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DISCLAIMER

This user's guide for the PREST O-EPA-CPG/POP Operation System is the result of
integrated work sponsored by an agency of the United States Government. Neither the United
States Government nor any agency thereof, nor any of their employees, contractors,
subcontractors, or their employees, make any warranty, expressed or implied, nor assume any
legal liability or responsibility for any third party's use of the results of such use of any
information, apparatus, product, or process disclosed in this report, nor represent that its use by
such third party would not infringe privately owned rights.



U.S Environmental Protection Agency

PREFACE

The mainframe versions of the PRESTO-EPA-POP and PRESTO-EPA- CPG models
were developed for generating basic data to support EPA's rulemaking on the generally
applicable environmental standards for the management and disposal of low-level radioactive
waste (LLW).

Since the mainframe versions of the PRESTO-EPA-CPG and PRESTO-EPA-POP
models were published in December 1987, the Office of Radiation and Indoor Air has received
numerous requests from potential users urging the Office to convert the models to aform usable
on apersona computer. This effort led to the development of a PC version of the PRESTO-
EPA-CPG and PRESTO-EPA-POP models. The models were later expanded to include
evaluation of contaminated soil sitesaswell as LLW sites, were designated as Version 4.0, and
were intended strictly for within-Agency use.

The current model, Version 4.2, combines the previous PRESTO-EPA-CPG and
PREST O-EPA-POP operation systems into one operation system. It updates the user interface
program to facilitate the editing of the input file and viewing of the resultant output file. The
user interface is a menu-driven program that is supported by the Windows-95 operation system
and performs several data-checking tests. In addition, the model is more flexible for evaluating
sites with various forms of contamination.

The PRESTO-EPA-CPG/POP model predicts the maximum doses to amember of a
critical population group and the cumulative numbers of health effects (cancers and genetic
effects) among a general population residing on and downstream of a contaminated soil site, a
LLW disposal site, or an agricultural application site. Theindividuals and populations may be
exposed to radioactivity through atmospheric, groundwater, and surface water transport
pathways; through drinking water, fish, vegetable, milk, and meat food-chain pathways; and
through air immersion and direct external exposure pathways. Exposure through inhalation of
dust and radon gas and inadvertent ingestion of soil is also included.



U.S Environmental Protection Agency

TABLE OF CONTENTS
Page
LISTOFFIGURES . ... e e e e iv
LIST OF TABLES . . .o e e e e %
1 INTRODUCTION . . e e e e 1-1
11 Background . ..........iii 1-1
12  ChangesinVersion 2.1 ... ..ottt e 1-2
1.3  ChangesinVersion 4.2 ... ... et e 1-3
2 PRESTO-EPA-CPG/POP OPERATION SYSTEM . ... ... 2-1
21  SystemiIngtalation . ............ 2-1
22 AT UP o 2-1
23 MovingAboutintheSystem ....... ... ... 2-1
24  Scenariolnput FilePreparation ... 2-2
24.1 Input FileParameter Calegories . .. ....cvv v 2-3
242 SavinganinputFile ...... ... ... . 2-6
243 ProcessinganinputFile....... ... ... ... i 2-6
244 DescriptionoftheResults ........... .. ... i 2-7
2441 Infiltration Calculations .. ... 2-8
2442 nitia Calculations ... ... 2-8
2.4.4.3 Daughter Nuclide In-Growth Effect Correction Factors . . . . .. 2-8
2444 AnNnual SUMMANES . ..ot 2-8
2.4.4.5 Maximum Individual Dose Summary or Total Risk Summary . 2-8
2.4.4.6 Average Individual Dose or Health Effects . ............... 2-8
245 Graphingthe Resultsof aProcessed InputFile ................... 2-9
246 PRESTO-EPA-CPG/POPHelp ... ..o 2-9
2.4.7 Exiting the PRESTO-EPA-CPG/POPProgram .. ................ 2-9
3 THEORETICAL BACKGROUND OF THE PRESTO-EPA-CPG/POP MODEL . ... 3-1

3.1 Generd Descriptionof theModel . .............. ... ... L 3-1
3.1.1 Description of a Near-Surface Low-Level Radioactive Waste

Disposal Site ... 3-2

3.1.2 Description of aContaminated Soil Site . ....................... 3-2

3.1.3 Descriptionof aLand FarmingSite .. ........... ... ... .. ... 3-2

3.2 Mathematical Formulations . ............ i 3-3

3.21 Mode Assumptionsand Structure . .. ....... .o 3-3

3.2.2 Transport Pathways InvolvingWater . .......................... 3-7

3.2.2.1 Infiltration Through TopLayer ......................... 3-7

Presto User’s Guide i



U.S Environmental Protection Agency

TABLE OF CONTENTS (Continued)

3.3

3.2.2.2 Trench Cap Modification . ....................covun... 3-11

3.2.2.3 Rate of Infiltration Through TrenchCap ................. 3-14
3224Raeof Overflow ......... ... ... i 3-14
3.2.25RadionuclideLeaching ............... ... ... ... 3-15

3.2.2.6 Waste Container Effects ............................. 3-17

3.2.2.7 Transport Between Contaminated Soil Layers............. 3-18
3.2.2.8 Transport Below Contaminated Zone ................... 3-19
Veticad Reach . ............ .. ... 3-19
Horizontal Reach ............ .. .. .. .. ... . .. . . . ... 3-21
CollectionReach .. .......... ... . 3-22

3.2.2.9 Radionuclide Breakthrough Time . ..................... 3-23
3.2.2.10 ConcentrationintheWell Water ...................... 3-23
3.2.2.11 Rate of Water Consumption. .. ..............covvuun... 3-25
3.2.2.12 Surface Stream Contamination ....................... 3-26

3.2.3 Atmospheric Transport Sourcesand Pathways .................. 3-28
3.2.3.1 Internal Model Capability and Formulation............... 3-29
3.2.3.2 Source Term Characterization ......................... 3-32
3.2.3.3Transport Formulation . ............ ... iiinnn... 3-33

3.2.3.4 Effects of a Stable Air Layer on Transport ............... 3-34

3.2.3.5 Effectsof PlumeDepletion ........................... 3-35

324 FoodChanCalculations . ...........ouirininiiniannnnns 3-37
3.25 External RadiationRisktoResidents ......................... 3-46
3251 AreaFactor . . ... 3-46

3.2.5.2 Radiation Risk from Outdoor Ground Surface ........... 3-47
3.25.3Basement RisktoResidents . ... ....................... 3-49
SideWall Layer . ... 3-49

Floor Layer ... ..o 3-50

3.2.6 Radiation Risk from Radon Inhalation ........................ 3-52
3.26.1DiffusonModel .......... ... ... 3-53
3.2.6.2AdvectionModel ............ . 3-54

3.2.6.3 Indoor Radon Concentration .......................... 3-58
3.2.6.4 Outdoor Radon Concentration .. ....................... 3-59
3.2.6.5 Dosefrom Radon Inhalation .......................... 3-60

327 DOSTABCaCUlaions. .......ovviii e 3-61
3.27.1Radiological DOSES . .........iiii 3-61

3.2.8 HedthEffectsEStimates ...............cciiiiiiiinnn.. 3-63
3.2.9 Daughter Nuclide In-Growth Effect Correction.................. 3-64
3.29.1Decay Chains . .....oii it 3-63
3.2.9.2 Dose Equivalent Calculation .......................... 3-65
3.2.9.3 Cumulative Health Effects Calculation .................. 3-66

Health Effects Induced in the Regional Basin Population . ............... 3-68
3.3.1 Calculationsof Regional Basin Health Effects .................. 3-69

i Presto User’s Guide



U.S Environmental Protection Agency

TABLE OF CONTENTS (Continued)

3.3.2 Conversion Factorsfor Regional Basin Health Effects ............

REFERENCES

APPENDIX A

APPENDIX B

APPENDIX C

APPENDIX D

APPENDIX E

APPENDIX F

APPENDIX G

APPENDIX H

APPENDIX |

APPENDIX J-1

APPENDIX J-2

APPENDIX K

3321 Terrestrial Pathway . .............. ... ... ... .......
3322FishPathway ......... ... .0,
3.3.2.3 Basin Hedlth Effects ConversonFactor .................

THEORETICAL BACKGROUND OF THE INFILTRATION
SUBMODEL . ...

THEORETICAL BACKGROUND OF THE GROUNDWATER
TRANSPORT SUBMODEL .......... ..

THEORETICAL BACKGROUND OF DAUGHTER NUCLIDE
IN-GROWTH EFFECTS CORRECTION FACTOR ..............

DEVELOPMENT OF EQUIVALENT UPWARD DIFFUSIVITY
AND CONDUCTIVITY e

BENCHMARK STUDY FOR THE DEGREE OF SATURATION
FORMULA . e

THEORETICAL BACKGROUND OF EXTERNAL EXPOSURE
CALCULATION ... e

THEORETICAL BACKGROUND OF THE AREA FACTOR
SUBMODEL . ...

THEORETICAL BACKGROUND OF THE WELL WATER
CONCENTRATION CALCULATION ... ... ..ot

INPUT PARAMETER LIST AND DESCRIPTION . ..............
REFERENCE INPUT FILE FORMAT FOR PRESTO-CPG ........
REFERENCE INPUT FILE FORMAT FOR PRESTO-POP .......

SAMPLEOUTPUTFILE ... ...

Presto User’'s Guide



U.S Environmental Protection Agency

LIST OF FIGURES

Page
File Sereen . 2-2
INPUL Parameter SCrean ... ...t 2-3
Site Input Parameter SCreen .. ... ..ot e 2-4
Source Input Parameter SCreen . ... .ot 2-5
SAVE AS SCIBEN . oot 2-6
PrOCESS SCIeeN . ..o 2-7
Environmental Transport Pathways . ............c e, 34
Water Transport Exposure Pathways . . ... i 3-8
TrenchCap Failure Function . ............. i e 3-13
Airborne Exposure Pathwaysin PRESTOCodes . ............ccoiviiiennnn.. 3-31
Diffusiveand Advective RadonModels . .............. ... 3-53
Advective Flow Region Around Basement . ..., 3-57
Radon Diffusion Through Soil Layersand Cover Defects ..................... 3-59

iv Presto User’s Guide



U.S Environmental Protection Agency

LIST OF TABLES

Page
Function of PRESTO-EPA Familyof Codes .. ..., 1-2
EXposUre Pathways . ...t 3-6
SOil CharaCteristiCs . ... ..o 3-11
Leaching Options (LEAOPT) Specified ........... ... ... 3-15
Unit of Exposure and Dose Rate Factors Used inDOSTAB ... ................. 3-62

Presto User’'s Guide \Y



U.S Environmental Protection Agency

1. INTRODUCTION
11 BACKGROUND

Under the Atomic Energy Act, as amended, the U.S. Environmental Protection Agency
(EPA) has the authority to develop generally applicable standards for the disposal of low-level
radioactive waste (LLW). Technical support for the standards includes an estimation of the
health impacts from the disposal of LLW in awide variety of facility types located in diverse
hydrogeological settings.

Asan aid in developing the standards, afamily of PRESTO (Prediction of Radiation
Effects from Shallow Trench Operation) codes, entitled PRESTO-EPA-POP,
PRESTO-EPA-DEEP, PRESTO-EPA-CPG, PRESTO-EPA-BRC, and PATHRAE-EPA, has
been developed under EPA direction (EPA87athrough EPA87g.) The PRESTO-EPA-POP code
was the first code developed and served as the basis for the other codes in the family. EPA uses
the PRESTO-EPA code family to compare the potential health impacts (cumulative popul ation
health effects and maximum annual dose to a critical population group) to the general public and
critical population group for a broad number of LLW disposal alternatives. Table 1-1 provides a
brief description of the function of each member of the code family. The application of these
codes has been described in detail elsewhere (Hu83a, Gal84, Ro84, Mey81, Mey34).

The PRESTO-EPA-CPG and PREST O-EPA-POP codes were designed to estimate the
maximum annual committed effective dose (CED) and the annual mortality and cancer incidence
risks to acritical population group (PRESTO-EPA-CPG) and the number of fatal cancer deaths
and serious genetic effects to the general population (PRESTO-EPA-POP) resulting from the
disposal of LLW. The codes were later modified to include the modeling of contaminated
surface soil sites and were designated Version 4.0 of the PRESTO-EPA-CPG/POP mode!.

The model calculates the health impacts exposure to the individuals and populations
through atmospheric, groundwater, and surface water transport pathways; drinking water, fish,
vegetable, milk, and meat food-chain pathways; and air immersion and direct external exposure
pathways. Exposure through inhalation of dust and radon gas and inadvertent ingestion of soil
are aso included.

The model described in this report is an extension of the original PRESTO-EPA-CPG and
PREST O-EPA-POP models that makes them more flexible for evaluating sites with various
forms of contamination. The most significant modification to the operation system is the
combination of the previous PRESTO-EPA-CPG and PRESTO-EPA-POP operation systems into
one operation system.
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Table 1-1. Function of PRESTO-EPA Family of Codes

Code Purpose

PRESTO-EPA-POP Estimates cumulative population health effects to local and
regional basin populations from land disposal of LLW by shallow
methods; long-term analyses are modeled (generally 10,000
years).

PRESTO-EPA-DEEP | Estimates cumulative population health effectsto local and
regional basin populations from land disposal of LLW by deep
methods.

PRESTO-EPA-CPG Estimates maximum annual whole-body dose to a critical
population group from land disposal of LLW by shallow or deep
methods; dose in maximum year is determined.

PRESTO-EPA-BRC Estimates cumulative population health effects to local and
regional basin populations from less restrictive disposal of below
regulatory concern (BRC) wastes by sanitary landfill and
incineration methods.

PATHRAE-EPA Estimates annual whole-body dosesto a critical population group
from less restrictive disposal of BRC wastes by sanitary landfill
and incineration methods.

PRESTO-EPA- Estimates maximum doses, risks, and cumulative popul ation
CPG/POP health effects from LLW disposal sites, contaminated soil sites,
land application sites, or emergency response sites.

The user interface is a menu-driven program that is supported by the Windows-95
operation system. The program is user-friendly and is designed to reduce human errors and to
facilitate the preparation of the input file and the display of the output file.

1.2 CHANGESIN VERSION 2.1

Version 2.1 isthefirst version ever published since the model was converted to operate
on apersona computer. An interface program, written in a DOS operation system, was also
incorporated into the model to form an operation system. Four improvements were made to this
version: (1) the addition of the daughter nuclide in-growth effects (DNIE) into the risk
assessment, (2) the update of the dose and risk conversion factorsto the 1994 level, (3) the
addition of the annual mortality and risk incidence calculation, and (4) the adoption of the
International System (SI) units.
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The dose coefficients are extracted from the RADRISK data file (Du80) and the
weighting factors are consistent with the definitions used in International Commission on
Radiological Protection Publications 26 (ICRP77) and 30 (ICRP79). The effective dose
equivaent is the weighted sum of the 50-year committed dose equivalent to the organs or tissues.

The cancer risk coefficients are calculated from radiation-risk models that are based on
1980 U.S. vital statistics. The genetic-risk coefficients for serious disorders to all subsequent
generations are calculated from the product of the average absorbed dose to the ovaries and testes
up to age 30 per unit intake before that age. Risk coefficients of 2.60x107 and 6.9x10? Gy™ for
low-LET and high-LET radiation, respectively, are used for the calculation of risk conversion
factors (EPA89).

The Version 2.1 Operation System modifies the PRESTO-EPA-CPG model by
integrating the daughter nuclide in-growth effectsinto the Version 2.0 model. The DNIE are
calculated based on a crude assumption that the sorption characteristics of the parent and
daughter nuclides are identical throughout the processes of |eaching and groundwater transport.
The DNIE are adjusted annually by using the correction factors derived from Bateman Equations
(Ev55).

The adjustment for DNIE is performed only for those parent nuclides designated and built
into the model. To simplify the modeling, the adjustment is carried up to four-member decay
chains. The transport of daughter nuclidesis not calculated in the model.

1.3 CHANGESIN VERSION 4.2

Five further improvements were made to this version of the model: (1) the expansion of
the model applicability from the field of radioactive waste disposal to the field of soil cleanup,
agricultural land application, land reclamation, and accidental spill, (2) the combination of
PRESTO-EPA-CPG and PRESTO-EPA-POP into one operation system, (3) the addition of a
radionuclide-specific database, (4) the improvement of user friendliness by converting the
interface program to a Windows system, and (5) the addition of data collection guidelines for
those input data not commonly known.

Thisversion of the PRESTO-EPA-CPG/POP model not only evaluates exposures from
near-surface low-level radioactive waste, as did the original PRESTO-EPA-CPG and PRESTO-
EPA-POP models, but it has been expanded to include repeated agricultural application
operations, long-term impacts from accidental spills, and contaminated soil sites. However, no
change was made to the modeling of exposures from LLW disposal operations.

The radionuclide-specific data are collected for 825 radionuclides. The system will
automatically pull out necessary data from the built-in databases based on the nuclides that the
user selects. However, the maximum number of radionuclides that the user can select remains at
40.
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In response to user requests, the model now includes input data guidelines for the input
parameters, upward equivalent hydraulic conductivity and diffusivity used for the infiltration
calculation, and the parameters, residual and saturated water contents used for the unsaturated
zone radionuclide transport calculation. The guidelines are now included in the documentation
for clay, loam, and sand.
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2. PRESTO-EPA-CPG/POP OPERATION SYSTEM

The PRESTO-EPA-CPG/POP operation system is a menu-directed, user-friendly system.
The system is designed to help the user of the PRESTO-EPA-CPG/POP model to easily prepare
the input characterizing a scenario of interest files and to graphically view results. This chapter
contains step-by-step instructions on installing the system, and creating, processing, and viewing
the results of a scenario input file.

