic fate and transport model run. As
explained in Section 5.0, implementation of the contaminant fate and transport
models results in the breakthrough curve, (i.e., estimate of receptor point
concentration as a function of time). (In the event that the fate and transport models
are time invariant these concentrations do not vary over time.) The breakthrough
curves are analyzed by the DSS to compute the maximum receptor-point chemical
concentrations in each medium for a series of averaging periods ranging from 5
years to 75 years at 5-year intervals (see Figure 5-3). These data are stored on the
computer’s hard drive and are then used in the Chemical Intake and Risk
Calculation module.

If the Chemical intake and Risk Calculation module is implemented in the Monte
Carlo mode, the estimated concentration distributions are internally read by the risk
calculation FORTRAN code as an empirical distribution for the specific exposure
period. Selection of the concentration distribution is approximate if the exposure
time is not a multiple of five. For example, if the exposure period is 37 years, the
model uses concentrations corresponding to 35-year averaging periods. This
applies for both the Monte Carlo and deterministic cases.

Following are the specific steps used in Monte Carlo analysis of the risk assessment
process:

()  Inthe Chemical Intake and Risk Calculation module, select frequency
distributions for relevant input parameters. At least one input parameter
must have a non-constant distribution.
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(i)  Perform a Monte Carlo analysis (run the risk code) using a maximum of
10,000 model runs. ‘

(i) Run the Risk Presentation module to review the results and print charts
and tables as explained in Section 7.0.

Output of the Monte Carlo analysis results in cumulative frequency distributions of
intake, carcinogenic risk and the hazard index. These distributions reflect a
reasonable range of values for the dose, risk and hazard index corresponding to the
specified uncertainty in the input parameters and can be used to estimate the most
likely (e.g., 50th percentile) or the worst case (e.g., 90th or 95th percentile) value for
risk or hazard index. These best and worst case risk estimates are more realistic
since they explicitly account for the uncertainty in the inputs. The estimates
obtained in a deterministic analysis using the combination of most likely and/or the
worst case values for each input parameter may not necessarily result in the most
likely and worst case risk and/or hazard index values.

84

ANALYSIS OF MONTE CARLO OUTPUT

The following outputs are available when the Chemical Intake and Risk Calculation
module is implemented in the Monte Carlo mode.

() A statistical summary file for the variables used in the Chemical Intake
and Risk Calculation module (INTAKE.SUM).

(i) Anumber of ASCI files (DOSEI.DAT, RISK1.DAT, RISK2.DAT, etc.) that

are read by the EXCEL® macro in the Risk Presentation module and
used to present the results discussed in Section 7.0.

8-7
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9.0
THE CHEMICAL DATABASE

The DSS uses a chemical database containing physical/chemical properties relating
to fate and transport characteristics and human toxicity for 85 chemicals.

Properties contained in the database for each chemical include molecular weight,
saturation vapor pressure, solubility in water, Henry's Law constant, organic carbon
partition coefficient, diffusion coefficients in air and water, dermal permeability
coefficients, and toxicity parameters. These properties are required by the fate and
transport models and the risk calculation codes included in the AP! DSS.

91  FATE AND TRANSPORT PROPERTIES

Table 9-1 (at the end of this section) lists the chemical property values pertaining to
both fate and transport and toxicity. These values were derived from the following
sources: EPA (1996), Howard and Meylan (1997), Verschueren (1983), EPA
guidance documents (EPA, 1986a and 1988), and Lyman et al. (1982). The
database currently contains data for 85 chemicals. The user may add additional
chemicals and their properties in the Development of Risk Scenario module.

9.1.1 Vapor Pressure

All of the values for vapor pressure in the DSS database are from Howard and

Meylan (1997). The values listed in Table 9-1 are at a reference temperature of 20
degrees C.

Saturation vapor pressure may be corrected for temperature using the following
relationship (Lyman et al., 1982):

IN(Pvr) = In(Pur) [1/(Te-C) - 1/(T-C)V[1/(T5-C) - 1/(Tr-C)] (9-1)
where

In = natural logarithm

Pur =

vapor pressure at temperature T (atm)

o Previous page is blank.
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Pw = vapor pressure at the reference temperature (atm)
To = boiling point (K)

T = temperature (K)

Tr = reference temperature (K)

C = 0.19Tp- 18

Equation 9-1 is derived from the Clapeyron and the Antoine equations. The latter is
a purely empirical expression that works well over a wide range of vapor pressures.

9.1.2 Solubility

Solubility values were obtained from EPA (1996). The values listed in Table 9-1 are
at a reference temperature of 20 degrees C.

The relationship between solubility and temperature varies from chemical to
chemical; the solubility of some chemicals in water increases with temperature, while
other chemicals become less soluble as temperature increases. The system does
not provide a temperature correction for solubility, and it is the user's responsibility to
ensure that the solubility used is sufficiently accurate for the simulated conditions.
Lyman et al. (1982) provides a discussion of alternative ways for estimating
solubilities in water.

Contamination at underground fuel storage tanks typically consists of complex
mixtures of several hydrocarbons. For mixtures of liquid chemicals the dissolved
phase concentration at equilibrium with non-aqueous phase liquid (NAPL) (the
effective solubility) can be estimated as the product of pure phase solubility of the
chemical and the mole fraction of that chemical in the mixture. This is based on
Raoult's Law and is strictly valid only for ideal mixtures. The VADSAT model is the
only model in the DSS that calculates the effective solubility internally.

On a site-specific basis the mole fraction of individual chemicals in the hydrocarbon
mixture may vary depending on the composition of the original product, the age of
the leak, etc. Thus, the chemical database in the APl DSS provides pure phase
solubilities of each chemical and not effective solubilities nor immiscible phase mole
fractions. The API DSS gives the user the option to override this 'default value' for

9-2
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site-specific analysis. The effective solubility should be used in all models except
VADSAT as the VADSAT model calculates effective solubility from the pure phase
solubility and the chemical’s mole fraction in the mixture.

9.1.3 Henry's Law Constant

Henry's Law constant relates the concentration in the vapor phase to the
concentration in the liquid phase at equilibrium, as the liquid phase concentration
goes to zero (infinite dilution). The values contained in the database for this
parameter were obtained from EPA (1996).

For chemicals where a published value for Henry's Law constant cannot be found,
the value can be estimated as the ratio of the saturation vapor pressure to the
solubility (Lyman et al., 1982):

H = (Pv/S)/(RT) (9-2)
where

P, = saturation vapor pressure (atm)

S = solubility (mol/m®)

R = universal gas constant (atm-m*mol-°K)

T = absolute temperature (°K)

H = Henry's Law constant (mg/L)/(mg/L)

Since Henry's Law applies as infinite dilution is approached, Equation 9-2 assumes
a linear vapor liquid equilibrium relationship at concentration values ranging from
zero to the solubility. This assumption is most valid at low concentrations. Thus, the

estimate of Henry's Law constant using Equation 9-2 is reasonably valid for
relatively insoluble compounds.

8.1.4 Organic Carbon Partition Coefficient (Koc)

The organic carbon partition coefficient describes the chemical’s affinity for sorbing
to organic carbon in the soil. The higher the Ky value, the more the chemical sorbs
to the soil. The organic carbon partition coefficient values contained in the database
were obtained from EPA (1996). '
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The organic carbon partition coefficient may be estimated from the octanol-water
partition coefficient (Ka) using the following empirical relationship (Lyman et al.,
1982):

Log(Ke) = Log(Kow) - 0.32 (9-3)
where

Koc = normalized organic carbon partition coefficient (cm3/g)

Kow = octanol-water partition coefficient (cm’/g)

The normalized organic carbon partition coefficient is used to estimate the soil-water
distribution coefficient using:

Kd = foc Koc (9-4)
where

Ky

foo

soil-water distribution coefficient (cms/g)
fractional organic carbon content in soil (g/g)

Equation 9-4 only yields the chemical-specific adsorption to organic carbon in the
soil but does not account for the adsorption onto the mineral or soil particles.

Equations 9-3 and 9-4 are not rigorous expressions but are based on simplifications
that are valid for and typically used in most environmental contaminant fate and
transport models.

9.1.5 Diffusion Coefficients

Diffusion coefficients in air and water were obtained from EPA (1996). The values
listed in Table 9-1 are based on a reference temperature of 20 degrees C. To
compute the air diffusion coefficient at temperatures other than 20 degrees C, the
DSS uses the following relationship (Lyman et al., 1982):

Dar = Da (T/TR)""® (9-5)
where :

Dar = air diffusion coefficient at temperature T (cm2/s)

Dar = air diffusion coefficient at the reference temperature Ta (cm®/s)
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T
Tr

temperature (°K)
reference temperature (°K)

Please note that the temperature is expressed in degrees Kelvin. The temperature
correction for the diffusion coefficient in water is based on the Hayduk and Laudie
method described in Lyman et al. (1982):

Dut = Dwr (ura/ur)"™ (9-6)
where
Dwr = water diffusion coefficient at temperature T (cmz/s)
Duwr = water diffusion coefficient at the reference temperature Tr
(cm?/s)
Thia = viscosity of water at temperature Tg (g/m-s)
Th = viscosity of water at temperature T (g/m-s)

Water viscosities are estimated within the fate and transport models as a function
of temperature using the empirical relationships listed in Appendix I.

9.1.6 Decay Rate Constants

Several of the contaminant fate and transport models (SESOIL, AT123D, etc.) are
capable of simulating contaminant decay using a first order decay process and
require the user to enter a decay rate constant for the chemical. This overall decay
rate should be considered a lumped parameter that accounts for biodegradation,
hydrolysis, natural attenuation, etc. Since chemical-specific values of this parameter
can vary significantly due to site-specific factors, no general values are available.

Hence chemical-specific values of the decay rate constants are set to zero in the
data base.

9.1.7 Dermal Permeability Coefficient

The aqueous permeability coefficient is a key parameter used to estimate dermal
absorption. This parameter is used in the Chemical Intake and Risk Calculation
module by the dermal intake while showering route. EPA's Dermal Exposure
Assessment: Principles and Applications (1992) has tabulated values of

9-5
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permeability coefficients for many chemicals. When published values are not
available, the permeability coefficient can be estimated using the following equation
(EPA, 1992):

log Kp =-2.72 + 0.71 log Kow - 0.0061 MW (9-7)
where

Ko = skin permeability coefficient (crvhour) of the chemical

Kow = octanol water partition coefficient

MW = molecular weight

When published values of Ko, were not readily available, the following regression
equation was used to estimate Ko (Verschueren, 1983):

log Kow
where
S

45-0.75log S (9-8)

solubility of the chemical [mg/1]

The chemicals having estimated values for Ky are noted in Table 9-1.
9.2 TOXICITY PARAMETERS

The chemical database also contains quantitative data on the potential toxic effects
of chemicals, and is accessed by the Chemical Intake and Risk Calculation module.
Inciuded in these parameters are the EPA cancer group classifications (defined in
Table 9-2), the Slope Factor (also referred to as the Potency Factor for carcinogenic
effects), and the Reference Dose (for noncarcinogenic effects) for each of the
chemicals currently in the DSS. Toxicity data are provided for the inhalation and oral
exposure routes. (The dermal toxicity values default to the oral value; however, the
user may change the dermal toxicity if necessary.) Details on the use of these
parameters in risk characterization are given in Section 6.0. '

The RfDs and Slope Factors contained in the database were taken directly from
EPA's Integrated Risk Information System (IRIS) database (EPA, 1997). This online
database is updated monthly, and represents the current consensus from EPA's
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Office of Health and Environmental Assessment on the toxicity of chemicals. Data
not available in IRIS were obtained from EPA's Health Effects Assessment Summary
Tables (HEAST; EPA, 1991b). This document is updated periodically (about every
quarter), and contains interim toxicity values that may not yet be available in IRIS.
The values in the database are current as of August 1997. It is recommended that
the user check these against the most current IRIS values to ensure that current
toxicological information is used in risk characterization.

9.3 RISK ASSESSMENTS WITH LEAD

Lead is not included in the database. EPA recommends the use of the EPA Uptake
Biokinetic (UBK) model as a risk assessment tool to evaluate risks from soil
contaminated with lead, rather than the method outlined in Section 6. The UBK
calculates a total blood lead level (from background and incremental site
contributions) and then compares this blood level with the currently accepted level.

More information can be found on calculating risk from lead at the EPA’s Lead and
Human Health Web Page at:

http://www.epa.gov/oerrpage/superfnd/web/oerr/ini_pro/lead/lead. htm

The UBK guidance and spreadsheets are available for purchase from NTIS (see the
EPA web page for pointers.) '
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Table 9-2. EPA Weight-of-Evidence Classifications for Carcinogenicity.

EPA
CLASSIFICATION DESCRIPTION
A Human carcinogen
B1 Probable human carcinogen, based on limited
human data
B2 Probable human carcinogen, based on sufficient
evidence in animals and inadequate evidence in
humans
C Possible human carcinogen
D Not classifiable as to human carcinogenicity
E Evidence of noncarcinogenicity for humans
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APPENDIX A
THE SESOIL MODEL

The Seasonal Soil (SESOIL) model (Bonazountas and Wagner, 1984, as updated by
Hetrick, 1994) is a one-dimensional vertical transport model for the unsaturated zone.
The DSS is used to estimate (i) volatilization flux to the atmosphere, and (ii)
contaminant mass loading to the water table.

The original SESOIL mode! (available from Oak Ridge National Laboratory, ORNL)
consists of three calculation modules: a hydrologic module, a pollutant transport
module, and a sediment erosion module.

The hydrologic module (or cycle) uses a water budget approach to estimate infiltration
and soil moisture content in the unsaturated zone. The poliutant transport module
estimates the volatilization, mass loading to groundwater, and pollutant migration
between layers in the soil column. A brief description of the hydrogeologic and the
poliutant transport modules is presented below. The sediment erosion module is not
included in the AP! DSS and is not discussed below.

The reader is encouraged to obtain “The New SESOIL User's Guide” (Hetrick et al.,
1994) for more detailed information on the SESOIL model.

The Soil Column

The SESOIL model simulates water and contaminant transport in a vertical soil
compartment, or column, extending from the ground surface to the water table. This
soil column is treated differently by the hydrologic cycle and the pollutant cycle in
SESOIL. In the hydrologic cycle, the soil column is assumed to be homogenous with
respect to soil properties. In the pollutant transport module, the soil column is
simulated using different vertical layers. Each layer is treated as a separate
compartment with unique soil properties. Up to four layers with different soil
characteristics can be simulated with SESOIL. Each of these layers can be divided
into up to 10 sublayers for purposes of pollutant transport. The sublayers have the
same soil properties as the layer in which they reside.

A-1
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The Hydrologic Module

The purpose of the hydrologic cycle is to estimate the infiltration rate and moisture
content in the soil column. These results are then passed to the pollutant transport
module. Since the hydrologic cycle assumes a uniform soil column (no layers), a
single soil moisture content is calculated for the entire soil column.

The hydrologic cycle is based on the annual water balance algorithm described by
Eagleson (1978). (Please note that the model is run in a monthly mode, that is, the
inputs such as precipitation vary for each month.) The annual water balance
algorithm couples the climatic and soil systems through a statistical description of
each of the hydrologic parameters. SESOIL hydrology is based upon the following
water balance equations (expressed per unit horizontal area):

P=E+MR+S+G (A-1a)
I =P-8 (A-1b)
Y=S+G (A-1c)
where

P = precipitation (cm)

E = evapotranspiration (cm)

MR = moisture retention (cm)

S = surface runoff (cm)

G = groundwater runoff or recharge (cm)
(includes term for capillary rise)

Y = yield (cm)

| = infiltration (cm)

In Eagleson’s (1978) theory, evapotranspiration, surface runoff, groundwater runoff,
moisture retention, precipitation, and infiltration are all functions of soil moisture.
Since soil moisture is initially unknown, SESOIL makes an initial estimate of the soil
moisture. This estimate and the user-specified inputs are used to estimate the terms
on the right hand side of Equation (A-1a), the sum of which provides an estimate of
precipitation. If this value differs by more than 1% from the user specified value (for
precipitation), the soil moisture estimate is corrected and the calculations repeated.

A-2
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The standalone SESOIL model (ORNL, 1995) provides three options for simulating
hydrology: user specified hydrology, annual hydrology and monthly hydrology. The
following discussion is primarily concemed with the monthly hydrology that is used by
the API DSS (and is the most common mode for running SESOIL).

Computation of various elements in Equation (A-1) are all based upon relationships
between precipitation and the climatic parameters entered by the user. The

processes used in estimating precipitation are briefly discussed in the following
sections.

Precipitation

SESOIL assumes that precipitation can be represented by arrivals of square pulses
that have random depth and duration. The model assumes that the length of rainy
season is constant from year to year. The use of a Poisson process implies the
following assumptions:

e An event can occur at random and at any time.

e The occurrence of an event in a given time interval is independent of that in
any other time interval.

o The probability of occurrence of an event in a small interval “dt” is
proportional to “dt”, and can be given by the product of the mean rate of
occurrence of the event (assumed to be constant) and “dt”. The probability
of two or more occurrences in the same interval is negligible.

The last assumption requires that the average storm duration be much smaller than
the average time between storms.

The assumption of rainfall occurring in square pulses yields a rainfall distribution of the
form depicted in Figure A-1.
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Rainfall
{in./day) 1

1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21..

Day of the Month

Figure A-1. Example of a SESOIL Storm Occurrence and Rainfall Distribution.

Infiltration

Infiltration is calculated using the Philip equation (Philip, 1969) which assumes that the
surface soil is semi-infinite, and the intenal soil moisture content at the beginning of
each storm and inter-storm period is uniform, equal to its long-term average.

Percolation

Percolation to the groundwater is assumed to be constant within each time step,
however, the percolation rate may vary from month to month. The net percolation to
groundwater is estimated from the long-term average soil moisture content, the
effective hydraulic conductivity, and the capillary rise. The hydraulic conductivity of
the soil is a function of the soil moisture that is estimated using Brooks and Corey's
(1966) relationship: '

K = KS° (A-2)
where: |
hydraulic conductivity at S (cm/s)
saturated hydraulic conductivity (cm/s)
=  soil saturation (cm® water/cm® pore space)
=  soil (or pore) disconnectedness index (unitless) (a user input)

OUJ{X
]

The hydrologic cycle in SESOIL assumes a uniform soil column with respect to soil
properties. The user can enter different hydraulic permeability values for each layer.
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SESOIL estimates a depth-weighted average for use in the hydrologic cycle from the
following equation:

(A-3)

where;

=
1]

N

vertically average permeability (cm?)
permeability for layer i (cm?)

=  depth from surface to groundwater (cm)
thickness of layer i (cm)

=  number of layers in the SESOIL model

o)
H

= - N o1
"

SESOIL should be applied with caution at sites with large vertical variability in soil
properties because of this assumption of uniform moisture content. '

Overall Water Balance—Monthly Cycle

In the monthly mode of the SESOIL model, the user enters long-term average monthly
values of rainfall, number of storms, storm length, and evapotranspiration (or the
terms required to calculate it). These monthly parameters are then used for each year
of simulation creating a sequence of “identical hydrologic years.”

The overall water balance is obtained by combining the expressions for precipitation,
infiltration, moisture retention, evapotranspiration, surface runoff and percolation in
Equation (A-1). The initial value for soil moisture content is calculated in SESOIL by
summing the appropriate monthly climatic input data to obtain annual values and then
by running the hydrology module in an annual mode. Because of this rough estimate
of the initial soil moisture content, the results of the hydrology cycle will be different for
the first two years, thereafter the results will be the same year to year.

The monthly cycle in SESOIL accounts for the change in moisture storage from month

to month; however, the change is not accounted for from year to year (each new year
starts over).

A-5
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Evapotranspiration

SESOIL has two options as far as evapotranspiration is concemed: The user may
enter monthly values, or, the user may enter information on solar radiation capacity
and SESOIL will calculate evapotranspiration. For both cases the following
assumptions are made:

1. The surface retention capacity of the soil is zero. That is, water does not
pond on the surface. Thus, only water that has already infiltrated is
subject to evaporation.

2. Vegetation does not bring water to the surface for evaporation. The only
mechanism available to account for plant transpiration is for the user to
specify the evapotranspiration rate.

3. Soil moisture is the same at the beginning and the end of the storm. This
assumption eliminates the necessity of tracking soil moisture during and
between storms. This constant soil moisture value represents a spatial
and temporal average moisture content.

4. The variance in the average annual rate of potential evapotranspiration is
negligible.

5. Potential evaporation is much greater than the rate of capillary rise from
the water table.

The rate of evaporation is a trade off between the maximum potential evaporation
rate, and the exfiltration capacity, i.e., the rate at which soil can deliver moisture to the
surface. Evaporation initially occurs from the thin surface-retained film at the
maximum rate. Next evaporation occurs from soil moisture. Immediately following a
storm, soil moisture is high, water moves up readily to satisfy the evaporation demand,
and evaporation will occur at the potential rate. As soil moisture is depleted, the
exfiltration capacity of the soil decreases until it equals the potential rate of
evaporation. Beyond this point, the rate of evaporation and the exfiltration capacity
both decrease as soil moisture decreases.

Eagleson (1978) derived an expression for the expected value of annual
evapotranspiration that is a function of the maximum evapotranspiration effectiveness,
the vegetative cover, the ratio of capillary rise to potential evaporation and the surface
retention capacity. Evapotranspiration effectiveness is a function of the average time
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between storms, potential evapotranspiration, velocity of capillary rise, soil moisture,
and the soil physical parameters including effective porosity, hydraulic conductivity,
saturated matrix potential of the soil (suction), exfiltration diffusivity, pore size
distribution index, and diffusivity index.

The maximum potential evapotranspiration rate can be either user-specified (as a
fraction of total rainfall) or estimated by SESOIL using the modified Penman energy
balance and is required to calculate the actual evapotranspiration rates used in the
model. The input parameters that affect evapotranspiration are: porosity, saturated
hydraulic conductivity and pore disconnectedness index; the other parameters are
internally calculated.

Surface Runoff

Surface runoff is calculated from the distribution of rainfall intensity and duration, and
by use of the Philip equation. The input parameters that affect surface runoff are:
number of storms per month, monthly rainfall, porosity, hydraulic conductivity of the
top layer and soil disconnectedness index.

Major Assumptions and Limitations for the Hydrology Module

SESOIL does not use a time series of climatic data to calculate infiltration rate and soil
moisture. Rather, it uses average annual climatic data to directly caiculate the average
infiltration rate and soil moisture. A list of assumptions used by SESOIL's hydrology
module is contained in Appendix HY in Bonazountas (1984). Some of the major
limitations to the use of the SESOIL hydrology are:

. Only one-dimensional flow can be simulated.

*  The average interstorm period is assumed to be much greater than the
average storm duration. This may limit the use of SESOIL in areas with
frequent storm events.

. SESOIL assumes only a single homogeneous soil layer. SESOIL allows
the user to specify a different intrinsic permeability for each layer (up to
four allowed layers); however, the depth-weighted value is used in the
hydrology computations.
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Hydrology Module Outputs and Coupling with Fate and Transport Module

The outputs of the hydrology component of SESOIL are the infiltration rate at the
ground surface, the groundwater recharge rate at the water table, and the average
soil moisture in the unsaturated zone. These results from the hydrology module are
used by the contaminant transport module as discussed below.

Chemical Fate and Transport Module

SESOIL simulates pollutant transport by dividing the soil column into a maximum of
four layers. A few fate and transport properties can be different for each layer. For
computation purposes, these layers can be further subdivided into a maximum of ten
equal sublayers with the same properties as those specified for the layer. A mass
balance is then applied to each sublayer independently. Communication between
layers is through advection and diffusion, i.e., advection out of an upper layer
becomes advection into an adjacent lower layer. Diffusion takes place from the layer
with higher concentration to an adjacent layer with lower concentration and can be in
the upward direction only. |

Chemical transport in SESOIL is based upon the following mass balance equation:

Mrem(t) = Mon'g(t"1) + Minp(t) - Mout(t) = Mtlans(t) (A’4)
where:

Moig(t-1) = initial mass in the compartment at beginning of time step

Mo () = mass coming into compartment during time step

M,ans(t) = poliutant transformation (or loss) within compartment during

time step
M.rm(t) = pollutant remaining in compartment at end of time step (dt)
M,.(t) = exported pollutant during time step

The above equation is applied to three phases in the soil matrix (i) liquid phase (soil
moisture), (i) solid, (iii) soil air. Thus, SESOIL partitions the chemicals between
different phases assuming all phases are in equilibrium at all times. An overview of
the solution of the transport model is provided in the New SESOIL User's Guide
(Hetrick ef al., 1994) and the SESOIL manual in Appendix PT (Bonazountas and
Wagner, 1984).
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Equilibrium Partitioning

For pollutant concentrations below the residual (free phase) level, SESOIL assumes
that all phases of the contaminant (liquid, vapor, and sorbed) are in equilibrium at all

times.

C;=6,C, +6,C, +p,C, (A-5)
where:

Cr = total poliutant concentration in soil (ug/cma)

Cv = vapor phase concentration (,g/cm’)

Cw = liquid phase concentration (;,g/cm®)

Cs = sorbed concentration (ug/cm3)

6a = airfilled porosity (cm®cm®)

Ow = waterilled porosity (cm®/cm®)

pb = soil bulk density (g/cm®)

Equation A-4 assumes equilibrium partitioning among three phases only. When the
fourth phase, residual phase (free-phase), is present, SESOIL limits the liquid phase
concentration to the user-entered solubility. This in turn limits the vapor phase
concentration and the amount of contaminant leached and volatilized. SESOIL checks
the dissolved phase concentrations with the user-entered solubility so that the leachate
from one layer to a lower layer cannot exceed the entered solubility. When the fourth
phase is present the output from SESOIL includes a “Pure Phase” concentration.

Concentration in the Vapor Phase

Concentration in the vapor phase (C,) is estimated from the liquid phase concentration
using Henry's law modified for temperature:

C - c.H
" T R(T+273)
where:

vapor phase concentration (ug/cma)

liquid phase concentration, or solubility, whichever is less
(ug/cms)

Cv
Cw
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H = Henry’s law constant (m® atm/mol)
R = universal gas constant [8.2E-5 m3atm/(mol ’K)]
T = soil temperature (°C)

Concentration in the Sorbed Phase

Concentration in the sorbed phase (Cs) is estimated using the Freundlich isotherm
equation.

where:
n = Freundlich exponent

See the section on “Adsorption” in this appendix for more information on the Freundlich
exponent.

Cation Exchange

Cation exchange is another process modeled by SESOIL that accounts for adsorption.
Cation exchange is the exchange of a cation in solution (e.g., dissolved metals) with
another cation in the soil. The exchange of cations causes the dissolved phase
constituent to become physically sorbed onto the soil. The cation exchange process is
modeled by SESOIL using:

10.0-CEC - MW
MCEC = Val (A-8)
where:
MCEC = maximum pollutant cation mass exchanged by the soil
(ng/g soil)
CEC = cation exchange capacity of the soil (meg/100 g dry wt. sail)
MW = molecular weight of the pollutant (g/mol)
Val = valence of the cation (-)

The variables defined above are user inputs to the SESOIL model. There are defaults
in the chemical database for molecular weight.

