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NOTATION

The following is a list of the acronymes, initialisms, and abbreviations (including units of
measure) used in this document.

ACRONYMS, INITIALISMS, AND ABBREVIATIONS

BIOMOVS Biosphere Model Validation Study

ICRP International Commission on Radiological Protection
NRC U.S. Nuclear Regulatory Commission

QA quality assurance

QC quality control

UNITS OF MEASURE

cm centimeter(s) pCi picocurie(s)
d day(s) S second(s)
s2 square second(s)
g gram(s)
yr year(s)
h hour(s)
K degree(s) Kelvin
kg kilogram(s)
m meter(s)
m2 square meter(s)
m3 cubic meter(s)

mm millimeter(s)

Xi
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USER’S MANUAL FOR RESRAD-OFFSITE VERSION 2

by

C. Yu, E. Gnanapragasam, B.M. Biwer, S. Kamboj, J.-J. Cheng, T. Klett,
D. LePoire, A.J. Zielen, S.Y. Chen, W.A. Williams, A. Wallo,
S. Domotor, T. Mo, and A. Schwartzman

ABSTRACT

The RESRAD-OFFSITE code is an extension of the RESRAD (onsite)
code, which has been widely used for calculating doses and risks from exposure
to radioactively contaminated soils. The development of RESRAD-OFFSITE
started more than 10 years ago, but new models and methodologies have been
developed, tested, and incorporated since then. Some of the new models have
been benchmarked against other independently developed (international) models.
The databases used have also expanded to include all the radionuclides (more than
830) contained in the International Commission on Radiological Protection
(ICRP) 38 database. This manual provides detailed information on the design and
application of the RESRAD-OFFSITE code. It describes in detail the new models
used in the code, such as the three-dimensional dispersion groundwater flow and
radionuclide transport model, the Gaussian plume model for atmospheric
dispersion, and the deposition model used to estimate the accumulation of
radionuclides in offsite locations and in foods. Potential exposure pathways and
exposure scenarios that can be modeled by the RESRAD-OFFSITE code are also
discussed. A user’s guide is included in Appendix A of this manual. The default
parameter values and parameter distributions are presented in Appendix B, along
with a discussion on the statistical distributions for probabilistic analysis. A
detailed discussion on how to reduce run time, especially when conducting
probabilistic (uncertainty) analysis, is presented in Appendix C of this manual.
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1 INTRODUCTION

The RESRAD-OFFSITE code is an extension of the original RESRAD code, which was
designed for evaluation of radiological doses to an onsite receptor from exposure to RESidual
RADioactive materials in soil (Yu et al. 1993, 2001). To prevent potential confusion of these two
code names, the “original” RESRAD code is denoted as RESRAD (onsite) where appropriate,
although RESRAD-OFFSITE can model both onsite and offsite receptors as discussed later in
this report.

The methodology and formulations, exposures and scenarios, and parameter values and
distributions used in the RESRAD-OFFSITE code are discussed in detail in this report.
Additional modules included in RESRAD-OFFSITE that were not part of RESRAD (onsite)
permit modeling of both the transport of radionuclides to locations that are outside the footprint
of the primary contamination and their accumulation at those offsite locations. The general
information contained in Chapters 1, 2, and the first section of Chapter 3 of the RESRAD
(onsite) manual (Yu et al. 2001) apply to RESRAD-OFFSITE as well. However, many of the
formulations used in RESRAD-OFFSITE differ from those in RESRAD (onsite), particularly
those relating to fate and transport. Although the underlying principles used to calculate exposure
are the same, the methodology is different in that in RESRAD-OFFSITE, the concentrations of
radionuclides in various media (soil, water, air, plants, and animals) are directly calculated and
used in dose and risk calculations; while the RESRAD (onsite) uses the environmental transport
factors method (Yu et al. 2001).

Brief descriptions of the RESRAD (onsite) and RESRAD-OFFSITE codes are presented
in Sections 1.1 and 1.2. Section 1.3 describes the same or similar models used in both the
RESRAD (onsite) and RESRAD-OFFSITE codes. A more detailed comparison of RESRAD
(onsite) and RESRAD-OFFSITE is documented in the Benchmarking of RESRAD-OFFSITE
report (Yu et al. 2006).