21 SYSTEM INSTALLATION

The PRESTO-EPA-CPG/POP operation system is designed to operate in the Microsoft
Windows 95 environment. The computer should be equipped with at least 16 megabytes of
RAM and have a minimum of 10 megabytes of available disk storage.

To install the PRESTO-EPA-CPG/POP operation system, either from a set of 3.5 inch
diskettes or from a downloaded folder, proceed as follows:

1. A. 3.5inch diskettes; Insert the PRESTO-EPA-CPG/POP diskette 1 into drive A.
B. Downloaded folder: Stores al filesin the folder.
2. Click the Start button and select Run.

3. Type a:\setup.exe (where a is your floppy drive) or c:\download\setup (if option
B isused), and click OK.

4, Follow the setup instructions on the screen.
22 STARTUP

To begin aguided tour of the PRESTO-EPA-CPG/POP operation system, access the
Programs option under the Start button and then click on the PREST O-EPA-CPG/POP globe
icon.

23 MOVING ABOUT IN THE SYSTEM

Y ou can select an option in the PRESTO-EPA-CPG/POP operation system by either (1)
clicking on the selection with the mouse or (2) moving to the selection with the keyboard using
the Tab, Shift-Tab, or arrow keys. The menu options may also be selected by pressing and
releasing the Alt key, followed by the appropriate highlighted letter.
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24  SCENARIO INPUT FILE PREPARATION

The structure of the PRESTO-EPA-CPG/POP operation system consists of severa
options, each of which performs a designated function. The options shown under the File menu
bar allow you to create a new input file, open an existing input file, and process one or more
input files. A maximum of three input files may be opened at one time.

Figure 2-1. File Screen

PRESTO-EPA-CLNCPG/CLNPOP MEE

Help

Mew... Chrl+M

Open..  Cuk0O

Frocess... Chl+R

E xit

| Status | 57220 [1:34 PM
Rstart || “ymississippi |[@ PrESTOEPA-CLNCP NBS S 1:31Pu

As shown in Figure 2-1 above, you can open an existing file or create an input file by
activating the File menu option and then selecting New or Open. Alternatively, you can press
and release the Alt key and then press F to activate the File menu option. To create a new input,
select New. A window will appear prompting you to select the type of input file to create. The
two available options/scenarios include either a CPG (Critical Population Group) input file or a
POP (Population) input file. The CPG scenario estimates radiological dosesto acritical
population group and the POP scenario estimates the cumulative health effects to the general
population. The type of fileisindicated by the extension of the file name: “cpg” for critical
population group and “pop” for general population. Thefileisnamed “Input File 1” until itis
saved with a different name.
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To access an existing file, select Open and specify the type of input file to open. The
screen will now show awindow with additional options that allow you to enter or modify input
parameters.

24.1 Input File Parameter Categories

After you have opened an existing or new input file, the window will display six tabs that
contain parameter descriptions and fields (Title, Control, Site, Basement, Sour ce, and
Results). These options allow you to modify or view parametersin alogical and organized
manner. In addition to the options shown in the main menu, the Site and Sour ce options contain
asecond level of options that will be discussed in more detail below. Appendix | contains a
listing of the input parameters sorted by screen. Thelist aso includes the units of each parameter
and ranges of acceptable values.

Figure 2-2. Input Parameter Screen

PRESTO-EPA-CLNCPG/CLNPOP M= E
File “iew Graph *indow Help

C:\Program Files\presto42\missizsippi\mizzissil_cpg

Title | Control I Site I Basement I Source I Results

Comments: |C
C Source concentration : 1pCidg

C Farm zize = 100 meter by 100meter

C plawdepth =015 m

C Run 1, outdoor oce fac. = 0.3; basement occupancy fac. = 0.0
C zingle application

C Scenanio: onsite resident

[Status [E22/00 [1:45PM

start | | Symississippi |[@PresTo-EPA-CLNCP IN® 5Bz 1.48M

As shown in Figure 2-2 above, from the main menu, select the Title option if it is not
visible. The screen will show awindow with severa fields and field descriptions for each
parameter. Y ou can select input fields by either clicking on the field with the mouse or pressing
the Tab key until the desired field is active. Y ou can also see its specified unit by pointing and
holding the mouse over the field. Y ou can now input parameters by simply typing in the data and
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then pressing the Tab key to select the next field. The other options are similar to the Title
option in functionality.

Figure 2-3. Sitelnput Parameter Screen

PRESTO-EPA-CLNCPG/CLNPOP M= E
File “iew Graph ‘window Help

C:\Program Files\prezto4 2\miszizzippi‘\mizsizsi

Title I Cantral Bazement I Source I
Total &nnual Precipitation: 1.35 Rainfall Factar: |20.0
finnual Flow R ate of Stream: |3.57E+5 Soil-Erodibility Factar: 013
Distance ta Onsite well; [10- Crop Management Factor: 0.30
Distance between site edge & ditch: |70- Erasian Cantrol Practices Factar; |01

Sediment Delivery Ratia: |1.0
Slope Steephess-Length Factor: 0.27

Fraction of Residual Saturation: |0.17
Fraction of Tatal Annual Precipitation far Infiltration Calculation: 0.00
Top Sail Layer Precipitation Run-off Fractian: |0.005
Bottom Sail Laver Precipitation Run-off Fractior: |01
Active Depth of Soil in Surface-Contaminated R egion: 0.1%
Width of the contaminated site measured perpendicular bo groundwater flow: 1.0E+2

Length of contaminated site parallel to groundwater o 1.0e+2

|___Characteristics l Plant & Animal | Human Uptake |
Cover &'Waste | Vert Zone &Aguifer | Atmosphere I

| Status | 57220 [1:50 PM
Rstart || “ymississippi |[@ PrESTOEPA-CLNCP NES B 150

Figure 2-3 above demonstrates that the Site tab contains a second level of tabsthat are
categorized by input parameters relating to plant, animal, and human uptake factors, cover and
waste layers, vertical zone and aquifer, and the atmosphere. The definition of each input
parameter is briefly presented on the screen. However, Site Environment, which isin the pull-
down list located under the Atmospher e tab, requires additional explanation. This parameter
indicates region-specific meteorological datato be selected for the analyses. Region-specific
data are given for humid south, humid north, arid south, and arid north environments. Y ou can
also select the User Defined option when you want to create a user-defined meteorol ogical data
file (INFIL.INP). Thisfile must be modified externaly in atext editor.

The Sour ce tab contains options relating to nuclide-specific data such as uptake factors,
transport parameters, waste inventory, and dose and health effect conversion factors (see Figure
2-4 on the following page). Dose and health effect conversion factors are further grouped by
pathway (i.e., ingestion, inhalation, immersion, and surface). The Sour ce tab allows you to enter
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Figure 2-4. Source Input Parameter Screen

PRESTO-EPA-CLMCPG/CLNPOP

File “iew Graph “Window Help

Input File 1

Title

Cantral I

Site

I Bazement

- [=]x]

IS [=

Results I

Number of nuclides selected: 0
[Use the mouse or press the space bar to select nuclides.]

AC-223
AG-105
AG-115
AM-243
AS-70
AT-215
Al1-199
B-135m
Bl-202
Bl-214
BR-77
Ce-47
CO-117k
CF-246
CL-33

AC-224
AG-106
AL-26
ah-244
A5-71
AT-216
All-200
Ba&-137M
Bl-203
BK.-245
BR-80
Ca-49
CE-134
CF-248
Ch-238

AC-225 | AC-226
AG-106k AG-1028
AL-28 | AM-237
AM-244b AM-245
AS-72 | AS-T3
AT-217  AT-218
All-200k | AU-201
BA-133  BA-140
Bl-205  BI-206
BK-246 | BK-247
BR-30M BR-82
CD-104 | CDA107
CE-13%5 CE-137
CF-243 | CF-250
Chd-240 | CM-241

AC-227 |AC-228  AG-102 |AG-103

AG-108K| AG-109N AG-110

AM-238
AM-246
AS5-74
All-192
BA-12E
Ba-141
Bl-207
BK-249
BR-83
Ch-109
CE-137M
CF-251
Ch-242

AM-239

AM-240 | AM-241

AM-246k AR-3F AR-33

AS-7E

Al1-194
BA-128
Ba-142
Bl-210

BK-250
BR-84

Ch-113
CE-133
CF-252
Chd-243

A5-77 A58

AG-104

AG-T10W AG1TT

AM-242
AR-41
AT-207

A1-195 | ALL-195k AL-193
BA-131 |BATIIM BA122

BE-10 |BE-7
BI-210M |BI-211
BR-74 |BR-T4M
11 C14
CO-113k| CD-115
CE-141 |CE-143
CF-253 |CF-254
Chi-244 | Ch-245

Bl-200
Bl-212
BR-75
Ca-41
CC-115k
CE-144
CL-36
Chd-246

AG-104f &
AG-T12
Abd-2421
A5-69
AT-211
Al-198¢
Ba-133h
Bl-201
Bl-213
BR-76
Ca-45
Co-117
CF-244
CL-38
Ch-247 LI

|__Muclide List I

ptake

I

Tranzport

I Inventary

| DCF/HECF

| Status

| 472600 | 8:35 &M

nuclide-specific parametersinto the input file. After you have selected this option, a new
window appears with alist of 825 nuclidesin alphabetical order. Y ou can select a maximum of
40 nuclidesto be included in the input file by double-clicking on the nuclide or by pressing the
Space bar oncethe cell isactive. Thetotal number of nuclides selected is automatically updated
and shown at the top of the window. Use the same method to deselect nuclides from the list.

When anuclide is added to the input file, the program automatically searches the dose
and health effects conversion factor database for a default value (EPA88, EPA93, EPA99). If a
valueisfound in the database, it is added to the input file. After you have selected the desired set
of nuclidesto include in the input file, you may re-enter new values for the dose and risk
conversion factors. In addition, select the Uptake, Transport, and I nventory options to enter
the appropriate nuclide-specific parameters. Y ou also have the option of entering the
radionuclide inventory in units of Bq or Ci by selecting the appropriate option at the top of the
I nventory window.

2.4.2 Saving an Input File

To save the current input file, select the Save As option in the File menu bar, as shown in
Figure 2-5 on the following page, and enter the desired filename. Y ou can also change the path
by choosing a different directory and drive. Once you have entered the filename, select the Save
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option to save the input file or the Cancel option to return to the main menu without saving
changes to the current file. When changes to an input file have not been saved, the system will
warn you when you try to close the file. The same warning message appears if you try to exit the
program without saving changes to the current file. The physical structures of the input files are
documented in Appendix J-1 for PRESTO-CPG and Appendix J-2 for PRESTO-POP. They are
provided for user reference only; you are strongly encouraged to modify these files only from
within the operation system.

Figure 2-5. Save As Screen
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2.4.3 Processing an Input File

To process an input file, choose the Process option in the File menu bar (see Figure 2-6
on the following page). Locate the directory that contains the input files and then select at |east
oneinput file to process. A window will appear showing the file being processed and the number
of input files that have yet to be processed.

After processing the input file, view the output by selecting the Results option. The
system will prevent you from accessing this option until the input file has been processed. The
output is organized into the following six categories:
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Figure 2-6. Process Screen
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Infiltration,

Initial Calculations,

Daughter Nuclide Effect Correction Factors,

Annual Summaries,

Maximum Individual Dose Summary or Total Risk Summary, and
Average Individual Dose or Health Effects.

ok~ wbdpE

The default units representing radionuclide activity and radiological doses are expressed
as uSv and Bg. The unitsfor activity and dose, however, can be changed to mrem and Ci by
selecting the desired option shown on any one of the tabs.

24.4 Description of the Results

The results of PRESTO-EPA-CPG/POP are designed to be self-explanatory and contain
descriptive comments, definitions, and intermediate and final tabulations. It is assumed that the
results may be analyzed by users unfamiliar with PRESTO-EPA-CPG/POP structure. As
illustrated by the sample input and output in Appendix K, the PRESTO-EPA-CPG/POP results
are organized into the following sections.
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2.4.4.1 Infiltration Calculations

Thefirst section consists of the results for the infiltration calculations. The model
calculates and outputs several dataitems. The most important of these are annual infiltration and
annual precipitation. Annual evaporation, runoff, and infiltration are also calculated and output.

2.4.4.2 Initial Calculations

A set of tables under the heading “Initial Calculations’ summarizes the radionuclide data
used for the transport calculations. These tables include radionuclide distribution coefficients
and nuclide inventories for both contaminated soil layers.

2.4.4.3 Daughter Nuclide In-Growth Effect Correction Factors

This section lists the daughter nuclide effect correction factors for each radionuclide. The
derivation of these correction factorsis presented in Appendix C.

2.4.4.4 Annual Summaries

Input control parameters determine the years for which intermediate results are printed.
For these years, anumber of hydrological and transport variables are output. Included are the
status of the top layer (percentage intact), water depth in the contaminated zone, water 10ss by
overflow and drainage from the contaminated zone, and radionuclide inventories. Radionuclide
concentrations and flux values are also given for key pathways and regions of interest.
Intermediate whole body doses to the critical population group or fatal cancer and genetic risksto
the general population are other important results given in this section of the PRESTO-EPA-
CPG/POP outpuit.

2.4.4.5 Maximum Individual Dose Summary or Total Risk Summary

For the critical population group scenario, this section contains the data and results
described in Section 2.4.4.4 for the year in which the maximum critical population dose occurs.
This allows for specific identification of contributing pathways and radionuclides.

For the population scenario, this section contains the total risk summary for the entire
simulation. These tables present a summary of the cumulative cancer incidence, cancer
mortality, and genetic effects, the cumulative radioactivity pumped out of the well, and the
cumulative release of radionuclides to the downstream basin for each radionuclide.

2.4.4.6 Average Individual Dose or Hedth Effects

For the critical population group scenario, the last section is similar to the results
described in Section 2.4.4.5 except the results apply to the average exposed individual. For the
general population scenario, this section provides the total number of fatal health effects and
genetic health effects resulting from the contaminated soil site.
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245 Graphingthe Results of a Processed Input File

After processing either a CPG or a POP input file, you may graph the results by selecting
the Graph option in the menu bar. For CPG results, the graphing options include: (1) individual
dose, (2) mortality risk, (3) incidence risk, (4) well water concentration, and (5) total annual dose.
For POP results, the graphing options include: (1) fatal cancer risks and (2) genetic risks. After
you' ve selected a graph, a new window will appear allowing you to select a combination of
nuclides and/or pathways to include in the graph. To view the graph by nuclide or pathway,
select the appropriate tab.

Y ou can modify the appearance of the graph by selecting the Edit option in the File menu
bar. The chart style, text, and axis scale and type (i.e., linear or logarithmic) are afew of the
formatting options that can be modified. Additionally, you may copy the graph and paste it into
other applications by selecting the Copy option in the Chart menu bar.

The Print option in the Chart menu bar allows you to print the graph. The layout and
formatting of the printed graph can be adjusted by selecting the L ayout option on the Print
dialogue box.

246 PRESTO-EPA-CPG/POP Help

At any time, you may access the Help option to view online help. PRESTO-EPA-
CPG/POP Help contains instructions on using the system and detailed information on all of the
input parameters. The help system also contains a table of contents, an index, and a search tab to
help you locate the desired topic.

Additionally, parameter-specific help is provided whenever you place the mouse cursor
over aparameter. The information displayed on the screen includes the parameter name, units of
the parameter, and, if applicable, ranges of acceptable input values.

2.4.7 Exitingthe PRESTO-EPA-CPG/POP Program

To exit the PRESTO-EPA-CPG/POP program, select the Exit option in the File menu
bar. A warning message will appear on the screen if you have not saved changes to an opened
input file. Select Yesto save and exit the program. Select No to exit without saving changes. To
remain in the system, select the Cancel option.
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3. THEORETICAL BACKGROUND OF THE
PREST O-EPA-CPG/POP M ODEL

31 GENERAL DESCRIPTION OF THE MODEL

The model has been designed to cal culate the maximum annual committed effective dose
(CED) to acritical population group (CPG) and cancer incidence, fatal cancer effect, and serious
genetic effect in the general population resulting from a near-surface disposal of low-level
radioactive waste (LLW) site, from cleanup of aradiologically contaminated site, and from
beneficial application/disposal of naturally occurring radioactive material (NORM) waste. The
model simulates the transport of radionuclides from a site to the environmental receptors and
human exposure through food chain pathways. The health effects for the general population are
calculated from the radionuclide uptake rate and the health effect conversion factors.

The model assumes that the radionuclides may contaminate the near-ground surface in
two soil layers— upper and lower layers — having different soil characteristics and contamination
levels. Based on the nature of the exposure to the contaminants, three types of human receptors
are considered: (1) onsite residents, residing on the contaminated site; (2) offsite residents,
residing near the site; and (3) the general population, residing in the downstream basin, which
extends all the way to the estuary.

The PRESTO-EPA-CPG model calculates the maximum individual dose to the onsite and
the offsite residents depending on which is the critical population group, and the PRESTO-EPA -
POP model calculates the cumulative number of fatal cancer effects and serious genetic effects to
the onsite residents, offsite residents, and general population.

The onsite residents are assumed to be exposed to the contaminant through ingestion of
(2) the drinking water pumped out from the groundwater and surface water contaminated,
respectively, from subsurface leaching and overland flow; (2) foods (crops and cattle) grown on
the farmland contaminated from initial contamination, subsequent chronic application (NORM
waste disposal, contaminated irrigation water), and redeposit of radionuclides being transported
from upstream through atmospheric process; and (3) fish caught from nearby contaminated
surface waters, and through soil, inhalation of radon gas outdoors and indoors, direct exposure
outdoors and in the basement, and immersion in the air that is resuspended from local soil or is
transported upstream.