A-10
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Contaminant Mass Loading and Transport

Contaminant mass can enter a layer in two ways: (i) an input specified by the user or (ii) .
mass transported from an adjacent layer. Mass enters the sublayers through advective
transport in the liquid phase or from diffusive transport in the gaseous phase.

Diffusion and Volatilization

When volatile emissions are calculated, SESOIL assumes the air above the soil surface _
has zero concentration and calculates volatile emissions as the diffusive flux over the
source area to the air. The algorithm used is the Farmer's model (Farmer et al., 1980)
which is discussed in more detail in Appendix E. However, the Farmer's algorithm
differs from the standalone Farmer's model because the SESOIL code conserves mass,
the volatilization is calculated (and updated) at each time step, and the SESOIL code
accounts for other loss terms, such as degradation. The Millington and Quirk (1961)
adjustments are made to estimate the effective diffusion coefficient based on moisture
content. The vapor diffusion flux is estimated by

10

J,=-D, % 1oy (~9)
0,° | dz
where:
Ja e diffusion flux (ug/cm®’s)
Da = diffusion coefficient in air for the compound (cm7s)
0a = air-filled porosity (cm*/cm®)
o1 = total porosity (cm*/cm’)
C = concentration of the compound in the soil vapor (ug/cma)
z = depth (cm)

The user has the option to “turn off” or “dial down” the amount of volatilization allowed
from each layer. For example, specifying a value of 0.0 for the volatilization index
means that no volatilization will be allowed for that layer. A value of 0.5 means that 50%
of the calculated volatilization will be aliowed. This feature was included in SESOIL
because volatilization routines that assume uniform moisture content tend to greatly
overestimate volatilization. In reality, the soil moisture content would contain some
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regions with a higher moisture content than the long-term average and some regions
with lower moisture content. The regions of higher moisture content (and hence lower
air content) will tend to greatly reduce volatilization. Since these are not accounted for
in the model, SESOIL will tend to over estimate the amount of volatilization occurring.
This is a common problem with analytical or semi-analytical vadose zone models.

Some state agencies have understood this concern and have specified that when
SESOIL is used for risk assessments the volatilization should be limited to a certain
value. For example, the Hawaii state UST guidance recommends that the volatilization
be limited to 0.2 for all layers. This volatilization index is specified in the “Soil Data for
Each Layer” group (see Figure A-2).

Adsorption

SESOIL uses the Freundlich equation to estimate concentrations in the solid phase.
The Freundlich isotherm is defined as

C,=K,C,n (A-10)
where:

Cs = poliutant adsorbed concentration (ug/g)

Ky = poliutant partitioning coefficient (ug/g)/(ug/ml)

Cv = pollutant concentration in soil water (ug/ml)

n = Freundlich exponent

For most organic chemicals, adsorption is assumed to occur mainly on the organic
carbon found in the soil. In this case, Kyis assumed to equal the product of Ko and Fec
(the fraction organic carbon). In the DSS, the default value of the Freundlich exponent
is set to 1.0 which assumes a linear model for sorption. According to “The New
SESOIL User’s Guide” (Hetrick et al., 1994) values for n generally range from 0.9 and
1.4 and if the value is not known a value of 1.0 should be used. Lyman et al. (1992)
states that there is a lack of reported values for the Freundlich exponent for petroleum
hydrocarbons. Rao and Davidson (1980) have compiled a list of mean values of n for
several pesticides and pesticide related compounds. These values were derived from
sorption experiments and ranged from 0.70 to 1.18 with an overall mean value of 0.87.
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The Freundiich exponent and organic carbon content (Fo) are entered in the “Soil Data
for Each Layer” group (see Data Requirements). The user may enter an overall
partitioning coefficient, Kq, for the chemical (in the chemical database or in the SESOIL
chemical inputs). This Kq value will override the Ky that would have been calculated
from Foc and Ko If Ka is zero (the default value), it will be calculated from Fo: and Ke.

Cation exchange is primarily used to simulate the complexation of metals. Cation
exchange, as modeled in SESOIL, is not an equilibrium reaction. It is irreversible and
the mass of pollutant “exchanged” is unavailable for further reactions. This is in contrast
to the adsorption discussed above which is an equilibrium reaction and is reversible.
Cation exchange and adsorption are two mechanisms that remove pollutants from the
liquid phase. These two mechanisms may both remove the same pollutant. The user is
advised to simulate only one of these mechanisms unless the user-specified coefficients
are chosen such that there is no “double counting” of adsorbed pollutant. The
molecular weight and valence of the chemical are used in the cation calculations.

These are entered in either the chemical database or the SESOIL chemical parameters
group.

SESOIL calculates the mass of pollutant exchanged before simulating other processes.
This means that cation exchange precedes the other processes and pollutants involved
in cation exchange are not available to other processes.

Mass Transformations

Mass transformations contribute to the loss of contaminant mass through a number of
processes. These include (i) user-specified losses (or gains), (i) degradation in the
liquid phase, (iii) degradation in the solid phase, (iv) transformation by hydrolysis in the
liquid phase, (v) transformation by hydrolysis in the solid phase, and (vi) contaminant
transformation by cation exchange. Each of these processes is discussed below.

In the standalone version of SESOIL, the user can specify the mass of pollutant that is
transformed in each time step (monthly or annually). The user-specified value is

considered a loss to the system. This option is not available in the DSS (the decay
rates should be used instead).
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In addition to the user-specified mass transformations, SESOIL estimates first order
decay of contaminant mass in the solid and the liquid phase. If concentrations are quite
high, it may be reasonable to set the solid phase decay rate to zero, thereby assuming
degradation only takes place after the contaminant solubilizes and migrates away from
the source.

SESOIL simulates neutral, base and acid catalyzed hydrolysis of organic compounds. It
is assumed that the rate of hydrolysis is the same for the adsorbed, the dissolved and
the cation exchanged pollutants. These chemical-specific parameters are entered in
the “Chemical Parameters” section (see Figure A-2).

Mass Out

Mass can leave a layer in SESOIL through three mechanisms: (i) advection of the ‘_
dissolved phase, (ii) volatilization or diffusion, and (iii) a user-specified sink. The API
DSS version of the SESOIL code does not allow the user to specify a sink.

Diffusion occurs only in the upward direction between sublayers. Diffusion is calculated
from a sublayer with a higher concentration to an adjacent layer with lower
concentration. The mass diffused is considered an input to the layer with the lower
concentration. For the uppermost sublayer, diffusion loss to the atmosphere is
calculated assuming zero concentration in the atmosphere. The user-specified sink is
mass that the user specifies as leaving a layer and not moving to any other layer. Thus
this mass is lost to the system. The user-specified sink is not an option in the DSS.

Assumptions and Limitations of the Contaminant Transport Module

Following are the key assumptions that are used to estimate the fate and transport of
contaminants by SESOIL:
1. Compositional equilibrium among phases is assumed at all locations at all times.

2. SESOIL can only provide the average concentration for a layer. It does not have
the capability to estimate concentrations at arbitrary depths; however, SESOIL can
calculate concentrations for up to 40 different sublayers.

3. Each layer in SESOIL is defined by its depth, pH, intrinsic permeability, organic
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carbon content, cation exchange capacity, Freundlich exponent and adsorption
coefficient. All other model parameters are constant with depth.

4. SESOIL assumes no dispersion in the liquid phase. This will cause the model to
underestimate travel times. For cases with shallow water tables and short travel
times, dispersion may be small. For large depths and/or long travel times
dispersion may be large and ignoring dispersion could be a significant omission.

5. The soil moisture is a key parameter that usually varies with depth in the
unsaturated zone. This parameter has a significant effect on pollutant transport
and is considered to be constant with depth in SESOIL.

Requi nts for the SESOIL Model
Table A-1 shows the data required to run the hydrology and contaminant fate and

transport modules of SESOIL. Figure A-2 shows the main SESOIL input screen in the
DSS. The foliowing sections are organized around the buttons in this figure.
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TABLE A-1. DATA REQUIRED TO IMPLEMENT THE SESOIL MODEL

PARAMETER DEFINITION U_NITS API DSS UNITS
Model Contro! Parameters
Simulation Time [yrs] fyrs]

No. of Layers
No. of Sublayers/Layer

Chemical Data

Solubility

Diffusion Coefficient in Air
Henry's Law Constant

Koc

Overall Decay Rate

Climate Data

Surface Temperature
Evapotranspiration
Annual Precipitation
Storm Duration

Storm Events

Length of Rainy Season
Surface Runoff

[]
g

[ug/ml]

[em“/sec]
[mg® atm/mole]

[ug/g oc /ug/mi]
[1/day]

[C]
[cm/day]
[cm/year]

[days]
[no. events/year]
[months]

[cmiyr]

Unsaturated Zone Data for the Entire Soil Column:

Effective Porosity
Soil Bulk Density
X-dimension of the source
Y-dimension of the source

Unsaturated Zone Data for Each Layer:

Thickness of the layer
Intrinsic Permeability
Fraction Organic Carbon
Pollutant load to the layer for
each chemical of concern

[-]
[o/em’]
[m]
[m]

[m]
[cm’]
[mg/mg]

(kg

[mglL]

[em™/sec]

-~ [(mg/L)/(mg/L)]

[ug/g oc fug/ml]
[1/day]

[C]
[cm/day]
[cmiyear]

[days]
[no. eventsfyear]
[months]

[emiyr]

H

[g/em’]
[m]
[m]

[m]
[em’]
[mg/mg]

(kal
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Figure A-2. Main SESOIL Screen of the DSS.

Initial Soil Concentrations

At the start of the simulation (i.e., time = 0) the user may specify initial total
contaminant concentrations in soil (in mg/kg) for each sublayer of each layer. The
concentrations specified are for the individual contaminant being modeled. If the
individual contaminant being modeled is part of a contaminant mixture (such as
benzene in a gasoline spill) the effective solubility should be modified to account for

the effects of the mixture. For more information, see the section on chemical-specific
parameters.

Starting Month for Simulation

The first three letters of the starting month for the transport model must be entered.
SESOIL operates on a hydrologic year—that is the hydrologic simulations always start
at the beginning of the hydrologic year (October). The initial mass however need not
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be assumed to be present in October. In this variable the user has the opportunity to
enter the actual month in which fate and transport simulation begins. For example, if
initial concentrations in soil were measured in January, the user would enter “JAN” in
this option. The SESOIL output would show zero concentration input for the first three
months of simulation and then the mass loading would occur in January of the first
year of simulation.

Chemical-Specific Properties

The following chemical-specific properties are required to run SESOIL.:
— effective solubility (mg/l)
- diffusion coefficient in air (cm?s)
— Henry’s law coefficient (mg/l)/(mg/l)
—- K, (organic carbon partition coefficient) (ug/goc)/( ug/mi)
— molecular weight (g/mol)
- K, (soil adsorption coefficient) (ug/g)/( ng/ml)
— nuetral hydrolysis coefficient (1/day)
— acid hydrolysis coefficient (L/mol/day)
— base hydrolysis coefficient (L/mol/day)
— degradation rate in liquid (1/day)
— degradation rate in solid (1/day)

Effective Solubility (mg/l)

The default value that appears in this box is the chemical's pure phase solubility from
the APl DSS chemical database. If the chemical is part of a chemical mixture (such
as benzene in a gasoline mixture) the user should calculate the chemical’s effective
solubility and enter it in this box. The effective solubility is calculated from the
chemical’'s mole fraction in the solution and its pure phase solubility.

S. =XS, (A-11)

where:

aqueous solubility of pure component [g/]]
mole fraction of component in the hydrocarbon mixture
[mol/mol]

x o
n
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The mole fraction of the individual component is calculated from:

X, = — (A-12)
Mypy
xi = CsiMWTPH (A—13)
MWiCsTPH
where:
m; = total moles of component [mol]
mres = total moles of TPH [mol]
Cs = total concentration of component i in soil [mg/kg]
Csen = total concentration of TPH in soil [mg/kg]

MW = molecular weight of component i [g/mol]
MWy = molecular weight of TPH [g/mol]

For components that have similar molecular weights as TPH (92 to 105 g/mol) the mole
fraction can be roughly estimated from the concentration of the individual constituent
divided by the TPH concentration, and the equation for effective solubility reduces to:

C.
S =—5, A-14
eff C | ( )

TPH

Diffusion Coefficient in Air (cni’/s)

Default values for the diffusion coefficient in air are located in the APl DSS chemical
database. For chemicals not included in the database, EPA's Soil Screening Guidance
(1996) provides a large database with values for diffusion coefficient in air.

Henry’s Law Coefficient (mg/{mg/l)
Default values for Henry's Law coefficients are located in the AP| DSS chemical
database. To estimate the Henry's Law coefficient (H") in units of (mg/m* vapor)/(mg/m®
water) from a Henry’s Law value in units of atm-cm®mol use:
H
H=— A-15
RT ( )

where:

H’ Henry’s law coefficient (mg/m* vapor)/(mg/m® water)
Henry’s law coefficient (atm-cma/mol)

Universal gas constant (82.1 atm-cm®*/mol)
temperature (K)

- D I
o
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Organic Carbon Partition Coefficient [Koc] (u9/9 soil)/ug/ml water)

The default values for K in the APl DSS database are from EPA's Soil Screening
Guidance (USEPA, 1996). If the K value entered is non-zero, then the partition
coefficient (Ka) is calculated from: ' ‘

Kd - Koc Foc (A‘1 6)
where:

Kq
Foc
Koc

partition coefficient (;,g/g soil)/( ,g/ml water)
fraction organic carbon in soil (mg oc/mg soil)
organic carbon partition coefficient (,9/g soil)/( 1g/ml water)

If Kee is entered as a non-zero value the user should make sure that the Ky input
parameter is equal to zero to avoid “double counting” sorption. Only one or the other
sorption mechanism should be used for any one chemical.

Soil Sorption Coefficient [K4] (,9/g)/(1,9/mi)

The soil sorption coefficient is used for non-organic constituents for which a sorption
coefficient is known. This value can be measured in the lab. If Kq is non-zero the user
should make sure that the K« input parameter is equal to zero to avoid “double
counting” (or predicting more sorption than was intended). The default value for Ky in
the DSS database is zero. -

Nuetral Hydrolysis Coefficient (1/day)
The default value for the nuetral hydrolysis coefficient in the DSS database is zero.

Acid Hydrolysis Coefficient (L/mol/day)
The default value for the acid hydrolysis coefficient in the DSS database is zero.

Base Hydrolysis Coefficient (L/mol/day)
The default value for the base hydrolysis coefficient in the DSS database is zero.

Degradation Rate in Liquid (1/day)
This degradation rate (decay rate) describes the rate at which the chemical degrades in
the dissolved phase. The degradation rate can be calculated from the half-life using:

Degradation Rate = -In(0.5)/Half-Life = 0.693 /Half-Life (A-17)
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where the half-life is in days. SESOIL does not model the creation of daughter
products.

Degradation Rate in Solid (1/day)

This degradation rate describes the rate at which the chemical degrades in the solid
(sorbed) phase.

tion Exchan i E

The cation exchange capacity function is used as an alternative way to estimate
adsorption in SESOIL. When cation exchange occurs, positively charged atoms or
molecules (cations such as heavy metals) are exchanged with the cations of minerals
and other soil constituents. The CEC is a measure of the amount of cations per unit of
soil that is available for exchange with the chemical. The user is referred to the “New
SESOIL User’s Guide” (Hetrick et al., 1994) for more information. The use of the cation
exchange capacity function is optional and the default values in SESOIL are zero.

Evapotranspiration Data Group

Depending on the option chosen in “Model Control Parameters,” the user will either
specify the amount of evapotranspiration occurring, or the user will enter values for
parameters used by SESOIL to calculate the evapotranspiration.

Evapotranspiration (fraction of rainfall)

(“Enter Evapotranspiration” option only)

Evapotranspiration represents the amount of water leaving the soil column (through the
soil surface). In the SESOIL input parameters, the amount of evapotranspiration
occurring is specified as a fraction of rainfali for the given time period. For example, if 2
inches of rain were specified for January and the evapotranspiration was set at 0.3, the
amount of water that SESOIL will attempt to have leave the soil column via
evapotranspiration is 0.3 x2 = 0.6 inches. SESOIL may not be able to meet this goal
since depending on other input parameters and soil moisture conditions, less than 0.6
inches may enter the soil column for that month. The input parameters that affect the
amount of water infiltrating are: precipitation, hydraulic conductivity (especially of the
top sublayer), porosity, and soil disconnectedness index.
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Mean Air Temperature (°C)

The mean air temperature is used to estimate evapotranspiration rates and soil
temperatures. If the evapotranspiration rates are specified then the mean air
temperature is not used to estimate evapotranspiration but is still used to calculate soil
temperature.

Albedo (fraction)

(“Calculate Evapotranspiration” option only)

The short wave albedo fraction ranges from 0 to 1 and is used to calculate
evapotranspiration rates. It represents the fraction of light (or solar radiation) reflected
by the soil surface.

Relative Humidity (fraction)

(“Calculate Evapotranspiration” option only)

This value is readily available from basic weather data. If the humidity is presented as a
percent value, convert it to a fraction before entering in the DSS.

Cloud Cover (fraction)
(“Calculate Evapotranspiration” option only)
This value represents the fraction of the time that the site is in cloud cover.

Precipitation bata Group

Precipitation (cmvyr or cmv/month)
The precipitation value should include all forms of precipitation, including snow.

Storm Duration (days)
This value should represent the average length of storms during the month. This type of
information is available from weather station data.

Number of Storms per month (#/month)

This value represents the average number of storms during the month. This type of
information is available from weather station data.
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Soil Column Data Group
This data group contains the input parameters that are constant for the entire soil
column.

Effective Porosity

The effective porosity is the volume of void spaces available to transmit water in the soil.
Eagleson (1978) defines effective porosity as

N=(1-s;)m; (A-18)
where:
N = effective porosity (cm® voids/cm® soil)
mn o= total porosity (cm” voids/cm® soil)
s = residual saturation (cm°® water/cm® soil)

The residual saturation is the volume of water unmoved by gravity drainage/volume of
voids. The New SESOIL User's Guide (Hetrick et al., 1994) presents the following table
showing default values of effective porosity.

Table A-2. Effective Porosity by Soil Class.

Effective Porosity
USDA Textural Soil Class (Bonazountas and Wagner, 1994)
Clay {very fing) _0.20
Clay (medium fine) 0.20
Clay (fine) 0.22
Silty clay 0.25
Silty clay loam 0.27
Clay loam 0.30
Loam 0.30
Silt loam 0.35
Sift 0.27
Sandy clay 0.24
Sandy clay loam 0.26
Sandy loam 0.25
Loamy sand 0.28
Sand 0.30
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Soil Disconnectedness Index
The soil pore disconnectedness index typically ranges from 3.7 for sand to 12.0 for fine
clay. It relates the soil permeability to the soil moisture content.

Table A-3. Disconnectedness Index by Soil Class.

Disconnectedness index

USDA Textural Soil Class (Bonazountas and Wagner, 1994)
Clay (very fine) 12

Clay {medium fine) 12

Clay (fine) 12

Sitty clay 12

Silty clay loam 10

Clay loam 7.5

Loam 6.5

Silt loam 55

Silt 12

Sandy clay 6

Sandy clay loam 4

Sandy loam 4

Loamy sand 3.9

Sand 3.7

Soil Bulk Density (g/cm’)

The average dry weight soil bulk density should be entered. Measured as average dry
density of soil (including pore spaces)—g of soil/lcm® bulk volume. General ranges
used: sand (1.18 to 1.58), silt (1.29 to 1.80), and clay (1.40 to 2.2).

X-Dimension of Source (m)
The x-dimension of the source represents the length of the source in the direction of
groundwater flow in the aquifer beneath the soil column.

Y-Dimension of Source (m)

The y-dimension of the source represents the length of the source perpendicular to the
direction of groundwater flow in the aquifer beneath the soil column.

A-24

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:37 2008



STD.API/PETRO PUBL 4L85-ENGL 1999 mm 0732290 0b27101 477 M

Latitude (degree)

This value is used to calculate evapotranspiration rates. If evapotranspiration rates are
specified by the user then this value is not used.

Soil Data For Each Layer Data Group
The following input parameters are entered for each layer in the model. The values
may differ between layers.

Thickness of Layer (m)
The thickness of each layer is entered for this input parameter. The sum of all the
thicknesses should represent the distance from the soil surface to the water table.

Intrinsic Permeability (cnr’)
To obtain intrinsic permeability from hydraulic conductivity, use the following equation:

k=KL (A-19)
Pg

where:

= intrinsic permeability (cm?)

= hydraulic conductivity (cm/s)

= dynamic viscosity of fluid (usually water) (g/cm-s)
= density of fluid (usually water) (g/cm®)

= gravitational acceleration (cm/s?)

Q@O FT X X~
[

For water at 20 °C, in the units presented above, the value of Lllpg is equal to 1.0E-5
cm’. See table for default values.
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Table A-4. Intrinsic Permeability by Soil Class.

Intrinsic Permeability (cm®?)
USDA Textural Soil Class (Bonazountas and Wagner, 1994)
Clay (very fine) 7.5E-11
Clay (medium fine) 2.5E-10
Clay (fine) 6.0E-10
Silty clay , 5.0E-11
Silty clay foam A 8.5E-11
Clay loam 6.5E-10
Loam 8.0E-10
Silt loam 3.5E-10
Silt 5.0E-11
Sandy clay 1.5E-9
Sandy clay loam 2.5E-9
Sandy loam 2.0E-9
Loamy sand 5.0E-8
Sand 1E-8

Fraction Organic Carbon (g oc/g soil)

Fraction organic carbon (Fq) is easy to measure by a soil laboratory The Foc is used to
estimate retardation and sorption rates for organic chemicals (having a non-zero K).
The higher the F, the greater the sorption to soil by the chemlcal and the greater the
retardation with respect to average groundwater flow.

PH

This value should describe the soil’s pH value for the given sublayer. The pH value is
used in the cation exchange processes and for deriving the hydrolysis degradation
rates.

Fraction of Emissions Allowed (fraction)

SESOIL allows the user to “dial down” the amount of emissions occurring between each
layer and between the top layer and the ambient air. The SESOIL code first calculates
what the emission rate shouid be and then if a value less than 1.0 is entered for this
fraction, the actual emission rate from the given layer is adjusted accordingly. This
option was included because the volatile emission algorithms used in SESOIL (and
many other codes using a Farmer’s type algorithm) tend to overestimate emissions.
(See explanation in the section entitled “Diffusion and Volatilization™.) Since SESOIL
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conserves mass, the more emissions that exit the soil column from the top, the less
mass there is in the soil column available to transport to the water table.

Fruendlich Equation Exponent (-)

The Freundlich equation exponent is used to determine chemical sorption. Values of

this exponent typically range from 0.9 to 1.4. If the value is not known, use a value of
1.0 (Hetrick et al., 1994).

Saturated Zone Mixing Model Data Group
This data group only appears if ‘SESOIL linked with a mixing zone model is chosen in
Step 1.

Saturated Conductivity of the Aquifer (m/d)

The hydraulic conductivity of the aquifer just beneath the soil column is entered here.
The units used for the saturated hydraulic conductivity are different than for intrinsic
permeability which is used for the soil column.

Hydraulic Gradient (m/ym)
The hydraulic gradient of the aquifer beneath the soil column.

Thickness of the Aquifer (m)
This value represents the thickness of the saturated zone beneath the soil column.

SESOIL Options Not Available from the API DSS interface

1. The standalone SESOIL model provides three options for implementing the
hydrologic module - user specified hydrology, annual hydrology and monthly
hydrology. The API DSS allows the user to implement SESOIL using the monthly
hydrology option only.

2. The sediment erosion module cannot be accessed from the APl DSS version.

3. Ligand complexation cannot be modeled using the APl DSS version.
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Example Problem

In this hypothetical example problem a former gas station located in San Francisco,
California, has been closed and is for sale.

When the USTs were excavated, a spill was discovered in the vadose zone. The
spill appears to have occurred underground, there is no evidence of surface spills.
Soil samples were collected from the bottom of the excavation and around the

sides. It appears that the geologic media beneath the site is predominantly sandy
clay. The soil contamination appears to not have reached groundwater in any great -
quantity, based on relatively clean soil samples taken just above the water table and
groundwater samples. The excavation will be backfilled with clean silty clay. The
native soil has been characterized as a sandy clay.

The site geology and soil concentration data are shown below.

WEST

Source

Figure A-3. Site Hydrogeology for Example Problem.
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In this example, SESOIL will be run with the mixing zone model to estimate
concentration in groundwater directly underneath the source. The aquifer gradient
is 0.008 ft/ft. From Bonazountas and Wagner (see Table A-4) the intrinsic _
permeability of sandy clay is estimated to be 1.5E:9 ¢cm?.  This intrinsic permeability
value translates to a hydraulic conductivity of 1.5E-4 cm/s, or, 0.13 m/d (see

equation A-19). The mixing zone height for the aquifer will be set at an (arbitrary)
value of 2 m. '

Table A-5. Soil Concentration Results for Example Problem.
Sampling Date: Jan 6, 1997

Benzene

Sample Description Units Concentration
Soil Boring 1 mg/kg soil

10 ft depth ND (0.05)

15 ft depth 45

20 ft depth 0.053
Soil Boring 2 mg/kg soil

10 ft depth 12.5

15 ft depth 6

20 ft depth ND (0.05)
Soil Boring 3 mg/kg sail

10 ft depth 1.2

15 ft depth 34

20 ft depth ND (0.05)

In the SESOIL model, the maximum number of layers is four with a maximum of 10
sublayers for each layer. SESOIL will have a much better “resolution of the
solution” if the maximum number of layers and sublayers are used. Each additional
layer causes the code to run slower, however.

For this example problem, the number of sublayers will be kept to a minimum to
reduce runtime. The SESOIL model geometry used is shown in Figure A-4 (the

benzene concentrations for each layer are also given.)

Note: Layer 1 'corresponds to the silty clay placed into the excavation.
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_16.5m (54 it)
9 m (30 ft)
! 0.0 mg/kg
Layer 1 - Maximum Benzene
4 Sublayers 0.0 mg/kg Concentrations from
3m(9ft y analytical data
(©f) 0.0 mg/kg 7 [mg/kg]
J 0.0 mg/kg
' “ 12.5 mg/kg @ 10 ft bgs
Layer 2: '
1 Sublayer 1m@3.5f)| 12.5 ma/ka
T < 6 mg/kg @ 15 ft bgs
Layer 3: 15m @5ty | 6mgkg
1 Sublayer l /
4 Sublayers /vI
LO 1 0.053 mg/kg
7om (2.5 all sublayers
Rationale

Layer 1 represents the clean soil to be placed back in the excavation. It should
be subdivided into as many layers as possible to slow down the volatile
emissions. This layer is assumed to be “clean” (zero concentrations).

Layer 2 represents an estimated volume of soil corresponding to the sample
taken at 10 ft bgs. The layer was assigned a thickness of 3.5 ft roughly
corresponding to the distance from the bottom of the tank pit to halfway in
between the 10 and 15 ft samples. The maximum concentration found at 10 ft
was assigned to this layer.

Layer 3 represents an estimated volume of soil corresponding to the sample
taken at 15 ft bgs. The thickness of the layer corresponds to half of the
distance between the 15 ft and 10 ft samples added to half of the distance
between the 15 ft and 20 t samples (5 ft thickness). '

Layer 4 represents an estimated volume of soil corresponding to the 20 ft
sample. Since the 20 ft sample was at the water table the thickness of the layer
was assumed to be equal to one half the distance from the water table to the 15
ft sample. '

Figure A-4. Model Geometry Chosen and Rationale.
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Running the AP! DSS for this Example
Step 1: Development of Risk Scenario.