1.1 RESRAD (ONSITE)

The RESRAD (onsite) computer code evaluates the radiological dose and excess cancer
risk to an individual who is exposed while residing and/or working in an area where the soil is
contaminated with radionuclides (Yu et al. 2001). RESRAD was developed by the
Environmental Assessment Division of Argonne National Laboratory (Argonne) in the 1980s
and has been widely used to perform assessments of contaminated sites since its release in 1989.
Since then, the RESRAD (onsite) code has undergone continuous improvement in response to
feedback from users and sponsors. The RESRAD team has participated in many national and
international model intercomparison studies in which both hypothetical and actual contaminated
site-based scenarios were analyzed using RESRAD (onsite). The evolution of the RESRAD-
OFFSITE code from RESRAD (onsite) began in the 1990s during the Biosphere Modeling
Validation Study Il (BIOMOVS II), in which models were compared (Gnanapragasam and
Yu 1997).
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1.2 RESRAD-OFFSITE

The RESRAD-OFFSITE code was first formed by the addition of an offsite soil
accumulation submodel (BIOMOVS Il 1995) to the basic RESRAD (onsite) code and then by
the inclusion of an advective-dispersive groundwater transport submodel (BIOMOVS 11 1996).
The ability to accept a time series for the release from the contaminated soil was also added
during this study. The advective-dispersive groundwater transport submodel was improved to
better predict the transport of progeny produced in transit during participation in the multimedia
model comparison study (Gnanapragasam et al. 2000). Since then, an atmospheric transport
submodel and a surface water body accumulation submodel have been added. Many of the
submodels in RESRAD (onsite) were also modified during the addition of these new submodels
to RESRAD-OFFSITE. The computational algorithm of the RESRAD-OFFSITE code also
changed from that of RESRAD (onsite). RESRAD (onsite) numerically evaluates the analytical
expressions for concentration, dose, and risk at any desired time since the site survey. RESRAD-
OFFSITE uses numerical methods to compute the concentration, dose, and risk progressively
over time.

The RESRAD-OFFSITE computer code evaluates the radiological dose and excess
cancer risk to an individual who is exposed while located within or outside the area of initial
(primary) contamination. The primary contamination, which is the source of all the releases
modeled by the code, is assumed to be a layer of soil. The releases of contaminants from the
primary contamination to the atmosphere, to surface runoff, and to groundwater are considered.
The code models the movement of the contaminants from the primary contamination to
agricultural areas, pastures, a dwelling area, a well, and a surface water body. It also models the
accumulation of the contaminants at those locations where appropriate. Any contribution of the
contaminants from the water sources to the land-based locations is also modeled. As shown in
Figure 1.1, the water sources and the land-based locations can be outside the boundary of the
primary contamination. These locations are referred to as offsite locations in RESRAD-
OFFSITE.

Nine exposure pathways are considered in RESRAD-OFFSITE: direct exposure from
contamination in soil, inhalation of particulates, inhalation of radon, ingestion of plant food
(i.e., vegetables, grain, and fruits), ingestion of meat, ingestion of milk, ingestion of aquatic
foods, ingestion of water, and ingestion (incidental) of soil.

1.3 SAME OR SIMILAR SUBMODELS IN RESRAD (ONSITE)
AND RESRAD-OFFSITE

This section identifies the submodels in RESRAD-OFFSITE that are essentially the same
as the corresponding ones in RESRAD (onsite). The differences, if any, in those submodels are
also described.



Boundary of
primary
contamination Offsite
Onsite

Dust and Radon

Plant Foods
Meat and Milk |/ / [/

Drinking, livestock and
Irrigation Water

Ell_
| | Leaching !

FIGURE 1.1 Locations of Primary and Secondary Contamination
in RESRAD-OFFSITE

1.3.1 Groundwater Release Submodel

The release to groundwater is the only release that RESRAD (onsite) explicitly considers.
This is a first-order release model in which the flux of radionuclides released to the infiltrating
water at any time is in direct proportion to the radionuclide inventory in the contaminated soil at
that time. The same model was retained in RESRAD-OFFSITE, although the radionuclide
inventory at any time is adjusted differently because of the modifications to the surface soil
mixing submodel.

1.3.2 Surface Soil Mixing Submodel

The surface soil mixing submodel in RESRAD (onsite) ignores the contaminants that
were removed by erosion of the initially uncontaminated mixing zone. Although this model is
appropriate for RESRAD (onsite) because that code does not address the surface soil release to
offsite locations, it is not suitable for RESRAD-OFFSITE, which models the accumulation of the
eroded material in a surface water body and offsite soils. The new model in RESRAD-OFFSITE
maintains a mass balance of contaminants.
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1.3.3 Dust Release Model

Although RESRAD (onsite) does not explicitly model a release to the atmosphere, it does
model the effects of a dust release (inhalation, foliar deposition) by using the concept of a mass
loading factor. In RESRAD-OFFSITE, this concept has been extended to provide a release to the
atmospheric transport model.