The offsite residents are assumed to be subject to the same exposure as the onsite
residents except that thereisno initial contamination of soil in the resident area and the exposure
from radon gasis direct exposure from living in the basement. In addition, the offsite residents
are assumed to be exposed to the radionuclides being transported from the contaminated site
through atmospheric transport, which contaminates the foods grown in the area.

The general population is assumed to be exposed to all pathways that the offsite residents
experience, except the groundwater and atmospheric transport pathways.
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3.1.1 Description of a Near-Surface Low-L evel Radioactive Waste Disposal Site

Thelife cycle of aLLW disposal site begins with site selection. Following site selection
and regulatory approval, trenches are dug on the site. Waste materials, which may be a
combination of trash, absorbing waste activate metal, and solidified wastes, are containerized and
placed into each trench. Once a section of the trench isfilled, the trench is backfilled to eliminate
voids to decrease the potential for subsidence and cracking of the trench cap. Following
backfilling, the trench is covered with a cap of soil, one to severa meters thick, and mounded
above grade to facilitate runoff and decrease infiltration. The cover soil may be clean or
contaminated with spilled radionuclide.

The site is assumed to have a definite period of institutional control following the
completion of the disposal operation. During the institutional control period, the cap is assumed
to be maintained in itsintact condition. However, the site is assumed to be arestricted land-use
area and no residents are allowed to reside onsite.

The model can assess the health impacts to offsite residents and the general population
downstream for various combinations of waste form and disposal operation alternatives.

3.1.2 Description of a Contaminated Soil Site

A contaminated soil siteisasite with residual radionuclides resulting from the cleanup of
an accidental spillage or the decommission of a nuclear facility. Unlike a radioactive waste
disposal site, the contamination generally does not extend more than a few meters below the
ground surface. However, the radionuclide release and transport processes at a contaminated soil
site are similar to those at a radioactive waste disposal site. The contaminated soil site may be
modeled as a single layer of contamination (with or without a clean soil cover layer) or astwo
distinct layers of contamination.

The model can assess the health impacts to onsite residents, offsite residents, and the
general population.

3.1.3 Description of aLand Farming Site

A farmland application of NORM waste contaminated with adiminished level of
radioactivity is normally used for the purpose of disposal and/or to benefit the land. Wasteis
applied to the surface of the selected site and then mixed, using atraditional plow, to anominal
depth. This operation can be either a one-time application or repeated annually for agiven
number of years. No cover or cap is present in this scenario. Additionally, no waste treatment,
such as solidification or containerization, is modeled.

The model can evaluate long-term effects to onsite residents, offsite residents, and the
downstream general population.
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32 MATHEMATICAL FORMULATIONS
3.2.1 Mode Assumptionsand Structure

The PRESTO-EPA-CPG/POP operation system, which includes the PRESTO-EPA-CPG
and PRESTO-EPA-POP models and their interface programs, is designed to accommodate a
wide range of hydrogeologic and climatic conditions. It is also designed to handle the leaching
of radionuclides and their subsequent groundwater transport through unsaturated and saturated
hydrogeol ogic conditions, while taking into account nuclide retardation due to geochemical
processes. The system’s features account for the dynamic leaching process, the farming scenario,
which simulates farming over the waste with root uptake of radionuclides from the waste matrix,
and the reduction in the source inventory due to radionuclide decay during the simulation.

In general, hydrologic transport is the principal pathway by which the human receptors
may become exposed to the radioactivity contaminating a disposal/contaminated soil site.
Figure 3-1 shows a schematic of the pathways through which the water may transport
radionuclides from a site to human receptors. The major source of water, which is the primary
driving force for leaching the radionuclides out of the contaminated matrix, is from precipitation.
The precipitated water at a site will either infiltrate into the soil layers, run off the site by
overland flow, or evaporate into the atmosphere.

The transport of radionuclides from a site may occur by the infiltrated water or by the
overland flow. A dynamic model, which calculates the evaporation loss and water transport
based on their dynamic equations, is used to calculate the rate of infiltration (Appendix A). The
infiltrated water entering the contaminated zone leaches out radionuclides from the contaminated
zone. This contaminated water may either overflow from the top of the site or percolate
downward to the subsoil and ultimately enter an aguifer.

Radionuclides that finally reach the aquifer will generally be transported at velocities less
than or equal to the flow velocity of the water in the aguifer. This "retardation” is due to the
interaction of radionuclides with solid mediain the aquifer, known as the sorption effect. When
the radionuclides being transported in the aquifer reach awell, they will be consumed by onsite
and/or offsite residents through drinking, irrigation, and cattle feed pathways. Residual
radionuclides in the aguifer are assumed to be transported farther downstream and impose
additional health impacts on downstream general populations.
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Figure 3-1. Environmental Transport Pathways
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The contaminated water in the site will accumulate if the rate of infiltration exceeds the
rate of exfiltration out the bottom of the contaminated zone. When the volume of water
accumulated in the waste exceeds the total void space, contaminated water overflows onto the
ground surface. The radionuclides in the contaminated water will then mix with the overland
flow and be further transported into nearby streams.

This contaminated water will potentially be consumed by the local residents and by the
population downstream via drinking, irrigation, cattle feed, and fishing pathways.

The model incorporates the effect of daughter nuclide in-growth in its final results by
multiplying the parent-nuclide-caused health effects with its daughter nuclide in-growth effect
correction factor, which is defined in Section 3.2.9. Up to the fourth member of the decay chain
isincluded in this adjustment.

The complex physical and chemical interactions between the radionuclides and the solid
geol ogic media have been grouped into a single factor, the distribution coefficient (K,).
Different K, values can be used for the top contaminated soil layer, the bottom contaminated soil
layer, the subsoil, and the aquifer.

The model assumes that the leaching process takes place in both the upper and lower soil
layers. Thetop layer takes the infiltrated rainwater asits driving force to leach out radionuclides
from the soil, while the bottom layer receives the |leachate from the top soil layer and usesit as
the driving force to leach the radionuclide in the bottom soil layer. Negative leaching, or
sorption, may occur when the concentration of the radionuclides in the leachate exceeds the
equilibrium concentration of radionuclides in the bottom soil layer.

The subsurface transport path of radionuclides is assumed to be vertical from the waste to
the aguifer and then horizontal through the aquifer. The flow in the vertical flow regimeis
calculated either as saturated or unsaturated flow, depending on the relationship among the rate
of exfiltration, the degree of saturation, and the properties of the geologic media. The transport
of radionuclides in the aquifer is calculated by employing Hung's " optimum groundwater
transport model” (Hu81), in which Hung's correction factor is used to compensate for the effects
of longitudinal dispersion (given in Appendix B).

Three types of submodels are used in the PRESTO-EPA-CPG/POP model: unit response,
bookkeeping, and scheduled event. The unit response submodels cal cul ate the annual response
of agiven process. For example, the submodel INFIL calculates the annual infiltration through
an intact top soil layer. Thisannual infiltration is then apportioned among the transport
processes by the bookkeeping submodels. Other unit response models calculate the annual
average atmospheric dispersion coefficient and erosion from the top layer.

Bookkeeping submodels keep track of the results of unit response submodels and
user-supplied control options. For example, the TRENCH submodel calculates the level of
standing water in the source-contaminated layers and the volume of water leaving the
contaminated zone.
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Annual concentrations of each radionuclide in environmental receptors, such as well
water or the atmosphere, are used to calculate radionuclide concentrations in foodstuffs.
Foodstuff concentrations and average ingestion and breathing rates are utilized to calculate the
annual average radionuclide intake per individual in the onsite and local populations. These
intake data are then used to estimate doses and health effects.

The atmospheric transport submodel assumes a constant dust oading and mixing height
for estimating onsite concentrations. For offsite atmospheric transport, the system assumes that
the entire local population resides within the same 22.5-degree sector. User-specified parameters
give the fraction of year that the plume blows in that sector. The transport of the radionuclides
from the source areato the local population is calculated by employing the Gaussian plume
diffusion model. Therefore, each member of the local population will inhale the same quantity of
each radionuclide.

Each person in a specific local community is assumed to consume the same quantities and
varieties of food, all grown in the same fields, and to obtain his or her drinking and crop
irrigation water from the same source. However, the user may specify the distribution of the
sources of drinking and irrigation water supplies between well and stream. Table 3-1 liststhe
environmental pathways by which members of the onsite, offsite, and general populations are
exposed to radioactivity.

Table 3-1. Exposure Pathways

Onsite Residents Offsite Residents General Population
Drinking water Drinking water Drinking water
Crop irrigation Cropirrigation Crop irrigation
Cattle feed Cattle feed Cattle feed
Fish ingestion Fish ingestion Fish ingestion
Soil ingestion Sail ingestion Sail ingestion
Dust inhalation Dust inhalation
Outdoor direct exposure Outdoor direct exposure
(ground surface and air) (ground surface and air)

Basement gamma exposure
Radon inhalation Radon inhalation
(indoor/outdoor) (outdoor)

The mathematical formulation adopted by the model in cal culating radionuclide
concentrations in the pertinent environmental receptors is described in the following two
sections.
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3.2.2 Transport Pathways Involving Water

Figure 3-2 shows the surface water and groundwater transport pathways and their
associated exposure pathways (see Section 3.2.1).

3.2.2.1 Infiltration Through Top Layer

The basic model for simulating the annual infiltration through the contaminated soil is
based on the cap failure function in an interim version of the model. It assumes that a portion of
the top layer material will degrade and allow the precipitated water to flow through the lower
contaminated layer. The fraction of the top layer that failsis assumed to vary with time. Dueto
the distinct nature of the infiltration mechanism between the intact portion and the failed portion
of the top layer, the annual infiltration through the top layer is divided into two components.

On the intact portions of the layer, the normal infiltration rate is calculated by the method
developed by Hung (Hu83b), which is described in Appendix A. For the failed portion of the top
layer, theinfiltration equals therainfall. Therefore, the volume of water entering the trench
annually is calculated by:

W, =A[f.- W+ (1-f)W] (3-1)
where

W, = volume of water entering trench in current year (m?®),

A, = area of trench (m?),

f. = fraction of top layer that has failed (unitless),

W, = annual infiltration through intact cap or top layer (m),

W, = annual infiltration through bottom layer where cap has failed (m)
= (Pt 1,

P, = annual precipitation (m),

I, = annual irrigation rate (m), and

fy = fraction of infiltration through bottom layer (unitless).
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Figure 3-2. Water Transport Exposur e Pathways
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The value of W, is added to the standing water from the earlier year to calculate the
maximum depth of standing water in the soil for the current year.

The component of annual infiltration through the intact portion of the top layer, W,, is
estimated by employing the infiltration model developed by Hung (Hu83b, Appendix A). The
model simulates the rate of infiltration by solving system equations that describe the dynamics of
overland flow, subsurface flow, and atmospheric dispersion systems. The basic equations
employed in the model are:

Q, = {(SinB)* H%} /n (3-2)
dH/dt=P-E, - q,- Q/L (3-3)
%Ep when P+ H/At>E,
Eo=0 P+H/At when P+H/At>0 (3-4)
HO. when P+H/At=0
0K, when P-E,+H/At>Kq
O
q,=OP-E,+H/At when K >P-E,+H/At >0 (3-5)
Ho. when  P-E,+H/At=0
Ks when  Z,>Z_,
=50 when z,-7, (3-6)
dZ/dt = (q; - g, + G)/W, (3-7)
. = -DW/Z, + K,
(3-8)
q. < Ep - Eo
(E, -E) SR gl (3-9)
= - - X + 2
% PT7 T 0660OW, +W,)F
dz /dt = -(q, + q)/W, (3-10)
q when Z,>0
G =0 i (3-11)
0. when Z,=0
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and

where

Q,

g, = -Max(*q.*,*q,*) (3-12)

rate of overland flow per unit width of trench cover (m*m-hr),
average depth of overland flow over the entire trench cover (m),
length of slope or half of trench width (m),

Manning's coefficient of roughness,

average inclination of the trench cover (m/m),

rate of precipitation (m/hr),

rate of evaporation from the overland flow (m/hr),

rate of percolation from the overland flow system (m/hr),
evaporation potential (m/hr),

flux of moisture infiltrating into the trench (m/hr),

flux of pellicular water transported in the liquid phase (m/hr),
saturated hydraulic conductivity of the soil (m/hr),

deficit of gravity water (m),

maximum deficit of gravity water, equivalent to the thickness of the trench
cover (m),

component of wetness for the gravity water; under a fully saturated
condition, it is numerically identical to the porosity for the gravity water
(unitless),

component of wetness for the pellicular water; under afully saturated
condition, it is numerically identical to the porosity for pellicular water
(unitless),

deficit of the pellicular water (m),

hydraulic diffusivity at equivalent wetness (m?/hr),
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K, = hydraulic conductivity at equivalent wetness (m/hr),

a, = flux of moisture being transported in the vapor phase (m/hr),

O, = flux of moisture being transformed from gravity water to pellicular water
(m/hr), and

oR = flux of pellicular water (m/hr).

The amount of annual infiltration through the top soil layer or trench cap is then
calculated by integrating the hourly infiltration over the entire year.

The values of hydraulic conductivity and diffusivity to be used in the calculation of the
flux for the pellicular water are theoretically functions of water content (see Equation 15,
Appendix A). In order to simplify the calculation, the water content independent terms “upward
equivalent hydraulic conductivity” and “upward equivalent hydraulic diffusivity” are introduced
for the submodel. They are calculated from the soil characteristics obtained from soil tests.

For the purpose of modeling input data collection, three typical soils with appropriate soil
characteristics are selected and their equivalent values are calculated. Details of the
derivation/calculation are attached in Appendix D. The results of the calculation are presented in
Table 3-2 below. These values are intended for use as guidelines in preparing the input
parameters for equivalent conductivity and diffusivity.

Table3-2. Soil Characteristics

Variables | Sand | L oam Clay
upward diffusivity, m?hr 7.2E-4 3.6E-4 1.4E-4
upward hydraulic conductivity, m/hr 3.6E-6 1.4E-6 1.1E-6

3.2.2.2 Trench Cap Modification

The trench cap may fail by erosion or mechanical disturbance. In the case of erosion, the
annual thickness of material removed from the top layer by sheet erosion is calculated using an
adaptation of the universal soil loss equation (USLE) (Wi65).

The annual amount of erosion is subtracted from the layer thickness for the current year
of simulation. If the remaining thicknessislessthan 1 cm, the cap is considered to be
completely failed and f. is set to 1.0. The USLE may be written as:

|I=fr.fk‘fl.fs. fC.fp.fd (3'13)
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where
L, = yearly sediment loss from surface erosion (tong/ha),
f, = rainfall factor (f, unit or 100 m-tons-cm/ha),
fi = soil erodability factor (tons/half -unit),
f, = slope-length factor (unitless),
fg = slope-steepness factor (unitless),
f. = cover factor (unitless),
f, = erosion control practice factor (unitless), and
fy = sediment delivery factor (unitless).

The parameterization scheme of McElroy et a. (McE76) was used to specify site-specific
values of the factorsin Equation (3-13). Therainfall factor, f,, expresses the erosion potential
caused by average annual rainfall in the locality. The soil erodability factor, f,, is aso tabulated
by McElroy et a. as afunction of five soil characteristics. percent silt plus very fine sand;
percent sand greater than 0.1 mm; organic matter content; soil structure; and permeability. The
factorsf, and f, for slope-length and steepness, account for the fact that soil lossis affected by
both length and degree of slope. The PRESTO-EPA-POP code usage of USLE combines both
factorsinto a single factor that may be evaluated using chartsin McElroy et al.

The cover factor, f,, represents the ratio of the amount of soil eroded from land that is
treated under a specified condition to that eroded from clean-tilled fallow ground under the same
slope and rainfall conditions. The erosion control practice factor, f,, allows for reduction in the
erosion potential due to the effect of practices that alter drainage patterns and lower runoff rate
and intensity. The sediment delivery ratio, f,, is defined by McElroy et a. as the fraction of the
gross erosion that is delivered to astream. Units of |, are converted to (m/yr) within the code.

See Appendix | for the description of input units.

The second method of top layer failure is mechanical disturbance due to human intrusion
or some other means, such as channel erosion, which might completely destroy portions of the
top layer. This phenomenon can be termed a partial failure, but in redlity it is atotal failure of
some part of the top layer. The code user may specify some rate of failure as shown in
Figure 3-3.
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Figure 3-3. Trench Cap Failure Function
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NYRI is the year that the cap begins to fail,

NYR2 is the year the cap ends additional failure,
PCT1 is the fraction of cap failure at year NYR1, and
PCT2 is the fraction of cap failure at year NYR2.

By specifying appropriate values for the timein Figure 3-3, the user may selectively
simulate the failure of the cap or top layer from a portion of the site area. Mathematically, this
function is represented by:

[0, t<NYR1
_ E(PCTZ ~PCT1)(t-NYRL)
O (NYR2-NYRY)

H:’CTZ, t>NYR2

+PCTLNYR1<t <NYR2 (3-14)

fe

Even though PCT2 might be lessthan 1.0 in year NY R2, the cap may ultimately fail completely
by virtue of erosion. Asf. changes, the amount of water added to the trench annually also
changes.
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3.2.2.3 Rate of Infiltration Through Trench Cap

The amount of water infiltrating through and leaving the bottom layer annually is
calculated by Darcy’ slaw but cannot exceed the available volume of water remaining in the soil
layer, which is expressed mathematicaly in:

Vg =Min(Dy, - A;, I:A7) (3-15)
inwhich D, is calculated by:
Dw = Vw/(Ar- Wr) (3-16)

In above equations:

Vg = volume of water leaving contaminated zone annually (md/yr),
D, = depth of water in contaminated zone during current year (m),
- = conductivity of material below the contaminated zone (m/yr),
A, = trench area (m?),

Vo = volume of water in contaminated zone (m®), and

W; = porosity of soil (unitless).