In this step, the chemicals of concern and the exposure pathways are selected—
the risk scenario is defined.

o Select the benzene as the chemical of concern. '

 For the exposure pathways, choose a groundwater route (e.g. “Drinking water”; it
doesn’t matter which one since this is just a fate and transport example).

« Select “SESOIL with Mixing Zone” for the groundwater fate and transport model.

Step 2: Receptor Point Concentrations

Entering SESOIL data

Tables A-6 and A-7 summarize the input parameter values for SESOIL for this

example problem. The initial soil concentrations for benzene for each layer are
shown in Figure A-4.
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Table A-6. Parameter Values for SESOIL for the Example Problem (continued).

Units

Value

Layer

Layer
2

Layer

Layer
4

Model COntroI Parameters oL LT

1

3

Slmulatlon Tlme

No. of Layers - 4 =
No. of Sublayers/Layer - SRR 4
Climatic Data: Annual or - monthly il
Monthly? values

yes

Chemncal Data

Enter Evapotransplratlon'7

Solubility

use

Diffusion Coefficient in Air

cm?/sec

default

Henry's Law Constant

(mg/L)/(mg/L)

Koc

ug/g oc fug/mi

Overall Decay Rate

1/day

Effective Porosity - 0.25
Soil Bulk Density g/cm’ 1.7
Soil Disconnectedness - 6
Index

Latitude degrees 39
X-dim. of the source m 16.5

Y-dum of the source

Unsaturated :Zoﬂ

Thickness of each Iayer

Intrinsic Permeability

Fraction Volatile Emissions
Allowed*

Fraction Organic Carbon

Chemical concentration

chem-

Saturated Zone

specific

Hydraulic Conductivity | mid_
Hydraulic gradient m/m
Depth of mixing zone m 2
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Table A-7. Monthly Climatic Values for SESOIL Example Problem.
San Francisco

Evapo-
Mean Air Mean Air trans- Precup- Precip- Storm Storm
Month Temp."! Temp. piration’ itation' itation Duration® Events’
F C fraction in/mo cm/mo days #/mo
October 22 0.3 2.8 0.1 3
November 18 0.3 6.3 0.25 5
December 16 0.3 8.9 0.25 5
January 13 0.3 11.4 0.25 8
February 13 0.3 7.2 0.25 9
March 16 0.3 6.6 0.25 5
April 18 0.3 3.8 0.1 3
May 20 0.3 0.9 0.1 2
June 20 0.3 0.4 0.1 2
July 22 0.3 0.1 0.1 1
August 22 0.3 0.2 0.1 1
September 22 0.3 0.6 0.1 2
Annual
Totals or 18 0.3 491 0.2 46.0
Annual
Average

' The Water Encyclopedia, van der Leeden, et al., Lewis Publishers, 1991.
? This value was chosen by running the model and adjusting the evapotranspiration

input value until the groundwater runoff predicted was in the range of 10 to 20%
of the total precipitation.

These input values were based on professional judgment.

Example Problem Results

The first two years of the SESOIL output file are at the end of this appendix (blank
lines have been deleted to save paper). Figure A-5 shows the hydrologic cycle
components from the annual summary report contained in the SESOIL output. The
first hydrology may vary a little but from the second year until the end of the
simulation the same hydrologic parameters are used in the model.

Figure A-5 shows one of the very important sections of the SESOIL output. This

section summarizes the model-calculated values for soil moisture content for the
entire soil column, infiltration (across the ground surface—not the amount of water
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reaching groundwater), surface runoff, and groundwater runoff (called GRW
RUNOFF in the output). These values should be checked for reasonableness for
every SESOIL run. This table is summarized in the “SESOIL Hydrology Summary”
option under the “View Model Qutput” button.

1 YEAR - 2 ANNUAL SUMMARY REPORT

T T o o o o o e o . ) e v — T - ———— — o — —— —— —

-—- TOTAL INPUTS (UG) --

UPPER SOIL ZONE 0.000E+00
SOIL ZONE 2 0.000E+00
SOIL ZONE 3 0.000E+00
LOWER SOIL ZONE 0.000E+00

-- HYDROLOGIC CYCLE COMPONENTS --

AVERAGE SOIL MOISTURE ZONE 1 (%) 17.766
AVERAGE SOIL MOISTURE BELOW ZONE 1 (%) 17.766
TOTAL PRECIPITATION (CM) 49.047
TOTAL INFILTRATION (CM) 22.656
TOTAL EVAPOTRANSPIRATION (CM) 14.760
TOTAL SURFACE RUNOFF (CM) 26.387
TOTAL GRW RUNOFF (CM) 7.896
TOTAL MOISTURE RETENTION (CM) .000
TOTAL YIELD (CM) 34.288

Figure A-5. Hydrologic Summary from SESOIL Output for Year 2.

Figure A-6 shows the first 20 years of simulation from the groundwater
concentration chart in EXCEL®. The chart shows the seasonality of the SESOIL
output. The wet months are assumed to produce higher groundwater runoff rates
and hence higher mass loading rates.
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Concentration in Groundwater Over Time

1.60E+01

1.40E+01 4

1.20E401 1 h 5 h,
L 3 y
i L
5, 1.00E+01 - 11.

8.00E400 1] 41} 1 [~e=Benzene ]
4 4

Concentration [mg/l

6.00E+00 4

4.00E+00 4

2.00E+00

0.00E+00

Figure A-6. Groundwater Concentrations for the First 20 Years.
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APPENDIX B
JURY'S UNSATURATED ZONE MODEL

The Jury model, Jury et al. (1990), is a screening level model that estimates the
chemical flux volatilizing from soil and the time-varying concentration profile within
the unsaturated zone. The latter can be used to estimate the contaminant mass
loading to the water table. This model is based on the analytical solution to the

differential mass balance equation and the boundary and initial conditions presented
below:

2
9;7- +uCr =Dy 8azczr = Ve ao—.CzT (B-1)
where
C = total soil concentration is defined by equation B-5 (mg of
contaminant/cm® of soil)
t = time (day)
n = first order decay rate constant (1/day)
De = effective diffusion coefficient estimated by equation B-8 (cm?/d)
z = depth measured positive downwards from the soil surface (cm)
Ve = effective contaminant velocity estimated by equation B-9 (cm/d)

The initial condition is:

Cr0<z<L, t=0) = Co (B-2a)
Criz>L, t=0) = 0 (B-2b)
where
Co = initial total contaminant concentration in soil (mg/cm®)
L = initial depth of contamination concentration (cm)

Equations B-2(a) and B-2(b) imply that initially the contaminant is uniformly
incorporated to a depth L. For the case of a contaminant source buried under a

clean fill, the solution is obtained by superposition as discussed further in this
section.

B-1
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C.
~-D, % +V.C, =-H,C, atz=0 (B-3)
where
He = mass transfer coefficient variable estimated using equation B-

10 (crmv/d)

Equation B-3 simulates the volatilization of chemical vapor to the atmosphere
through a stagnant air boundary layer above which the chemical concentration in air
is assumed zero.

The lower boundary condition is:
Crz=o0 allt) = 0 (B-4)

In equation B-1, the total soil concentration is assumed to be distributed among the
solid, aqueous and vapor phases and is estimated using:

Cr ppCs + 6w Cw + 02 Cv (B-5)

where

pb bulk density of soil (g of dry soillcm® of wet soil)

Cs sorbed phase concentration (g of contaminant/g of dry soil)
ow volumetric water content (cm3 of water/cm® of wet soil)

Cw = dissolved phase concentration (g contaminant/cm® solution)
6a

Cv

= air porosity (cm’ gas in soil/cm” wet soil)
= vapor phase concentration (g contaminant/cm® gas in soil)

The definition of Ct precludes the use of this model in situations where immiscible
liquids or precipitates are present.

The three individual phase concentrations Cs, Ci and C, are related by partition
coefficients as follows:
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Cs = Ko Cw (B'G)
and c = HCw (B-7)
where
Kd = the chemical-specific soil-water partition coefficient [(mg/g of dry
soil)/(g/cm” of solution)] (Ks = Kes fos) and
H = Henry's Law constant [(mg/L of vapor)/(mg/L of solution)]

The chemical-specific partition coefficient can be estimated as the product of the
fractional organic carbon content and the normalized organic carbon partition
coefficient.

The effective diffusion coefficient in equation B-1 is estimated by:

(983‘33D;H + 9W3.33Dlw)/92
£~ PolocKoe + 6y +6,H (B-8)
where

Dy = the chemical-specific gaseous diffusion coefficient in air
(cm’/day)

D" = the chemical-specific liquid diffusion coefficient in water
(cm’/day)

Ba = air-filled porosity (cm® - air/em® - soil)

ow = water-filled porosity (cm® - water/cm® - soil)

foe = fraction of organic carbon in soil (mg of organic carbon/mg
of soil)

All other variables have been defined previously. The effective contaminant velocity
in soil in equation B-1 is estimated by:

Jw
V. = a
s pbfocKoc + 6W + 6a,-‘l (B 9)
where
Jw = the volumetric soil-water flux, i.e., percolation rate when J,,

is positive, (cm/day)

B-3
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Finally, the variable He is defined as :

hH
He= K <8, t6.H (B-10)
h = Dy/d (B-11)
where '
h = boundary layer transfer coefficient (cm/day)
d = the stagnant air boundary layer thickness (cm)

The solution for equations (B-1) through (B-4) yields the concentration profile and is
presented by Jury et al. (1990) as :

C/(z,t;L)= %Co exp(_ #t){erf .(Z;L:VLOJ_ erf{(z_ VEt)J

J4Dt JaD.t
(1+— oxp EZI ¢{Z+L+V t)] m{(z+VEt))J
4Dt
[ (z+(2H  + V) ]
y & 4Dt
+[2+£Jexp(HE(HE V)t +(He +V, )z e (B-12)
He De ) [HEL] [zl (eH + V)

--G'XP De © . \/4DEt J

Jury et al. (1990) also present the cumulative volatilization flux Vc(t), i.e., mass/unit

area volatilized, from the soil surface between the start of volatilization and time t as:
-, (v V, —2H,

V.(t)= -?"{75[1 —exp(-put)|(S, - 8,) - [T———]ﬁ exp(~put)[S, - S, ]|

P T0e+2H) v, (e+2H) y2
+exp[ 2+ﬂ(LJI)__ 2(u-8) 21 a(u-)pJD; | 4BD | >

P T1e+2H) v, (e+2H) v2
+exp[—5+ ﬁ(L\/E) -—————2(/1_ g5 2 4(# 25 «/_ b \/_ Ss
(Ve +2H.) v.2
[wH{ (-9 u ]57 &1
B-4
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where

g

B
Si

Sz
Ss
Ss
Ss
Se
S,

Equations B-12 and B-13 present the time varying concentration profile and the
cumulative volatilization flux for the case when the contaminant is initially uniformily

Vel/De

(He + Ve)He/De

(VEZ/4DE + u)wz

erfc[Vet/(4Det) "]

erfc[(L + Vet)/(4Det) 7]

exp(g 1) erfcl(Ve + 2He)t/(4Dgt) )

exp(g t + He /D) erfc[L + (Ve + 2He))t/(4Det) ]
erfc[L/(4Det) " - g(1)"]

erfc[L/(4Det) " + p(t) "]

erflg()"]

incorporated over a depth L (see Figure B-1). By using the principle of

superposition, Jury's model can be used to estimate the concentration profile and
the emissions for the case when the contaminant is buried below a clean layer of

soil as shown in figure B-1(a) as discussed below.
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Assuming that the uniformly contaminated soil of thickness 'D' is buried under a
clean cover of thickness 'L', Equations B-12 and B-13 are evaluated for the first
hypothetical case figure B-1(b) where the soil is contaminated to a depth (L+D).
Equations B-12 and B-13 are then evaluated for the second hypothetical case figure
B-1(c) where the soil is contaminated to a depth 'L'. The results of these two
hypothetical cases are then subtracted to yield the results for the actual case Figure

B-1(a). Concentrations estimated at the water table are used to compute the
contaminant fluxes at the water table using:

A
M, =VC, A+ DZCA (B-14)

where
Mwr = annual mass loading to water table (mg/yr)
= infiltration rate (m/yr)
= area of the source (cm?)
= dissolved phase concentration at the water table (mg/cm®)
hydrodynamic dispersion coefficient (cm2/yr)

RlE O 0> <
N

= concentration gradient at the water table (mg/cm®/cm)

Running Jury with Source Concentrations Exceeding Residual Levels

The Jury model assumes that the chemical is in equilibrium in three phases: sorbed,
dissolved, and vapor. Residual, or fourth phase free product, are not handled in the

Jury equations. The model in DSS checks the following condition to see if residual
levels are present:

pb + pwew kg
= B-1
Cu=C, PoKocFoe +6,, +HO, 1000 mg (B-15)
where
H = Henry's constant [(mg/L of vapor)/(mg/L of solution)]
pb = bulk density of soil (g of dry soil/lcm® of wet soil)
pw - = density of water (g /cm®)
Ga = air-filled porasity (cm” - air/em® - soil)
B-7
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ow = water-filled porosity (cm® - water/cm® - soil)

foc = fraction of organic carbon in soil (mg of oc/mg of soil)

C = initial total soil concentration (mg of contaminant/kg of wet
soil)

If the dissolved phase concentration estimated with Equation B-15 exceeds the

solubility entered for the chemical then the following message will be written to the
screen and Jury output file:

L A S A S E R R R A A SRR E LR R R YRR R

USER INPUT SOIL CONCENTRATION EXCEEDS
CONDITIONS FOR WHICH MODEL IS APPLICABLE
(Jury’s model nct valid for concentrations
exceeding residual levels.)

SEE USERS MANUAL - APPENDIX B
FOR MORE INFORMATION

b R R o R o

Data Requir

The data required to estimate the time-varying cumulative volatile emissions as well
as the concentration profiles are presented in Table B-1. To convert from total mass
to initial concentration in the contaminated zone:

C, = (B-16)

where
M = the total contaminant mass in the soil (mg)
Vi the volume of wet soil (cm®)

In Table B-1, the thickness of the boundary layer refers to the thickness of a layer of
stagnant air through which vapor must move by molecular diffusion. The thickness
of this boundary layer is a complicated function of wind speed, relative humidity,
surface roughness, and fetch. Jury et al. (1990) use a value of 0.5 cm for the
example problem presented in the paper. Jury et al. (1983) discuss ways of
estimating the value of the boundary layer thickness.

B-8
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TABLE B-1. DATA REQUIRED TO IMPLEMENT THE JURY MODEL

PARAMETER DEFINITION UNITS

API DSS UNITS
Model Control Parameters
Simulation Time [yrs] [yrs]

Chemical Data

Total Soil Concentration [mg/kg] [mg/kg]
Diffusion Coefficient in Air [cm7/sec] [cm7sec]
Diffusion Coefficient in Water cm’/sec] [cm?/sec]
Henry's Law Constant [m” Atm/mole] [(mg/L)/(mg/L)]
Ko [ug/g oc /ug/ml] {ug/g oc /ug/ml]
Overall Decay Rate [1/day] [1/day]
Solubility [mg/1] [mg/]
Data for the Soil Column
Volumetric Water Content [] [-]
Effective Porosity -] . [-1
Soil Bulk Density [g/em’] [g/em?]
Fractional Organic Carbon Content [mg/mg] [mg/mg]
Thickness of Source [m] [m]
Thickness of Soil Cover : [m] [m]
Depth of Unsaturated Zone [m] [m]
X-dimension of the Source [m] [m]
Y-dimension of the Source [m] fm]
Thickness of Boundary Layer [cm] [cm]
Infiltration Rate[cm/sec] [cm/yr]
B-9
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ions Underlying the M | and its Appli ilit

1. The soil column is assumed to be homogenous and isotropic without
any variations with depth.

2. Theinfiltration rate is assumed to be uniform and steady.

3. The contaminant is initially incorporated uniformly from the top of the
soil column to a depth ‘L' cm below the surface. Note the case of
contaminant incorporated in a thickness of ‘D' cm buried below a
clean layer of soil is analyzed using the principle of superposition.

4. Contaminant decay is assumed to follow first order decay rate.

5. The partitioning of contaminant concentrations among the three
phases, i.e., solid phase, dissolved aqueous phase and the vapor
phase, is assumed to be linear. Compositional equilibrium among
phases is assumed at all locations at all times.

6. The effective diffusion of contaminant in the vapor and liquid phase
within the soil is based on the following relationships:

9 3.33
D, =0, (B-17)
" 6W3.33 .
D, =D (B-18)
T

It is not possible to quantify the effect of these assumptions on the estimated
emission rate or the concentration profile. Depending on the degree of departure
between the field situation and the assumptions made above, the Jury model may
overestimate or, in some cases, underestimate the emission rate.

B-10
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Exampie Problem

Estimate the cumulative emission of benzene over 10 years from an area 10 m by
10 m with an initial total benzene soil concentration of 1 mg/kg in a zone 1 meter
thick, 1 meter below the ground surface (covered with 1 m clean fill). The properties
of the soil column are shown in Table B-2. The graph of the emissions from the
EXCEL® output and the JURY.OUT file are attached at the end of this appendix.

TABLE B-2. PARAMETER VALUES USED FOR THE
JURY MODEL EXAMPLE PROBLEM

PARAMETER DEFINITION UNITS VALUE
Volumetric Water Content -1 0.15
Effective Porosity [-] 0.30
Soil Bulk Density [g/em?) 1.80
Fraction Organic Carbon [mg/mg] 0.005
Thickness of Source [m] 1.0
Thickness of Soil Cover [m] 2.0
Depth of Unsaturated Zone [m] 5.0
X-dimension of the Source [m] 10.0
Y-dimension of the Source [m] 10.0
Thickness of Boundary Layer [cm] 0.5
Infiltration rate [cmiyr] 15.0

Chemical Specific Parameters

Total Concentration in Soil [mg/kg] 1.0

Air Diffusion Coefficient [cm®/s] 0.088
Water Diffusion Coefficient [cm2/s] 9.80E-6
Henry's Law Constant [(mg/L)/(mg/L)] 0.228
KOC [ug/gOC/ug/ml] 58.9
Solubility [mg/L] 1750.0
Degradation Rate Constant [1/days] 0.001

B-11

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:43 2008



STD.API/PETRO PUBL 4k85-ENGL 1999 mE 0732290 0627140 117 WM

REFERENCES

Jury, W.A., W.F. Spencer, and W.J. Farmer. 1983. Behavior Assessment Model for
Trace Organics in Soil - 1. Model Description. J. of Environ. Qual., 12. 558-
564.

Jury, W.A,, David Russo, Gary Streile, and Hesham El Abd. 1990. Evaluation of

Organic Chemicals Residing Below the Soil Surface. Water Resources
Research. Vol 26. No. 1, Pages 13-20.

Graph from EXCEL for Example Problem:

Emissions from Soil Over Time

4.00E-03

3.50E-03 4

3.00E-03 1

2.50E-03 |

2.00E-03 4 [—#—Benzene |

1.50E-03

Emisslon Rate [kg/year

1,00E-03 4

5.00E-04 -

0.00E+00
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JURY.OUT
Page 1 of 6

Jury Output File
DSS Fate and Transport

*** GENERAL INPUT PARAMETERS ***

PARAMETER NAME UNITS VALUE
Porosity {cc/ce) .3000
Bulk Density (g/cc) 1.800
Water Content {cc/cc) .1500
Fraction Organic Carbon (mg/mg) 5.0000E-03
Incorporation Depth (cm) 100.0
Clean Soil Thickness {cm) 200.0
Simulation Time (yrs) 10
Length of Soil Column {(cm) 500.0
Infiltration Rate {cm/day) 4.1096E-02
Source Length {m) 10.00
Source Width (m) 10.00
Boundary Layer Thickness (cm) .5000

Chemical Specific Input Parameters for Benzene

Parameter Name Units Value
Total Soil Concentration (mg/kyg) 1.000
Diffusion Coeff. in Air (cm”~2/day) 7603.
Diffusion Coeff. in Water (cm"2/day) .8467
Henrys Constant {(mg/L)/{mg/L) ] .2280
Organic Carbon Part. Coeff. (cc/g) 58.90
Lumped Chemical Decay Rate (1/day) .1000E-02

Outputs for Benzene

Soil Concentration Profile

Depth (cm) Concentration(mg/kg soil)
.00 .00
50.00 .50E-02
100.00 .41E-01
150.00 .18
200.00 .43
250.00 .58
300.00 .45
350.00 .20
400.00 .48E-01
450.00 .62E-02
500.00 .42E-03
5.00 .20E-03
Emissions to Air from this time step (g) 1.952E-02
Advective Mass Loading Rate to Groundwater (g/day) 4.693E-05
Diffusive Mass Loading Rate to Groundwater (g/day) 1.084E-02
Advective & Diffusive Mass Loading Rate to GW (g/day) 1.089E-02
Cumulative Emissions to Air (g) 1.952E-02
Cumulative Loading to Groundwater (g) .398

B-13
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Time

= 1.00 years

Soil Concentration Profile

Depth (cm)

50.
100.
150.
200.
250.
300.
350.
400.
450.
500.

5.

00

Concentration{mg/kg soil)’

.37E-02

Emissions to Air from this time step (g)

Advective Mass Loading Rate to Groundwater (g/day)
Diffusive Mass Loading Rate to Groundwater (g/day)
Advective & Diffusive Mass Loading Rate to GW (g/day)

Cumulative Emissions to Air (

Cumulative Loading to Groundwater (g)

= 2.00 Y

g)

ears

Soil Concentration Profile

Depth (cm)

. 50.
100.
150.
200.
250.
300.
350.
400.
450.
500.

5.

00

Concentration{mg/kg soil)

.00

.14E-01
.28E-01
.41E-01
.51E-01
.59E-01
.63E-01
.64E-01
.62E-01
.58E-01
.52E-01

.14E-02

Emissions to Air from this time step (g)

Advective Mass Loading Rate to Groundwater (g/day)
Diffusive Mass Loading Rate to Groundwater (g/day)
Advective & Diffusive Mass Loading Rate to GW (g/day)

Cumulative Emissions to Air (g)

Cumulative Loading to Groundwater (g)

= 3.00 years

Soil Concentration Profile
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2.63

25.

7.905E-03
4.315E-02
5.106E-02

5

.996

5.779E-03
1.183E-02
1.760E-02

41 .4
33.8
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JURY.OUT
Page 3 of 6
Depth (cm) Concentration(mg/kg soil)
.00 .00
50.00 .62E-02
100.00 L12E-01
150.00 .18E-01
200.00 .23E-01
250.00 .28E-01
300.00 .31E-01
350.00 .33E-01
400.00 .33E-01
450.00 .33E-01
500.00 .31E-01
5.00 .61E-03
Emissions to Air from this time step (g) -432
Advective Mass Loading Rate to Groundwater (g/day) 31.514E-03
Diffusive Mass Loading Rate to Groundwater (g/day) 2.862E-03
Advective & Diffusive Mass Loading Rate to GW (g/day) 6.376E-03
Cumulative Emissions to Air (g) 47.8
Cumulative Loading to Groundwater (g) 3776
Time = 4.00 years

Soil Concentration Profile

Depth (cm) Concentration({mg/kg soil)
.00 .00
50.00 .30E-02

100.00 .60E-02

150.00 .89E-02

200.00 .12E-01

250.00 .14E-01

300.00 .16E-01

350.00 .17E-01

400.00 .18E-01

450.00 : .1%9E-01

500.00 .18E-01

5.00 .29E-03
Emissions to Air from this time step (g) .208
Advective Mass Loading Rate to Groundwater (g/day) 2.070E-03
Diffusive Mass Loading Rate to Groundwater (g/day) 3.043E-04
Advective & Diffusive Mass Loading Rate to GW (g/day) 2.375E-03
Cumulative Emissions to Air (g) 50.8
Cumulative Loading to Groundwater (g) 39.0
Time = 5.00 years

Scoil Concentration Profile

Depth (cm) Concentration(mg/kg soil)
.00 .00
50.00 .15E-02
100.00 .31E-02
150.00 -47E-02
200.00 .61E-02
B-15
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JURY.OUT
Page 4 of 6
250.00 .75E-02 '
300.00 .86E-02
350.00 .96E-02
400.00 .10E-01
450.00 .11E-01
500.00 .11E-01
5.00 .15E-03
Emissions to Air from this time step (g) .107
Advective Mass Loading Rate to Groundwater (g/day) 1.219E-03
Diffusive Mass Loading Rate to Groundwater (g/day) -3.342E-04
Advective & Diffusive Mass Loading Rate to GW (g/day) 8.848E-04
Curmulative Emissions to Air (g) 52.2
Cumulative Loading to Groundwater (g) 39.5
Time = 6.00 years

Soil Concentration Profile

Depth {(cm) Concentration(mg/kg soil)
.00 .00
50.00 .83E~03
100.00 .17E-02
150.00 .25E-02
200.00 .34E-02
250.00 .41E-02
300.00 .48E-02
350.00 .54E-02
400.00 .59E-02
450.00 .62E-02
500.00 .64E-02
5.00 .82E-04
Emissions to Air from this time step (g) 5.779E-02
Advective Mass loading Rate to Groundwater (g/day) 7.233E-04
Diffusive Mass Loading Rate to Groundwater (g/day) ' -4.080E-04
Advective & Diffusive Mass Loading Rate to GW (g/day) 3.153E-04
Cumulative Emissions to Air (g) 53.0
Cumulative Loading to Groundwater (g) 39.7
Time = 7.00 years

-+ Pt S+ 44

Soil Concentration Profile

Depth (cm) Concentration(mg/kg soil)
.00 .00

50.00 .47E-03
100.00 .95E-03
150.00 .14E-02
200.00 .19E-02
250.00 .24E-02

300.00 .28E-02

350.00 .31E-02
400.00 .34E-02
450.00 .37E-02

500.00 - .39E-02

B-16
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JURY.QUT
Page 5 of 6
5.00 .46E-04

Emissions to Air from this time step (g) 3.228E-02

Advective Mass Loading Rate to Groundwater (g/day) 4.335E-04

Diffusive Mass Loading Rate to Groundwater (g/day) -3.363E-04

Advective & Diffusive Mass Loading Rate to GW (g/day) 9.716E-05

Cumulative Emissions to Air (g) . 53.4

Cumulative Loading to Groundwater (g) 39.8

Time = 8.00 years

Soil Concentration Profile

Depth (cm) Concentration(mg/kg soil)
.00 .00
50.00 .27E-03

100.00 ) .55E-03

150.00 .83E-03

200.00 .11E-02

250.00 .14E-02

300.00 .16E-02

350.00 .18E-02

400.00 .20E-02

450.00 .22E-02

500.00 .23E-02

5.00 .26E-04
Emissions to Air from this time step (g) 1.851E-02
Advective Mass Loading Rate to Groundwater (g/day) 2.623E-04
Diffusive Mass Loading Rate to Groundwater (g/day) -2.459E-04
Advective & Diffusive Mass Loading Rate to GW (g/day) 1.649E-05
Cumulative Emissions to Air (g) : 53.7
Cumulative Loading to Groundwater (g) 39.8
Time = 9.00 years

Soil Concentration Profile

Depth (cm) Concentration(mg/kg seoil)
.00 .00
50.00 .16E-03
100.00 .32E-03
150.00 .49E-03
200.00 .65E-03
250.00 .81E-03
300.00 .96E-03
350.00 .11E-02
400.00 .12E-02
450.00 .13E-02
500.00 .14E-02
5.00 .15E-04
Emissions to Air from this time step (g) 1.083E-02
Advective Mass Loading Rate to Groundwater (g/day) 1.602E-04
Diffusive Mass Loading Rate to Groundwater (g/day) -1.705E-04
Advective & Diffusive Mass Loading Rate to GW (g/day) -1.027E-05%
B-17
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Cumulative Emissions to Air (g)
Cumulative Loading to Groundwater (g)

Time = 10.00 years

Soil Concentration Profile

Depth (cm) Concentration(mg/kg soil)
.00 .00
50.00 .94E-04
100.00 .19E-03
150.00 .29E-03
200.00 .39E-03
250.00 .49E-03
300.00 .58E-03
350.00 .67E-03
400.00 .75E-03
450.00 .82E-03
500.00 -88E~03
5.00 .00

Emissions to Air from this time step (g)

Advective Mass Loading Rate to Groundwater (g/day)
Diffusive Mass Loading Rate to Groundwater (g/day)
Advective & Diffusive Mass Loading Rate to GW (g/day)

Cumulative Emissions to Air (g)
Cumulative Loading to Groundwater (g)
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53.8
39.8

6.435E-03
9.867E-05
-1.151E-04
-1.645E-05

53.9
39.8

JURY.OUT
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APPENDIX C
ANALYTICAL TRANSPORT: ONE-, TWO-,

AND THREE-DIMENSIONAL (AT123D) MODEL

The AT123D model is a generalized analytical, transient, one-, two-, and/or three-
dimensional code for estimating the transport of wastes (heat, aqueous phase
dissolved chemicals, or radioactive waste) in a groundwater porous system.
AT123D, developed by Yeh (1981), is a screening-level analytical model that has

been used for several applications related to the evaluation of risk at hazardous
waste sites.