1.3.4 Exposure Models

All the exposure models in RESRAD (onsite) — direct external radiation; inhalation of
dust and radon; and ingestion of vegetables, meat, milk, aquatic food, and soil — were retained
in RESRAD-OFFSITE, with minor changes. In RESRAD-OFFSITE, these exposure models are
applied at more locations and more contamination pathways — on primary contamination and
agricultural and farmed areas because of contamination by irrigation and deposition of dust. The
exposure models were changed to accommodate the numerical nature of the RESRAD-OFFSITE
code and also to facilitate their application to the offsite locations.

1.3.5 Advective Groundwater Transport Model

The groundwater transport model in RESRAD (onsite) considers the effects of the
different transport rates of the progeny nuclides that are produced in transit. The option of using
this advective transport model was retained in RESRAD-OFFSITE, in addition to the option of
considering the effects of dispersive transport. Although the basic concepts are the same for both
codes, each code implements them differently. The concentrations of nuclides in well and
surface water at any time are expressed analytically in RESRAD (onsite), although these
expressions are evaluated numerically. In RESRAD-OFFSITE, the nuclide transport is modeled
zone by zone (each unsaturated zone and then the saturated zone) by numerically calculating the
flux across each zone progressively over time.

1.4 INTEGRATED MODULES IN RESRAD-OFFSITE

The computational modules for primary contamination (source), atmospheric transport,
groundwater transport, offsite accumulation, and exposure; the input modules to process the
information from the user interface and to manage the single parameter sensitivity analysis; the
module to generate the text reports; and the probabilistic/uncertainty module are all integrated in
the RESRAD-OFFSITE computational program.

The models and formulations used in the computational modules are described in detail
in Chapters 2 through 7 of this manual. A user’s guide that describes the user interface is
included in Appendix A of this manual, and the parameters used in the code are discussed in
detail in Appendix B. The transfer of information from the interface to the computational
program occurs when the user issues the “run” or “Run RESRAD-OFFSITE” command in the
interface. The text reports produced by the program are described in the user’s guide
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(Appendix A). The procedures for performing probabilistic/uncertainty and sensitivity analysis
are described in the user’s guide (Appendix A). The run time for probabilistic analysis can be
long if a large number of samples/realizations are selected. The ways to reduce run time are
discussed in Appendix C.

The information presented in this manual is organized as follows:

* Primary contamination and the source term — Chapter 2,

» Groundwater transport model — Chapter 3,

» Atmospheric transport model — Chapter 4,

» Accumulation of radionuclides at offsite locations and in food — Chapter 5,

» Exposure pathways and exposure scenarios — Chapter 6,

» Time points for numerical computations — Chapter 7,

» Verification and validation of RESRAD-OFFSITE — Chapter 8,

» References cited in the report — Chapter 9,

» User’s guide for the RESRAD-OFFSITE code — Appendix A,

» Parameter distributions and default values — Appendix B, and

» How to reduce run time — Appendix C.
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2 PRIMARY CONTAMINATION AND THE SOURCE TERM

This chapter consists of four sections. The first (Section 2.1) describes the manner in
which RESRAD-OFFSITE conceptualizes the primary contamination, specifically its physical
dimensions; the concentration of radionuclides in it; and the releases to the atmosphere, to
surface erosion, and to groundwater as a function of time. Section 2.2 derives the expressions
that result from the conceptual model, and Section 2.3 deals with the implementation of the
solution or the evaluation of these expressions in the computational code. Section 2.4 describes
the method overriding the source term model used in the RESRAD-OFFSITE code.

2.1 CONCEPTUALIZATION OF THE PRIMARY CONTAMINATION

The initial contamination is assumed to be distributed uniformly throughout a soil layer.
This contaminated layer is of uniform thickness and can have a clean cover of uniform thickness
above it. The clean cover and the primary contamination may be eroded by surface runoff, and
their thicknesses can decrease over time. Erosion occurs from a well-mixed surface layer. The
thickness of the primary contamination is not affected until the thickness of the cover erodes to
the thickness of this surface layer. The primary contamination is situated above the water table; it
can be just above and in contact with the water table, or there can be up to five different
intervening partially saturated soil layers. The assumptions about the shape of the conceptual
primary contamination vary across exposure and transport models. The atmospheric and
groundwater transport modules assume rectangular shapes, although the shape specified for the
use by the two transport modes need not be identical. The external exposure module assumes
either a circular shape or a polygonal shape for the primary contamination.