3.2.2.4 Rate of Overflow

Water will overflow the site if the maximum depth of standing water is greater than the
contaminated zone depth. If thisisthe case, the overflow is calculated by:

Vo = (Dw - DA Wy (3-17)
where

Vo = volume of water overflowing sitein ayear (m°),

D, = depth of water in contaminated zone (m),

D, = contaminated zone depth (m),

A = site area (m°), and

W; = porosity of soil material (unitless).
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3.2.2.5 Radionuclide Leaching

Water in the contaminated zone may be contaminated by contact with the radioactivity.
To calculate the concentration of radionuclides in the water exfiltrating out of the site, two model
types are used, a dynamic model based on the chemical exchange and an empirical model based
on the annual release fraction.

The user must choose one of the three options shown in Table 3-3 to calculate the
concentration of radionuclides in the exfiltrating water.

Table 3-3. Leaching Options (LEAOPT) Specified

Option L each Calculation Method
1 Chemical exchange without solubility limit
2 Chemical exchange with solubility limit
3 Annual release fraction

Leaching options 1 and 2 utilize a dynamic model that estimates the radionuclide
concentration in the water based on chemical exchange. When this model is selected, annual
release rates are required for solidified wastes and activated metals. Contaminants released from
these waste forms are then treated to chemical exchange, as is the absorbing waste.

The model is devel oped based on a multi-phase leaching concept (Hu86b), which
simulates aleaching system under afield environment. The model assumes that the flow of
infiltration is concentrated in preference paths and, thereby, forms afinger flow system. This
flow system leads to the transport of radionuclides in two phases, the convective phase and the
diffusive phase. These phases of transport are assumed to take place in the convective zone and
the diffusive zone, respectively. The radionuclides in the diffusive zone must be transported to
the convective zone before they can be transported downward through the convective process.

Due to the complexity in the modeling of the multi-phase |eaching concept, a simplified
and yet conservative model isused. The simplified model assumes an idealized steady, uniform
leaching model to calculate the radionuclide concentration in the trench water based on the
chemical exchange process. A correction factor is then added to account for the leaching process
under field conditions derived from the multi-phase |eaching concept (Hu86b). The final
formulais expressed by:
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and

where

FAC

TINFL

PERMT

Pw

.- FAC

A+(D;W; + DK ypw) (3-18)

(Chemical exchange option)

FAC = Min[TINFL/PERMT, 1] (3-19)

a correction factor to account for the multi-phase leaching phenomenon
experienced in field conditions,

effective annual infiltration rate (m/yr),

soil hydraulic conductivity (m/yr),

concentration of radionuclides in contaminated water (Bg/cm?®),
amount of activity in layer (BQ),

sitearea (m?),

porosity within soil layer (unitless),

layer depth (m),

distribution coefficient within waste for radionuclides (ml/g), and

density of waste material (g/cm?).

Leaching option 2 uses a solubility factor to estimate the maximum concentrations of
radionuclides in the leachate. The solubility option may be used when the radionuclide solubility
islow or information concerning K, valuesis not available. The radionuclide concentration is

estimated by:

where

Crw = Min[

[5IN_N, |, [FAC

]
, [ (3-20)
o M DA W, +A:DKyupw O

(Solubility Option)
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S = elemental solubility (g/ml),

M = mass of radionuclide (g/mole),
N, = ratio (Bg/mole), and

N, = ratio (ml/m?).

Leaching option 3 allows the user to input an average annual fractional release of the total
radionuclide inventory. Thisfraction isapplied to each radionuclide and does not consider either
K, or solubility. Leaching option 3 isnormally used for a solidified waste form. The model
calculates the primary release of radionuclides from the waste form by using a user-specified
constant-fractional leach rate. To accommodate the hydrodynamic effects, the released
radionuclides are then adsorbed by the waste form according to Equation (3-18) to calculate the
actual rate of release out of the trench. This calculation accounts for the adsorption effects inside
and outside of the waste form.

If the constant fraction release model is chosen, the radionuclide concentrations in the
water leaving the waste are given by:

C., = Qull +Qp (3.21)
W
where
Cw = nuclide concentration in water leaving the waste (Bg/m®),
Q = total unleached inventory (Bq),
f = annual leach fraction (1/yr),
Qr = leached activity in waste |eft from previous year (Bg), and

w

volume of water in contaminated zone (m®).

3.2.2.6 Waste Container Effects

Waste containers can inhibit nuclide leaching until they lose their integrity. The length of
time before containers lose their integrity — container life — depends on their design, structural
strength, and material. In PRESTO-EPA-CPG, the net radionuclide release is calculated by
multiplying the radionuclide concentration in the trench water by the fractional container fracture
factor (CFF), which istime-dependent. The fraction CFF is set to zero while all of the containers
areintact. Once the containers start to fracture, CFF is assumed to increase linearly to a
maximum value of 1, which represents failure of all of the containers.
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3.2.2.7 Transport Between Contaminated Soil Layers

The leaching of the contaminated soil layersis modeled in three layers: active, top, and
bottom layers. The active layer is subdivided from the top layer and remains the same thickness
throughout the entire period of analysis, while the thickness of the remaining top layer decreases
with the progress of the sheet erosion. The three-layer leaching model is based on the above two
equations with the added capability that radionuclides may transfer from one contaminated layer
to the other. For groundwater pathway calculation, the three-layer leaching model is
implemented by first applying the leaching equations to the active layer to get aleachate
concentration. The amount of radioactivity transferred from the active layer to the top layer or
from the top layer to the bottom layer is the product of the leachate concentration in the layer and
the volume of deep infiltrating water. That is:

Par = Cua - Vy
(3-22)
P, = G-V,
where
Py = radioactivity transferred from active layer to top layer (BQ),
P, = radioactivity transferred from top layer to bottom layer (BQ),
Cwa = leachate concentration in active layer (Bg/m?),
Cwi = leachate concentration in top layer (Bg/m?), and
vV, = volume of water leaving bottom of waste (m®).

In some cases, site conditions do not allow the downward movement of water through the
waste. In these cases, the waste becomes saturated and water overflows from the site. Thisleads
to upward movement of radioactivity from the bottom layer to the top layer and from the top
layer to the active layer. The amount of radioactivity transferred upward to the top and active
layersisthe product of the leachate concentration in the layer and the volume of water that
overflows from the site. Mathematically it can be represented by the following equation:

P = Cui - Vo
(3-23)
Py = Cuw2 Vo
where
P = radioactivity transferred from top layer to active layer (BQ),
P, = radioactivity transferred from bottom layer to top layer (BQ),
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Ch = leachate concentration in top layer (Bg/m?),
Cp = leachate concentration in bottom layer (Bg/m?), and
V, = volume of water overflowing the site (m°).

These equations are implemented in the LEACH subroutine, which is called by the main
program for every radionuclide for each year of the ssmulation. Asinthe origina PRESTO
codes, the leached radionuclides either travel downward to the groundwater pathway or flow
across the ground surface to the surface water pathway.

3.2.2.8 Transport Below Contaminated Zone

Once radionuclides have been leached out of the waste in the contaminated zone, they are
transported vertically downward to the aquifer and then horizontally through the aquifer to a
well. The velocity of radionuclide transport is retarded, relative to the movement of water, by
vertical and horizontal retardation factors, R, and R,,, as explained below.

Because of the distinct nature of radionuclide transport in various reaches, the model
subdivides the transport field into three reaches: vertical reach, collection reach, and horizontal
reach. The solute transport analyses for each reach are conducted as detailed in the following
subsections.

Vertical Reach

The groundwater flow in the vertical reach is assumed to be saturated or partially
saturated. The degree of saturation is used to calcul ate the water velocity, V., and the vertical
retardation factor, R,. The degree of saturation, SSAT, is either read in as an input parameter or
calculated from the equation:

TINFL [ 324
SSAT = RESAT + (1- RESAT) xgﬁp\mg (3-24)
where
RESAT = fraction of residual moisture content relative to saturated moisture content
(unitless),
ATINFL = average exfiltration rate (m/yr), and
PERMV = saturated hydraulic conductivity in the vertical reach (m/yr).

Equation (3-24) is an empirical formulafor predicting the fraction of saturation in a soil
under dynamic infiltrating conditions as developed and applied by Clap and McWhorter (Cla78,
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McW79). The exponent, 0.25, should theoretically be afunction of soil type, but a conservative
fixed value was selected based on the experimental datafor ssmplicity. In order to justify the
reliability of this equation, a benchmark study is conducted to compare it with another commonly
used empirical formula. The results of the comparison fit quite well with each other. Details are
presented in Appendix E.

In Equation (3-24), the residual moisture content is the moisture content remaining in the
soil after long-term drainage through gravity, and it is equivalent to the component of moisture
content for the hygroscopic water. RESAT istheratio of this water content and the saturated
water content and is a user input parameter. Asaguideline for selecting this value, typical values
for sand, loam, and clay soils are calcul ated based on the soil test data obtained in the laboratory
(Hil76). Details of thiscalculation is presented in Appendix E. Theresults are 0.25, 0.42, and
0.77 respectively for sand, loam, and clay soils.

The parameter ATINFL isthe average trench exfiltration rate. When there is no overflow
of trench water, the rate is calculated by the expression:

ATINFL = [PCT2 - (PPN+XIRR)+(2 - PCT2) - XINFL] - 0.5 (3-25)
where
PCT2 = maximum fraction of trench cap failure (unitless),
PPN = annual precipitation rate (m/yr),
XIRR = annual irrigation rate (m/yr), and
XINFL = infiltration rate through the intact top layer (m/yr) (calculated by the INFIL

subroutine).

Vertical water velocity, V,, (m/yr), and the vertical retardation factor, R, (unitless), are
calculated asfollows:

V, = ATINFL/(PORV - SSAT) (3-26)
R, =1+ (BDENS - XKD3)/(PORV - SSAT) (3-27)
where
BDENS = host formation bulk density (g/cm?),
XKD3 = distribution coefficients for the host formation (ml/g), and
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PORV = subsurface porosity (unitless).
Horizontal Reach

The transport analysis for the horizontal reach calculates the radionuclide transport in the
aquifer without lateral or vertical supply of radionuclide flux. The transport analysis employs
Hung's groundwater transport model (Hu81, Hu86a, Appendix B). The basic equations for the
model, as adopted from Hung, are:

Q = nQ,(t-RL/V+t)) EXp(-A4RL/V+t,) (3-28)
and
f 0.5(RP/16%? Exp[-N 0-(P6/4R)(R/6-1)% dO
n= 0 ))))))NNNNIIIIIIIIIIIIIIIIIIIIIIIINID)
EXp(-RNy)
(3-29)
Exp[P/2 - (P/2)(1 + 4RLA/PV)Y]
= 1)))))))))NNNNIIIINIINMIMN)
Exp(-RLA/V)
where
n = Hung's correction factor, to compensate for the dispersion effect,
R = retardation factor,
P = Peclet number, V,,D,/d,
0 = dimensionlesstime, TV/L,
Ny = decay number, A L/V,
L = flow length, D,, or D, (m),
\% = water flow velocity, V,, or V, (m/yr),
t = time of simulation (yr),
d = dispersion coefficient (m?/yr),
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Ag = radiological decay constant (yr™),

T = dummy time variable (yr),

Q = rate of radionuclide transport at the point of interest, which is at well point
in this case (Cilyr),

Q, = rate of radionuclide released at the upstream reach, which is at the
downstream edge of a disposal site (Ci/yr), and

t = time alechate control systemisin use (yr).

In the above equation, the horizontal retardation factor, R,,, is calculated by

R, = 1+ (BDENS - XKD4)/PORA

inwhich
XKD4 = distribution coefficient of the aquifer (ml/g), and
PORA = aquifer porosity (unitless).

Collection Reach

This analysis calculates the rate of radionuclide transport in the aguifer while receiving
the radionuclide flux from the vertical reach. The primary purpose of the analysisisto calculate
the rate of radionuclide transport at the downstream edge of the site boundary.

The basic equation used to calculate the rate of transport at the site boundary is expressed

as:
Q) = B, N09a(t =) W(t =) X N 4 X (3-30)
inwhich
Q = rate of radionuclide transport at the downstream edge of the disposal site
(Cilyr),
B = width of the disposal site measured in the direction perpendicular to the

groundwater flow (m),

L = length of the disposal site in the direction of groundwater flow (m),
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nx) = Hung's correction factor for the flow reach from the downstream edge of
the disposal site to the point of integration,

q = radionuclide flux entering the aquifer at the point of integration (Ci/yr/m?),
and

U = unit step function.

To simplify the calculation, Hung's correction factor, n(x), is assumed to be equal to 1.0
in the actual model analysis. This approximation is acceptable because the length of the
integration reach should not exceed the length of the disposal site, which isrelatively small, and
the n(x) valueis amost always 1.0 under normal application. Furthermore, the model assumes
the segment of integration, dx or Ax, to be one-hundredth of the length of the disposal sitein
conducting the numerical integration.

3.2.2.9 Radionuclide Breakthrough Time

The breakthrough time, which is the time required for a radionuclide to travel from the
bottom of the trench to the well, is the sum of the vertical and horizontal transit times. From a
practical viewpoint, the breakthrough time is approximated in the model by assuming that the
radionuclide leaching is from a point source and that the dispersion effect on the radionuclide
transport can be neglected. The vertical and horizontal transit time, t, (yr) and t, (yr), are
calculated according to:

t,= )g}))ﬁ, ty = )\)})ﬁ (3-31)

where
Dy = distance from trench to aquifer (m),
D, = length of aquifer flow from trench to well (m),
V, = vertical water velocity (m/yr), and
Vy = water velocity in aquifer (m/yr),

and retardation factors R, and R, are as previously defined.

3.2.2.10 Concentration in the Well Water

Since the well point receptor for the calculation of maximum annual committed effective
doseis, in generd, fairly close to the edge of the disposal site, the concentration of radionuclides
in the well water may vary considerably with the depth of the well screen installed. In addition,
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the well may pump in dilution water from the stream layer below the screen level. The thickness
of thislayer is a complicated function of the aquifer characteristics and the rate of pumping.

Theoretical concepts used in the development of the basic equation for the calculation of
well water concentration is detailed by Hung (Hu99) and is attached as Appendix H.

The PRESTO-EPA model assumes that the well screen isinstalled near the bottom of the
aquifer, which is the most reasonable assumption based on current well drilling practice and
State well water regulation in the United States. Furthermore, the model also assumes that the
well will withdraw water uniformly from the layer of stream between the water surface to the
bottom of the well screen.

The depth of the screen is the user-assigned depth and the potential dilution water that
may be withdrawn from the layer below the screen is considered negligible. The overall
assumptions tend to overestimate the concentration of radionuclide and is considered to be a
conservative approach.

To calculate the radionuclide concentration at the well point, the rate of groundwater flow
at thewell point is calculated first. By considering the lateral dispersion of the flow, the total
rate of flow available for dilution is calculated by:

W, = V,P,D,[B + 2 - tan(e/2)D, ] (3-32)

where

w, = the rate of contaminated water flow in the plume at the well point (m3/yr),

V, = groundwater velocity (m/yr),

Pa = porosity of aquifer material (unitless),

D, = depth of well penetrating into the aquifer (m),

o = constant angle of spread of the contaminant plume in the aquifer (radian),

B = site width (m), and

D, = distance from the center of site to the well (m).

Theangle "«" isthe dispersion angle of a contaminated plume in the water in an aquifer.
This dispersion angle may be empirically determined (e.g., by field dispersion tests wherein the
angle of dispersion is determined from measurements of chemical, conductivity, or radioactivity
tracersin water from a series of boreholes downstream across the plume), or it may be estimated.
The use of adispersion angle is consistent with published characterizations of the horizontally
projected profile of achemica contamination front as it moves through an aquifer (Sy81).
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The radionuclide concentration in the well water, C,, (Ci/m°), is calculated by:
Cy = QW, (3-33)
where Q isthe rate of radionuclide transport at the well point.

3.2.2.11 Rate of Water Consumption

The total water demand, V;, including drinking water, cattle feed, and crop irrigation, is
calculated by:

Vy = [39E-7 - WfL, + UL, + L5E4 - LN, (3-34)

where

V, = annual well water demand in liters (I/person-yr),

39E7 = 4492 m? irrigated per person X 8760 hr/yr,

W, = irrigation rate per unit area (I/m?hr),

f, = fraction of year when irrigating (unitless),

Uy = individual annual water consumption (I/person-yr)

Ly = fraction of drinking water obtained from well water,

15E4 = water fed to cattle consumed by humans (I/person-yr),

L = fraction of cattle feed water obtained from well water,

Np = size of the population (persons), and

L, = fraction of irrigation water obtained from well water.

If the calculated total water demand, V,, exceeds the flow rate of the contaminated plume,
W,, the concentration of radionuclides in the pumped-out water is recal culated using the actual
volume of pumping to correct for the dilution effect from the noncontaminated groundwater.
Units of V, are converted to cubic meters within the code.