Figures C-1 and C-2 show schematics of AT123D run by itself and when linked
with a vadose zone model, respectively. AT123D solves the differential mass
balance (advective-dispersive) equation that describes contaminant fate and
transport in the saturated zone. Groundwater flow is assumed to be uniform, one-

dimensional, steady and uniform in the downgradient direction. Processes
simulated by AT123D include:

e Three-dimensional dispersion (longitudinal, lateral, and vertical).
¢ One-dimensional uniform advection.

e Linear, reversible equilibrium adsorption.

e Lumped first-order decay.

The saturated zone is assumed to be homogenous and isotropic in terms of its
physical properties (porosity, bulk density, etc.). Chemical sources may be
simulated as instantaneous injections of mass, or as time-varying mass flux rates
into the groundwater system. The saturated zone may be infinite or finite in the
lateral and vertical directions. The model has the ability to simulate a variety of
contaminant source geometries oriented in different ways along the x, y and z
directions. These sources include a point, line, plane, or a volume source. When
implemented, AT123D can be used to estimate concentrations as a function of
time at any location specified by different values of the x, y, z and t coordinates.

C-1
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Unsaturated y
Zone

Saturated
Zone

Direction of Groundwater Flow

Figure C-1. AT123D by Itself (not linked with a vadose zone model).

Unsaturated
Zone

Saturated
Zone

Direction of Groundwater Flow

Figure C-2. AT123D Linked with a Vadose Zone Model.

C-2
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AT123D uses Green's function to solve the advection-dispersion equation for the
conditions described above, and a separate solution is used for each type of
source and boundary condition. The majority of these are closed-form analytical
solutions; however, the solutions for a finite width and/or depth aquifer requires
truncation of infinite converging series.

AT123D Coordinate System and Source Configuration

The AT123D model requires the source geometry to be defined by specifying the
dimensions of the source in the x, y, and z dimensions (assuming a Cartesian
coordinate system). The x-axis or longitudinal axis is the direction of the
groundwater flow. The z-axis is the vertical direction measured positive
downwards and with a value of zero at the water table. The y-axis is the
transverse direction (with respect to groundwater flow).

The AT123D model allows essentially eight different geometric source
configurations, a point source, three line sources (one in each direction), three
planar sources (one in each axis plane), and a volume source. The model

geometry with a volume source is shown in Figure C-3. In more detail the eight
sources are:

i) A point source, specified by having an x-length, y-length and z-length equal
to zero.

i) A line source parallel to the x-axis, specified by the length of the line source
in the x-direction, and the other two dimensions being zero.

iii}) A line source, parallel to the y-axis specified by the length of the line source
in the y-direction, and the other two dimensions being zero.

iv) A line source, parallel to the z-axis specified by the length of the source in
the z-direction, and the other two dimensions being zero.

V) An area source perpendicular to the x-axis, i.e., perpendicular to the

direction of groundwater flow. This area source is specified by specifying
lengths for the y- and z- directions and zero for the x direction.

C-3
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vi) An area source perpendicular to the y-axis, i.e., in the x-z (vertical) plane.
This area source is specified by specifying lengths for the x- and z-

directions and zero for the y direction.

vii)  An area source perpendicular to the z-axis i.e. a horizontal source mapped
onto the water table. This area source is specified by specifying lengths for

the x- and y- directions and zero for the z direction.

viii) A volume source specified by giving source lengths for the x, y, and z

dimensions.
Distance
. to well Well
Unsaturated y Top of screened
Zone interval (Z=0)

Saturated Z
Zone

Direction of Groundwater Flow
—

Z1

Bottom of
screened
interval
(Z=21)

Figure C-3. AT123D Model Geometry with a Volume Source.

The AT123D model is available from and supported by the Intemational Ground
Water Modeling Center (IGWMC). A copy of this model was obtained from
IGWMC and incorporated with a few modifications discussed below.
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AT123D allows three different options for mass release into the aquifer:
instantaneous, continuous and finite duration releases. When AT123D is run within
the API DSS alone (i.e., not linked to SESOIL or Jury's model), the user may specify
any of these three mass release rates and any of the eight different source
geometries. In the first source option (instantaneous), the user specifies the mass
and volume of the chemical source. This chemical mass is assumed to be
instantaneously placed at the source at the beginning of the simulation (time = 0).
This option may be applied when a known mass of chemical is present in the
saturated zone, and no additional chemical input is expected to occur from the
unsaturated zone (e.g., after the unsaturated zone has been remediated). For an
ongoing leaking tank or other known discharge into the saturated zone, the user
may have an estimate of the mass rate into the saturated zone. In this case, the
second or third source option can be used to specify a known chemical mass
loading rate. This rate may be specified as a constant over the entire simulation
time or as a constant rate for a specified period of time (pulse length) less than the

simulation time. Beyond the pulse length, the mass loading is considered to be
zero.

When SESOIL or Jury's model is used to simulate chemical transport through the
unsaturated zone the rate of chemical mass loading to the water table is used
directly as an input for AT123D. This linkage is performed for the user by the API
DSS. For this option the user does not have to define the source configuration. The
source is assumed to be a horizontal plane with the same x and y dimensions used
in SESOIL or Jury's model. A linked SESOIL-AT123D mode! can thus be used to
simulate the transport of chemicals from contaminated soils to a groundwater
receptor well. Note, the model estimates concentrations in a monitoring well, not a _
pumping well. The concentration in a pumping water well is significantly lower than
concentrations in a monitoring well due to spatial dilution effects.

timating Aver Well Concentration

As shown in Figure C-3, wells are generally screened over a finite vertical interval
across the saturated zone. Thus, the concentration of chemicals in water pumped
from a well is in reality a vertically and horizontally averaged concentration from the
water surrounding the well screen, and cannot be accurately represented by the
concentration at a single point in the aquifer. The exact solution to this problem is to

C-5
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determine the flow-weighted average concentration of all water entering the well;
however, such a solution has not yet been developed for analytical models such as
AT123D. The API DSS therefore employs an approximate method to estimate
average well concentrations. Concentrations are estimated by AT123D at a user-
specified number of equally-spaced vertical intervals across the well screen; these
are then arithmetically averaged to compute the well concentration:

Coa =%, S (=)
where
Cwa = vertically-averaged well concentration (mg/l)
Cz) = concentration at depth z (mg/l)
N; = number of intervals between the top and bottom of the well

screen (dimensionless)

This method assigns equal weight to all vertical intervals between the top and
bottom of the screen, and does not account for well water drawn from below or
above the well screen. The method also does not account for lower concentrations
in well water drawn radially from the downgradient side of the well.

For certain combinations of parameters, the estimated concentrations in the well
may oscillate. If this happens, a number of input parameters should be carefully
reviewed, and the time step used should be shortened. The oscillations are caused
by the estimated concentrations changing too rapidly with each time step. The input
parameters that affect the rapidness of changing concentrations are: gradient,
hydraulic conductivity, degradation rate, and time step. This behavior was
observed in the stand alone version of AT123D also.

For certain combinations of parameters, the estimated concentrations in the aquifer
may exceed the leachate concentrations from the vadose zone model. For example,
if a plane source is used and the well is placed at the downgradient edge of the
source, the concentrations in groundwater at the very top of the aquifer may exceed
the leachate concentrations. The reason for this is that the source is assumed to be
a two-dimensional plane with no vertical thickness and all the mass input is
assumed to be diluted over that “volume.” In reality, leachate from the vadose zone
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would displace some of the water in the saturated zone so the source would be a
volumetric source with a small thickness (equal to the mixing zone thickness).
AT123D does not check for this condition so the results should be reviewed carefully
and the receptor well should not be placed too close to the source.

Data Required

Table C-1 lists the data requirements for the AT123D model as it is incorporated into

the API DSS. The specific differences between the DSS version and the standalone
version are:

(i) The API DSS version of AT123D assumes that one of the coordinate points

for the source is always at the origin. Thus only the length of the source in
each direction needs to be entered.

(i) The API DSS version of AT123D estimates vertically averaged
concentrations at only one monitoring well location (specified values of X and
Y). The vertical average is based on the average of ten concentrations

estimated at equal distances between the top and bottom of the screen
length.

(i) When the API DSS version of AT123D is run by itself (i.e., without running
SESOIL or Jury's model) either the instantaneous source or a constant pulse

source of any duration can be specified. A source of varying mass load
cannot be specified.

(ivy  The API DSS version of AT123D does not allow the user to specify the
time(s) at which the output is to be printed.

(v)  The API DSS version allows only contaminant transport. The option to
simulate heat and radioactive waste has been suppressed.

(vi)  The API DSS version estimates the distribution coefficients as the product of

the normalized organic carbon partition coefficient and the fractional organic
carbon content.

C-7
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TABLE C-1. DATA REQUIREMENTS FOR AT123D MODEL.

PARAMETER DEFINITION

UNITS/OPTIONS
Model Control Parameters
Option to indicate if the aquifer is infinitely wide (y-direction) YES/NO
Option to indicate if the aquifer is infinitely deep (z-direction) YES/NO

Option to indicate the type of release/source*
instantaneous release
constant release rate
pulse release rate

Time step*

Simulation time (max = 100 yrs)*

Source Parameters*

Length in the x-direction

Length in the y-direction

Thickness in the z-direction

Duration of the pulse (only for pulse source)

Instantaneous chemical release (only for instantaneous release
case) '

Constant chemical release rate (only for constant release case)

Media Parameters

Effective porosity

Hydraulic conductivity

Hydraulic gradient

Longitudinal dispersivity
Transverse dispersivity

Vertical dispersivity

Bulk density of soil

Fractional organic carbon content
Thickness of aquifer™

Width of aquifer**

Click on selection

)
(yr)

(m)
(m)
(m)
(yr)

(kg)
(kglyr)

(cm¥%em®)
(mdyr)
(m/m)

(m)
(m)
(m)
(gfem’)
(9/9)
(m)
(m)
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TABLE C-1. DATA REQUIREMENTS FOR AT123D MODEL (CONCLUDED)

PARAMETER DEFINITION UNITS/OPTIONS -

Chemical Parameters**

Organic carbon partition coefficient [(mg/g)/(mg/cm?®)]
Overall decay rate (1/day)
Molecular diffusion coefficient (cm?/s)

Receptor Well Data

x-coordinate of well (m)
y-coordinate of well (m)
z-coordinate of top of well (m)
Z-coordinate of bottom of well (m)

*

Not required when AT123D is run in conjunction with the SESOIL or JURY
model.

Required only when aquifer is finite in z- or y- directions respectively.

“* Default values of chemical parameters are available from the database in the
APIDSS.

mptions Underlying the Model and its Appli ilit

AT123D is a semi-analytical model that is based on the following simplifying
assumptions:

1) The saturated zone is assumed to be homogenous, isotropic and of
uniform geometry, i.e., the thickness and width of the zone are considered
to be uniform.

2) The water table is assumed to be steady without any fluctuations.

3) The flow direction is uniform, one-dimensional and steady state.

4) Contaminant decay is assumed to follow a lumped first order decay rate.

5) Contaminant adsorption is considered to follow linear adsorption.

8) Concentrations in the liquid and solid phase of the aquifer are assumed to
be in equilibrium at all times. |

C-9
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7) The AT123D model simulates the dissolved phase contaminants only and
is not applicable to simulate the transport of free product.
8) The source can be represented as a point, line plane or box.

Example Problem

The media-, chemical-, and receptor-specific properties are shown in Table C-2 for
the example problem. The groundwater concentration at the receptor well is shown
in the following graph (from the EXCEL® output). The AT123D output file,
AT123D.OUT (View Fortran Results) is attached.

Concentration in Receptor Well (EXCEL® output)

Concentration in Groundwater Over Time

1.00E-02

9.00E-03 A

8.00E-03 4

7.00E-03 4

©.00E-03

5.00E-03 [~e—Benzene ]

4.00E-08 1

Concentration [mg/l

3.00E-03

2.00E-03 |

1.00E-03 -

0.00E+00
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TABLE C-2. PARAMETER VALUES FOR EXAMPLE PROBLEM

FOR A 5-YR PULSE SOURCE
PARAMETER DEFINITION UNITS | VALUES
Model Control Parameters
Option to indicate if the aquifer is infinitely wide (y-direction) YES
Option to indicate if the aquifer is infinitely deep (z-direction) NO
Type of source Constant
Simulation time (max = 100 yrs) (yn) 30
Time step (yn) 0.1
Source Parameters
Length of source in the direction of groundwater flow (m) 10
Width of source perpendicular to groundwater flow (m) 10
Depth to top of source (m) 1
Depth to bottom of source (m) 3

Media Parameters

Porosity (cm¥cm?®) 0.3
Hydraulic conductivity ' (m/yr) 300
Hydraulic gradient (m/m) 0.01
Longitudinal dispersivity (fraction) 0.10
Transverse dispersivity (fraction) 0.03
Vertical dispersivity (fraction) 0.01
Bulk density of soil (g/cm?®) 1.65
Fractional organic carbon content (9/9) 0.006
Thickness of aquifer ' (m) 20
Width of aquifer (m) -
Receptor Well Data

Distance downgradient (m) 50
Distance off centerline of plume (m) 0
Top of well screen (m) 0
Bottom of well screen (m) 10

Chemical Data for Benzene

Chemical release rate (kalyr) 1
Ko (ug/gOC/ug/mt) 58.9
Degradation rate (1/days) 0.001
Diffusion coefficient in water (cm?s) 9.80E-6

C-1
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AT123D Output File
DSS Fate and Transport

Chemicals in the analysis
Benzene

Number of years simulated: 30

GENERAL INPUT DATA

Kdkhkkkkhkkhkhkkhkhkkhikd

NO. OF POINTS IN X-DIRECTION
NO. OF POINTS IN Y-DIRECTION
NO. OF POINTS IN Z-DIRECTION ........covnvuennonn...
NO. OF ROOTS: NO. OF SERIES TERMS
NO. OF BEGINNING TIME STEPS
NO. OF ENDING TIME STEP ..........ucuiiumnnennonn...
NO. OF TIME INTERVALS FOR PRINTED OUT SOLUTION ....
INSTANTANEOUS SQURCE CONTROL = 0 FOR INSTANT SOURCE
SOURCE CONDITION CONTROL = 0 FOR STEADY SOURCE ....
INTERMITTENT OUTPUT CONTROL = 0 NO SUCH OUTPUT ....
CASE CONTROL =1 THERMAL, = 2 FOR CHEMICAL, = 3 RAD

X-COORDINATE OF RECEPTOR WELL (METERS)
Y-COORDINATE OF RECEPTOR WELL (METERS) ............
AQUTFER DEPTH, = 0.0 FOR INFINITE DEEP (METERS)

AQUIFER WIDTH, = 0.0 FOR INFINITE WIDE (METERS)

BEGIN POINT OF X-SOURCE LOCATION (METERS)
END POINT OF X-SOURCE LOCATION (METERS) ...........
BEGIN POINT OF Y-SOURCE LOCATION (METERS)
END POINT OF Y-SOURCE LOCATION (METERS) ...........
BEGIN POINT OF Z-SOURCE LOCATION (METERS)
END POINT OF Z-SOURCE LOCATION (METERS)

POROSITY . ... e e e,
HYDRAULIC CONDUCTIVITY (METER/YEAR)
HYDRAULTIC GRADIENT ... ..t iiitiitiitininnnnnn.,
LONGITUDINAL DISPERSIVITY (METER)
LATERAL DISPERSIVITY (METER)
. VERTICAL DISPERSIVITY (METER)

BULK DENSITY OF THE SOIL (KG/M**3) ................

TIME INTERVAL SIZE FOR THE DESIRED SOLUTION (YR)
DISCHARGE TIME (YR)

INPUT DATA/RESULTS FOR CHEMICAL: Benzene

INST. WASTE RELEASE (KG) VALID FOR INST CASE ONLY..
DISTRIBUTION COEFFICIENT, KD (M**3/KG) ............
MOLECULAR DIFFUSION COEFFICIENT (M**2/YR)
DECAY CONSTANT ( 1/YR ) i :vvetiiiieieiieeeeee e
LIST OF TRANSIENT SOURCE RELEASE RATE

.100E+01 .100E+01 .100E+01 .100E+01
-100E+01 -100E+01 .100E+01 .100E+01
.100E+01 -100E+01 .100E+01 .100E+01
.100E+0C1 -100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 -100E+01
.100E+01 -100E+01 .100E+01 -100E+01
.100E+01 .100E+01 -100E+01 .100E+01
.100E+01 .100E+01 .100E+01 -100E+01
.100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 -100E+01 .100E+0Q1
.100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01
C-13
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30

w
o
NHOKKMOMKMOWEKRP

.5000E+02
.0000E+00
.2000E+02
.0000E+00
-.1000E+02
.0000E+00
-.5000E+01
.5000E+01
.1000E+01
-3000E+01

.3000E+00
.3000E+03
~-1000E-01
.5000E+01
.1500E+01
.5000E+00

.1650E+04
.1000E+00
.3000E+02

.1000E+01
.3534E-03
-3091E-01
.3650E+00

.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01
.100E+01

AT123D.OUT
Page 1 of 6
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AT123D.0UT
Page 2 of 6
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 - .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01_
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 -100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01  .100E+01 .100E+01 .100E+01
.J00E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 _ .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01 .100E+01
.100E+01 .100E+01 .100E+01 .100E+01
RETARDATION FACTOR .. ivii oo ittt .2944E+01
RETARDED SEEPAGE VELOCITY (M/YR) ... . .3397E+01
RETARDED LONGITUDINAL DISPERSION COEF. (M**2/YR) .. .1702E+02
RETARDED LATERAL DISPERSION COEFFICIENT (M**2/YR) . .5131E+01
RETARDED VERTICAL DISPERSION COEFFICIENT (M**2/YR) . .1734E+01

OUTPUTS

ok &k ok ok ok

OUTPUT FOR CHEMICAL :Benzene

RETARDATION FACTOR .. vvi ittt e e e e et e e e, .2944E+01
RETARDED SEEPAGE VELOCITY (M/YR) v v eeemnmnnnnnn. . .3397E+01
RETARDED LONGITUDINAL DISPERSION COEF. (M**2/YR) .. .1702E+02
RETARDED LATERAL DISPERSION COEFFICIENT (M**2/YR) . .5131E+01
RETARDED VERTICAL DISPERSION COEFFICIENT (M**2/YR) . .1734E+01
Time [yr] = .000

z [m] = 0.00E+00 conc [mg/l] = 0.000E+00

z [m] = 2.50E+00 conc [mg/l] = 0.000E+00

z [m] = 5.00E+00 conc [mg/l] = 0.000E+00

z [m] = 7.50E+00 conc [mg/l] = O0.000E+00

z [m] = 1.00E+01 conc [mg/l] = O0.000E+00

C-14
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Ave. conc. [mg/l) =
Time [yr] = 1.00

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = S.00E+00

z [m} = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time (yr] = 2.00

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m) = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yr] = 3.00

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time {yr] = 4.00

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yr] = 5.00

z [m} = 0.00E+0Q0

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time {[yr] = 6.00

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = S.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time (yr] = 7.00

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z [m) = 1.00E+01

Ave. conc. [mg/l] =
Time (yrl = 8.00

z [m] = 0.00E+00

z [m] = 2.50E+00
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0

.000E+00

conc [mg/l]
conc [mg/l]
conc {mg/l]
conc [mg/l]
conc [mg/l]

.000E+00

conc [mg/l]
conc [mg/1]
conc [mg/l]
conc [mg/l}
conc [mg/l]

.000E+00

conc [mg/l]
conc (mg/l]
conc {mg/l]
conc [mg/l]
conc [mg/l]

.259E-06

conc [mg/l]
conc [mg/l)}
conc [mg/l]
conc [mg/l]
conc [mg/1]

.413E-05

conc [(mg/l]
conc [mg/l}
conc {mg/l}
conc [mg/1]
conc {mg/l1]

.336E-04

conc [mg/1l}
conc [mg/l1]
conc [mg/l]
conc [mg/1l]
conc [mg/l]

.032E-03

conc [mg/l]
conc [mg/l]
conc [mg/l]
conc [mg/l)
conc [mg/1l)

.146E-03

conc [mg/l]
conc [mg/l)

.000E+00
.000E+00
.000E+00
.000E+00
.000E+00

[= 2 =R =R > 3 -]

.000E+00
.000E+00
.000E+00
.000E+00
.000E+00

OO0 O0O0O

.639E-06
.828E-06
.052E-06
.573E-07
.193E-07

Hononounon
ooy b W

.043E-04
.810E-05
.211E-05
.076E-05
.407E-06

won oWy

v oo

.102E-04
.254E-04
.323E-04
.514E-04
.B92E-05

[ R VSRS ) e Y

.809E-03
.580E-03
.049E-03
.239E-04
.952E-04

e

o ononn

.638E-03
.215E-03
.212E-03
.180E-03
.859E-04

[ ol o I VE B VR

5.767E-03
5.140E-03
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z [m] = 5.00E+00 conc [mg/l} =
z [m] = 7.50E+00 conc [mg/l] =
z [m] = 1.00E+01 conc [mg/l] =
Ave. conc. [(mg/l] = 3.495E-03
Time (yr] = 9.00
z [m] = 0.00E+00 conc [mg/l] =
z [m] = 2.50E+00 conc [mg/l] =
z [m] = 5.00E+00 conc [mg/l] =
z [m] = 7.50E+00 conc [mg/l] =
z [m] = 1.00E+01 conc [mg/l} =
Ave. conc. [mg/l] = 4.854E-03
Time [yr] = 10.0
z2 [m] = 0.00E+00 conc [mg/l] =
z [m] = 2.50E+00 conc [mg/l) =
Z [m] = 5.00E+00 conc [mg/l] =
z [m] = 7.50E+00 conc [mg/l] =
z [m] = 1.00E+01 conc [mg/l] =
Ave. conc. [mg/l)] = 6.061E-03
Time {yr] = 11.0
z [m] = 0.00E+00 conc [mg/l] =
z [m] = 2.50E+00 conc [mg/l] =
z [m] = 5.00E+00 conc [mg/l] =
2 [m] = 7.50E+00 conc [mg/1l]l =
z [m] = 1.00E+01 conc [mg/l] =
Ave. conc. [mg/l} = 7.042E-03
Time [yr] = 12.0
z [m] = 0.00E+00 conc [mg/l] =
z [m] = 2.50E+00 conc [mg/l] =
z [m] = 5.00E+00 conc [mg/l] =
z [m] = 7.50E+00 conc [mg/l] =
. z [m] = 1.00E+01 conc [mg/l] =
Ave. conc. [mg/l] = 7.788E-03
Time {[yr] = 13.0
z [m] = 0.00E+00 conc [mg/l] =
z [(m] = 2.50E+00 conc [mg/l] =
z [m] = S.00E+00 conc [mg/l] =
z [m] = 7.50E+00 conc [mg/l] =
z [m] = 1.00E+01 conc [mg/l)] =
Ave. conc. [mg/l] = 8.327E-03
Time {yxr] = 14.0
z [m}] = 0.00E+00 conc [mg/l] =
Z [m] = 2.50E+00 conc [mg/l] =
z [m] = 5.00E+00 conc [mg/l) =
z [m] = 7.50E+00 conc [mg/l] =
z [m] = 1.00E+01 conc [mg/l] =
Ave. conc. [mg/l)] = 8.702E-03
Time {yr] = 15.0
z [m] = 0.00E+00 conc [mg/l] =
z [m] = 2.50E+00 conc [mg/l] =
z [m] = 5.00E+00 conc [mg/l] =
z [m] = 7.50E+00 conc [mg/l] =
zZ [m] = 1.00E+01 conc [mg/l] =
C-16
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.014E-04
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.680E-03
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.503E-03
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.284E-02
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-477E~03
.870E-03

.335E-02
.215E~02
.171E-03
.772E-03
.062E-03

.369E-02
.247E-02
-441E-03
.974E-03
.198E-03
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Ave. conc.

Time [yr]

NNNNN
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nwuunon
=S oubo

[mg/1] =
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Time [yr])
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[JI T | I I
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Ave. conc.

3
%

[yr]
[m]
(m]
[m]
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]
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N NN NN
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Ave. conc. [mg/l] =

Time [yr]
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Ave. conc.

Time [yr]
z [m] 0.
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conc
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z [m] = 5.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yr] = 24.0

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yr] = 25.0

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z [m} = 1.00E+01

Ave. conc. [mg/l] =
Time [yr] = 26.0

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m) = 5.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yrl = 27.0

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yr]) = 28.0

z [m} = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.S0E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yr] = 29.0

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5S.00E+00

z2 [m] = 7.S0E+00

Z [m] = 1.00E+01

Ave. conc. [mg/l] =
Time [yr] = 30.0

z [m] = 0.00E+00

z [m] = 2.50E+00

z [m] = 5.00E+00

z [m] = 7.50E+00

z [m] = 1.00E+01

Ave. conc. [mg/l] =
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APPENDIX D
THIBODEAUX-HWANG MODEL

The Thibodeaux-Hwang model (Thibodeaux-Hwang, 1982) was developed to
estimate the time-varying emissions of volatile chemicals from petroleum
landfarming operations. The model is applicable both for the case of surface
application of the chemical as well as for the case of subsurface injection of waste,
..e., where a zone of contaminated soil is covered by a layer of clean fill as shown in
Figure D-1. A modified version of the original mode! (as discussed below) is also
presented in the Superfund Exposure Assessment Manual (EPA, 1988).