The current version of RESRAD-OFFSITE uses a rate-controlled model to compute the
release to groundwater. The radionuclides are released (leached) to groundwater uniformly over
the depth of the primary contamination under the rate-controlled model. Thus, the release to
groundwater affects the concentration in the primary contamination, but not its physical
dimensions. Equilibrium-controlled (i.e., solubility or adsorption) groundwater release models in
which contaminants are removed from the top of the layer, leading to nonuniform concentration
profiles in the vertical direction, are not built into this version of the code.

The release of dust to the atmosphere and the release of contaminated soil to surface
runoff occur from the well-mixed surface layer at the top of the primary contamination. Thus,
these releases decrease the total quantity of the radionuclides in primary contamination, but not
the concentration in the primary contamination below the surface layer. The release of H-3, and
C-14 by evasion can occur from over the whole depth of the contamination; it is modeled in
RESRAD-OFFSITE as being uniform over the entire depth of the primary contamination and
affects the concentration in the primary contamination, but not its physical dimensions.
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2.2 DERIVITION OF MATHEMATICAL EXPRESSIONS FOR THE CONCEPTUAL
PRIMARY CONTAMINATION MODEL

The conceptual model has to be translated into mathematical expressions before it can be
used in the computational code. The idealized descriptions of the previous section are expressed
in mathematical terms in this section.

2.2.1 Thickness of the Primary Contamination

The thickness of the primary contamination is computed as a function of time on the

basis of the values of the initial thicknesses and erosion rates of the cover and the primary

contamination as follows:

T,(t)=T,(0) when <t and (2.1)
r,.0)=T,0)-¢,(t-t,) when >t ,

where
Tye(?) = thickness of the primary contamination at time # (m),
T»(0) = initial thickness of the primary contamination (m),
¢t =time since the site was characterized (yr),
tey = T(0)/ &, = time to erode the cover (yr),
T.,(0) = initial thickness of the cover (m),
& = rate at which the cover is eroded (m yr-1), and
& = rate at which the primary contamination is eroded (m yr-1).
The erosion rate is computed using the Universal Soil Loss Equation. Section 12.10 of
the Handbook of Hydrology (Shen and Julien 1993) has figures and tables for the first five

factors in the following expression for erosion rate,

£§=224xRxKxLSxCxPl(px10°) (2.2)



where
& = erosion rate (m yr %),

R = annual rainfall erosion index, the rainfall erosivity factor, or the rainfall and
runoff factor (yr 1),

K = soil erodibility factor (tons/acre),
LS = slope length-steepness factor (dimensionless),

C = cropping-management factor or the cover and management factor
(dimensionless),

P = conservation practice factor or the support practice factor (dimensionless),

224 = to convert tons per acre to gram per square meter (g m-2 [tons/acre]™1),

p = dry bulk density of the soil (g [cm]~3), and

106 = to convert per cubic centimeter to per cubic meter ([cm]3 m-3).

2.2.2 Concentration of Radionuclides in the Primary Contamination

Radiological transformations and leaching diminish the concentration of radionuclides in
soil in the primary contamination over time. The concentration of progeny nuclides can increase
over time if the transformation of the parent nuclide produces more progeny nuclides than are
lost by leaching and by transformation of the progeny. Because both rate-controlled leaching and
radiological transformations occur uniformly over the entire primary contamination, the activity
concentration of the nuclide remains uniform over the primary contamination. Under these
conditions, the activity concentrations of the initially present radionuclide and its progeny are
obtained by solving the series of equations,

a4, _ —(A, + 11,)4,, and (2.3)

dt
%zﬂkAk_l—(ﬂk +u.)4, for 2<k<n,

where

Ai(f) = activity concentration of the 4th radionuclide of the transformation chain
(pCig™1),

¢t =time since the site was characterized (yr),
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Ax = radiological transformation constant of the th radionuclide (yr-1), and

1y = leach rate constant? of the &t radionuclide (yr-1).