The calculated concentrations of radionuclidesin well water are averaged over the length
of the simulation and used by the food chain and human exposure parts of the code for the
drinking water and cattle feed pathways.
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3.2.2.12 Surface Stream Contamination

As previously mentioned, water will overflow the site onto the soil surface when the
maximum depth of standing water is greater than the contaminated zone depth. If this occurs,
radionuclides will be added to the surface inventory. The surface soil will then have a
component adsorbed by the soil with concentration Cgg (Ci/kg) and a component of contaminated
water in the surface soil of Cg,, (Ci/m®). The material adsorbed by the soil remainsin the soil and
becomes a source term for resuspension and atmospheric transport (discussed in Section 3.2.3).
The contaminated water in the surface soil is available to enter nearby surface water bodies via
overland flow, or to percolate down to the aquifer.

Radionuclides dissolved in the soil water may be transported either to the stream by
overland flow or to the deeper soil layers by percolation. The amount of each radionuclide added
to the stream is represented by the product of Cg,, the radionuclide concentration in the surface
soil water, and the annual volume of runoff from the contaminated soil surface, WSTREM. The
value of Cg,, for each radionuclide is calculated by:

Con = pl)oﬁc)))')')m)); (3-35)
aM's + M,/ pw
where
Cav = radionuclide concentration in surface soil water (Bg/m?),
ls = amount of radionuclide on surface (Bqg),
Ky = distribution coefficient for surface soil region (ml/g),
Mg = mass of soil in contaminated region (kg),
My, = mass of water in contaminated soil region (kg),
pw = density of water (g/cm3), and

1000

conversion factors used for K (1 ml/g = 1 m%1000 kg) and for p,, (1 g/cm?
= 1000 kg/m3).

Equation (3-35) is used to compute the concentration of radionuclidesin the surface soil
interstitial water.

The radionuclide concentration in the contaminated surface soil region, Cg, is calculated
using:

Ces = CoyK /1000 (3-36)
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The contaminated region of surface soil is defined by the area of the site and has a user-
specified depth or thickness. These parameters allow the calculation of soil mass (Mg) and water
mass (M,,) in the contaminated soil region by:

Mq=1000 - psS,SS,, My, = 1000 - WS, S.S, (3-37)

where

Ps = soil bulk density (g/cm?®),

Wy = soil porosity (unitless),

S = length of the site (m),

Sw = width of the site (m),

S = depth of the active layer (m), and

1000 = conversion factor for the mass of soil and water.

Water falling on the contaminated soil region may either evaporate, run off, or infiltrate.
A certain fraction of the total precipitation, f,, will enter the stream annually.

The amount of water that enters the stream from runoff of the contaminated region is
given by:

Ws=1PS,S (3-38)
where P is the annual precipitation.

The amount of water that enters deep soil layers and, eventually, the aquifer is given by:

Wp = WSyS. (3-39)
where W, isthe yearly infiltration rate for the farmland.

The annual amount of radionuclides moving from the contaminated surface soil region to
the stream, Rg, is then the product of W¢ and the radionuclide concentration in the surface soil
water, Cq,, (Equation (3-35)). The amount of each radionuclide annually entering the deeper soil
layers from the contaminated surface soil region is the product of W, and Cg,. The concen-
tration of radionuclides in the stream is the quotient of R and the annual flow rate of the stream.

Aswith water removal from the well, the amount of each radionuclide removed from the
stream is calculated by using:
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|, =[3.9E7 - Wf,S +U,S,+15E4-S,] - Np- Cqy (3-40)
where

I, = annual amount of nuclide removed from stream (Bq),

Caw = radionuclide concentration in stream (Bg/m?®),
S = fraction of irrigation water obtained from stream,
S, = fraction of drinking water obtained from stream, and

S, = fraction of cattle feed water obtained from stream.
Other parameters are the same as defined for Equation (3-34).

If 1, islarger than the annual input of that nuclide to the stream, R, then the radionuclide
concentration in the stream is recal culated referencing the water volume removed from the
stream, V\,, rather than the stream flow by:

Crw = R4V (3-41)

Mean concentrations of each radionuclide in well water and stream water are cal cul ated
for the appropriate number of simulation years by dividing the sum of the annual radionuclide
concentrations in the well water and the stream water by the length of the simulation.

3.2.3 Atmospheric Transport Sources and Pathways

For some sites, atmospheric transport of radionuclides may be a major transport
mechanism. Therefore, careful consideration has been given to obtaining an accurate
atmospheric transport model. On the other hand, one of the goals in devel oping the
PREST O-EPA-CPG/POP model was to minimize the complexity of input data. A compromise
solution to achieve these conflicting goals was to employ a simplified and compact algorithm for
the model. The model assumes that the population is concentrated in asingle, small community,
and allows the user to enter an externally computed population average value, the air
concentration, X, to source strength, Q, ratio. An example of a code that could be used for
determining thisratio, X/Q, is AIRDOS-EPA (M0079).

In most cases, the uncertainties in the computed atmospheric source strength for
contaminated areas are greater than the differences between the internally computed and
externally determined (using a code such as AIRDOS-EPA) X/Q ratios. Use of an external code
has several advantages, the most salient being that explicit specification of complex population
distributions and the site wind rose removes the possibility of the code user making errors of
judgment in determining population centroid.
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The atmospheric transport pathways and exposure pathways used in the model are
illustrated in Figure 3-4. Contaminants are transported/deposited from the exposed source to the
downstream population and, as aresult, amember of the onsite or local population may be
exposed to the suspended radionuclides through inhal ation/immersion pathways, through
ingestion of crops contaminated following deposition on soil or crops, and through direct
irradiation from ground surfaces.

3.2.3.1 Internal Model Capability and Formulation

The atmospheric transport portion of the system is discussed in two parts: (1) a
description of source strength computation and (2) a discussion of the calculation of atmospheric
concentration at the residence site of the specified at-risk population. For most applications, the
model is expected to be applied to asite of known population distribution, and the user must
input geographical and meteorological parameters characterizing the population site and its
relationship to the contaminated site. The formulation of atmospheric transport discussed herein
is not intended to automatically identify regions of high risk; rather, it is formulated to calculate
risk-related parameter values for a particular, identified site.

Where offsite population health effects are to be determined, the geometric popul ation
centroid specified by the user is the point for which a 22.5-degree sector average ground-level air
concentration is determined. Where the population distribution subtends from the waste disposal
area at an angle significantly greater than 22.5 degrees, the user should run the code separately
for each subpopulation. A mean yearly value for the sector-averaged atmospheric concentration
is computed by the system and isinput to HESTAB for use in computing population health
effects.

The most common approach used for estimating the atmospheric concentration and
deposition of material downwind from its point of release is the Gaussian plume atmospheric
transport model (S168). This approach is versatile and well documented. The model
incorporates a Gaussian plume transport code called DWNWND (Fi80a) as amodule, in
subroutine form.
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User inputs for the downwind atmospheric transport simulation allow specification of a
surface radionuclide concentration at the waste site. Parameters used here include the initial
surface radionuclide inventory and the chemical exchange coefficient for surface soils. The
portion of radionuclides sorbed onto soil particles is considered available for transport. A source
strength is computed based either on a time-dependent (monotonically decreasing) resuspension
factor or a process-dependent mechanical suspension variable. The given site is described by
meteorological variablesincluding:

Fo = fraction of the year wind blows toward at-risk individuals,

H = source height (m),

H = lid height (m),

T, = type of dispersion formulation,

H, = Hosker roughness parameter (m) (about .01 of the actual physical
roughness),

u = wind velocity (m/s),

V4 = deposition velocity (m/s),

| = gravitational fall velocity (m/s), and

X = distance from source to receptor (m).

S = stability class,
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Figure 3-4. Airborne Exposure Pathwaysin PRESTO Codes
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3.2.3.2 Source Term Characterization

The release rate for atmospheric transport is termed the source strength. In the operation
system, the source strength is directly dependent on the surface soil radionuclide concentrations
from deposition and site overflow, C; (Bg/m?). The source strength is the arithmetic sum of two
parts. atime-dependent resuspension factor, R,, (An75) and aresuspension rate, Rr, (He80).

First, the wind-driven suspension component is described. If the time-dependent
resuspension factor is defined as:

R. = RyEXp(R,TY) + R (3-42)

where T is elapsed time (days) and R, has units of inverse meters, then the atmospheric
concentration above the site, C,, is given by:

C.=R.Cq (3-43)
and
Co = 1000 - CepsS, (3-44)

where Cy is the radionuclide concentration of the soil and pgand S, are defined in Equation
(3-37).

Using Anspaugh's values of 1E-4, -0.15, and 1E-9 for R, R,,, and R;, respectively, the
value of R, calculated as above is probably conservative for humid sites. As additional datafrom
humid sites become available, model users may wish to update the equation for computing R..

The value of elapsed time appearing in Equation (3-42) is computed from the start of the
simulation. It is, therefore, correct for the initial surface inventory, but not for incremental
additions thereto, which may occur at later times. However, when later additions result from
trench overflow, they will likely consist of dissolved material and would likely act as surface
depositions of mobile particulate. Therefore, it is assumed that a steady-state asymptotic value of
R, is appropriate for most sites appropriate for later additions to the surface inventory.

Users wishing to specify atime-independent windblown resuspension factor may do so
by setting the values of R,; and R, to 0. When this is done, determination of windblown
suspension of all contributions to the surface inventory will be treated identically, regardless of
time of occurrence.

In Equation (3-43), C, is the atmospheric concentration of radionuclides immediately
above the site at a height of about one meter (Shi76), for asite of large upwind extent. Large
upwind extent may be interpreted as exceeding the atmospheric build-up length, given by u
Ho/V,, where uiswind velocity in m/s, H, is the mixing height (=1 m), and V isthe
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gravitational fall velocity. The representative site extent used in the model is the square root of
the sitearea, A, and atentative correction factor, F, which is computed using the equation:

F = [V(S.Sw)"/uHo] (3-49)

With the stipulation that the value used for F may not exceed unity, the source term
component (Bg/s) for windblown suspension is given by:

Q, = C,H uFAY? (3-46)
The second source component results from mechanical disturbance of site surface soil.
Mechanical disturbance occurs during a user-specified interval. Within thisinterval, the fraction
of time per year that the disturbance occursis F,,. The source term component for mechanical
disturbance is the resuspension rate, R,, having units of inverse seconds, as:
Qmech = CGA RrFmech (3'47)
The net source strength for the site is the sum of these components:

Q = Qr + Qmech (3'48)

The airborne concentration is calculated as:

C, =Qu TT h (3-49)

where

Ca = airborne concentration (Bg/m®),

Q = air pathway source term (Bg/s),

u = wind speed (m/s),

A, = sitearea (m?),

L = site length (m), and

h = box model mixing height, set equal to 2 m.

3.2.3.3 Transport Formulation

Presto User’s Guide 3-33



U.S Environmental Protection Agency

The PRESTO-EPA code uses a Gaussian plume atmospheric transport model, which isan
extension of an equation of the form (S168):

y? U 10z+ HFO U 10z+ HDZ%
%Expﬂ- 0 O Exp = 1

2nu00 p%ZO 5 8 20 o, Ug g 20 o, BRSE (330

This equation describes Gaussian distribution, where X represents the radionuclide
concentration, Q the source strength, and H the corrected source release height to be discussed
later. Dispersion parameters, o, and o,, are the standard deviations of the plume concentration in
the horizontal and vertical directions, respectively. The aerosol is assumed to be transported at a
wind speed (height-independent), u, to a sampling position located at surface elevation, z, and
transverse horizontal distance, y, from the plume center. Mass conservation within the plumeis
ensured by assuming perfect reflection at the ground surface. Thisis accomplished by the use of
an image source at an elevation -H, which leads to the presence of two terms within the braces,
and to the factor 1/2. A correction for plume depletion will be discussed later. Equation (3-50)
may be obtained from any of several reasonable conceptual transport and dispersion models.

Atmospheric transport at four regions in the United States of possible interest to
individual s evaluating consequences of radionuclide transport has also been considered
elsawhere. These sitesinclude arid north (Fi81, Mi81), humid south (Fi80b), and humid north
(Si66).

Implicit in Equation (3-50) is the assumption that the plume centerline height is the same
astherelease height, H. In practice, the plume may be considered to originate at some height, H,
with respect to the population at risk. Some situations, such as the existence of aridge between
the disposal site and the population centroid, may dictate use of an effective height greater than
H, e.g., theridge height. The plume thus has an effective height, H;, a which the plume may be
considered to originate. This effective value should be used instead of the actual stack height as
the starting point of Gaussian plume calculations. If the particulate in the effluent has an average
gravitationd fall velocity, V, the plume centerline will tilt downward with an angle from the
horizontal, the tangent of whichiisV Ju. The elevation of the plume centerline at a distance x
downwind is then:

(3-51)
for H>0

and it isthis corrected value that is used to compute the aerosol concentration at a distant point.

3.2.3.4 Effects of a Stable Air Layer on Transport
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The Gaussian plume formulation has been modified for use in the operation system to
account for the presence of astable air layer at high atitudes. Upward dispersion of the plume
subsequent to release is eventually restricted when the plume encounters an elevated stable air
layer or lid at some height H,. Pasquill has summarized some reasonable approximations to the
modified vertical concentration profile for various ranges downwind which are used here (Pa76).
The limiting value of o, may be defined as:

o,(limit) = 2(H, - H/2)/2.15 (3-52)

This equation follows from setting the ground-level contribution to the plume from an image
source located above the stable air layer to one-tenth the value of the plume concentration. It is
assumed that the limiting value of o, calculated in this manner, is correct for distances beyond
this point. For shorter downwind distances, where the vertical dispersion coefficient o, isless
than o,(limit), the Pasquill-Gifford value of o, is used. For greater downwind distances, where o,
is greater than or equal to o,(limit), the value of o,(limit) given in Equation (3-52) is used

instead. Thelid height is a user-specified value in the operation system. For LLW applications,
the source height will usually be sufficiently low that the influence of H, will be small. For some
sites, however, the influence of an intervening ridge may necessitate alarger effective source
height.

3.2.3.5 Effects of Plume Depletion

The plume is depleted at ground level during travel as the particulates are deposited.
Both fallout and electrochemical deposition may be important considerations, and ground cover
characteristics are of magjor importance. Under certain obvious conditions, washout is a so of
importance, but those conditions have not been included in thismodel. Falout is partially
quantified in the V, term defined earlier. Near ground level, the deposition process is often
characterized by a deposition velocity V, (Gif62, Mu76a, Mu76b). The deposition rate W is
defined by:

W =V, X, (3-53)
where
X = radionuclide concentration in air (Bg/m®).
The magnitude of the plume depletion within the downwind sector may be found by

integrating the deposition across the entire plume. Using Equation (3-50) and settingz =0, itis
found that:

dQ =
ax - Vedy (3-54)
= %7\/"(3 DEX|OE-Qy2 D—EHZ Egjx
o unoycrz% @HZ y% 02 ZD@
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By performing the indicated quadrature across the plume and further integrating along the
longitudinal direction to express the loss of release agent as a multiplicative factor, it can be
shown (Mi78) that the ratio of the air concentration considering deposition processes, X, to the
air concentration without regarding deposition, X, is:

xD1D 0-H%0, 3 (3-55)
Fa = @y I %@XE

Since g, isacomplicated empirical function of x, Equation (3-55) must be evaluated
numerically.

In the PRESTO-EPA model applications, the average value of radionuclide concentration
X across a 22.5-degree downwind sector is the desired quantity. In this case, the transsector
integration leads to the value 2.032 in the air concentration equation (Cu76). This value includes
the 1/2r factor in Equation (3-50).

In conclusion, assuming that the radionuclide distribution is that of a Gaussian plume, we
may compute the mean radionuclide concentration, X, at ground level for the 22.5-degree
downwind sector by:

X = (2.032F,F, Q/uxc,)Exp[-H%20 7] (3-56)

The value of H in Equation (3-56) must be an effective source height. Thisvalueis
corrected in the model for plumetilt asin Equation (3-51) and the accompanying discussion. In
the code, H ison the order of 1 m for reasonably flat sites but, in many other cases, different
values should be used to account for local site characteristics, e.g., the presence of updrafts.

It has been noted that the choice of plume dispersion parameter o, isauser option in the
system. Choice of appropriate parameterization depends on site meteorol ogy, topography, and
release conditions. The DWNWND code (Fi80a), which has been included as part of the model,
includes a choice of eight parameterization schemes for plume dispersion and a choice of six
stability classifications. The most often used dispersion parameterization scheme for the
Gaussian plumeis the Pasquill-Gifford model. Thisisthe approach most appropriate for the
assessment of long-term performance of LLW disposal sites. Likewise, unless site-specific
meteorol ogy dictates otherwise, the D stability category, denoting a neutral atmosphere, should
be used.

Pasquill (Pa6l1, Pa74) considered ground-level emission tracer studies and wind-direction
fluctuation data and developed dispersion parameterizations for six atmospheric stability classes
ranging from A, most unstable, through F, most stable. Pasquill's values are approximate for
ground-level emissions of low surface roughness (Vo77). These values were devised for small
distances to population (<1 km). The so-called Pasquill-Gifford form of this parameterization
(Hi62) has been tabulated by Culkowski and Patterson (Cu76), and is used in this model.
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3.24 Food Chain Calculations

Mean concentrations of radionuclides in stream water, well water, and air are calcul ated
by using the equations listed in Sections 3.2.2 and 3.2.3. This section describes how
radionuclides in those environmental media are used to calculate human internal exposure and
potential health effects.