Thibodeaux-Hwang (1982) present the following relationship to estimate the volatile
chemical flux rate through the soil:

Ef) =  DeCv/[di®+ (2DeAt(dz - di)Cu/imo)]™® (D-1)
where

Et) = the instantaneous volatile flux emission rate (g/cm’-s)

De = effective diffusion coefficient of the chemical in

soil vapor (cm?/s)

Cv = vapor phase concentration of the chemical in soil (g/cm®)

A = the surface area of the contaminated soil (cm?)

d = depth to the top of the contaminated soil (cm)

d2 = depth to the bottom of the contaminated soil (cm)

t = time since the application of contaminants to soil (s)

me = the initial mass of contaminant (g)

The original Thibodeaux-Hwang paper has a tybographical error and the corrected
expression is presented in USEPA (1984). In equation D-1 the initial mass of
contaminant can be estimated as:

Mo (d2-di) ACs (D-2)

D-1
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where
Co the bulk contaminant concentration in soil (g of chemical/cm?® of

wet s0il)

Emissions

Ground Surface

FIGURE D-1. Schematic of the Thibodeaux-Hwang Emission Model.

The relation between the bulk contaminant concentration and the total soil
concentration is given by:

Co = Cy (pb + pw Gw) (D'3)
where
Cr = the total soil concentration (g of chemical/g of soil)
pp = soil bulk density (g/cm’)
pw = density of water (g/cm”)
ow = volumetric water content (cm® of water/cm® of soil)
Vapor Phase Concentration

The vapor phase concentration, C,, is estimated using the following equilibrium
partitioning equations:

D-2
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Cv = H Cw (D-4)
C, =C, (Pb +0wpw) (D-5)
PuKy+6, + (GT ~06, )"
where
Cv = the vapor phase concentration of the chemical in soil (g/cma)
Cv = thedissolved phase concentration of the chemical (g/cm®)
H = Henry's Law constant for the chemical
[((mg/L)/(mg/L)]
er = total porosity in the soil [cm3 voids/cm® soil]
Kd = chemical-specific partition coefficient [cm®/g]
Ka = Foc o Kac
Fw = fraction organic carbon in the soil [g oc/g soil]
K = organic carbon partition coefficient [cm%g] or [Lkg)

The total porosity is the sum of air porosity and the water content:

or = Ba + Ow (D-6)
where

Ba

]

the volumetric air content of the soil (cm® of gas/cm’® of soil)

If the estimated vapor phase concentration is larger than the saturated vapor
concentration for the chemical in soil, the saturated vapor concentration is used in
equation D-1 as the soil vapor concentration.

The relationship between the two forms of Henry's constant is

H =  HRT (D7)

where

X
n

the dimensional form of the Henry's constant (atm-m*/mol)

the Universal gas constant [(0.0000821 atm-m*/K)]
the absolute temperature ['K]

-1 D
nn

D-3
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Time to Depletion

Thibodeaux-Hwang (1982) also define an 'evaporation diffusion lifetime’ (i) for the
initial mass that is defined as the time taken for the entire contaminant mass to
volatilize. This time is estimated as:

fa [(d2 - d1) mo)/ (2 De A Cy) (D-8)

where
ta = the time taken for the entire mass to volatilize

By substituting equation D-2 in equation D-8:
= [(d:”- dY(2De)] (CHCY) (D-9)

The instantaneous emission rate presented in equation D-1 can be used to estimate
the average emission rate over any time period, i.e.,

EM = (/M) [, E®dt (D-10)
where
Bt = the average emission rate of the chemical over time T (g/s)
T = the averaging time (s)

By substituting equation D-1 in equation D-10 and integrating:
Et) =  2D{CA/[di + (2DLCW/Co + 0D’ (D-11)

The maximum value of time (t) in equation D-11 would be the evaporation diffusion
lifetime (tq) as defined by equation D-8. After this time () the volatile emission rate
would be zero. Thus for exposure assessment purposes, if it is necessary to
estimate an average emission rate for periods larger than t,, the following
relationship may be used:

Et) = (to'te) E (ta) (D-12)

D-4
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where
E(te)
E(ta)

the average emission over the exposure duration t. (g/s)
the average emission over the duration ta (g/s)

The Effective Diffusion Coefficient

The effective diffusion coefficient for a chemical in soil can be computed using the
following relationship presented by Millington and Quirk (1961):

1073

Do Darga lor (D-13)

where
Da’r

the molecular diffusion coefficient for the chemical in air (cm%s)

For dry soils, the air-filled porosity (volumetric air content) is approximately equal to
the total porosity, and equation D-13 reduces to:

De

Dargr (D-14)

The above relationship is used in the Thibodeaux-Hwang model presented in

USEPA (1984). The diffusion coefficient for a chemical in air depends on air
temperature based on the following relationship (Lyman et al., 1990):

Darra) = Darryy (To/T4)"7° (D-15)

where
Dairr2), Doairry)

the diffusion coefficient of the chemical at temperatures
T2 and T respectively (cm?s)

T2 = air (soil vapor) temperature (°K)

Ty = air temperature at which Dair) is known (°K)

Data Requirements

Table D-1 lists the data requirements for the Thibodeaux-Hwang emissions model.

D-5
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Table D-1. Data Requirements for the Thibodeaux-Hwang
Vapor Emissions Model.

PARAMETER DEFINITION UNITS Used
in APl DSS

Chemical Data

Total soil concentration : [mg/kg wet soil]

Henry's Law constant [(mg/L)/émg/L)]

Air diffusion coefficient [em/s]

Soil-water partition coefficient [(9/g)/(g/cm’)]

Organic carbon partition coefficient [(g/g)/(g/em™)]

Fractional organic carbon content [mg/mg]
Soils Data

Volumetric water content B [em¥em?)

Total porosity of the soil [cm3/cm3]

Soil dry bulk density [g/em?]

Air-filled porosity [em¥cm®]

Soil temperature ey
Source Data

Depth to the top of the contaminated layer [m]

Depth to the bottom of the contaminated layer [m2]

Source area [m7]

ions Underlying the M n Applicabili

1. Chemical mass is distributed at a uniform concentration between depths d; and
d: that define the zone of incorporation of the contaminant. Thus, (d2 - dh) is the
thickness of the contaminated zone. (See Figure D-1.)

2. Contaminant release occurs by molecular diffusion and peeling away of
successive layers from the top of the contaminated zone, i.e., the concentration
within the contaminated layer is assumed to remain constant, but the thickness
of the layer decreases over time. This would tend to underestimate the duration
of release ().

D-6
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3. The concentration in air at the soil surface is zero (or negligible relative to the
soil vapor concentration).

4. The model assumes that the entire contaminant mass volatilizes and that none

leaks to the water table or degrades. This would tend to overestimate the
emission rate.

Example Problem

Estimate the average emission rate of benzene from 10 m by 10 m area of soil
contaminated at an average concentration of 5 mg/kg (5.0 E-6 g/g) and buried 0.50
m below clean soil. The thickness of the contaminated zone is 1.0 m. The soil has
a bulk density of 1.8 g/cc, total porosity 0.4, air filled porosity of 0.25, and fractional
organic carbon content of 0.001. The diffusion coefficient for benzene in air at 20°C
is 0.088 cm?/s, the organic carbon partition coefficient is 58.9 [(g/g)/(g/cm®)], and the

Henry's law constant is 0.228 (mg/1)/(mg/l). Assume temperature of soil is 20°C.
Assume the exposure duration to be 75 yrs.

De =  (0.088)(0.25)*/ (0.4)
= 5.414 E-3 cms

Cb = (5*10%) (1.8 + 0.15%1.0)
= 9.75E-06 g/lem’®

Cw = (5*10°) (1.8 + 0.15*1.0)/(0.25"0.228 + 0.15 + 1.8"58.9%0.001)
= 3.115 E-05 g/em®

C. = 3.115*10°* 0.228
= 7.102 E-06 g/cm®

ta = [(150%- 50%)/(2 * 5.414 E-03)] (9.75 E-06/7.102 E-06)
=  2536E6s
tt = 75%365*24* 3600
=  2.37E+09s
D-7
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Et)y =  (2*5.414 E-03*7.102 E-06 * 100 * 10000)/
[50 + (2 * 5.414 E-03 * 7.102 E-06 * 2.536 E6/9.75E-06 + 50°) °°]
3.845 E-04 g/s

Since the exposure time is larger than the total duration of release (1d), the average
emission over the exposure duration (ts) can be estimated using

3.845 E-04 * 2.536 E6/2.37 E+09
4.117 E-07 g/s
1.298 E-02 kglyr

El

The same problem run using APl DSS gave an emission rate of 1.30 E-02 kafyr
(See attached output).
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AIRMODEL.OUT

Page 1 of 1
Air Model Output File
DSs Fate and Transport

Chemicals in the analysis
Benzene

Thibodeaux-Hwang volatile emissions
Box Model used for dispersion

Thibodeaux-Hwang Model Input Parameters:

Area of contaminated socil [m"2] 100.
Depth to top of contamination [m] .500
Depth to bottom of contamination [m] 1.00
Porosity [cm*3/cm”3} .400
Water content [cm”3/cm”*3} .150
Soil bulk density [g/cm”3) 1.80
Fraction organic carbon [-] .100E-02
Temperature of surface soil [C] 20.0

Total Soil Concentrations Used for Volatile Emissions [mg/kg]
Benzene 5.00

Box Model Input Parameters:

Box height [m] 2.00
Box width [m] 10.0
Average windspeed [m/s] 2.00

LITTTITETTII 770707077 70007702077727777777774777777
Chemical Parameters for :Benzene

Henrys Law .228
Koc 58.9
Diffusion in air 8.800E-02
Vapor pressure 895.2
Molecular weight 78.0
Source conc. for emis. 5.00

MODEL OUTPUT FOR: Benzene

Emissions Model: Thibodeaux-Hwang
Dispersion Model: Box

Air Model Output:

Diffusion coef. adjusted for temperature 8.80E-02
Effective diffusion coefficient cm2/s 5.41E-03
Total conc. in soil (g/g) 5.00E-06
Conc. in the dissolved phase (g/cm3) 3.11E-05
Calculated vapor concentration (g/cm3) 7.10E-06
Saturated vapor concentration (g/cm3) 4.06E-04
Time to depletion (yr): 3.02E-02
Averaging Time (yr): 10
Vol. Emission Rate Over Averaging Time (kg/yr): 4.87E-02
Concentration in Air (mg/m*3): 3.86E-05
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APPENDIX E
FARMER'S VAPOR EMISSION MODEL

The Farmer's model, Farmer et al. (1980), can be used to estimate the volatile
emissions of a chemical from soil. The model treats vapor loss/emission from soil
as a diffusion controlled process that is quantified using the Fick's Law for steady
state diffusion. The volatile emission rate is expressed as:

E = 10*A*D, *(C,-C,)/d (E-1)

where

E = steady-state emission rate of chemical (g/s)

A area of the source (m?

D, effective diffusion coefficient of the chemical in air {cm?/s)

C, vapor phase concentration for the chemical in soil (g/cm?3)

C, air concentration of the chemical at the soil surface (g/cm?®)

d depth of soil cover (m)

102 = conversion factor m to cm (cm/m)

Generally when applying the Farmer's model, concentration in the air, C,, is
considered to be significantly less than the soil vapor concentration and often
neglected. Thus, equation E-1 is often written as:

E = 10°*A*D,*C,/d (E-2)

Figure E-1 presents a schematic of the Farmer's emission model.

i Previous page is blank.
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Volatile
Emissions

ﬁ&&

Ground Surface

- Contaminated:Soil:--

FIGURE E-1. Schematic of the Farmer’s Emission Model.

The Effective Diffusion Coefficient

The effective diffusion coefficient for a chemical in soil can be computed using
the following relationship presented by Millington and Quirk (1961):

D, = D,. * 6,'% /62 (E-3)
where
D.. =  the diffusion coefficient for the chemical in air (cm?/s)
0, = the total porosity of soil {cm® of gas and liquid/cm® of soil)
0, = the air-filled porosity of soil (cm®of gas/cm?® of soil)

For dry soils, the air-filled porosity is approximately equal to the total porosity
and equation E-3 reduces to:

D, D * 6,*° (E-4)

The diffusion coefficient for a chemical in air depends on air temperature based
on the following relationship (Lyman et al., 1990):

* Dairay = Dgigray (To/T4)'7° (E-5)

E-2
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where
Doi(TZ)' Doi(T1)
T,
T,

Data Required

the diffusion coefficient of chemical i at temperatures
T, and T, respectively (cm?/s)

= air (soil vapor) temperature [° K]

= air temperature at which D, ,, is known [°K]

The data required for estimating emissions using Farmer's model are presented

in Table E-1.

The soil vapor concentration can either be directly measured or estimated
using the following equilibrium partitioning equations:

where

C, = HC,
C. = Crlpy + 8upul /1(6,-6,) H' + 6, + p,K,] (E-6)

the vapor phase concentration of the chemical in soil (g/cm?)
Henry's Law constant for chemical i [(mg/L}/{mg/L)]

the aqueous phase concentration of chemical i (g/cm?®)

total concentration of chemical i in soil (g of contaminant /g of
soil)

the total porosity of soil {cm®/cm®)

soil bulk density (g/cm®)

density of water (g/cm?)

the volumetric water content (cm® of water/cm?® of soil)
soil-water partition coefficient for chemical i [(g/g)/(g/cm?®)]

In equation (E-6), K, is estimated as

where

0C

oc

K

= K, f,. | (E-7)

Organic carbon partition coefficient [{g/g)/(g/cm?®)]
fractional organic carbon content [-]

E-3
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Table E-1. Data Requirements for the Farmer’'s Emissions Model.

PARAMETER DEFINITION

UNITS

"API DSS UNITS

Chemical Data

Total soil concentration

Henry's Law constant

Air diffusion coefficient

Soil-water partition coefficient
Organic carbon partition coefficient
Fractional organic carbon content

Above three inputs OR the

Soil vapor concentration

Soils Data

Volumetric water content
Total porosity of the sail
Soil dry bulk density
Air-filled porosity

Soil temperature

Source Data
Depth to the top of the contaminated layer

Source area

[9/g wet soil]
[(mg/L)/(mg/L)]

[cm¥s]

[(a/g)(g/cm’)]
[(9/9)/(g/cm®)]

[mg/mg]

[g/cm®]

[cm®/cm?]
[cm®/cm?]
[g/cm”]
[cm®*/em?)

[°K]

[cm]

[em?]

[mg/kg wet soil]
[(mg/L)/((mg/L)]
[cm¥s]
[(9/g)/(g/cm®)]
[(g/9)/(g/em’)]
[mg/mg]

*%

[cm®/em?]
[cm®fem?]
[g/cm?]
[em®fem?)]
[°Cl

[m]

[m?]
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The relationship between the two forms of Henry's Law constant is

H = H’/RT
(E-8)
where
H’ = the dimensional form of the Henry's Law constant (atm-
m3/mole)
R = the Universal gas constant [(0.0000821 atm-m?3/°K)]
T = the temperature [°K]

Assumptions Underlying the Model and Its Applicability

1. Farmer's model assumes that the source concentration (C,) does not
decrease as emissions occur. This implies that the amount of
contaminant mass in soil available to volatilize is infinite.

2. The contaminant source is considered to be fixed at a depth 'd’
below the surface of the soil.

3. Emissions are steady state and constant.

4, The concentration in air at the soil surface is negligible relative to the
vapor concentration within the soil.

These assumptions would tend to overestimate the emission rate due to the
assumption of infinite mass.

Example Problem

Estimate the steady-state emission of benzene from 10 m by 10 m area of soil
contaminated at a concentration of 5 mg/kg (5.0 E-6 g/g) and buried 0.50 m below
clean soil. The soil has a bulk density of 1.8 g/cm?®, total porosity of 0.4, air filled
porosity of 0.25, and fractional organic carbon content of 0.001. Note the diffusion
coefficient for benzene in soil at 20°C is 0.088 cm?s, its organic carbon partition
coefficient is 58.9 [(9/g)/(g/cm®)], and the Henry's Law constant is 0.228
(mgM)/(mg/l). Assume temperature of soil is 20°C.

E-5
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D, = (0.088) (0.25)'*%/ (0.4)?
5.414 E-3 cm?/s

C. =  (5*10% (1.8 +0.15*1.0)/(0.25*0.228 + 0.15 + 1.8*58.9*0.001)
= 3.115* 10°g/em®

C, = 3.115*10°* 0.228
= 7.102 E-6 g/om®

E = 107 (100) (5.414 E-3) (7.102 E-6)/(0.5)
= 7.690 E4 g/s
= 24.25 kglyr

The same problem run using API DSS gave an emission rate of 24.3 kg/yr (See
attached output).
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Air Model Output File
DSs Fate and Transport

Chemicals in the analysis
Benzene

Farmers volatile emissions
Box Model used for dispersion

Farmers Model Input Parameters:

Area of contaminated soil [m"2] 100.
Depth to top of contamination {m) .500
Porosity [cm”3/cm”~3} .400
Water content [cm”3/cm"3) .150
Soil bulk density [g/cm”3] 1.80
Fraction organic carbon [-] .100E-02
Temperature of surface soil [C] 20.0

Total Soil Concentrations Used for Volatile Emissions [mg/kg]

Benzene 5.00

Box Model Input Parameters:

Box height [m] 2.00
Box width [m] 10.0
Average windspeed [m/s] 3.00

LIL1070707 7777007777077 777000077770707777777777777
Chemical Parameters for :Benzene

Henrys Law .228
Koc 58.9
Diffusion in air 8.800E-02
Vapor pressure 95.2
Molecular weight 78.0
Source conc. for emis. 5.00

MODEL OUTPUT FOR: Benzene

Emissions Model: Farmers
Dispersion Model: Box

Air Model Output:

Diffusion coef. adjusted for temperature
Effective diffusion coefficient cm2/s
Total conc. in soil (g/g)

Conc. in the dissolved phase (g/cm3)
Calculated vapor concentration (g/cm3)
Saturated vapor concentration (g/cm3)
Farmers emission rate (g/s)

Constant Emission Rate (kg/yr):
Concentration in Air (mg/m*3):
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.80E-02
.41E-03
.00E-06
.11E-05
.10E-06
.06E-04
.69E-04

.43E+01
.28E-02

AIRMODEL.OUT
Page 1 of 1
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APPENDIX F
COWHERD PARTICULATE EMISSIONS MODEL

Cowherd Particulate Emissions Model

The Cowherd model estimates the emission rate of respirable soil particles, i.e.,
those particles with a diameter of 10 um or less. This model, described in EPA
(1985) and referred to as the Cowherd model, assumes that there is a limited

reservoir of soil available for erosion, and was derived empirically from wind tunnel
experiments for mining soils.

E, = 0.83 f A P(u*)(1-V) / (PE/50)? (F-1)
where

Eo = annual average emission rate of particles less than 10um

in diameter (mg/hr)

f = frequency of disturbance per month (mo™)

A = area of contaminated soils (m?)

Pu"y) = 6.7(u” - u)

u* = fastest mile wind speed (m/s)

ut = erosion threshold wind speed at height of 7 meters (m/s)

\' = fraction of vegetative cover (dimensionless)

PE = Thornthwaite's Precipitation Evaporation Index

(dimensioniess)

For use in Equation (F-1), a disturbance is defined as an action which results in the
exposure of fresh surface material and occurs whenever soil material is added to
the surface or removed from the old surface. Similarly, breaking of the crust due to
vehicular traffic may expose fresh erodible material and would be considered a
disturbance.

The emission rate of chemicals due to wind erosion is computed as the product of
the concentration of chemicals in soil and the E,, soil particle emission rate:

F-1 Previous page is blank.
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E, = E,S (24*365)/ 1E6 (F-2)
where
E, = annual average emission rate of particles less than 10um in
diameter (mg/hr)
E; = annual average emission rate of chemical i (kg/yr).
S = particulate contaminant concentration (kg/kg)
24 = conversion factor (hr/day)
365 = conversion factor (days/yr)
1E6 = conversion factor (kg/mg)

Data Required

Table F-1 lists the data requirements for the Cowherd particulate emissions model.
The mode! requires data on wind speeds, soil erosion potential, vegetative cover,
and chemical concentrations.

Wind speed data required by the model include the fastest mile wind speed and
the erosion threshold wind speed. The fastest mile wind speed should be obtained
from the nearest climatological data station; representative values for selected
stations are shown in Table F-2. The erosion threshold wind speed (u) is primarily
related to the soil particle size distribution, and quantifies the erosion potential.

Thomnthwaite's PE Index quantifies average surface soil moisture conditions.
Figure F-1 can be used to estimate PE for different regions in the U.S.

The frequency of disturbance f is perhaps the most difficult parameter to estimate
in the Cowherd model. A disturbance is defined as an action that results in the
exposure of fresh surface material, e.g., a vehicle driving on the surface. The
worst case scenario results if a disturbance is assumed to occur every day of the
month

(f= 30 mo™).

F-2

Copyright by the American Petroleum Institute
Mon Jun 02 10:03:50 2008



STD.API/PETRO PUBL 4BGA5-ENGL 1999 WM 0732290 0b27183 502 WA

Table F-1. Data Requirements for the Cowherd Particulate Emissions

Model.
PARAMETER DEFINITION UNITS API DSS UNITS

Chemical Data

Total concentration in soil [ma/kg] [mg/kg]
Soils Data

Erosion threshold wind speed [m/s] [m/s]

Frequency of disturbance [mo™] [mo™M]

Fraction of area with vegetative [fraction] [fraction]

cover

Source Data

Source area [m?] [m?]
Meteorologic Data

Fastest mile wind speed [m/s] [m/s]

Thomthwaite Precipitation [dimensionless] [dimensionless]

evaporation index

F-3
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Table F-2. Fastest Mile® [U*] and Mean Wind Speed"® [U] for Selected

United States Stations.
Page 10f 3
Station State [u"] [u] Station State [u'] [u]
(m/s) (m/s) (m/s) (m/s)
Birmingham AL 208 33 Detroit Ml 218 46
Montgomery AL 202 30 Grand Rapids Mi 216 45
Tucson AZ 230 37 Lansing Mi 237 46
Yuma AZ 218 35 Sault St. MI 216 43
Marie

Fort Smith AR 208 34 Duluth MN 228 5.1
Little Rock AR 209 36 Minneapolis MN 220 47
Fresno CA 154 28 Jackson MS 205 34
Red Bluff CA 233 39 Columbia MO 224 44
Sacramento CA 206 37 Kansas City MO 226 46
San Diego CA 154 30 St. Louis MO 212 42
Denver CO 220 41 Springfield MO 224 50
Grand CO 236 36 Billings MT 266 5.1
Junction

Pueblo CO 281 39 Great Falls MT 264 59
Hartford CT 202 40 Havre MT 259 45
Washington DC 216 34 Helena MT 247 35
Jacksonville FL 217 3.8 Missoula MT 216 27
Tampa FL 222 39 North Platte NE 277 46
Atlanta GA 212 44 Omaha NE 246 438
Macon GA 201 35 Valentine NE 271 438
Savannah GA 213 36 Ely NV 236 47
Boise ID 214 40 Las Vegas NV 244 40
Pocatello ID 238 46  Reno NV 252 29
Chicago iIL 210 46 Winnemucca NV 224 35
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Table F-2. Fastest Mile® [U'] and Mean Wind Speed" [U] for Selected

United States Stations.
Page 2 of 3
Station State [u'] [u] Station State [u'] [u]
(m/s) (m/s) (m/s) (m/s)
Moline IL 245 44 Concord NH 192 3.0
Peoria IL 232 486 Albuquerque NM 256 4.0
Springfield L 242 5.1 Roswell NM 26.0 41
Evansville IN 209 37 Albany NY 214 40
Fort Wayne IN 237 46 Bingham'pton NY 220 46
Indianapolis IN 248 43 Buffalo NY 241 55
Burlington IA- 250 46 New York NY 225 55
Des Moines A 258 5.0 Rochestor NY 239 43
Sioux City IA° 259 49 Syracuse NY 225 44
Concordia KS 257 54 Cape NC 2569 5.1
Hatteros

Dodge City KS 271 6.3 Charlotte NC 200 34
Topeka KS 244 46 Greensboro NC 189 34
Wichita KS 260 56 Wilmington NC 223 40
Louisville Ky 220 38 Bismarck ND 261 47
Shreveport LA 199 39 Fargo ND 266 3.7
Portland ME 217 3.9 Cleveland OH 236 438
Baltimore MD 250 42 Columbus OH 221 39
Boston MA 252 56 Dayton OH 240 46
Toledo OH 227 42 Dallas ™ 219 49
Oklahoma OK 241 57 El Paso TX 248 42
City

Tulsa OK 214 47 Port Arthur TX 237 45
Portland OR 235 35 San Antonio TX 210 42
Harrisburg PA 204 34 SaltLake City UT 226 3.9
Philadelphia PA 221 43 Burlington VT 204 39
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Table F-2. Fastest Mile® [U'] and Mean Wind Speed® [U] for Selected

United States Stations.
Page 3 of 3
Station State [u’] [u] Station State [u’] U]
(m/s) (m/s) (m/s) (m/s)
Pittsburgh PA 216 42 Lynchburg VA 183 3.5
Scranton PA 199 38 Norfolk VA 218 47
Huron SD 274 53 Richmond VA 189 34
Rapid City SD 273 50 Quillayute WA 163 3.0
Chattanooga TN 214 238 Seattle WA 187 41
Knoxville TN 218 33 Spokane WA 214 39
Memphis TN 203 41 Green Bay WI 253 46
Nashville TN 209 36 Madison WI 249 44
Abilene TX 244 54 Milwaukee W 240 53
Amarillo X 273 6.1 Cheyenne Wy 270 59
Austin T™X 202 42 Lander Wy 274 31
Brownsville X 195 563 Sheridan WYy 275 36
Compus Christi TX 244 54 Elkins W 228 28

Standards, 1979.

Department of Commerce, National Oceanic and Atmospheric
Administration/Environmental Data Service/National Climatic Data Center.
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? Data taken from Extreme Wind Speeds at 129 Stations in the Contiguous
United States. Simiu, E., Filliben, J.J. and M.J. Changery. NBS Building

Science Series 118. U.S. Department of Commerce, National Bureau of

® Data taken from Local Climatological Data - Annual Summaries for 1977. U.S.
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Assumptions Underlying the Model and Its Applicability

1. Cowherd's model can be used for estimating respirable particulate emissions
from surfaces due to wind erosion.

2. The model assumes a “limited reservoir”’ surface whose surface potential is
restored after each disturbance.

3. The model was developed based on field measurements using a portable
wind tunnel.

4. The model uses the Thornwaite’s precipitation-evaporation (P-E) index as a
useful indicator of average surface soil moisture conditions.

Example Problem

Estimate the particulate emission rate for benzene at a site 10 m by 10 m with a
surface concentration of 5 mg/kg. Assume that the erosion threshold wind
speed is 1 m/s, 10% of the area has a vegetative cover and frequency of
disturbance is about 50% (15 days per month). Further assume the fastest mile
wind speed is 3 m/s and the Thornwaite's precipitation evaporation index is 56.