Radionuclides in water may impact humans by internal exposure — directly from use of
drinking water or indirectly from use of irrigation water used for crops or watering cattle — or
from fish from a contaminated stream. Radionuclidesin air may impact humans by either
external or internal radiological doses. External doses may result from immersion in a plume of
contaminated air or by exposure to soil surfaces contaminated by deposition from the plume.
Internal doses may result from inhalation of contaminated air or ingestion of food products
contaminated by deposition from the plume. Dose and health effects cal culations are made by
the DOSTAB and HESTAB submodels, which are modified from the DARTAB program (Be81).
Radionuclide-related input consists of the constant concentrationsin air (person-Bg/m?®), constant
concentrations on ground surface (person-Bg/m?), constant collective ingestion rate
(person-Bg/yr), and constant collective inhalation rate (person-Bg/yr). Calculation of these
variables follows.

Concentrations of radionuclidesin air that affect the population or an individual are
calculated as described in Section 3.2.3. It is assumed that the mean nuclide concentrationsin air
are constant during the total period of the ssmulation, as required, for input to HESTAB.
Similarly, it is assumed that the maximum nuclide concentration in air isinput to DOSTAB.

Concentration of each radionuclide on the ground surface, Q(Bg/m?), is calculated using:

Q.= CSPA + CSPI (3-57)
where
Q. = radionuclide concentration on the ground surface at the populated area of
interest (pBg/m?),
CSPA = radionuclide concentration in the soil used for farming due to atmospheric
deposition (pBg/n?), and
CSPl = radionuclide concentration in the soil used for farming due to irrigation

(pBg/nY?).
Appropriate unit conversions are made within the code.

The inhalation rate of radionuclidesis calculated by multiplying the generic individual
inhalation rate by the concentration of radionuclides:
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Qin = ULa (3-58)
where
Qn = rate of inhalation exposure (BQ/yr),
u, = inhalation rate (m®yr), and
Ca = mean ground-level radionuclide concentration at a point of interest
(Bg/m?).

The units of Q,,, are converted to person-Bg/yr by the population size for input to the HESTAB
subroutine.

Theingestion rate is the input to DOSTAB and HESTAB that requires the most
calculation. Ingestion includes intake of drinking water, beef, milk, crops, fish, and soil. Except
for drinking water and stream water, all of these media may be contaminated by either
atmospheric processes or irrigation.

The atmospheric deposition rate onto food surfaces or soil that is used in subsequent
calculation of radionuclide content in the food chainis:

d=3.6E15-C,V, (3-59)
where

d = mean rate of radionuclide deposition onto ground or plant surfaces
(pBg/m?-hr),

Ca = mean ground-level radionuclide concentration at the point of interest
(Bo/nr’),

3.6E15 = conversion factor, sec-pBg/hr-Bg, and
V4 = deposition velocity (m/sec).

The following equation estimates the concentration, C,, of agiven nuclidein and on
vegetation at the deposited location (except for H-3 and C-14):

C, =[d - R[I-EXp(-A)]/(Y Ao + (B - CS/IP)EXp(-Aty)] - RT (3-60)
where

C, = radionuclide concentration in pBg/kg,
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t,

RT

mean rate of radionuclide deposition onto ground or plant surfaces
(pBg/m?-hr),

fraction of deposited activity retained on crops (unitless),
effective removal rate constant for the radionuclide from crops (hr),
which is the sum of the radioactive decay constant and the removal rate

constant from weathering, A,

time period that crops are exposed to contamination during the growing
season (hr),

agricultural productivity or yield [kg (wet weight)/m?],

radionuclide concentration factor for uptake from soil by edible parts of
crops [pCi/kg (dry weight) per pCi/kg dry soil],

soil radionuclide concentration updated yearly (Bg/kg),
effective surface density for topsoil [kg(dry soil)/m?,
time interval between harvest and consumption of the food (hr), and

root density correction factor.

One of the exposure pathways in the model is the absorption of radionuclides by plant
roots. Radioactivity is absorbed by the plants, which are later consumed by humans and animals.
Previoudly, the root density in the PRESTO models was assumed to be constant with depth. A
more realistic model has now been implemented that accounts for varying root density with
depth. The plant root density distribution is given by:

where

B

y

d=o’Byexp(-ay) (3-61)

root density distribution (dimensionless),
root density constant (m),
scaling factor (m), and

depth (m).

The variable root density isimplemented in PRESTO as a correction to the previous
constant root density model. The correction factor is the following.
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= Gl + Cets + et (3-62)
c,(et, +et, +et,)
where
C = nuclide concentration in soil layer,
t = thickness of layer (m), and

subscripts 1, 2, and 3 denote active layer, top layer, and bottom layer, respectively.

Using the same convention, variables e, e,, and e, denote:

t
e = [, yexp(-ay)dy,

t,+

1+t
e, =]  yexp(-ay)dy and

1+, +ts

&=, ~yexp(-ay)dy

All vegetative concentrations (vegetables, produce, pasture grass, and animal feed) are multiplied
by the above correction factor to account for the nonuniform root distribution. In Equation
(3-60), the value of CSis calculated by:

CS=(CSL +d - At S,)EXp[-(A + A)AL] (3-63)

where

Cs = soil radionuclide concentration for this year (Bg/kg),

CsL = soil radionuclide concentration for last year (Ba/kg),

d = mean rate of radionuclide deposition (pBg/m?yr),

Ag = radioactive decay constant (yr?),

Ag = rate constant for contaminant removal (yr?),

At = time increment, equal to one year in PRESTO model, and

S = depth of active soil layer (suggested valueis 0.1 meter).

Thetotal soil concentration on the site where farming occurs is calculated as:

3-40 Presto User’s Guide



U.S Environmental Protection Agency

where

SOCON

Ps

1E12

1000

SOCON = 1E12 - S(CyWs + 1000 - Ceeps) (3-64)

soil radionuclide concentration (pBg/m?),
depth of contaminated surface region (m),

radionuclide concentration in interstitial water of contaminated surface
region (Bg/m®),

porosity of surface soil (unitless),

radionuclide concentration in soil of contaminated surface region (Bg/kg),
bulk density of surface soil (g/cm?),

pBa/Bg, and

(kg/g)-(cm’/n’).

The rate constant for contaminant removal from the soil, A, is estimated using:

where

8760

rS
As=INNNNNNINNNI)) (3-65)

S(B760){ L + p.K /W

removal rate coefficient (hr?),
watershed infiltration (m/yr),
soil bulk density (g/cm®),
distribution coefficient (ml/g),
porosity (unitless), and

hrlyr.

Equation (3-60) is used to estimate radionuclide concentrations in produce and leafy
vegetables consumed by humans and in forage (pasture grass or stored feed) consumed by dairy
cows, beef cattle, or goats.
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The concentration of each radionuclide in animal forageis calculated by use of the
equation:

C =ffC,+ (1-ff)C, (3-66)
where

C = the radionuclide concentration in the animals’ feed (pBg/kg),

G = the radionuclide concentration on pasture grass (pBg/kg) calculated using
Equation (3-60) with t, = 0,

C, = the radionuclide concentration in stored feeds in pBg/kg, calculated using
Equation (3-60) with t, = 2160 hr or 90 days,

f, = the fraction of the year that animals graze on pasture (unitless), and

fg = the fraction of daily feed that is pasture grass when the animals graze on

pasture (unitless).

The concentration of each radionuclide in milk is estimated as:

C., = F.CQs - ExXp(-Agty) (3-67)
where

Cn = the radionuclide concentration per liter in milk (pBg/l),

C = the radionuclide concentration in the animal's feed (pBag/kg),

F., = the average fraction of the animal's daily intake of a given radionuclide
that appears in each liter of milk (d/l),

Q& = the amount of feed consumed by the animal per day (wet kg/d),

t; = the average transport time of the activity from the feed into the milk and to
the receptor (hr), and

Ag = the radiological decay constant (hr?).

The radionuclide concentration in meat from atmospheric deposition depends, as with
milk, on the amount of feed consumed and itslevel of contamination. The radionuclide
concentration in meat is estimated using:

C = RCQ; - Exp(-A 4ty (3-68)
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where
C = the nuclide concentration in animal flesh (pBag/kg),
F = the fraction of the animal’s daily intake of a given radionuclide that
appears in each kilogram of flesh (d/kg),
C = the concentration of radionuclidesin the animal’'s feed (pBa/kg),
Q& = the amount of feed consumed by the animal per day (kg/d), and
t, = the average time from slaughter to consumption (hr).

Concentrations of radionuclides in foodstuffs that result from spray irrigation with
contaminated water are estimated using essentially the same equations as for atmospheric
deposition with the following differences: The concentration in vegetation, C,, is estimated using
Equation (3-60), but a different value of the retention fraction, R, isused. For irrigation, the
second term of Equation (3-60) is modified by afactor of f,, the fraction of the year during which
irrigation occurs, and the t, in the exponent becomest,,, equivalent to f, in hours. For irrigation
calculations, the deposition rate, d, in Equation (3-60) becomes the irrigation rate, |,, expressed
as.

,=C, W, (3-69)
where
I, = radionuclide application rate (pCi/m? hr),
C, = radionuclide concentration in irrigation water (pBg/l), and
W, = irrigation rate (I/m?-hr).

The concentration in water, C,, is an average of well and stream water weighted by the respective
amounts of each that are used.

Another modification introduced for irrigation calculationsis related to the radionuclide
concentration in milk and meat where the animal's intake of water was added to Equations (3-67)
and (3-68), respectively. This becomes:

Crn = Fa(CQs + C QW) EXP(-Aqt) (3-70)
Cr = R(CQ + C QU EXP(-Adty (3-71)

where
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Q, = the amount of water consumed by the animal each day (1/d).

Radionuclides ingested through the direct inadvertent ingestion of soil and the
consumption of fish are also included in the model.

Once radionuclide concentrations in all the various foodstuffs are calcul ated, the annual
ingestion rate for each radionuclide is estimated by:

Qing = Qu * Quitk + Qmear + Qua T Quoit + Qrish (3-72)

where the variables represent individual annual intakes of a given radionuclide viatotal
ingestion, Q,,, and ingestion of vegetation, milk, meat, drinking water, direct soil ingestion, and
fish, respectively, in Bg/yr. The annual intakes via each type of food, Q, for instance, are
caculated as:

Q,=(C,+CU, (3-73)
where
Q, = annual radionuclide intake from vegetation (pBg/yr),
Cy = radionuclide concentration in vegetation from irrigation (pBa/kg),
Ch = radionuclide concentration in vegetation from atmospheric deposition
(pBg/kg), and
U, = individual annual intake of vegetation (kg/yr).

To satisfy the input requirements for HESTAB, the annual individual intakes are
multiplied by the size of the population to calculate the collective ingestion annually.

As mentioned earlier, Equations (3-59) through (3-71) do not apply directly to
calculations of concentrations of H-3 or C-14 in foodstuffs. For application of tritium in
irrigation water, it is assumed that the transfer factor for the concentration in all vegetation, C,,
from the tritium concentration in the irrigation water is 1 when the unitsof C,and C, arein
pBa/kg and pBg/l, respectively. Thus:

C,=1-C, (3-74)
In the same manner, the concentration of H-3 in an animal's feed, C;, isaso equal to C,. Then,

from Equations (3-70) and (3-71), the concentration of tritium in an animal's milk and meat can
be written as:

Cm = Fma(Qf + Qw) (3'75)
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Cr=FRC.(Q+ Q) (3-76)

where

concentration of tritium in milk (pBg/l),

fraction of the animal's daily intake of H-3 that appears in each liter of
milk (days/l),

H-3 concentration in animal drinking water (pBg/l),
animal’s daily intake of forage (kg/d),

animal’ s daily intake of water (1/d),

concentration of tritium in animal meat (pBg/kg), and

fraction of the animal’'s daily intake of H-3 that appears in each kg of meat
(d/kg).

The exponential term is neglected due to the relatively long half-life of tritium as compared to
transit timesin the food chain.

The root uptake of C-14 from irrigation water is considered negligible and, therefore, has

been set equal to zero.

For vegetation contaminated by atmospheric deposition of tritium, H-3 concentrations are

calculated by:

C, = (C,/h)(0.75)(0.5)(1E15) (3-77)

where

@)
I

0.75 =

05 =

1E15

tritium concentration in vegetation (pBg/kg),

concentration of H-3 in air (Bg/m?),

absolute humidity of the atmosphere (g/m?),

ratio of H-3 concentration in plant water to that in atmospheric water,

ratio of H-3 concentration in atmospheric water to total H-3 concentration
in atmosphere, and

(1E12 pBag/B)x(1000 g/kg).
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The mean ground-level air concentration of H-3, C,, is calculated using the equations in Section
3.23.

For C-14, the concentration in vegetation is cal culated assuming that the ratio of C-14 as
the natural carbon in vegetation is the same as that ratio in the surrounding atmosphere. The
concentration of C-14 is given by:

C, = (C,/0.16)(0.11)(1E15) (3-78)
where

C, = C-14 concentration in vegetation (pBag/kg),

Ca = mean ground-level concentration of C-14 in air (Bg/m®), also calculated
from equations given in Section 3.1.3,

r = ratio of the total release time of C-14 to the total annual time during which
photosynthesis occurs, r < 1,

A1 = fraction of the plant mass that is natural carbon,

016 = concentration of natural carbon in the atmosphere (g/m®), and

1E15 = (1E12 pBa/Ba)x(1000 g/kg).

3.2.5 External Radiation Risk to Residents

The methodology used in the calculation of external radiation risk to residents, including
outdoor exposure and basement exposure, is detailed in Appendix F. The external exposures
calculated for the outdoors and for the basement floor are adjusted for the finite areasize. The
methodology for calculating the area adjustment factor (designated as area factor for simplicity)
isdetailed in Appendix G.

3.2.5.1 AreaFactor

For the purpose of calculating the area factor, it is assumed that (1) the multi-layer soil
contamination considered in the PRESTO model can be converted to an equivalent surface
contamination, (2) no radioactive decay takes place for the contaminants, (3) the contamination is
homogeneous, and (4) the energy absorption buildup effect can be ignored. Based on these
assumptions, the following basic equation is derived (see Appendix G for derivation) and used in
the model:

L/2 _B/2

A (1/72)Exp(-pr)cxay
I: Iom (27 r2)Exp(-pr)cixdy

(3-79)

a
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where
F, = areafactor,
My = linear attenuation coefficient of air,
r = distance from the receptor to the area segment of interest and is calculated
by the square root of x* + y? + 1,
L = length of the contaminated site, and
B = width of the contaminated site.

Since the linear attenuation coefficient is afunction of the photon energy level and the
level of photon energy is radionuclide-dependent, the area factor should also be radionuclide-
dependent. In order to simplify the procedures of calculation and yet to maintain accuracy, a
preliminary study is conducted to identify the variation of areafactor with radionuclide. The
results of the analysis indicate that the range of variation for a series of square sitesis relatively
small within the range of practical application (see Appendix G).

The model uses U-234, which gives the upper-bound value of areafactor asthe
representative radionuclide and uses the same area factor value for all other radionuclides.

3.2.5.2 Radiation Risk from Outdoor Ground Surface

The model calculates the gamma exposure from contamination outdoors. The sources of
contamination include direct application, irrigation, atmospheric deposition, water overflow from
the waste, and erosion of the waste in addition to the preexisting contaminants.

The outdoor gamma exposure is the sum of exposure imposed from the three layers of
contamination considered in the model: an active surface layer, an upper layer immediately
below the active layer, and alower layer of contamination. Radiation from each layer is
considered to be shielded by its own layer of soil and by any layers aboveit. The equations used
in the calculations are given below.

The calculation of the gamma exposure takes the short-cut methodology recommended in
the Federal Guidance Report No. 12 (EPA93). The dose coefficient for any depth of
contamination is calcul ated based on the approximation method derived in Appendix F, from
which the dose from the active layer is calculated by:

DS, = CS,- BDENS-1000- S, - F,- DCF, (3-80)
where

DS, = dose from active layer (Sv/s),
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Cs, = nuclide concentration in active layer (Bg/kg),
BDENS = soil density in active layer (g/cm®),
1000 = unit conversion (cm®¥m? and kg/g),
Sec = outdoor site occupancy factor (unitless),
S, = areafactor calculated based on the site area (Appendix G) (unitless), and
DCF, = dose conversion factor for the active layer (Sv/s per Bg/m®).

The dose conversion factor for the active layer, which has user-selected thickness, is
calculated by:

DCF, = DCF,; (1.-Exp(-K, - D)) (3-81)
and
o= B A DOl (362
A~ Doas0~ O DCF, O
In above equations:
DCF, = dose conversion factor for an infinitely thick contaminated layer (Sv/s per
Bg/m®),
I = gamma attenuation coefficient for soil (m™),
D, = thickness of active layer, and
DCF, = dose conversion factor for a 15-cm contaminated layer (Sv/s per Bg/m®).

The dose from the top layer immediately beneath the active layer, the nominal top layer,
is slightly more complicated because it has additional shielding from the active layer. The
gamma exposure for this layer is calculated from the net difference between the exposure from
the combined soil layer (active layer and the nominal top layer) and from the active layer.
Mathematicaly, it is expressed by:

DS,, = CS,, - BDENS- 1000 - S, - F,(DCF, - DCF)) (3-83)

where

DS, dose from nominal top layer (Sv/s),
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CS, = nuclide concentration in nominal top layer (Bg/kg),
Se = outdoor site occupancy factor, and
DCF, = dose conversion factor for the combined layer, or the active plus the

nominal top layers (Sv/s per Bg/md).

In Equation (3-83), the dose conversion factor for the combined soil layer is calculated from
Equation (3-81), except the thickness of the soil layer is replaced by the thickness of the
combined soil layer, that is, the entire top layer.

In the same manner, the dose due to the bottom layer is calculated by applying Equations
(3-81) and (3-82) to calculate the dose conversion factor for the combined soil layer and the
bottom layer. Finaly, the dose due to the bottom layer is calculated by the dose equation
expressed in:

DS,, = CS,, - BDENS- 1000 S,. - F,(DCF, - DCF,,) (3-84)
where
DS, = dose from bottom layer (Sv/s),
Cs, = nuclide concentration in the bottom layer (Bg/kg), and
DCF, = dose conversion factor for the thickness of the combined layer, including

the entire upper layer and the lower layer (Sv/s per Bg/m?).

Details of the theoretical background and their derivation of equations are stated in
Appendix F.

3.2.5.3 Basement Risk to Residents

The calculation of the basement gamma exposures to an onsite resident is a complex
process. Sinceit is not, normally, a dominated pathway, some crude assumptions are needed to
simplify the calculation. These assumptions include the use of afixed basement geometry and
construction materials so that the complex volume integral can be replaced with asimple
coefficient.

The calculations are conducted for two components, the exposure from the side-wall layer
and from the floor layer. The theoretical background and its derivation of the basic equations are
described in Appendix F.

Sde-Wall Layer
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In order to simplify the processes of modeling, it is assumed that the basement has a fixed
geometry having 2-meter high and 3-meter radius and is constructed from a concrete with wall
thickness of 0.1 meter. In addition, if it is also assumed that the side-wall soil layer is
contaminated with unit concentration of a specific radionuclide over the entire depth of side-wall,
then the dose coefficient for an individual living in the basement for 24 hours a day can be
calculated for this specific basic model as:

Red M B(Haw Pswi)
DCou. = 27-[_[0 Ior%EXP[_(USWLpSWL *HconPecon +uAlRpAIR)]dZdr (3-85)

where
DCqsL = dose coefficient for the side-wall |ayer,
B = radionuclide buildup factor,
VI = linear attenuation coefficient,
p = length of the path in a medium measured in the direction connecting the

source, dv, and the receptor, and the subscripts,

SWL = side-wall layer,
CON = concrete material, and
AIR = ar.

Comparing the ratio of the side-wall dose coefficient to the dose coefficient for the
contamination of the same radionuclide to 0.15 meter indicates that the ratios vary with the
radionuclide or its photon energy level. However, since the range of variation is small, afixed
conservative value, designated as the side-wall factor, can be chosen for the modeling.

The dose to an individual living in the basement is calculated by:

DSg,. =1 - DCy - CSyy - BDENS - 1000 - S, - (D/H) (3-86)
where
DSqL = dose due to the side-wall layer (Sv/S),
n = side-wall factor defined as the ratio of the dose to the individual livingin

the basic model basement to the dose coefficient for a surface soil
contaminated to depth of 0.15 meter,
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CSquL = nuclide concentration in the equivalent side-wall layer, weighted average
concentration within active layer, nominal top layer, and bottom layer
(Barkg),
D = total depth of the equivalent side-wall layer, including the active layer,
nominal top layer, and the bottom layer (m), and
H = depth of the basement, fixed to 2 meters.
Floor Layer

The calculation of the component from the floor layer is conducted using a similar
approach as that employed in the calculation of the outdoor external dose rate. The dose
coefficient for the contaminated soil layer beneath the basement floor (designated as the floor
layer for simplicity) is calculated based on the assumption that the floor extends to the entire area
of contamination and has afixed concrete floor thickness of 0.1 meter. The dose to the
individua living in the basement is then calculated by:

DSy = CSyr - DCypy - BDENS - 1000 - S, - Fy - EXP(~Hene * Pone) (3-87)
where
DSsn = dose to the individual due to the basement floor layer (Sv/S),
PenF = overall equivalent thickness of the concrete floor measured along the path

of gammaray, which is conservatively assumed to be 0.1 meter,
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DCqr. = dose coefficient for the basement floor layer, which is calculated by
Equations (3-81) and (3-82) for the actual contaminated soil layer
thickness, and

Mone = radionuclide-specific concrete attenuation coefficient.
3.26 Radiation Risk From Radon Inhalation

The model simulates the radon gas pathway to cal cul ate doses from indoor and outdoor
radon exposure. The calculations are activated automatically when radon decay-chain parents are
included in the source term. A radon emanation fraction of zero can be used to ignore radon
effects.

Indoor and outdoor radon exposures are calculated for a hypothetical house that is
constructed on a contaminated soil site. Indoor radon enters the house through the basement
floor. Outdoor radon is generated in the contaminated soil and released to the atmosphere.

There are two main processes by which radon can be transported in soil: diffusion and
advection. Depending on the conditions, either of these processes may dominate the dose.

For conditions where all of the contaminated soil is lower than the basement floor
elevation, only the diffusion model isused. For cases where al of the waste is higher than the
basement floor, the advection model is used (see Figure 3-5). In some cases, where the basement
extends only partway through the waste, both models are used. The diffusion model appliesto
the portion of the waste below the basement floor and the advection model appliesto the rest.

In the operation system, the advection model is supplemented with the diffusion model to
account for radon that is generated directly below the house. Together, the advection and
diffusion models calculate the total radon concentration in the basement.

The radon calculations take into account up to three layers of contamination: the bottom
layer, the nominal top layer (the top layer less the active layer), and the active layer (the
uppermost portion of the top layer). The three contaminated layers may have different radium
concentrations and generate different amounts of radon gas. The model accounts for the radon
gas contribution from all three contaminated layers.
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Figure 3-5. Diffusive and Advective Radon M odels
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3.2.6.1 Diffusion Model

Diffusive radon gas transport is driven by the radon concentration gradient and is the
dominant transport process when thereis little or no movement of the soil gas. The radon
concentration gradient is maintained by the continuous generation of radon gasin the soil.

The diffusion transport model is appropriate for calculating the radon flux into a
basement excavated in soil containing radium. The diffusion model also calculates the radon
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flux from contaminated soil directly to the outdoor atmosphere. The equation used in the model
is cited from NRC84 and shown below:

0
2RpE/AD,, tanhD/ DExpD-/ CE

where

(3-88)

o O O O
t hD t DD+ Dl— t hD t %Exp%l—Z t DD

diffusive radon flux (Bg/m?-s),

thickness of waste below basement floor (m),

radium content of waste (Bg/kg),

waste density (kg/m?®),

radon emanation coefficient (dimensionless),

radon decay constant (s-1),

radon diffusion coefficient of waste (m?s),

radon diffusion coefficient of concrete basement floor (m?/s),
porosity of waste (dimensionless), and

porosity of concrete (dimensionless).

3.2.6.2 Advection Model

The diffusion model applies anywhere there is no advective movement of soil gas.
However, for sandy soils and high negative pressure differentials, radon transport may be
dominated by advective flow through joints and cracks in a house's foundation.

Typically, asignificant portion of the radon that enters a house is due to a negative
pressurization of the house'sinterior. This causes aflow of soil gasinto the house through joints
and cracks in the foundation and basement floor. An analytical expression for the advective flow
isdiscussed and illustrated in M0o88. The negative pressure in the house causes a flow of soil gas
from the ground surface near the house, downward and into the basement through shrinkage
cracks, usually around the perimeter of the basement floor.
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The air that is drawn into the basement comes from the atmosphere outside the house. It
is assumed that the radon concentration in the outdoor atmosphereis zero, or at least very small.
However, as the atmospheric air is drawn downward through the soil, it picks up and
accumulates radon that is always being produced in the soil. The longer it takes the air to travel
from the surface to the basement crack, the more radon it accumulates. For very long air travel
times, the radon concentration approaches a limiting val ue determined by the radium content of
the soil. Alternatively, for very rapid air flow, the radon entry rate into the house is limited by
the available time for the radon gas to mix into the airflow.

The pressure-induced advective flow occurs only in aregion near the house. Asindicated
in M088, the advective flow region extends outward from the foundation about the same distance
as the depth of the basement floor. M 088 aso indicates that the advectively transported radon
comes from the soil at the sides of the house. Thus, the advective model is only concerned with
radon that is generated at the sides of the house within afew meters of the foundation wall.

The equations for the advective radon transport model are shown below. The expression
for the volumetric air flow rate into the basement is (M088, equation 20):

-1
CLRG L COShl( 2_\5) (3-89)
Hoo[12 wB Tk
where
Q = soil gas flow rate into basement (m?/s),
L = perimeter crack length (m),
P = negative pressure inside house (Pa),
VI = soil gas viscosity (Pa-s),
C = 1, as per M088,
L = thickness of concrete basement floor (m),
w = shrinkage crack width (m),
z = depth of basement floor below ground (m), and
k = soil intrinsic permeability (m?).
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The soil intrinsic permeability in Equation (3-89) isrelated to its hydraulic conductivity
asfollows:

o (KIBISET) p,

o g (3-90)
where
Ow = density of water (1000 kg/m?),
My = viscosity of water (0.001 Pa-s),
g = acceleration of gravity (9.8 m/s),
K = hydraulic conductivity (m/yr), and
3.15E+7 = seconds per year.

Once the volume of soil gas flowing into the basement has been determined from
Equation (3-89), the radon concentration in the gas can be calculated. The radon concentration in
the pore space of contaminated soil builds up to an equilibrium value according to:

c - RPE _ o (3-91)
p
where
C = radon concentration in soil gas (Bg/m?®),
R = radium content (Boy/kg),
p = soil dry bulk density (kg/m°),
E = radon emanation fraction (dimensionless),
A = radon-222 decay constant (s%),
p = waste porosity (dimensionless), and

t

residence time of air in contaminated soil(s).

The residence time can be estimated by dividing the advective air flow rate into the pore
space volume through which the air flows.
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Lz2pt
oV _ 2 Ph (3-92)
Q Qz
where
\ = volume of advective flow region in waste (m®),
Q = soil gas flow rate into basement (m?/s),
L = basement perimeter (m),
z = depth of basement floor below ground (m), and
p = porosity of soil around foundation.
Figure 3-6. Advective Flow Region Around Basement
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The volume flow rate, Q, is calculated from Equation (3-89). The volume of the
advective flow region, V, is based on a volume of soil adjacent to the house foundation, as shown
in Figure 3-6. Theair volume in the soil is approximately Lz?p, where L is the basement
perimeter, z is the depth of the basement floor, and p is the porosity of the soil around the
foundation. Thisvolume isthen modified by the ratio of the waste thickness above the basement
floor divided by the depth of the basement floor below the ground surface (t,/z). This accounts
for the fraction of the total depth that is contaminated.
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The advective flow region is assumed to extend vertically from the ground surface to the
depth of the basement floor. Also, it isassumed to extend an equal distance horizontally from
the foundation wall and to extend around the entire perimeter of the house. Whileit is not
possible to precisely define the advective flow region, these assumptions are sufficient to capture
the main parameter dependencies and permit a reasonable estimation of the radon entry rate into
the house.

The advective radon entry rate into the houseis given by:

J, = QC, (3-93)
where
J, = radon entry rate due to advection (Bg/s),
Q = defined by Equations (3-89) and (3-90) (m?/s),
C = defined by Equations (3-91) and (3-92) (Bg/m°).

3.2.6.3 Indoor Radon Concentration

Thetotal radon concentration in the basement can now be evaluated using the diffusive
and advective radon entry rates and an assumed ventilation rate of the house. The indoor radon
concentration is given by:

JA, +J

- W (3-94)

where

C = radon concentration in house (Bg/m?),

Jy = diffusive radon flux into basement (Bg/m?-s),

A, = area of basement floor (m?),

J, = advective radon entry rate into the basement (Bg/s),

Ay = basement ventilation rate (air changes/s), and

h = height of basement rooms (m).
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3.2.6.4 Outdoor Radon Concentration

In all cases, the outdoor radon flux is calculated from the diffusion equation (Equation
(3-88)). The outdoor radon flux may consist of up to three components. Asillustrated in
Figure 3-7, radon may originate in (1) the bottom contaminated layer, (2) the nominal top
contaminated layer, or (3) the portion of the top layer known as the active layer. All three of
these regions may have different radon-parent concentrations and, therefore, different radon
generation rates.

For radon gas originating in the active layer, Equation (3-89) is applied with no clean soil

over the radon-generating layer. The flux of radon from the rest of the top layer is also calculated
with Equation (3-88), but a clean cover layer (with the thickness of the active layer) is present.

Figure 3-7. Radon Diffusion through Soil Layersand Cover Defects
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The radon flux from the bottom layer is calculated in two parts, because some of this
radon must diffuse al the way through the top layer, while some is released to the surface
through cracks in the top layer. The fraction of the top layer that has failed is calculated by the
model cap failure function. However, in both the intact and failed portions of the top layer, the
radon flux is calculated from Equation (3-88). The failed portions are simply modeled by not
having a soil cover above them.

After the total diffusive radon flux to the atmosphere is calculated, the outdoor radon
concentration is calculated as:
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:(31+J2+J3+J4)LX

. — (3-95)

where

G, = outdoor radon concentration (Bg/m?),

J = radon flux from active layer (Bg/m?-s),

J, = radon flux from top layer (Bg/m?-s),

NA = radon flux from bottom layer through top layer (Bg/m?-s),

J, = radon flux from bottom layer through cracks (Bg/m?-s),

L, = length of contaminated site (m),

H = outdoor mixing height (m), and

u = average wind speed (m/s).

3.2.6.5 Dose From Radon Inhalation

' The dose from inhaling indoor and outdoor radon is calculated from the following
equation:
D=(CB,+C,S,)DF (3-96)

where
D = radon dose (uSv/yr),
C = indoor radon concentration (Bg/md),
B, = fraction of year spent in basement
(dimensionless),
G, = outdoor radon concentration (Bg/m®)
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8(0
I

fraction of year spent onsite outdoors (dimensionless), and

DF

radon inhalation dose factor (uSv/yr per Bg/m?).

3.27 DOSTAB Calculations

In the preceding sections it was shown how calculations are made of radionuclide
concentrations in air, ground, vegetation, and water, and of annual ingestion and inhalation rates.
These concentrations and rates of exposure are utilized by the DOSTAB portion of the model to
generate tables of radiological dose and resulting health effects. This section describes the
mathematical calculations made within DOSTAB. For the most part, the equations and text have
been taken from the DARTAB documentation report (Be81), Section 3.3 titled, "General
Equations.”

3.2.7.1 Radiological Doses

The annual dose committed to an individual at location k for the Ith organ, ith nuclide,
and jth exposure pathway is given by:

Dij(k) = (KiE;i(k) - DF)/P(K) (3-97)
where

K, contains any numerical factors introduced by the units of E;(k), the exposure to the ith
radionuclide in the jth pathway;

DF,;, isthe dose rate factor of the ith radionuclide, the jth pathway, and the Ith organ; and
P(Kk) is the exposed population at location k.

Note that al E; and DF;, for various nuclides (index i) and organs (index |) have consistent units.

ijl

DOSTAB performs three cal culations and tabulations for dose rate and dose: (1) dose
rate to an individual at a selected location, (2) dose rate to a mean or average individual, and (3)
collective population dose rate. Table 3-4 lists units of DF;;; and E;; for each of the four pathways
for selected individual dose calculations. Doserates, Dy, arein mrad/yr.
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Table 3-4. Unit of Exposure and Dose Rate Factors Used in DOSTAB

Unit of Factor
Pathway
Eii D I:iil
Ingestion (Person-pBq)/yr (uSviyn)/(pBalyr)
Inhalation (Person-pBq)/yr (uSviyn)/(pBalyr)
Air immersion (Person-pBaq)/yr (uSviyn)/(pBalyr)
Ground exposure (Person-pBq)/yr (uSvlyr)

Mean individual dose rates are calculated using:

Dij = [ZP(K) - Dy (K)/ZP(K)] (3-98)

ijl

Note that the critical population group is considered to reside at only one location (k = 1).
Hence, calculations of mean individual dose rate are numerically equivalent to the sum of
pathway doses for the selected individual dose rate. The collective dose rate for the exposed
population is the product of D, and the number of persons exposed. Units of the collective dose
rate are person pUSv/yr.

The above dose rates may be expressed in a number of different combinations. The doses
can be summed directly over pathways:

Du(k) = Eij(k) (3-99)
or over al nuclides:

Djl(k) = Z:; Dijl(k) (3-100)
Thetotal dose to the Ith organ at location k, D(k), is then:

Dy(k) = X 2 Dy (k) (3-101)

ji

The dose equivalent (mrem), H, for the Ith organ is given as:

Hl(k) = QF(IOW-Iet)DI(Iow-LET) + QF(high-LET)DI(k,high—LET) (3‘102)

where QF denotes the relative biological effect factor. The factor is defined for each organ or
health effect.
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To combine dose rates to different organs, a weighted sum is used:
Dy(k) = ZE WDy, (k) (3-103)
where W, are weighting factors for the various organ doses, which maintains:
le W, =1 (3-104)

Weighting factors for various organs as recommended by the International Commission on
Radiological Protection (ICRP79) are used for the dose calculation.

3.2.8 Health Effects Estimates

The health effects or individual risk of premature death for an individual residing at
location k for the Ith cancer, ith radionuclide, and jth exposure pathway are given by:

R, (K) = 10°K, - E,(K) - RF, /P(K) (3-105)

where

K, isanumerica factor used to reconcile the units of E;(k) and RF,

E;;(k) isthe exposure rate for the ith radionuclide by jth pathway,

RF;, istherisk factor for the Ith cancer due to an unit exposure of ith radionuclide
through the jth pathway, and

P(k) is the exposed population at kth location.

Thetotal individual risk from the exposure of all nuclides through all pathways can, therefore, be
written as:

R(K) = 10°- ZK; - TE,(K)3 RF,/P(K) (3-106)

The collective health effects are expressed in the health effectsrate. Therefore, the total
equivalent fatal cancer rate in an exposed population is calculated by:

HE = (109T)) - 2K;- 5 TE,(K) - % RF,/P(K) (3-107)
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where T, is mean individual life expectancy (70.7 years).