Eo, =  0.83(15)(100) (6.7) [3-1] (1-0.1)/(56/50)
= 1.196 E4 mg/hr -
= 104.769 kglyr

E . 104.769* 5
= 52384 kglyr

The example problem was run using the API DSS and yielded an emission rate of
5.24 E2 kg/yr (See attached output).

REFERENCES
U. S. Environmental Protection Agency (1985). Rapid Assessment of Exposure to

Particulate Emissions from Surface Contaminated Sites. Office of Health and
Environmental Assessment. EPA/600/8-85/002.
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Air Model Output File
DSS Fate and Transport

Chemicals in the analysis
Benzene

Either user specified volatile emissions or
Particulate emissions
Box Model used for dispersion

Particulate Emission Input Parameters:
Frequency of disturbance [# days/month]
Fastest mile windspeed [m/s]

Erosion windspeed [m/s]

Fraction of vegetation cover [-]

PE Index [-]

Area of contaminated soil [m"2]

IR 0732290 OL27189 T20 MR

AIRMODEL.OUT
Page 1 of 1

no volatile emissions entered

15.0
3.00
1.00
.100
56.0
100.

Total Soil Concentrations Used for Particulate Emissions [mglkg]

Benzene

Box Model Input Parameters:

Box height [m]
Box width [m]
Average windspeed [m/s]

5.00

2.00
10.0
2.00

TILLLILEL T I I 0070770000 07070770077017000707707177

Chemical Parameters for :Benzene

Henrys Law .228
Koc 58.9
Diffusion in air 8.800E-02
Vapor pressure 95.2
Molecular weight 78.0
Source conc. for dust 5.00

MODEL OUTPUT FOR: Benzene

Emissions Model: User specified
Dispersion Model: Box

Air Model Output:
Emission rate of PM10 dust (mg/hr)

Constant Emission Rate (kg/yr):
Dust Emission Rate (kg/yr):
Concentration in Air (mg/m"~3):

Copyright by the American Petroleum Institute
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APPENDIX G
THE BOX MODEL

The Box Model

The box model can be used to estimate concentrations in the air based on the
assumption that the steady-state contaminant emissions completely mix with the
air inside the 'box’. As shown in Figure G-1, the box is bounded at the top by the
mixing zone and is ventilated by a steady flow of wind across the box. The
average air concentration in the box is computed using the following mass balance

relationship:
C.,, = 10°E/(U*W*H) (G-1)
where
C.: = concentration of the chemical in air (mg/m?®)
E = average volatile chemical emission rate for the exposure period
(9/s)
u = mean annual wind speed (m/s)
W = width of the box perpendicular to the predominant wind
direction (m)
H = height of the mixing zone (m)
10° = conversion factor g to mg

Note Equation (G-1) may be implemented using any consistent set of units.

Data Required

Data required for the box model are shown in Table G-1. For most risk
assessment purposes the height of the box is conservatively assumed to be about

2 m, i.e., approximate height of an adult's breathing zone. In the API DSS the
emission rate can be estimated using an emissions model or specified by the user.

G-1 Previous page is blank.
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Ground Surface

Contaminated Soil

Figure G-1. Schematic of the Box Model.

Table 5-8. Data Requirements for the Box Model.

PARAMETER DEFINITION UNITS
Emission rate | [o/s]
Mean annual wind speed [m/s]
Width of site perpendicular [m]

to predominant wind direction
Mixing height [m]
G-2

Copyright by the American Petroleum Institute
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Assumptions Underlying the Model and Its Applicability

The box model can only be used to estimate the average concentration within a
volume of air, and does not account for the decrease in concentration with

distance or height from the source. Box model does not include any spatial or
temporal variations of concentration.

The model is therefore not appropriate for receptors located at large distances
from the source of air emissions. Box models are most applicable for evaluating
exposure to receptors living and/or working in the contaminated area and typically
result in conservative (higher concentrations) estimates of exposure.

Example Problem
Use the emissions estimated using the example problem in Farmer's model

description to estimate air concentrations on-site assuming a wind speed of 3 m/s
and a box height of 2 m.

Cair

(10% (7.69 E-4)(3) (10) (2)]
1.92 E-3 mg/m®

The example problem was run using the APl DSS and yielded an air
concentration of 1.28 E-2 mg/m® (See attached output).

G-3
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Air Model Output File
DSSs Fate and Transport

Chemicals in the analeis
Benzene

Farmers volatile emissions
Box Model used for dispersion

Area of contaminated soil [m*2] 100.
Depth to top of contamination [m] .500
Porosity [cm*3/cm”3] .400
Water content [cm™3/cm”3) .150
Soil bulk density [g/cm”3] 1.80
Fraction organic carbon [-] .100E-02
Temperature of surface soil [C] 20.0

Total Soil Concentrations Used for Veolatile

Farmers Model Input Parameters:

Benzene 5.00

Box Model Input Parameters:

Box height [m] 2.00
Box width [m] 10.0
Average windspeed [m/s] 3.00
LILTTITTT077 0707770777777 777777777777777777777777
Chemical Parameters for :Benzene
Henrys Law .228
Koc 58.9
Diffusion in air 8.800E-02
Vapor pressure 95.2
Molecular weight 78.0
Source conc. for emis. 5.00

Air

MODEL OUTPUT FOR: Benzene

Emissions Model: Farmers
Dispersion Model: Box

Model OQutput:
Diffusion coef. adjusted for temperature
Effective diffusion coefficient em2/s
Total conc. in soil (g/g)
Conc. in the dissolved phase (g/cm3)
Calculated vapor concentration (g/cm3)
Saturated vapor concentration (g/cm3)
Farmers emission rate (g/s)

Constant Emission Rate (kg/yr):
Concentration in Air (mg/m”~3):

G4
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Emissions [mg/kg]

.80E-02
-41E-03
.00E-06
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.43E+01
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APPENDIX H
GAUSSIAN DISPERSION MODEL

The Gaussian Dispersion Model

Gaussian Dispersion Models are commonly used to estimate the steady-state
concentration of chemicals downwind from a source. For atmospheric dispersion
modeling, meteorological input consists of wind speed, atmospheric stability that
represents the mixing characteristics of the atmosphere, and wind direction.
Generally the wind speed is divided into six different classes, the atmospheric
stability is classified into one of six different classes, and the wind direction
separated into sixteen different wind sectors. This results in a total of (6*6*16) or
576 different combinations of atmospheric conditions. Atmospheric stability
represents the effects of thermal (solar radiation) and mechanical (wind)
turbulence on the mixing characteristics of the atmosphere. At any receptor
location, the long term average concentration is computed by estimating the
receptor point concentration for each atmospheric condition and then frequency-
weighting these concentrations. This approach requires a complete specification
of the joint frequency distribution of atmospheric stability, wind speed and wind
direction, termed as the stability array (STAR) data. Because of the large data
requirements for the approach discussed above, a simplified screening-level
approach was incorporated into the API DSS.

The DSS utilizes the sector-averaged form of the Gaussian dispersion model, but
assumes the wind speed is constant in the direction of the receptor for a specified
fraction of the year. The steady-state concentration at the receptor is computed for
each of the six stability conditions; the annual average concentration is then
derived by frequency-weighting the concentrations for each stability class.

The sector-averaged form of the Gaussian model is derived by averaging the
concentration profile across a single 22.5 degree wind direction sector. For each
stability class, the steady-state ground level concentration is computed by the
following equation, Hanna et al. (1982):

C (10%*(16/2nx)*(2)*Q*D*P/[u*c;*(27)°7] (H-1)

H-1
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where

G = steady-state concentration at distance x for stability class j (mg/m°)

X = distance from the source to the receptor (m)

Q = emission rate (g/s)

Pi = fraction of the year wind blows in the direction of the receptor from
the source (dimensionless)

u = mean annual wind speed at source release height (m/s)

i = vertical dispersivity for stability class j (m)

10° = conversion factor from g to mg

D = factor that accounts for any atmospheric decay (dimensionless)

Vertical dispersion coefficients are computed using the empirical Pasquill-Gifford
curves for each stability class as shown in Figure H-1. Their values depend on the
distance to the receptor and the atmospheric stability class and are further
discussed in the data requirements section.

The factor D accounts for the overall first-order decay of the contaminant as it
travels from the source to the receptor:

D =exp (-kx/u) (H-2)
where
k =lumped first order decay rate constant (s™)

Note that decay in the atmosphere is considered a lumped process that includes all
processes that reduce the atmospheric concentration. These processes include
photodegradation, downwash, oxidation, etc.

Equation (H-1) computes the steady-state concentration for each stability class. The
annual average concentration is then estimated by frequency weighting:

Covg iC (H-3)

annual average concentration (mg/ma)
fraction of the year represented by stability class j (dimensionless)

= O
8
nn
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Figure H-1. Vertical Dispersion Coefficient as a Function of
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The Gaussian model assumes that emissions emanate from a point source. This
is generally a conservative assumption. To estimate emissions from area sources,
a virtual source approximation may be used. This type of source is not

implemented in the air dispersion model included in the DSS.

Data Required

Data requirements for the Gaussian dispersion model are listed in Table H-1. The
emission rate used by the model is the average emission rate for the exposure
period and is estimated using any of the emission models or can be explicitly
specified by the user. As mentioned previously, data on mean annual wind
speeds are available at climatological stations throughout the country.

Table H-1. Data Requirements for the Gaussian Dispersion Model.

PARAMETER DEFINITION UNITS

Chemical Data

Emission rate [o/s]

First order decay rate in air [s']
Source Data

Distance from source to receptor [m]

Width of area source [m]

Length of area source [m]
Meteorologic Data

Mean annual wind speed [m/s]

Mixing height [m]

Frequency of occurrence for each stability class [fraction]

Fraction of the time wind blows in the direction of [fraction]

the receptor

H-4
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Table H-2 lists the Pasquill-Gifford stability classification scheme used in the
model. Frequency data for each stability class can be derived from Stability Array
(STAR) files available for airports and other climatological stations. The value of
the vertical dispersivity depends on the atmospheric stability class and distance
between the source and the receptor as shown in Figure H-1. It is estimated by

the DSS using the following regression relationship:

- b
o, = a(x’+c

(H-4)

where a, b and ¢ are constants associated with the six meteorological classes.

The specific values are listed in Table H-3.

Table H-2. Pasquill-Gifford Atmospheric Stability Categories.

CATEGORY DESCRIPTION

Extremely unstable
Moderately unstable
Slightly unstable
Neutral

Slightly stable
Moderately stable

Mmoo m>r

H-5
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Table H-3. Constants for Pasquill-Gifford Curves for Each

Stability Class.
X 1000 m
Stability = A B C D E F
a 0.001 0.0476 0.119 2.61 52.6 33.60
b 1.890 1.1100 0.915 0.45 0.156 0.14
c 9.600 2.0000 0.000 -25.50 -126 -75.00
100 m X 1000 m
Stability = A B C D E F
a 0.001 0.0476 0.119 0.187 0.1345 0.362
b 1.890 1.1100 0.915 0.755 0.745 0.55
c 9.600 2.0000 0.000 -1.4 -1.1 2.7
X 1000 m
Stability = A B C D E F
a 0.1742 0.1426 0.1233  0.0804 0.06 0.0434
b 0.936 0.922 0.905 0.881 0.854 0.814
c 0 0 0 0 0 0

Assumptions Underlying the Model and Its Applicability

The model estimates the steady-state sector averaged concentration of airborne

chemicals downwind of the source, and is based on the following assumptions:

1. The chemical emissions at the source are steady and continuous.

2. The distribution of chemicals within the plume is Gaussian in the vertical

and crosswind direction.

3. Longitudinal (downwind) dispersion is negligible.
4, Wind speed is steady in a constant direction; short-term fluctuations in

wind are not accounted for.

Copyright by the American Petroleum Institute
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5. Atmospheric dispersion can be characterized by six stability classes
(A,B,C,D,E, and F) and is used to estimate the dispersivity values.

6. No deposition of chemicals or particles occurs during transport.

7. The model assumes a flat terrain.

8. The model assumes a point source of emission, i.e., a relatively small

source area. Thus, the Gaussian model is more appropriate when the
distance to the receptor is large relative to the size of the source.

Example Problem

Estimate the annual average concentration at a receptor located 200 m downwind
from the source. The emission rate is based on the example presented in the
write-up for the Farmer's model. Assume that for 30% of the time during any year
wind blows towards the receptor at an annual average speed of 2 m/s. The
frequencies for each stability class are given below:

Stability Class Frequency
A 0.2
B 0.4
Cc 0.1
D 0.1
E 0.1
F 0.1
C = (10%)[16/(2*1*200)1(2)(7.69 E-4)(1)(0.3)/[2*c;*(27)°5]
= 1.172 E-3/0,

The values of the vertical dispersivity coefficient for the six stability classes are
estimated as 30, 20, 13.5, 8.8, 6.2, and 4 from Figure H-1.

C = 1172 E-3
[(0.2/30)+(0.4/20)+(0.1/13.5)+(0.1/8.8)+(0.1/6.2)+(0.1/4)]
= 1.02 E-4 mg/m®

This value matches the AP| DSS estimated value (See attached output).

H-7
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AIRMODEL.OUT
Page 1 of 2

Air Model Output File
DSs Fate and Transport

Chemicals in the analysis
Benzene

Farmers volatile emissions

Gaussian Model used for dispersion

Farmers Model Input Parameters:

Area of contaminated soil [m*2] 100.
Depth to top of contamination {[m} .500
Porosity [cm*3/cm”3) .400
Water content {cm™3/cm”3] .150
Soil bulk density [g/cm”3] 1.80
Fraction organic carbon [-] .100E-02
Temperature of surface soil [C] 20.0

Total Soil Concentrations Used for Volatile Emissions [mg/kg]
Benzene 5.00

Gaussian Dispersion Model Input Parameters:

Average windspeed [m/s] 2.00

Fraction of time wind blows toward
the receptor [m/s] .300
Distance to the receptor [m] 200.
Area for emissions [m"~2]} 100.
Fraction of time spent in each stability class
Class 1 .200
Class 2 .400
Class 3 .100
Class 4 .100
Class 5 .100
Class 6 .100

Chemical-Specific Decay Rate (1/sec)

Benzene .000

LIITITIIII 770000777 707707777F077777777777777777
Chemical Parameters for :Benzene

Henrys Law .228
Koc 58.9
Diffusion in air 8.800E-02
Vapor pressure 95.2
Molecular weight 78.0
Source conc. for emis. 5.00
Decay coefficient .000

H-9
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MODEL OUTPUT FOR: Benzene

Emissions Model: Farmers
Dispersion Model: Gaussian

Air Model Output:

Diffusion coef. adjusted for temperature
Effective diffusion coefficient em2/s
Total conc. in soil (g/g)

Conc. in the dissoclved phase (g/cm3)
Calculated vapor concentration (g/cm3)
Saturated vapor concentration (g/cm3)
Farmers emission rate (g/s)

Constant Emission Rate (kg/yr):
Concentration in Air (mg/m~3):

H-10
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APPENDIX |
ESTIMATION OF CONCENTRATIONS IN SHOWER AIR

Concentrations in the Shower Air

Concentrations in the shower air are estimated assuming that the air in the
bathroom or the shower stall (as specified by the user) is fully mixed. Thus, the
concentration in the air can be expressed as

Ca = Ms/Vsh (I-1)
where
Ca = air concentration in the shower stall or the bathroom (mg/m°)
Men = mass of contaminants that volatilize in the shower
stall/bathroom from water (mg)
Voo = volume of air in the shower stall/bathroom (m®)

Vs« can be estimated as:

Voo = Len * Weh * Hsn (1-2)
where

Le = the length of the shower stall/bathroom (m)

We = the width of the shower stall/bathroom (m)

He = the height of the shower stall/bathroom (m)

The release of contaminant mass from the water used for showering depends on a
number of factors that include, but are not limited to, the amount of water consumed,
contaminant concentration in the water at the shower head, the volatility of the
chemical, and the size of the droplets. The overall effect of these factors can be
lumped together and expressed as the efficiency of volatilization that represents the
fraction of the total contaminant mass in the water that is released to the air. Thus,
the mass of contaminant released can be expressed as:

Mg
where
fv

f*Q*ta ™ Cu (I-3)

the fraction of contaminant volatilized (mg/mg)
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Q the volumetric flow rate of water (/min)
ter = the duration for which water is flowing (min)
Cw the concentration of contaminant in water (mg/l)

The API DSS allows the user either to specify the efficiency of contaminant release
or to estimate its value using a model. Note, a very conservative estimate of f,
would be unity. This would imply that all the contaminant in the water volatilizes in
the bathroom air. A number of models have been proposed to estimate the
efficiency of release. The model presented by Foster and Chrostowski (1986) is
included in the DSS and is described below.

The Foster and Chrostowski model treats volatilization as a first order process and
estimates f as:

-K{ t
fo=t- exp((d/s) 3600 ) )
where
fv = the efficiency of contaminant release [dimensionless]
Ky = the overall mass transfer coefficient at the temperature of the
shower water (cmvhr)

t = the shower droplet drop time (sec)
d = the representative diameter of the shower droplet (cm)
3600 = conversion factor hr to sec (sec/hr)

In Equation I-4, (6/d) is the specific interfacial area for a hypothetical water droplet of

~ diameter d. The overall mass transfer coefficient is estimated using the two-film

boundary theory:
-1
1 1
K _[E-'-_H—kg] (I-5)
where
Ko = the overall mass transfer coefficient at a known calibration
temperature, T, (cm/hr)
ki = liquid-phase mass transfer coefficient (cm/hr)
kg = gas-phase mass transfer coefficient (cm/r)
H = Henry's Law constant [(mg/L)/(mg/L)]

I-2
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Typical values of the liquid and gas phase mass transfer coefficients measured for
carbon dioxide (COo) in water (H20) are 20 cm/hr and 3,000 cm/hr, respectively.

The following empirical/approximate relations are often used to estimate volatile
contaminant-specific mass transfer coefficients:

18 0.5
kg = Kgm,0) (Wm)

(1-6)

44 \°°
kg = kgco,) “‘—Mwm (1-7)

where 18 and 44 are the molecular weights for water and carbon dioxide
respectively, and MW, is the molecular weight of the contaminant. Also refer to
Liss and Slater (1974) for additional information on mass transfer coefficients.

Finally, the value of the overall mass transfer coefficient can be adjusted to the
temperature of the shower water:

Kl =K. (MTS e
Telgy
where
Te = the calibration water temperature for Ky, i.e., the temperature at
which Kgei,0 and kgeo,) have been estimated (°K)
T = temperature of the shower water (°K)
e = viscosity of water at T (g/m-s)
Hsh = viscosity of water at Ts (g/m-s)

The following relationship is used to estimate the viscosity of water as a function of
temperature. It is based on data presented in the CRC Handbook (CRC Press

1973). Note that in all cases the temperature (T) is expressed in degrees
Centigrade.

If T <20°C |
uw [g/m-s] = 100 * 10’ (1-9)
where

1301
- - 3.30233 -10
Y= '998.33 + 8.1855 (T-20) + 0.00585 (T-20)° (1-10)
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KT>20°C

v = 1.002* 10’ (-11)
where

y = (-1.3272 * (T-20) - 0.001053 * (T -20)2)/(T +105) (I-12)
Data Required

Table I-1 shows the data required by the shower model. I the value of the fraction
that volatilizes (fv) is zero, the API DSS uses Foster-Chrostowski's model to estimate
the volatile emissions. If fy is non-zero, Foster and Chrostowski's model is not used
and hence the values of parameters shown in Table I-1 (except for the value of f,
and the size of the shower stall) are not used.

mptions Underlying the Model and Its Applicabili
1. The shower model assumes no exchange of air with the outside or the
remaining portion of the house. This assumption would tend to over estimate

the shower-air concentrations.

2. The model assumes complete and instantaneous mixing of the volatile
emissions with the air in the shower stall.

3. For a very conservative screening level analysis, the fraction of contaminant
mass in the water used for showering (f,) would be set equal to unity.
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Table I-1. Data Required to Estimate Concentrations in Shower Air

Within the DSS.
PARAMETER DEFINITION - UNITS API DSS UNITS
Chemical Data
Liquid Phase Gas Transfer Coeff. for CO- [em/hr] [cm/hr]
Gas Phase Mass Transfer Coeff. for Water  [cm/hr] [em/hr]
Henry's Law Constant [(mg/L)/(mg/L)] [(mg/L)/(mg/L)]
Molecular Weight of the Contaminant [g/motle] [g/mole]
Viscosity of Water [g/m-s] [g/m-s]
Concentration of the Contaminant in Water [mg/L] . [mg/L]
Shower/Source Data
Volume of Shower Stall/Bathroom [m] [m¥
Volumetric Flow Rate of Water [L/min] [L/min]
Duration for which Water is Flowing [min] [hr]
Shower Droplet Drop Time [s] [s]
Representative Diameter of the Shower Droplet [cm] [cm]
Fraction of Contaminant Released [mg/mg] [mg/mg]*
Temperature of Shower Water ['K] [C]

* If a non-zero value of the fraction of contaminant released (f,) is entered, the

DSS does not use the Foster-Chrostowski's model to estimate the concentration
in the shower air.

Example Problem

Estimate the average concentration of benzene in a shower stall/bathroom of
volume 3 m® using (i) Foster and Chrostowski's model and (ii) assuming the fraction
of contaminant volatilized to be 0.7. Assume water flows in the shower for 12
minutes at a rate of 10 liters per minute. The droplet diameter is 0.1 cm and the
droplet drop time is 2 sec. The liquid phase mass transfer coefficient for benzene is
20 cm/hr and the gaseous mass transfer coefficient is 3000 cm/hr. Assume the
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2 sec. The liquid phase mass transfer coefficient for benzene is 20 cm/hr and the
gaseous mass transfer coefficient is 3000 cm/hr. Assume the temperature of the
shower water to be 30 ‘C. The concentration of benzene in the shower water is
0.001 mg/l.

(i) Solution using Foster and Chrostowski's model

Calculate the overall mass transfer coefficient

k, = 20 * (44/78)"?
= 16.02 cm/hr
K, = 3000 * (18/78)"2

1441.16 cm/hr

1.7 (1/15.02 + 1/(.228 * 1441.16))
14.36 cm/hr

Ky

Adjust the overall mass transfer coefficient for temperature effects (first estimate

viscosity of water)

y = -(1.3272 * (T-20) - 0.001053 * (T - 20) ** 2) / (T+ 105)
= -9.75E-2

Mehower = 1.002 * (10)y
= 0.7989 g/m-sec

n,(20°C) = 1.002 g/m-sec

K, = 14.42 *[ (303 * 1.002) / (293 * 0.7989)]'2
= 16.35 cm/hr

Calculate fraction volatilized

f,

1 - exp((- 16.35 * 2)/(0.1 * 600))
042 '
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Calculate the concentration of benzene in the shower air

C 0.42* 10 * 12 * 0.001/3

0.0168 mg/m?®

(i) Solution assuming the efficiency of contaminant release to be 0.7

Csh

0.7*10*12* 0.001/3
0.028 mg/m®

The shower concentrations estimated using the AP1 DSS were 0.0168 mg/m?® and
0.028 mg/m’ for cases (i) and (ii), respectively (See attached output).
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INTAKE.OUT (using shower model)

Page 1 of 1
Chemicals in the analysis:
Benzene
Chemical Intake Analysis
Deterministic Run
PARAMETER NAME UNITS VALUE
Body Weight kg 7.00E+01
Life Time h%4 7.00E+01
Exposure Duration Groundwater vr 9.00E+00
Exposure Frequency Shower dy/yr 3.50E+02
Shower Duration hr 2.00E-01
Inhalation Rate in Shower m~3/hr 6.30E-01
Fraction Volatilized (-) 0.00E+00
Shower Flow Rate v 1/hr 1.00E+01
Volume of Bathroom m3 3.00E+00
Temperature of Shower water C 3.00E+01
Droplet Diameter om 1.00E-01
Droplet Droptime s 2.00E+00
Mass Transfer CO02 cm/hr 2.00E+01
Mass Transfer H20 cm/hr 3.00E+03
Benzene
PARAMETER NAME UNITS VALUE
Henrys constant {mg/L) / (mg/L) 2.28E-01
Molecular Weight g/mol 7.80E+01
Inhal Shower Bioavailibility {(-) 1.00E+00
Inhalation Slope Factor kg-dy/mg 2.90E-02
Inhalation Reference Dose mg/kg/dy 1.70E-03
Concentration in- Groundwater mg/l 1.00E-03
SUMMARY OF THE OUTPUTS
kkddthhdhhbbhrrdhdhdedr
CDI: Chronic Daily Intake
LADI: Lifetime Average Daily Intake
INHALATION DURING SHOWER
Daily CDI LADI Risk Hazard
Intake Quotient
(mg/kg-dy) (mg/kg-dy) (mg/kg-dy) (=) | (-)
Benzene 3.03E-05 2.91E-05 3.74E-06 1.08E-07 1.71E-02
Receptor Point Concentrations
Max. 5-year ave Ave. over ED-
Shower Air Concentrations: (non-carcinogens) {(carcinogens)
Benzene 1.683E-02 1.683E-02
I-8
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INTAKE.OUT (shower model assuming 0.7 fraction volatilized)

Page 1 of 1
Chemicals in the analysis:
Benzene
Chemical Intake Analysis
Deterministic Run
PARAMETER NAME UNITS VALUE
Body Weight kg 7.00E+01
Life Time yr 7.00E+01
Exposure Duration Groundwater vr 8.00E+00
Exposure Frequency Shower dy/vr 3.50E+02
Shower Duration hr 2.00E-01
Inhalation Rate in Shower m*3/hr 6.30E-01
Fraction Volatilized {(-) 7.00E-01
Shower Flow Rate _ 1/hr 1.00E+01
Volume of Bathroom m~3 3.00E+00
Benzene
PARAMETER NAME UNITS VALUE
Henrys constant (mg/L) / (mg/L) 2.28E-01
Meclecular Weight g/mol 7.80E+01
Inhal Shower Bioavailibility (-) 1.00E+00
Inhalation Slope Factor kg-dy/mg 2.90E-02
Inhalation Reference Dose mg/kg/dy 1.70E-03
Concentration in Groundwater mg/1l 1.00E-03
SUMMARY OF THE OUTPUTS
khkhkkhkhkkhhkhkhkdhkrhkhkdxxkix
CDI: Chronic Daily Intake
LADI: Lifetime Average Daily Intake
INHALATION DURING SHOWER
Daily CcDI LADI Risk Hazard
Intake Quotient
(mg/kg-dy) (mg/kg-dy) (mg/kg-dy) (=) (-)
Benzene 5.04E-05 4.83E-05 6.21E-06 1.80E-07 2.84E-02

Receptor Point Concentrations

Max. S5-year ave Ave. over ED

Shower Air Concentrations: (non-carcinogens) (carcinogens)

Benzene 2.800E-02 2.800E-02
-9
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APPENDIX J
IMPUT PARAMETERS REQUIRED BY THE DSS

AND THE ALLOWABLE RANGES

Table J-1.  Data Required to Implement the SESOIL Model Within the DSS.
Table J-2. Data Required to Implement the Jury Model Within the DSS.

Table J-3.  Data Requirements for the AT123D Model in the DSS.

Table J-4.  Data Requirements for the Thibodeaux-Hwang Vapor Emissions Model.
Table J-6.  Data Requirements for the Farmer Vapor Emissions Model.