Users desiring a compl ete discussion of the development of the health effects should
consult the DARTAB documentation report (Be81, pp. 5-10) and compare the risk conversion
factors used in the HESTAB submodel to those in the cancer risks estimation report (EPA94).

3.2.9 Daughter Nuclide In-Growth Effect Correction

The previous version of the PRESTO model calculated the health impacts resulting from
only the parent nuclide, while ignoring the health impacts contributed by its progeny. This
simplification may, in some cases, cause significant error in the results of the risk assessment.

Since the original model was designed to evaluate health impacts without progeny effects,
one of the simplest approaches in integrating the progeny effects into the current model (Version
4.2) isto introduce a progeny effect correction factor. This correction factor can then be used to
adjust the results obtained from the original model to account for the progeny effects.

In order to simplify the analysis, a crude assumption isimposed upon the progeny effect
correction factor analysis. The model assumes that the sorption characteristics of the parent
nuclide and its progeny are identical throughout the processes of |eaching and transport through
the geosphere. This assumption seems to be unrealistic, but the error incurred fromit is not
excessive and, in most cases, is on the conservative side. Furthermore, this assumption iswidely
adopted in most other screening risk assessment models.

When the above assumption isimposed, the ratio of the activities between progeny and
parent nuclides in a designated moving control volume at any given time can be calculated from
the Bateman equation. Thisratio isthen used to calculate the correction factor to account for
progeny in-growth effects.

3.2.9.1 Decay Chains

For the purpose of ng the health impacts from contaminated soil sites, the
following simplified decay chains are selected for incorporation into the
PREST O-EPA-CPG/POP mode!:

1. Am-243 —> Pu-239 —> U-235
2. Cm-244 —> Pu-240 —> U-236 — > Th-232

3. Pu-238 —> U-234 —> Th-230 —> Ra226 — Pb-210
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4. Pu-241 —> Am-241 —> Np-237
5. Pu-242 —> U-238 —> U-234 —> Th-230 —> Ra&226 — Pb-210

These decay chains assume that those progeny not shown in the chains can be ignored for
the analysis. The error introduced from this simplification is considered to be insignificant for an
application to a screening model.

Altogether, 13 parent nuclides are considered and built into the model for calculating
their progeny effects: Am-243, Pu-239, Cm-244, Pu-240, U-236, Pu-238, U-234, Th-230,
Ra-226, Pu-241, Am-241, Pu-242, and U-238. The model evaluates the progeny in-growth
effects up to the fourth member of the chains shown above; the effects from the fifth and higher
members are neglected. Using Pu-242 as an example, the analysis calculates the potential health
effects induced from U-238, U-234, and Th-230 only. All other progenies are ignored.

3.2.9.2 Dose Equivalent Calculation

The derivation of the correction factors representing the progeny in-growth effects for the
second, third, and fourth decay chain members are derived and included in Appendix C. The
results are summarized as follows:

CR0 1 EXP(-(A2-A9t)O
2 U + U
CR[A2-A1 Ai—A2 []

) CFs 1 EXP(-(A2-A1)t)
Mg =A2hs CFE(AS—M)(M-A )" (= xa)faoho)

(3-108)

N, =A

(3-109)
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where
n = correction factor relative to the parent nuclide,
A = radionuclide decay constant,
CF = dose conversion factor, and
234 = subscripts respectively for the second, third, and fourth decay chain
members.

The combined progeny effects correction factor used in the model is the sum of all
correction factors, that is:

n=1l+mn,+nz+n, (3-111)

The equivalent dose for the combined parent and daughter nuclidesis calculated by:

De=D,x1 (3-112)
where

D¢ = combined equivalent dose for parent and daughter nuclides, and

Dp = calculated equivalent dose for the parent nuclide.

3.2.9.3 Cumulative Health Effects Calculation

A similar approach is aso taken to calculate the cumul ative health effects to the general
population. The same equations as used in the calculation of the correction factors for the dose
are used to calculate the same correction factors for the cumulative health effects, except health
effects conversion factors are used instead of dose conversion factors.

Since the cumulative health effects calculation has to deal with the time-dependent
correction factors over the time period of analysis, it is necessary to take afew more stepsto
correct the health effects, as follows.

The net increment in the cumulative health effects due to each decay member during a
time increment of At can be expressed as:

3-66 Presto User’s Guide



U.S Environmental Protection Agency

AHE, = Q; - | - HECF; - At(1 + npy + Mz + M)
or (3-113)
AHE, =1 - HECF,- Q,(t) - n,(t) - At

where
HE, = combined parent and progeny health effects,
I = intake factor,
HECF, = cumulative health effect conversion factor for the parent nuclide, and
Mh = combined daughter nuclides correction factor.

Therefore, the cumulative health effects from the decay chain for the period of analysis
can be written as.

HE, = | [CF [ Q, 0, [t (3-114)

where T denotes the duration of the health effects analysis.

Equation (3-114) implies that the combined health effects for a four-member decay chain
can be calculated from the integration of the product of parent-nuclide activity in the control
volume and its combined correction factor over the duration of the health-effect analysis.

The model involves the evaluation of the cumulative health effects resulting from the
consumption of the radionuclide-contaminated-water in the environmental receptors. The
radionuclide concentration in an environmental receptor is calculated annually and its average
valueis calculated at the end of the yearly loop analysis. The average human exposure rate and
its subsequent health effects are calculated from this average value. The integration of the
progeny in-growth effects simply involves the modification of the average concentration as:

Cae= ()] clt) m(D) (3-115)

After the average radionuclide concentration in the environmental receptor is calculated,
the health effects for the local population are calculated through the existing biological and
human exposure pathways model.
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The health effects in the downstream basin population are calculated from the product of
the cumulative release of radioactivity and the health effects conversion factor for the regional
basin population (Section 3.3). In integrating the daughter nuclide in-growth effect into the
health effect assessment, the released parent nuclide activity should be corrected annually. The
correction of the cumulative radionuclide release is calculated by:

Q; = joT Q,(t) (1) et (3-116)

where Q; denotes the corrected cumulative radionuclide release.

After the activity of the parent nuclide released to the downstream basin is corrected for
daughter nuclide in-growth effects, the total health effects for the downstream basin population
are calculated by multiplying corrected cumulative radionuclide release with the precal culated
conversion factor for the parent nuclide. The calculation of the conversion factors for the
regional basin population is discussed in next section.

33 HEALTHEFFECTSINDUCED IN THE REGIONAL BASIN POPULATION

The PRESTO-EPA-POP model estimates the potential cumulative health effects induced
in the regional basin population downstream of the contaminated site for a period of 10,000
years. Health effects are calculated for the onsite, offsite, and regional basin populations for up
to 10,000 years. Any radioactivity not withdrawn from the groundwater or surface water by the
onsite or offsite populationsis released as residua radioactivity to the basin population. The
cumulative health effects in the basin population are obtained by multiplying the cumulative
residual nuclides with their conversion factors.

Theresidual radionuclides include those radionuclides not consumed by the onsite or
offsite community. Thetotal health effects are then cal culated from the sum of the health effects
obtained from the onsite, offsite, and regional basin analyses.

Theregiona basin analysis assumes that all of the communities located in aregional
water basin downstream from the disposal site can be combined into a single composite
community. The transport of radionuclides from the disposal site through the hydrologic
pathway continues. The atmospheric transport pathway is not included, since it is assumed that
the health effects to amore distant regiona basin from this pathway will be negligible.

Instead of performing lengthy food chain simulations and health effects analyses for
10,000 years, the model calculates the impact on the basin based on the "residual radionuclides’
released downstream. The radionuclides considered are those that enter the aquifer from the
contaminated soil site and those that enter the regional stream by way of runoff.

In order to determine the potential health effects induced in the regional basin population,
the residual radionuclide activity released into the regional basin is multiplied by a conversion

3-68 Presto User’s Guide



U.S Environmental Protection Agency

factor precalculated for each radionuclide. The conversion factors, which are nuclide-dependent,
are based on local water use characteristics and the hydrologic pathway.

3.3.1 Calculationsof Regional Basin Health Effects

The model uses health effects conversion factors (see Section 3.3.2) to calculate the
potential health effects induced in the regional basin population from the cumulative activity of
residual radionuclides released to the regional basin. Once the radionuclides arrive at the basin
stream, they are released to the basin within the same year of arrival. Radionuclides not used by
the regional basin community are assumed to travel to the ocean where they induce no health
effects.

Releases of radionuclides into the regional basin can be simulated for up to 10,000 years.
The annual nuclide releases into the regional basin are collected in the model in 10 periods of
1,000 years each. The annual releases of each nuclide from the surface runoff and from the
aquifer to the regional basin during the first millennium are collected in the array variable
QDWSB.

In simulating the cumulative release of radionuclides through the surface water pathway,
the radionuclide concentrations in surface soil and surface water are calculated first according to
Equations (3-35) and (3-36). These concentrations change from year to year as a result of wind
resuspension, surface water runoff, trench water overflow, and the seepage of water from surface
soil to the aquifer.

The amount of radionuclides released from the surface soil to the surrounding surface
streams is calculated using the current year surface water nuclide concentration, C,, (Ci/m?); the
area of the contaminated site, A; (m?); the annual precipitation rate, P, (m/yr); the current year's
amount of water overflow, V, (m*yr); and atransfer factor, f,, asfollows:

Ws = 1:r(F)al' SN S + Vo) (3'117)

SSTREM = W,-C, (3-118)

where W, (m*/yr) is the amount of water that enters the surrounding streams from runoff and site
overflow during the current year of ssmulation, and SSTREM (Bg/yr) is the amount of nuclides
going along with that volume of water.

The surrounding streams in turn will transport the nuclides to the regional basin stream
within the same current year of simulation.

The net amount released into the regional basin, SSTREM(N), is calculated by
subtracting the amount of nuclides being removed from the nearby stream(s) for consumption by
the onsite or offsite populations. The calculation is accomplished by using the stream flow rate,
STFLOW; the hypothetical volume of water withdrawn from the stream, VOLUSS; and the
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stream water concentration, STCON(N). The nuclide release into the basin each year for the first
millennium is:

(STFLOW - VOLUSS) - STCON(N) if VOLUSS < STFLOW
(3-119)
0 if VOLUSS>STFLOW

In calculating the cumulative release of residual radionuclides from the aquifer to the
basin, the amount being pumped out for local population consumption is first subtracted from the
annual transport of radionuclides. In calculating the cumulative release of radionuclides into the
regional basin, it is necessary to evaluate additional radionuclide transit times, as well as Hung's
correction factors, for the reach from the well to the stream.

Thetotal release of radionuclides, QLBTTH, into the basin is the sum of the releases
from surface water and groundwater pathways over 10,000 years; i.e.,

10

QLBTTH = QDWSB+ ) QLB(j) (3-120)
J=2

where QDWSB and QLB(j) are the total radionuclides released into the regional basin in the first
and jth millennium, respectively.

The population health effects in the regional basin due to the release of residua
radionuclides to the basin are calculated by multiplying the total release of the radionuclides into
the regional basin by a health effect conversion factor, i.e.,

HE=QLBTTH - BHECF (3-121)

The basin health effects conversion factors, which are used to determine the health effects
to the regional basin population from residual radionuclides, are model input values and are
precalculated by using PRESTO-EPA-CPG/POP as atool. The methodology for calculating
these factorsis discussed in Section 3.3.2.

Theregiona basin health effects and the genetic effects for ith nuclide over the entire
10,000 years of analysis can now be calculated by summing up the effects for over 10,000 years,
respectively as follows:

(Basin Hedlth Effects); = [(Residual nuclide, 1st 1,000 years),

+ (Residual nuclide, last 9,000 years);] - BHECF, (3-122)
and

(Basin Genetic Effects), = [(Residua nuclide, 1st 1000 years),
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+ (Residual nuclide, last 9,000 years)] - BGECF, (3-123)

Thetotal regional basin health effects and genetic effects resulting from all basin residual
nuclides are calculated by summing the effects over all nuclides as follows:

N
Total Basin Health Effects = Z (Basin Genetic Effects)i
1=1

X (3-124)
Total Basin Genetic Effects = Z (Basin Genetic Effects);
1=1

3.3.2 Conversion Factorsfor Regional Basin Health Effects

The basin health effect and genetic effect conversion factors are used to calculate the
impacts of residual radioactivity entering aregional water basin. The conversion factors, which
are nuclide-specific, are made up of two components, one calculated from the terrestrial pathway
(BHECF,) and the other from the aquatic pathway (BHECF;,). Separate conversion factor values
are calculated for health effects and for genetic effects. The methodology discussed below is
applicable to the calculation of both cancer effect and genetic effect conversion factors.

3.3.2.1 Terrestria Pathway

The nuclide-specific health effects conversion factors for the terrestrial pathway
(BHECF,) are calculated in two steps using the results from analyses for the local popul ation.
The first step determines the health effects to the local population resulting from the withdrawal
of aunit activity of a specific nuclide from the local well or stream.

The second step involves the calculation of the fraction of activity discharged into the
basin being withdrawn for consumption by the regional basin population. The BHECF, isthen
determined by multiplying the fraction of activity withdrawn with its health effect per bequerel
conversion factor, that is:

BHECF, = HE/Ci; x f (3-125)
where
BHECF, = terrestrial HECF for radionuclide,
HE/Ci; = health effects to the local population per unit activity of ith radionuclide

withdrawn from the local well or stream, and
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f = fraction of activity withdrawn from the basin river per unit activity
released to the regional basin.

The fraction of activity withdrawn by the regional basin population is calculated based on
the local population water usage and a standard ratio of river flow to population. The per-capita
water use (including the water for drinking, cattle feed, and irrigation) for the local population is
calculated based on appropriate model inputs. Assuming that the per-capita regional basin water
use and the ratio of population to river flow in the regional basin are constants, then the fraction
of activity that will be withdrawn by the regional basin communities can be calculated by:

o UIP (3-126)
- Q/P
where
f = fraction of activity withdrawn from the basin river per unit activity
released to the regional basin,
u/p) = per-capita water usage (m*/person-yr), and
(QP) = ratio of river flow to population, 3,000 m¥person-yr (EPASS5).

The per-capitawater consumption is calculated from the individual water consumption,
local irrigation requirement, and cattle feed demand. For regions where multiple water sources
are used, fractional correction factors are applied. For example, aportion of the requirement for
the irrigation water may be met by using awell or stream, while the remainder may be withdrawn
from afarm pond with no contamination. Thisishandled by including "switches" in the water
consumption equation. Thus, if half of the irrigation water at a given site is withdrawn from a
stream while the rest is gathered from precipitation-fed farm ponds, the arrogation pathway
switch will equal 0.5. The per-capitawater consumption as built in the model is expressed by:

U = [3.9x10'WfL, + U, L, + 15x10°L ] (3-127)
where
U = per-capita water consumption (I/person-yr),
3.9x10° = 4492 m? irrigated land per person x 8760 hr/yr,
W, = irrigation rate (I/m?yr),
f, = fraction of year when irrigating,
L, = irrigating pathway switch,
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u, = individual water consumption per year (I/person-yr),
L, = human pathway switch,
1.5x10* = annual water fed to cattle consumed by humans (I/person-yr),
L, = animal pathway switch, and
N, = size of population.

In calculating the health effects resulting from pumping the contaminated water from
groundwater or surface water, the air pathway sources should be shut off by setting surface
contamination equal to zero. In addition, no onsite farming or basement exposures are included.
Therefore, the health effects in the exposed population are due to the consumption of the
contaminated water only.

When the local per-capita water consumption is divided by a standard ratio of river flow
to population, the fraction of the regional basin radioactivity that will be withdrawn by the
regiona basin community is determined. This calculation is based on two assumptions: that the
local water usage is comparable to regional basin water consumption, and that the national
average ratio of river flow to population is applicable to the regional basin. Studies show that
while regional basin population and river flow vary widely, the ratio of the river flow to the
population remains relatively constant (EPA85).

As noted previously, the fraction of nuclides that are not pumped out by the regional
basin community are assumed to enter the ocean, which acts as anuclide sink. The health effects
resulting from these activities collected in the ocean are assumed to be negligible.

3.3.2.2 Fish Pathway

One pathway that was viewed as negligible for the local population but is considered in
calculating regional basin health effectsis that of contaminated fish ingestion. A separate
HECF; for fish is determined based on the following equation:

BHECF, = (PIQ) - B, - U, - (DIC), (3-128)
where
BHECF, = health effects conversion factor from consumption of fish, per curie of
radionuclide i released to the regional basin,
(PlQ) = popul ation-to-river flow ratio (person-yr/3,000 m®) (EPAS5),
B = fish bio-accumulation factor (Bg/kg-fish per Bg/l of radionuclidei in

water) (NAS71),
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U; annual fish consumption rate (6.9 kg/person-yr) (Ru80), and

(DIC), = conversion factor for health effects per curie of nuclide i ingested,
obtained from HESTAB datafile.

3.3.2.3 Basin Hedlth Effects Conversion Factor

The conversion factors for regional basin health effects can now be calculated by
summing the conversion factor from the terrestrial pathway and the conversion factor from the
fish pathway. Thus, the nuclide-specific regional basin HECF, can be expressed as:

BHECF, = BHECF, + BHECF, (3-129)

The same methodol ogy discussed above is also used for the calculation of the genetic
effects conversion factors. The only differences are that the genetic effects per unit activity are
used in place of health effects per bequerel in Equation (3-125), and that the genetic effects
conversion factor is used in place of the health effects conversion factor in Equation (3-128).
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