Table J-6.  Data Requirements for the Cowherd Particulate Emissions Model.
Table J-7.  Data Requirements for the Box Model.

Table J-8.  Data Requirements for the Gaussian Dispersion Model.

Table J-9. Data Required to Implement the VADSAT Model Within the DSS.
Table J-10. Data Requirements for the Shower Model.

I Previous page is blank.
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Table J-1.
Data Required to Implement the SESOIL Model

Within the DSS.
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PARAMETER DEFINITION UNITS REMARKS
Chemical Data
Solubility [ug/ml] See Table 9-1
Diffusion Coefficient in Air [cm?/sec] See Table 9-1
Henry's Law Constant [(mg/L)/(mg/L)] See Table 9-1
Koc [ug/g oc /ug/ml] See Table 9-1
Biodegradation Rate in Liquid [1/dayl] See Table 9-1
Climate Data
Surface Temperature [C] 0-35
Evapotranspiration [cm/day] +
Precipitation [ecm/year] +
Storm Duration [days] <365
Storm Events [no. events/year] <365
Length of Rainy Season [months] <12
Unsaturated Zone Data for the Entire Soil Column
Effective Porosity [-] 0-0.5
Soil Bulk Density [g/cm?] 1.5-1.85
X-dimension of the source [m] +
Y-dimension of the source [m] +
Unsaturated Zone Data for Each Layer
Depth to bottom of the layer [m] +
Intrinsic Permeability [cm?] +
Fraction Organic Carbon [-] 0-1
Pollutant load to the layer for
each chemical of concern kgl +

+ any positive value
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Table J-2.
Data Required to Implement the Jury Model
Within the DSS.

PARAMETER DEFINITION UNITS REMARKS
Chemical Data
Diffusion Coefficient in Air [cm?/sec] See Table 9-1
Diffusion Coefficient in Water [cm?/sec] See Table 9-1
Henry's Law Constant [{mg/L)/(mg/L}] See Table 9-1
Koc {fug/g oc /ug/ml] See Table 9-1
Biodegradation Rate in Liquid [1/day] See Table 9-1
Pollutant Load kgl See Table 9-1

Unsaturated Zone Data

Volumetric Water Content [-1 0-05
Effective Porosity [-1 0-0.5

Soil Bulk Density [g/cm?] 1.56-1.85
Thickness of Incorporation Im] +
Thickness of Soil Cover [m] +
Fraction Organic Carbon lg/g] 0-1
Boundary Layer Thickness [em] See Jury's paper
Infiltration [em/yr] +

+ any positive value
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Table J-3.
Data Requirements for the AT123D Model in the DSS.

PARAMETER DEFINITION UNITS REMARKS

Chemical Data

Organic carbon partition coefficient  [ug/g oc /ug/ml] See Table 9-1

Molecular diffusion coefficient [m?/yr] See Table 9-1

Lumped first order decay coefficient fyr'] +
Source Data

Mass flux of contaminant [kg/yr] +

(flux option)

Mass of contaminant kgl +

{instantaneous release option)

Time duration of source flux [yr] <100

X-coordinates of source [m] +

Y-coordinates of source [m] +

Z-coordinates of source [m] +

Saturated Zone Data

Aquifer width [m] +
Aquifer depth [m] +
Porosity [em3/cm?®] 0-0.5
Hydraulic Conductivity [m/yr] +
Hydraulic gradient [m/m] +
Longitudinal Dispersivity [m] +
Transverse Dispersivity [m] +
Vertical Dispersivity [m] +
Fractional organic carbon content lg/gl 0-1
Soil Bulk density [g/cm?®] 1.5-1.85
Receptor Data
X-coordinate of well [m] +
Y-coordinate of well ' [m) +
Depth to top of well screen [m] < aquifer thickness
Depth to bottom of well screen [m] < aquifer thickness

Number of intervals for [dimensionless] <10
vertical averaging :

+ any positive value

J-4
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Table J-4.
Data Requirements for the Thibodeaux-Hwang
Vapor Emissions Model.

PARAMETER DEFINITION UNITS REMARKS
Chemical Data
Total concentration in soil [mg/kg wet soil] +
Henry's Law Constant [g/cc vapor/g/cc water] See Table 9-1
Soil-Water partition coefficient [g/g dry soil/g/cc water] See Table 9-1
Chemical Molecular Weight [g/mol] See Table 9-1
Saturation vapor pressure [atm] See Table 9-1
Air diffusion coefficient [cm?/s] See Table 9-1
Molecular weight of the residual [g/mol] +
mixture
Total concentration of the residual [mg/kg wet soil] +

mixture in soil

Soils Data
Dry bulk density [g dry soil/lcm?] 1.56-1.85
Porosity [c/c] 0-0.6
Water content [c/c] O-porosity
Source Data
Depth to the top of the [em] < unsaturated
contaminated layer zone thickness
Depth to the bottom of the [cm] <unsaturated
contaminated layer zone thickness
Source area [m?] +

+ any positive value

J-5
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Table J-5.
Data Requirements for the Farmer
Vapor Emissions Model.

PARAMETER DEFINITION UNITS
Chemical Data
Total concentration in soil [mg/kg wet soil] +
Henry's Law Constant [g/cc vapor/g/cc water] See Table 9-1
Soil-Water partition coefficient [g/g dry soil/g/cc water] See Table 9-1
Chemical Molecular Weight [g/mol} See Table 9-1
Saturation vapor pressure [atm] See Table 9-1
Air diffusion coefficient [cm?/s] See Table 9-1
Molecular weight of the residual [g/mol] +
mixture
Total concentration of the residual [mg/kg wet soil] +

mixture in soil

Soils Data
Dry bulk density [g dry soil/cm?] 1.56-1.85
Porosity [c/c] 0-0.6
Water content [c/c] O-porosity
Source Data
Depth to the top of the [em] <unsaturated
contaminated layer zone thickness
Source area [m3] +

+ any positive value

J-6
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Table J-6.
Data Requirements for the Cowherd
Particulate Emissions Model.

PARAMETER DEFINITION UNITS REMARKS

Chemical Data

Total concentration in soil [mg/kg wet soil] +
Soils Data

Erosion threshold wind speed [m/s] See manual

Frequency of disturbance [mo™] <30

Fraction of area with vegetative cover fraction 0-1
Source Data

Source area [m?] +

Meteorologic Data

Fastest mile wind speed [m/s] See Table 5-7

Thornthwaite Precipitation [dimensionless] See Figure -5
Evaporation Index

+ any positive value

J-7
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Table J-7.
Data Requirements for the Box Model.

PARAMETER DEFINITION UNITS REMARKS
Emission rate [g/s] +
Mean annual wind speed [m/s] +
Width of site perpendicular [m] +

to predominant wind direction

Mixing height [m] +

+ any positive value
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Table J-8.

Data Requirements for the Gaussian Dispersion Model.

PARAMETER DEFINITION UNITS REMARKS
Chemical Data.
Emission rate [g/s] +
First order decay rate in air [s™] +
Source Data
Distance from source to receptor [m] +
Width of area source [m] +
Length of area source [m] +
Meteorologic Data
Mean annual wind speed fm/s] +
Mixing height [m] +
Frequency of occurrence for each [fraction] 0-1
stability class
Fraction of the time wind blows [fraction] 0-1

in the direction of the receptor
from the source

+ any positive value

J-9
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Table J-9.
Data Required to Implement the VADSAT Model

Within the DSS.

PARAMETER DEFINITION UNITS REMARKS
Chemical Data
Total Concentration in Soil [mg/kgl +
Solubility [ug/ml] See Table 9-1
Diffusion Coefficient in Air [cm?/sec] See Table 9-1
Diffusion Coefficient in Water [cm?/sec] See Table 9-1
Henry's Law Constant [img/L)/(mg/L)] See Table 9-1
Koc [ug/g oc /ug/ml] See Table 9-1
Molecular Weight [g/mol] See Table 9-1
Biodegradation in Vadose Zone [1/day] +
Biodegradation in Saturated Zone [1/day] +
Source Zone Data
Saturated Conductivity [m/day] +
Thickness of Waste Zone [m] +
Waste Zone Area [m3 +
Length to Width Ratio [m/m] +
Thickness of Soil Cover [m] +
Fraction Organic Carbon [g OC/g soil] 0-1
Unsaturated Zone Data
Fraction Organic Carbon lg OC/qg soil] 0-1
Saturated Conductivity [m/day] +
Depth to Groundwater [m] +
Effective Porosity [-] 0-0.5
van Genuchten’s n Parameter [-1 1.01-2.8
Residual Moisture Content [-] +
Net Recharge Rate [m/day] +

+ any positive value

(Continued...)
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Table J-9.
Data Required to Implement the VADSAT Model
Within the DSS. (Concluded)

PARAMETER DEFINITION UNITS REMARKS

Saturated Zone Data

Effective Porosity [-] 0-0.5
Fraction Organic Carbon [g OC/g sail] 0-1
Saturated Conductivity [m/day] +
Hydraulic Gradient fm/m] +
Aquifer Thickness {m] +
Location of Well Downgradient [m] +
Location of Well Cross-gradient [m] +
Depth of Well [m] +
TPH Data

Concentration of TPH Mixture [mg/kgl] +
Molecular Weight of TPH {[g/mol] +
Density of TPH [g/cm?] +

+ any positive value
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Table J-10.
Data Requirements for the Shower Model.

PARAMETER DEFINITION UNITS REMARKS
Chemical Data.
Henry's Law Constant [{img/L)/(mg/L)] +
Molecular Weight of the Contaminant [g/molel] See Table 9-1
Concentration of the Contaminant in Water [mg/L] +

Shower/Source Data

Volume of Shower Stall/Bathroom (m?] +
Volumetric Flow Rate of Water [L/min] +
Duration for which Water is Flowing [hr] +
Shower Droplet Drop Time [s] +
Representative Diameter of the Shower Droplet [em] +
Temperature of Shower Water [°C] +

+ any positive value

J-12
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APPENDIX K
BRIEF DESCRIPTION OF PARAMETER DISTRIBUTIONS

AND GENERATING ALGORITHMS

The Monte Carlo simulation algorithms included in the DSS have the ability to
generate data from a number of probability distributions. These are uniform, normal,
log-normal, exponential, triangular, and empirical distributions. A description of each
of these distributions, including parameters of the distributions, equations for the
probability and cumulative density functions, brief discussion of the properties of
these distributions, and the method used to generate/sample a variable from these
distributions is provided in this appendix. For additional details refer to any standard

textbook in probability and statistics (Benjamin and Correll, 1970; Snedecor and
Cochran, 1980).

Uniform Distribution

A uniform distribution is a symmetrical probability distribution in which all values
within a given range have an equal chance of occurrence. A uniform distribution is
completely described by two parameters: (1) the minimum value (lower bound) A,
and (2) the maximum value (upper bound) B. The equation for the uniform
probability density distribution of variable x is given by:

") = B (K-1)
where f(x) is the value of the probability density function for x. The cumulative
distribution F(x) is obtained by integrating Equation 1. This yields the probability
distribution:

(x-A)
m (K-2)

where F(x) is the probability that a value less than or equal to x will occur.

Fulx) =

A good uniform (A = 0, B = 1) pseudorandom generator is the basis for generating
not only uniform values but also, via transformations, values from all other
probability distributions.
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N istribution

The term normal distribution refers to the well-known bell-shaped probability
distribution. Normal distributions are symmetrical about the mean, are unbounded,
and values further from the mean occur less frequently. The spread of the
distribution is described by the standard deviation. The normal distribution has only
two parameters: the mean and the standard deviation. The probability density
function of x is given by:

1 X'mx 2
= -0. K-
fa(x) S, 27 exp[ 0.5 ( S, ) J (K-3)
where
Sk = the standard deviation
Mx = the mean of x

The cumulative distribution is the integral of the probability density function:
X
FalX)= [fa(x)dx | (K-)

The above integration cannot be performed analytically; however, tables of
numerically-integrated values of Fi(x) are widely available in the statistical literature.

The method used in the Monte Carlo shell generates from a standard normal
distribution (mean = 0, standard deviation = 1) using the fast but rather complex
Marsaglia-Bray composition method discussed by Ripley, 1987, pp. 82-86.

The log-normal distribution is a skewed distribution in which the natural log of
variable x is normally distributed. Thus, if y is the natural log of x, then the
probability distribution of y is normal with mean my, standard deviation Syanda
probability density function similar to Equation 3. The mean and standard deviation
of x (mvand S) are related to the log-normal parameters m, and S, as follows:
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2 2 2

S =m |exp|S |- 1 (K-6)
X X y

where

my = the mean of the original, untransformed data

Sx = the standard deviation of the original, untransformed data

my = the mean of the log transformed data

Sy = the standard deviation of the log transformed data

To preserve the observed mean and standard deviation of x, the parameters of the
log-normal distribution (my and S,) are therefore selected such that the above
relationships are satisfied. Note that my and Sy do not equal the natural logs of my
-and Sxrespectively. Log-normal distributions have a lower bound of 0.0 and no

upper bound, and are often used to describe positive data with skewed probability
distributions.

The Monte Carlo shell generates log-normal values by exponentiating a normal (m,
Sy) value generated by the method described in the preceding section.

Exponential Distribution

The probability density function for an exponential distribution is described by an
exponential equation:

exp(-x/ my)
myx

fe(x) = (K"7)

where my is the mean of the random variable x. The cumulative distribution is given
by:
Fe(x) = 1 - exp(-x/ my) (K-8)

K-3
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The exponential distribution is bounded by zero; the probability density function
peaks at zero and decreases exponentially as x increases in magnitude.

Cumulative distribution functions having a closed form such as Equation K-8 are
convenient for generation by the simple "inverse” method, which uses the fact that
the function F(x) of a random variable x is uniformly distributed on the interval (0,1).
Thus, in the exponential case, the uniform (0,1) generator is used to generate a
value of Fe(x). The value of the exponentially distributed variable x is then estimated
using Equation K-8.

Tri r Distribution

Atriangular distribution is a relatively simple probability distribution defined by the
minimum value, the maximum value, and the most frequent value (i.e., the mode).
Figure K-1 shows an example triangular probability density function. The cumulative
distribution for values of x less than the most frequent value Xm is given by:

(x- x1) 2
F) = (Xm = Xi )(X2 - X1) (K-9)
where
X1 = the minimum value
Xo = the maximum value
X = the most frequent value

For values of x greater than the most frequent value, the cumulative distribution is: -

Fix) = 1. - E: %3’% (K-10)

X2 - X1

Generation from this distribution is by the inverse method (see Section on
Exponential Distribution). '

K-4
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1.0

0

0.0

X1 Xm X2

X1 : Minimum Value
Xm : Mode
X2 : Maximum Value

Figure K-1. Schematic of a Triangular Probability Distribution.
Empirical Distribution

At times it may be difficult to fit a standard statistical distribution to observed data. In
these cases, it is more appropriate to use an empirical piecewise-linear description

of the observed cumulative distribution for the variable of interest. This option is not
available in the DSS.

Cumulative probabilities can be estimated from observed data by ranking the data
from lowest (rank = 1) to highest (rank = number of samples) value. The cumulative
probability associated with a value of x is then calculated as a function of the rank of
x and the total number of samples. The cumulative probabilities of values among
observed data can be estimated by linear interpolation.
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There is no universally accepted formula for computing cumulative probabilities from
ranked data. If the number of samples is large (>100), the cumulative probability
Fe(x) can be estimated by:

Fe(X) = /N (K-11)
where

x
N

the rank of value x
the number of samples

This formula has the disadvantage of assigning a cumulative probability of 1.0 to the
highest value, thus requiring the assumption that no higher value can possibly occur.
Another formula often used for small samples is the Weibull equation:

Fe(x) = r/(N + 1) (K-12)

Numerous other formulae exist; however, it is difficult to test the appropriateness of a
given formula without a priori knowledge of the true distribution of x. Further, the
differences among these formulae decrease as the value of N increases.

Generation from empirical distributions is performed by the inverse method in the
Monte Carlo shell. A value uniformly distributed between 0 and 1 is generated by
the method presented in the Section on the Uniform Distribution. This value is
matched to a bracketing pair of values from the sample distribution function Fo(X).
The random value x is then calculated by linear interpolation. Minimum and
maximum values of x, corresponding to Fe(x) = 0 and Fe(X) = 1, should be specified
by the user.
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APPENDIX L
CUMULATIVE PROBABILITY DISTRIBUTIONS
AVAILABLE IN EPA EXPOSURE FACTORS HANDBOOK

The Exposure Factors Handbook (EPA, 1989b) includes probability distributions
for a few parameters required to estimate the intake. These parameters include
body weight, drinking water ingestion rate, body surface area and shower duration.

The cumulative probability distribution for these parameters are tabulated in
Tables L-1, L-2, L-3, and L-4.

Table L-1. Cumulative Distribution of Body Weight.

Percentile Men (Age : 18 < 75) Women (Age : 18 < 75)
Body Weight (kg) Body Weight (kg)

5 57.7 46.8

10 61.2 49.3

15 64.0 51.2
25 67.8 54.4
50 75.9 61.5
75 84.6 711
85 90.4 78.3
90 94.7 83.4
95 . 101.7 923
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Table L-2. Cumulative Distribution of Drinking Water Ingestion Rate.

Consumption Rate (L/day) Cumulative Frequency (%)

0.80 19.2
0.81-1.12 39.6
1.13-1.44 59.7
1.45-1.95 79.9

1.96 100.0

Table L-3. Cumulative Distribution of Body Surface Area.

Men Women
(Surface Area - sq. m.) (Surface Area - sq. m.)
Upper Lower Upper Lower
Percentile Total Extremities Exiremities Total] EXxtremities Extremities

5 1.66 0.321 0.653 145 0.260 0.564
10 1.72 0.332 0.676 1.49 0.265 0.582
15 1.76 0.340 0.692 1.53 0.269 0.595
25 1.82 0.350 0.715 1.58 0.274 0.615
50 1.94 0.372 0.761 1.69 0.287 0.657
75 2.07 0.395 0.810 1.82 0.301 0.704
85 2.14 0.408 0.838 1.91 0.311 0.736
90 2.20 0.418 0.858 1.98 0.318 0.757
95 2.28 0.432 0.888 2.09 0.329 0.796

L2
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Table L-4. Cumulative Distribution of Shower Duration.

Shower Duration (minutes) Cumulative Frequency (%)
1 0.20
2 0.80
3 3.20
4 9.80
5 22.60
6 38.20
7 52.60
8 63.80
9 73.40

10 81.00
11 86.20
12 90.20
13 92.40
14 94.20
15 95.60
16 96.80
17 97.60
18 98.60
19 99.40
20 100.00
L-3
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APPENDIX M
EXAMPLE PROBLEM

Site investigations conducted at an abandoned gas station site revealed the
following information.

Background

The former gas station site has a total area of 75 mby 120 m and is located in a
small town. The gas station was operational for about 10 years from 1975 to 1985
after which it was closed due to lack of business. Underground tanks and all surface
structures were removed. The site was never completely paved but about 10% of
the area of the site has asphalt that is heavily cracked on the surface. Review of
historic records does not indicate any known spills; however, it is suspected that

several small accidental surface spills may have occurred at the site. No visible
staining was observed.

The site is surrounded by houses on two sides. A schematic is shown in Figure M-
1. A developer intends to use this abandoned site as a neighborhood
greenbelt/park area by spreading 1t of top soil and sod laying. The developer
intends to complete this activity within a period of one month. Prior to the city's
approval of this project, the developer is required to investigate the nature and
extent of contamination and to conduct a human health risk assessment assuming
the project is completed as planned.

Pertinent conclusions from a site investigation are presented below.
Site Hydrogeology

As shown in a schematic of the site, five soil borings to a depth of 10 m were made.

These borings show the site stratigraphy to be relatively homogenous across the

site and consist of sandy silt from surface to 5 m, and silty clay from 5 to 10 m.

Consultation with a hydrogeologist indicates that the unsaturated zone has a

porosity of 0.3 and an average water content of 0.15. The fraction organic carbon

(F) in the vadose zone soils was measured to be 0.003 g oc/g soil in one sample.
M-1
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Groundwater was encountered in all borings at a depth of approximately 10 m.
Evaluation of regional water table maps indicate a regional gradient toward the west
of about 0.002 m/m. The hydraulic conductivity and effective porosity of the aquifer
are estimated to be 1x10™ m/s and 0.35, respectively. Fo was not measured in the
aquifer; it is assumed to be very low based on the type of soil observed in the
borings.

taminant Concentration

Soil samples were collected and analyzed for BTEX and TPH from the five soil
borings at the surface and at 2 m intervals. The results of these analyses are shown
in Table M-1.

Groundwater samples indicated that none of these chemicals has yet reached the
water table.

Environmental Conditions |

Average annual rainfall in this area is about 126 cm/yr and average annual
temperature of 20°C. Twenty percent of the total precipitation was assumed to
infiltrate through the vadose zone and reach the water table. The average wind
speed in the area is 3 m/s. The climatic data were obtained from a weather station
at a nearby airport.

Land Use

As shown in Figure M-1, the site is located in a residential area and the site is
planned to be developed as a greenbelt area. Individuals living in this neighborhood
are not very mobile and the average stay duration is about 30 years. About 105 m
downgradient from the (downgradient) edge of the source is a domestic water
supply well.
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Analysis Required
Use the above example problem to demonstrate the use of the APl DSS.

nceptual Development of the Ex Problem

The first step in a risk assessment is to identify all relevant exposure pathways and
routes. Based on the information presented above, the following pathways are

significant:

Receptor Pathway

On-site construction workers Inhalation of volatiles
Inhalation of particulates
Direct contact with soil

Off-site residents Ingestion of groundwater
Inhalation during shower
Dermal contact during shower
Inhalation due to volatilization from
the site (vapors only)

On-site potential receptors Inhalation due to volatilization of

vapors

Note off-site receptors or on-site potential park users will not be exposed to
particulate emissions or direct contact with soils since the surface soils are clean.

For purposes of demonstrating the use of APl DSS, the risk to off-site residents wil
be evaluated. This scenario will use all routes of exposure and will use several fate
and transport models. Note for a complete risk assessment, it will be necessary to
quantitatively evaluate the risk to the other receptors. The estimation of risk for the
off-site resident will require the following concentrations:
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« concentration in the well 105 m from the downgradient edge of the source

e concentration in the air (assume same concentration inside and outside the
house)

e concentration in the shower air

Concentrations in the well can be estimated using the Jury’s model coupled with
AT123D model. Concentrations in the air can be estimated by using the emissions
from Jury's model with a Gaussian dispersion model. Jury's model is appropriate
since the soil column is relatively homogenous and the initial concentrations are
fairly low. If residual phase contamination were present, Jury’s model would not be
appropriate. Concentrations in the shower air are estimated using the shower model
(Foster-Chrostowski's model).

In addition to the data required by the models to estimate receptor point
concentrations, intake parameters and toxicity values for the four chemicals of

concern will be required. These data are shown in Tables M-2 to M-6.

The actual implementation of the API DSS is described below.
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Table M-2. Data Required to Implement the Jury Model
for the APl DSS Example Problem.

PARAMETER DEFINITION UNITS VALUE
Model Control Parameters
Simulation time [yrs] 30
Data for the Soil Column
Volumetric water content [-] 0.15
Effective porosity [-] 0.30
Soil bulk density [g/em’] 1.8
Fraction organic carbon [mg/mg] 0.003
Thickness of source [m] 2
Thickness of soil cover [m] 2.30
Depth of unsaturated zone [m] 10
X-dimension of the source [m] 75
Y-dimension of the source [m] 100
Thickness of boundary layer [cm] 0.5
Infiltration rate [cm/yr] 244
Total Concentration in Soil
Benzene [mg/kg] 155
Ethyl benzene [mg/kg] 72.5
Toluene [mg/kg] 111.66
Xylene [mg/kg] 87.83
Chemical-Specific Degradation Rates
Benzene [1/days] 0.002
Ethylbenzene [1/days] 0.003
Toluene [1/days] 0.0033
Xylene [1/days] 0.002
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Table M-3. Data Required to Implement the AT123D Model
for APl DSS Example Problem.

PARAMETER DEFINITION UNITS VALUES

Model Control Parameters

Option to indicate if the aquifer is infinitely wide (y-direction)- YES
Option to indicate if the aquifer is infinitely deep (z-direction)- NO
Media Parameters
Porosity | cm¥cm’ 0.35
Hydraulic conductivity m/iyr - - 3153
Hydraulic gradient m/m 0.002
Longitudinal dispersivity

(as fraction of distance to well) - 0.1
Transverse dispersivity

(as fraction of distance to well) - 0.03

Vertical dispersivity

(as fraction of distance to well) - 0.01
Bulk density of soil g/em® 1.8
Fractional organic carbon content g/g 0.0
Thickness of aquifer m 30
Receptor Well Data
Distance downgradient m 105
Distance off centerline of plume . m 0
Top of well screen m 0.0
Bottom of well screen m 20
Chemical Specific Degradation Rates
Benzene [1/days] 0.002
Ethylbenzene - [1/days] 0.003
Toluene [1/days] 0.0033
Xylene [1/days] 0.002

Copyright by the American Petroleum Institute
Mon Jun 02 10:04:00 2008



STD.API/PETRO PUBL 4bLA5-ENGL 1999 mE 0732290 0L27242 970 mm

Table M-4. Data Used for the Gaussian Dispersion Model
in the APl DSS Example Probiem.

PARAMETER DEFINITION . UNITS VALUE
Source Data \
Area of source [m7] 7500
Chemical Data
Emission rate [g/s] -
First order decay rate in air [1/s] 0
Receptor Data
Distance from source to [m] 150
receptor
Meteorologic
Data
Mean annual wind speed [m/s] 3
Frequency of occurrence for [-] 0.1,0.2,0.2,0.1,
Stability Classes A, B, C, D, E, 0.2,0.2

and F, respectively

Fraction of the time wind blows [-] 0.4
in the direction of the receptor
from the source

Vertical dispersivity * [m] *

* Estimated using Jury's model
** Estimated based on empirical Pasquill-Gifford relationship

M-9
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Implementation of the Example Problem Using the APl DSS

The main screen of the API DSS software is shown in Figure M-2. The four
modules are show in this screen: Development of Risk Scenario, Receptor Point
Concentrations, Chemical Intake and Risk Calculation, and Risk Presentation.

The fifth button, Data Requirements/Summary summarizes the data contained in
the current session, once the routes and chemicals of concern have been selected
in the first module.

In the first module, the chemicals and exposure routes of concern are selected.
Figure M-3 shows the chemical selection screen with the four chemicals of
concemn selected. Figure M-4 shows the selection of exposure routes and models
used. Jury’s model followed by AT123D is selected to estimate groundwater
concentrations, and Jury’s model coupled with the Gaussian model is to be used
to estimate concentrations in off-site air.

Atter the first module is complete, proceed to the Receptor Point Concentrations
module. Fi M-5 shows the main menu for the fate and transport models.

American Petroleum Institute's
DECISION SUPPORT SYSTEM (DSS)

For Performing Fate and Transport Madeling and
Human Health Risk Assessments

Figure M-2. The Main Screen of the API DSS.
M-10
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1 APl Risk Assessment

Air Concentration
{" User specified concentrations
{2 Use model to estimate concentrations

 AT123D VolagljuEt;nissions Model:
{" SESDIL followed by AT123D (" Thibode aux-Hwang
{" SESOIL with Mixing Zone " Farmers
& Jury followed by AT123D " SESOIL
" VADSAT " VADSAT
" User specified emission rates

Dispersion Model:

{" User specified concentrations
= Use model to estimate concentrations

Foshomtivwinfioisbents 3

Calculate Particulate Emissions:
" Yes {* No

Figure M-4. Selecting Exposure Routes and Fate and Transport Models.
M-11
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-SETUP MODEL TN N e
{DSS Fate and Transport ; 5 —

ENTER MODEL DATA: VIEW RESULTS

Figure M-5. The Fate and Transport Models Main Screen.

ENTER DATA FOR JURY (LINKED WITH AT123D) MODEL

Select “Jury Model” from the Fate and Transport Module. From the next screen
entitled Jury Model, select Soil Column Data, and then on the next screen, type
the data from Table M-2. After entering all the values, select Accept Values
button. This brings the user back to the Jury Model Screen. Select the Source
Concentrations button and enter the soil concentrations for each chemical. The
average total soil concentration for each chemical is shown in Table M-2. (Refer to
RAGS or relevant state guidance to enter arithmetic, logarithmic or area averaged
mean value.) Lastly, select Chemical Parameters and sequentially select each
chemical and enter the appropriate data (the only data that need to be changed
are the degradation rates). The chemical-specific parameters that appear on the
screen are from the APl DSS database. Any of these values may be changed by
overwriting them if necessary.

After all the data for all the relevant chemicals have been entered, the Jury Model
screen should show a check mark in the soil column data box and for each of the
chemicals. Figure M-6 shows the Jury model menu once all of the input data have

been entered.
' M-12
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Figure M-6. Menu for Jury’s Model After All Dah Have Been Entered
(Note, chemical parameters are complete.)

Select Return to go back to the Jury Linked with AT123D screen. Note that since

data for the Jury Model have been entered, the Enter Jury Model Data box should
now have a check mark beside it.

AT123D and Gaussian Models

Continue similarly and enter the input data required for AT123D and the Gaussian
models.

RUN THE MODEL

Make sure the simulation time is set to 30 (Figure M-5) years and then select “Run
Models.” Wait as these models are run once for each chemical. The output
screen for Jury will show the time counter to indicate the progress in running the
program. Similarly, when AT123D is implemented, the average annual
concentration for each year will be displayed on the screen. After all runs have
been completed, the user will be asked the question "Program Terminated will exit

M-13
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Code 0, Exit Windows?". The user should select Yes to return to the Fate and
Transport Module screen. This screen will now show two additional options:

e \View Fortran Results
o View Charts and Tables in EXCEL

View Fortran Results

If the user makes the first choice, there will be the option of viewing either the Jury,
AT123D, or air model results. Depending on the option selected by the user, the
appropriate results are displayed on the screen, and the user can select the Print
button at the bottom of the screen to print the resulits followed by the Continue
button to go back to the previous screen. These output files are also contained on
the hard drive. The output for Jury’s model is ‘JURY.OUT’, for AT123D
‘AT123D.0OUT’, and for the air model ‘AIRMODEL.OUT .

View Charts and Tables in EXCEL

Selecting this button brings the EXCEL spreadsheet to the forefront. From the
spreadsheet, the user can view and print the results in several graphical or tabular
forms. These can be viewed by clicking on the DSS menu that will be displayed at
the top of the screen. After viewing/printing these results, the user may exit the
spreadsheet by closing it or by selecting “Retum to DSS” from the DSS menu.

Figure M-7 shows a plot of groundwater concentrations for all four chemicals of

concem. Note that benzene had a maximum concentration of 2.1E-2 mg/l and the
other chemicals were much lower.

M-14
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Concentration in Groundwater Over Time

2.50E-02

2.00E-02 1
P 150602 1
s ~o—Benzene
2 ~&- Ethylbenzene
% ........ Toluene
3 ~2- Xylenes
5 1.00E-02 4
o

5.00E-03

o 5 10 15 20 25 30 35
Years

Figure M-7. Groundwater Concentrations for BTEX.

RUN CHEMICAL INTAKE AND RISK CALCULATION

From the Main Menu of the DSS, the user should select the Chemical Intake and
Risk Calculation button to enter the data for this module. Figure M-8 shows the
Chemical Intake and Risk Calculation Module screen. For the example problem, the
user must enter data for the following data groups:

. Body Weight and Lifespan
o Routes of Entry which includes the four exposure routes:

B Ingestion of drinking water

B Dermal contact in the shower

B Inhalation in the shower

B Inhalation of outdoor air emissions
. Dose Response toxicity data. -

The data to be used for this example are shown in Table M-5.

M-15
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Table M-5. Data Used in the Chemical Intake Module
in the API DSS Example Problem.

PARAMETER VALUE

Drinking Water
Body Weight [kg] 70.0
Lifetime [years] 70.0
Exposure Frequency [days/yr] 350.0
Exposure Duration [years] 8.0
Ingestion Rate [liters/day] 1.4

For each chemical of concern in groundwater:

Concentration [mg/I] *
Oral Reference Dose [mg/kg-d] **
Oral Slope Factor [mg/kg-d] **
Bioavailability [mg/mg] >

Inhalation During Shower
Body Weight [kg] 70.0
Lifetime [years] 70.0
Exposure Frequency [days/yr] 350
Exposure Duration [years] 9
Inhalation Rate [m*hr] 0.63
Time in Shower [hours/day] 0.12

For each chemical of concern in groundwater:

Concentration [mg/l]

Inhalation Reference Dose [mg/kg-d]
Inhalation Slope Factor [mg/kg-d]”
Bioavailability [mg/mg]

M-16
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Table M-5. Data Used in the Chemical Intake Module
in the AP1 DSS Example Problem (Continued).

PARAMETER VALUE

Dermal Exposure in Shower
Body Weight [kg] 70.0
Lifetime [years] 70.0
Exposure Frequency [days/yr] 350
Exposure Duration [years] 9.0
Total Skin Surface Area [cm?] 18150
Time in Shower [hours/day] 0.12

For each chemical of concern in groundwater:

Concentration [mg/l] *
Dermal Permeability Coefficients [cm/hr] o
Oral Reference Dose [mg/kg-d] >
Oral Slope Factor [mg/kg-d}” *x

Inhalation of Volatile Soil Emissions
Body Weight [kg] 70
Lifetime [years] 70
Exposure Frequency [days/yr] 350
Exposure Duration [years} 9
Inhalation Rate [m® hr] 0.833
Time Outdoors [hours/day] 4.0

For each chemical of concern in air:
Concentration [mg/m?)
Inhalation Reference Dose [mg/kg-d]
Inhalation Slope Factor [mg/kg-d]”
Bioavailability [mg/mg]

For shower volatilization model

dedke

*d

*k

*%

*

information.
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RISK PRESENTATION

By selecting the Risk Presentation button from the DSS main menu, the user can
enter the DSS menu in EXCEL to view/print charts and tables of the results using
standard EXCEL commands. This feature is also available from the Chemical

Intake and Risk Caiculation module.

After printing the results, the user can return to the main screen by selecting the

Return to DSS option in the DSS menu.

SAVING THE DATA

At the end of the session, the user may save the data entered and the selections
made by selecting Save a Session button or by selecting the Quit button followed by
the choice Yes to save the results. The user will be prompted to give a name under
which the data will be saved. When restarting a session, the user may load an
existing session from the main screen by selecting Load a Session button. This will
require the user to select one of several files to be loaded.

SUMMARY

The above discussion would enable the user to conveniently work his or her way
once through the API DSS. The API DSS has several other features e.g., Monte
Carlo simulation capabilities that the users will learn as they gain experience and
familiarity with the system. '

The implementation of this example problem generates several files such as
JURY.OUT, AT123D.0OUT, AIRMODEL.OUT, and INTAKE.OUT. One of these files
(INTAKE.OUT) that summarizes the risk to the receptor is attached.

Table M-8 shows the summary risk and hazard index table from EXCEL.

M-18
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ATTACHMENT: The INTAKE.OUT file.

Chemicals in the analysis:
Benzene
Ethylbenzene
Toluene
Xylenes

Chemical Intake Analysis

Deterministic Run

PARAMETER NAME UNITS VALUE
Body Weight kg 7.00E+01
Life Time yr 7.00E+01
Exposure Duration Groundwater yr 9.00E+00
Exposure Frequency Ingestion dy/yr 3.50E+02
Water Ingestion Rate 1/day 1.40E+00
Exposure Duration Groundwater yr 9.00E+00
Exposure Frequency Shower dy/yr 3.50E+02
Shower Duration hr 1.20E-01
Total Skin Surface Area cm”2 1.82E+04
Exposure Duration Groundwater yr 9.00E+400
Exposure Duration Groundwater yr 3.50E+02
Shower Duration hr 1.20E-01
Inhalation Rate in Shower m*3/hr 6.30E-01
Fraction Volatilized (-) 0.00E+00
Shower Flow Rate 1/hr 1.00E+01
Volume of Bathroom m”3 3.00E+00
Temperature of Shower water c 4.50E+01
Droplet Diameter mm 1.00E-01
Droplet Droptime 5 2.00E+00
Mass Transfer CO2 cm/hr 2.00E+01
Mass Transfer H20 cm/hr 3.00E+03
Exposure Duration Inhalation yr 9.00E+00
Exposure Frequency Inhalation dy/yr 3.50E+02
Exposure Time - Outdoor Air hr 4.00E+00
Air Inhalation Rate m~3/hr 8.33E-01

Benzene
PARAMETER NAME UNITS VALUE
Water Ingestion Biocavailibility (-) 1.00E+00
Permeability Coefficient cm/hr 2.10E-02
Henrys constant {mg/L) / (mg/L) 2.28E-01
Molecular Weight g/mol 7.80E+01
Inhal Shower Bioavailibility (-) 1.00E+00
Inhalation Soil Biocavailibility (-) 1.00E+00
Oral Slope Factor kg-dy/mg 2.90E-02
Oral Reference Dose mg/kg-dy 1.70E-03
Inhalation Slope Factor kg-dy/mg 2.90E-02
Inhalation Reference Dose mg/kg/dy 1.70E-03
Dermal Slope Factor kg-dy/mg 2.90E-02
Dermal Reference Dose mg/kg-dy 1.70E-03

M-20
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Ethylbenzene

PARAMETER NAME UNITS VALUE
Water Ingestion Bioavailibility (-) 1.00E+00
Permeability Coefficient cm/hr 7.40E-02
Henrys constant (mg /L) / (mg/L) 3.23E-01
Molecular Weight g/mol 1.06E+02
Inhal Shower Bicavailibility (-) 1.00E+00
Inhalation Soil Bioavailibility (-) 1.00E+00
Oral Slope Factor kg-dy/mg ND
Oral Reference Dose nmg/kg-dy 1.00E-01
Inhalation Slope Factor kg-dy/mg ND
Inhalation Reference Dose mg/kg/dy 2.90E-01
Dermal Slope Factor kg-dy/mg ND
Dermal Reference Dose mg/kg~dy 1.00E-01
Toluene

PARAMETER NAME UNITS VALUE
Water Ingestion Biocavailibility (-) 1.00E+00
Permeability Coefficient cm/hr 4.50E-02
Henrys constant (mg/L)/(mg/L) 2.72E-01
Molecular Weight g/mol 9.21E+01
Inhal Shower Bioavailibility (-) 1.00E+00
Inhalation Soil Biocavailibility (-) 1.00E+00
Oral Slope Factor kg-dy/mg ND
Oral Reference Dose mg/kg-dy 2.00E-01
Inhalation Slope Factor kg-dy/mg ND
Inhalation Reference Dose mg/kg/dy 1.14E-01
Dermal Slope Factor kg-dy/mg ND
Dermal Reference Dose mg/kg-ady 2.00E-01
Xylenes

PARAMETER NAME UNITS VALUE
Water Ingestion Biocavailibility (-) 1.00E+00
Permeability Coefficient cm/hr 8 .00E-02
Henrys constant {(mg/L)/(mg/L) 2.90E-01
Molecular Weight g/mol 1.06E+02
Inhal sShower Bioavailibility (-) 1.00E+00
Inhalation Soil Bioavailibility (-) 1.00E+00
Oral Slope Factor kg-dy/mg ND
Oral Reference Dose mg/kg-~dy 2.00E+00
Inhalation Slope Factor kg-dy/mg ND
Inhalation Reference Dose mg/kg/dy 2.00E-01
Dermal Slope Factor kg-dy/mg ND
Dermal Reference Dose nmg/kg-dy 2.00E+00

M-21
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CDI: Chronic Daily Intake
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LADI: Lifetime Average Daily Intake

DRINKING WATER

CDI

(mg /kg-dy)

M 0732290 0b27255 529 W

LADI

(mg/kg-dy)

Hazard
Quotient

Daily

Intake

(mg/kg-dy)
Benzene 3.18E-04
Ethylbenzene 2.93E-07
Toluene 1.49E-06
Xylenes 1.03E-05

DERMAL INTAKE DURING SHOWER

CDI

(mg/kg-dy)

LADI

(mg/kg-dy)

1.80E-01
2.81E-06
7.15E-06
4.93E-06

Hazard
Quotient

Daily

Intake

(mg/kg-dy)
Benzene 1.04E-05
Ethylbenzene 3.38E-08
Toluene 1.05E-07
Xylenes 1.28E-06

INHALATION DURING SHOWER

1.00E-05
3.24E-08
1.00E-07
1.23E-06

CDI

(mg/kg-dy)

1.29E-06
4.17e-09
1.29E-08
1.58E~-07

LADI

(mg/kg-dy)

Hazard
Quotient

Daily

Intake

(mg/kg-dy)
Benzene 1.96E-04
Ethylbenzene 1.63E-07
Toluene 8.71E-07
Xylenes 5.72E-06

INHALATION OF SOIL EMISSIONQ

1.88E-04
1.56E-07
8.35E~07
5.48E-06

CcDI

(mg/kg-dy)

2.42E-05
2.01E-08
1.07E-07
7 .05E-07

LADI

{(mg/kg-dy)

2.74E-05

Hazard
Quotient

Daily

Intake

(mg/kg-dy)
Benzene 5.16E-06
Ethylbenzene 3.96E-07
Toluene 1.37E-06
Xylenes 1.28E-06

4 .94E-06
3.79E~-07
1.31E-06
1.23E-06

M-22
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Receptor Point Concentrations

Max. 5-year ave Ave. over ED

Groundwater Concentrations: (non-carcinogens) (carcinogens)
Benzene 1.592E-02 1.592E-02
Ethylbenzene 1.464E-05 1.464E~-05
Toluene 7.457E-0S 7.457E-05
Xylenes 5.146E-04 5.146E-04
Max. 5-year ave Ave. over ED

Shower Air Concentrations: {(non-carcinogens) (carqinogens)

Benzene .182 .182

Ethylbenzene 1.510E-04 1.510E-04
Toluene 8.067E-04 8.067E-04
Xylenes S.294E-03 5.294E-03

Max. 5-year ave Ave. over ED

Ailr Concentrations: (non-carcinogens) (carcinogens)
Benzene 1.083E-04 1.083E-04
Ethylbenzene 8.312E-06 8.312E-06
Toluene 2.869E-05 2.869E-05
Xylenes 2.685E-05 2.685E-05

M-23

Copyright by the American Petroleum Institute
Mon Jun 02 10:04:03 2008



STD.API/PETRO PUBL 4LB5-ENGL 1999 WH 0732290 0b27257 3TI M

APPENDIX N
THE VADSAT MODEL

The VADSAT model is a VADose zone/SATurated zone model developed by
Environmental Systems and Technologies, Inc. (ES&T) for the American
Petroleum Institute. The model is available as a standalone model from the
API or as part of the APl DSS. This appendix summarizes the processes
considered in the VADSAT model and the assumptions made. The summary is
based on the VADSAT User and Technical Guide, Version 2.1 (ES&T, 1994)
and the paper by Unld et al. (1992).

Background

VADSAT was originally developed to simulate the movement of inorganic or
reactive organic species present in land-disposed exploration and production
(E&P) waste. Two source models are available in the standalone VADSAT
model, one for salts and one for organic chemicals dissolving from oily wastes.
In the API DSS version only the oily source is considered.

The VADSAT model simulates adsorption, biodecay, volatilization, and
leaching in the vadose zone. The leaching is coupled with a saturated zone
model that considers dispersion, biodecay and adsorption. The source may be
composed of “residual” levels of contamination, that is, a hydrocarbon
mixture. The model calculates the effective solubility of the species being
modeled and adjusts the leaching factor accordingly. This is an important
feature of the VADSAT model.

Figure N-1 shows a schematic of the VADSAT model.

N-1

Previous page is blank.
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Unsaturated
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Direction of Groundwater Fiow

Figure N-1. Geometry of the VADSAT Model.
Hydrocarbon Source
The source is assumed to deplete over time due to the combined effects of

water percolating through the waste zone and due to volatilization from the
waste zone. The molar balance for a compound i may be written as

dm, = _:I_,.“’_ - o/ (N-1)
a W, W,
where
m; = number of moles of i per unit area in the hydrocarbon
[moles/LY]
W, = molecular weight of i [M moles™]
J* = rate of dissolved phase mass depletion per area [M/(L*T)]

(due to infiltration through the source)

N-2
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J
t

rate of mass depletion pér area due to volatilization [M/(LQT)]

time [T]

The dissolved phase loss is assumed to occur only with the percolation of water
through the vadose zone (no dispersion from the source):

J¥=q,C" (N-2)
where

Q = netrecharge rate (infiltration or percolation rate) [L/T]

C' = initial dissolved-phase concentration of i [M/L¥]

The initial aqueous concentration, C", is calculated from the chemical's (i) mole
fraction in the hydrocarbon and its solubility:

=1

where

Si = aqueous solubility of pure component i [M/L?]
mole fraction of i in the hydrocarbon [moles/moles]

x
]

The mole fraction may be written as

mi
X; = m—H (N-4)
x, = (N-5)
PulwFyy
where
my = total moles of hydrocarbon per unit area [moles/LQ]
Wh = average molecular weight of hydrocarbon [M/mole] -
p = soil bulk density in the waste zone [M/L?]
Lw =  thickness of the waste zone [L]
Fi = mass of hydrocarbon per mass of soil in the waste zone (M/M]

(TPH concentration in dimensionless form)

N-3
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The diffusive mass loss rate at the soil surfacé, Ji assumes a linear concentration
drop from the waste zone to the soil surface (Fick’s law), where the concentration is
assumed to be equal to zero:

v
Ji =D/ a (N-6)
L, :
where :
D’ = effective diffusion coefficient of component i in the soil [L%/T]
C’' = vapor concentration in the waste zone [IWL3]
la =  diffusion path length [L]
La=Le+ Lw/2
Le = waste cover thickness [L]
Lw = thickness of the waste zone [L]
(Assumed to be the distance from the center of the waste zone
to the soil surface.)

The effective diffusion coefficient is estimated from the free gas diffusion coefficient,
Ki", using Millington-Quirk (1961) model:

py = =0 N)
6;
where
o = total porosity [LYLY
& =  volumetric water content [LYL%

The soil bulk density is calculated from the porosity using

p=265(1-¢)
where

soil bulk density [M/L?]

o 2
o total porosity [L¥/L%]

The gas phase concentration in the source is calculated from Henry's law

C/ =HC (N-8)
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where
H

Henry's Law constant for component i (mg/l vapor)/(mg/l water)

Combining equations N-1 through N-8 yields the following relationship summarizing
the mass loss rate from the source zone:

dam, '
Tt = —ﬁimi (N'g)

where g is the depletion coefficient (T ) given by

w,Ss; D'HW,S, '
qu H™i [ A bd | (N'10)

B L EW, oL LW,

and the variables are as defined previously. The first term in equation N-10
represents the aqueous losses and the second term, the diffusive losses. The
VADSAT model assumes that F does not change significantly with time (either
there are only low solubility compounds in the source or there is a high TPH
concentration relative to the concentration of component i). Equation N-9 can then
be solved to obtain

m,=m/ exp(— ﬁ,t) (N-11)
where

m’ = initial moles of component i per area [moles/Lz]
The dissolved phase concentration in the source will also decrease exponentially
with time:
C =C exp(- Bit) (N-12)

where Ci" is the initial dissolved phase concentration of species i given by (in terms
of volume fraction):

_F"W,up,S,

o
Wi.p,

(N-13)
where

N-5
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f° = initial volume fraction of ¢omponent i in the hydrocarbon
mixture [L¥L%]
p =  density of componenti[M/LY
‘pi = density of hydrocarbon mixture {M/L?]

In the standalone VADSAT code, the initial volume fraction of component i, £°, is a
data requirement (input requirement for the model). In the APl DSS, 1° is calculated
from the concentration in soil of component i as follows

G ( Py
=== N-14
{ G ( i ( )
where
C® = total concentration of component i in soil [mg/kg]
C+® = total concentration of hydrocarbon mixture (TPH) in soil [mg/kg]

Unsaturated Zone Transport

The dissolved-phase transport of component i is modeled from the bottom of the
source to the water table. Horizontal spreading is considered negligible. Adsorption
and first-order decay processes are considered. Therefore, the governing equation
(advection-dispersion equation) for the one-dimensional transport in the unsaturated
zone is given by:

2
R, %CtL =D, aaxczi -V, %% - Ui C; (N-15)
where
G =  dissolved-phase concentration of component i [M/13]
Du =  vertical dispersion coefficient in the unsaturated zone [L%/T]
Vu = pore water velocity in the unsaturated zone [L/T]
wi = first-order decay coefficient for component i in the unsaturated
zone [T
X =  distance (from the bottom of the source) [L]
t = time[T]
Ri =  chemical-specific retardation factor (defined later) [-]

The advection-dispersion equation is solved using the following boundary
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conditions:

C,(x0)=0

C{0.t) = C? exp(- Bit) (N-16)
oC

$=(°°,t)=0

Roughly, these boundary conditions specify that (1) at t=0 the area below the
source is clean, (2) the source decay is assumed to be exponential with the pias
defined previously, and (3) the concentration gradient at infinity is zero.

The foliowing sections describe the various components of the advection-
dispersion equation.

Pore Water Velocity in Unsaturated Zone

The VADSAT model approximates the water content by assuming a unit
hydraulic gradient. The unsaturated hydraulic conductivity is estimated with the
Brooks and Corey (1964) model. The unit gradient approach assumes that the
pressure (suction) head in the soil profile is constant, as is the moisture content.
From the VADSAT manual (ES&T, 1994):

“The actual flow behavior in the vadose zone can be quite
complicated when one considers the effects of spatial heterogeneity
and transient boundary conditions. However, in the present analysis,
we are concerned with simulating the average conditions over long
term periods. In light of this objective, it was decided to simplify the
flow calculations, utilizing a unit hydraulic gradient approximation.
This approach has been proven to work reasonable well even in

moderately heterogeneous soils under steady flow conditions (Yeh,
1989).”

It is important to note that the model is suitable only for average conditions over

long time periods -- the type of modeling usually done for estimating long term
exposure for risk assessments.
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Darcy's equation for the unit gradient case can be written as:

qg=kK, (N-17)
where
q = netinfiltration rate [L/T]
ke relative permeability [dimensionless)
Kes = hydraulic conductivity of the unsaturated zone if it were fully

saturated [L/T]

In the unsaturated zone, the relative permeability depends on the volumetric
water content. It is assumed that this relationship can be described by the
Brooks and Corey (1964) model:

6, -6,
. eze] -
where
or = total porosity in unsaturated zone [L* voids/L® soil]
Ow = volumetric water content or water-filled porosity
[L® water/L® soil]
o = irreducible water content [L* water/L® soil]
¥ = pore size.distribution parameter [-]

The pore size distribution parameter is estimated from the van Genuchten "n"
parameter using the following relationship (Lenhard et al., 1989):

2

y=3+ (N-19)

(n—1)(1—0.5("L"))

The VADSAT model requires the user to enter the van Genucten parameter, n.
Carsel and Parrish (1988) have a large database of van Genuchten's "n*for
various soil types. This database is in the APl DSS help system and is
reproduced in Table N-1.

The water content is calculated using equations N-17 and N-18. The pore water
velocity, V, is then calculated from:

N-8
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q .
V = -
u ew (N 20)
where
Vu = pore water velocity in the vadose zone [L/T]

Table N-1. Values of van Genucten’s “n” Parameter for Various Soil Types.

Soil Type n

Clay 1.09
Clay loam 1.31
Loam 1.56
Loamy sand 2.28
Silt 1.37
Silt loam 1.41
Silty clay 1.09
Silty clay loam 1.23
Sand 2.68
Sandy clay 1.23
Sandy clay loam 1.48
Sandy loam 1.89

If the infiltration rate entered by the user exceeds the unsaturated zone
conductivity, Ks, then the infiltration rate is limited to Ke, assuming that the
excess flow will be diverted as runoff. The standalone version of the VADSAT
model asks the user to enter a liner hydraulic conductivity in addition to the
vadose zone hydraulic conductivity. The liner is assumed to occur beneath the
source (waste pit) and the conductivity is only used to limit the infiltration rate in
the same manner as the general vadose zone hydraulic conductivity. The API
DSS version of VADSAT does not use the liner conductivity input parameter.

Retardation in the Unsaturated Zone

The chemical-specific retardation factor for the unsaturated zone, Ry is
estimated using:

N-9
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FOCKOC
m:nﬂ%—L (N-21)
where
Fo = fraction organic carbon in dry soil [kg/kg]
Ko = organic carbon normalized partition coefficient [mslkg]

Degradation in the Unsaturated Zone

Degradation is assumed to be a first-order reaction occurring in the dissolved
and adsorbed phase. The decay coefficient is defined by:

Fai = How B + Flliy iPoFoc Ko, (N-22)
where
pui = overall decay coefficient in vadose zone for chemical i [L™]
pwi = decay coefficient in the aqueous phase for chemical i L
F = a factor equal to O or 1 depending on whether sorbed phase

decay is to be considered.
F =0, no degradation of adsorbed (solid) phase
F = 1, degradation considered in the solid phase

The user specifies whether or not to consider adsorbed phase decay in the
model input parameters screen for the VADSAT model.

Dispersion in the Unsaturated Zone
Dispersion is assumed to occur in the direction of infiltration only (no horizontal
spreading). The dispersion coefficient is assumed to be a linear function of the
pore water velocity, V,, (defined in Equation N-20)

D, =a,V, (N-23)
where

oL = longitudinal dispersivity [L]

The longitudinal dispersivity is calculated using data from Gelhar et a/. (1985) as

a function of the vertical distance from the source

N-10
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In(er, ) = —4.933+3.811In(x) x<2m (N-24)
X < 2 m x22m (N-25)
where
X = distance from the source to the observation location [L]

The distance, x, is measured vertically downward from the bottom of the source
zone. Note, for the vadose zone portion of the VADSAT model the dispersion is
always calculated using the above algorithms — it is not an option for the user to
specify dispersivity in the vadose zone.

Saturated Zone Transport

The saturated zone transport model in VADSAT considers a one-dimensional
horizontal flow field and three-dimensional dispersion (very similar to AT123D).
The following sections will describe the various components of the saturated
zone model, for more details on the mathematical solution the reader is referred
to the VADSAT manual (ES&T, 1994) and Galya (1987).

Horizontal Plane Source and Saturated Zo