The solutions obtained by multiplying the equation by e/***” and evaluating the integral
.[;e”k“‘k)’Ak_l(t)dt are of the form,

A0 =Y ay, exp(=Ad — 1), (2.4)

where

a, . = set of coefficients defined by a,, = 4,(0),

a,, = - forall 1<i<k,and
A = 1,

For H-3 and C-14, the activity concentration is given by the equation,
A(t) = A(0) exp(—At — ut — ev(2)t) (2.5)
where
W) = evasion rate at time¢ (yr-1) (See Appendix L of the User’s Manual for
RESRAD Version 6 [Yu et al. 2001] for the time-dependent evasion rate
and for a discussion of the H-3 and C-14 models).
2.2.3 Surface Soil Mixing Model
The releases to the atmosphere and to surface runoff occur from the surface soil layer.

The concentration of radionuclides in surface soil differs from the concentration in the primary
contamination because of mixing with any uncontaminated cover or with soil below the primary

1 | the user does not input a leach rate, RESRAD-OFFSITE will estimate a leach rate by equating the initial
release rate to the equilibrium desorption release rate, computed using the user-specified distribution coefficient
of the radionuclide in the region of primary contamination.
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contamination. Because the contaminant concentrations are expressed in terms of mass of soil
(and not in terms of the volume of soil), it is necessary to account for any differences in density
among the different layers of soil.

2.2.3.1 Density of Soil in the Mixing Zone

The density of the mixing zone is computed by assuming that mixing occurs continuously
(over time) over the specified mixing depth. If the thickness of the cover exceeds the depth of
mixing, the mixing zone will be uncontaminated, and the density is not computed for this
condition. The cover can erode with time, and the mixing zone will then penetrate the primary
contamination. The density of the mixing zone for this condition is computed as follows:

When T,,(¢) <d,,. <T,(1)+T,(), the density is obtained by solving the equation

d, % = &(p,. = P.) With the appropriate initial condition; the term on the left is the
Codt

change in mass within the mixing zone, the terms on the right, in order, are the mass entering the
mixing zone from the primary contamination and the mass leaving the mixing zone due to
erosion.

The initial conditions are
pmix (O) = pcv If ch (0) 2 dmix ! and (26)

L,
d

Iomix (0) = ppc + (0) (pcv - ppc) If ch (O) < dmix )

m

The solution is easier to understand and is more compact when expressed as a function of the
depth of penetration of mixing zone into the primary contamination since initial mixing, rather
than as a function of time. The expression for the density of the mixing zone is

Pu(d,) = Py 4 (P (0 = p, Jexpl-d . 1d,.), (27)
where
T.(f) = thickness of the cover after time ¢ (m),
dmiy = depth of the mixing zone (m),

Pmix(dpc) = density of the mixing zone (g [cm]-3),

Ppc = density of the primary contamination (g [cm]~3),
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pev = density of the clean cover (g [cm]-3), and

dy. = depth of penetration of the mixing zone into the primary
contamination since initial mixing (m).

Eventually the cover and primary contamination will be eroded so that their combined thickness
will be less than the depth of the mixing zone. Then the soil underlying the primary
contamination will enter the mixing zone. Because it is too cumbersome to track the layers (first
any unsaturated zones and then the saturated zone) that can enter the mixing zone over time,
density changes are not modeled after the mixing zone penetrates the bottom of the primary
contamination. However, if the initial thicknesses of the clean cover and the primary
contamination are less than the post-release mixing depth, the code does compute the density at
initial mixing, including consideration of the densities of the underlying layers that enter the
mixing zone at time zero.

2.2.3.2 Volume Fraction of Soil from the Primary Contamination
in the Mixing Zone

The quantity of radionuclides in the mixing zone is directly proportional to the volume of
soil in the mixing zone that originated from the primary contamination. The mixing zone is
uncontaminated as long as its depth is less than the thickness of the clean cover. The volume
fraction of soil from the primary contamination in the mixing zone is evaluated when the depth
of the mixing zone exceeds the thickness of the clean cover. It is evaluated by assuming that
mixing occurs continuously (over time) over the specified mixing depth and that the volume
fraction in the eroded soil is the same as the volume fraction in surface soil.

When 7,.(¢) <d,,, <T.,(¢)+T,/(t), the volume fraction of primary contamination in the

'\
dt
initial condition. The term on the left is the change in the volume of soil from the primary
contamination in the mixing zone, and the terms on the right, in order, are the volume of soil that
enters the mixing zone from the primary contamination and the volume of soil from the primary
contamination that leaves the mixing zone due to erosion. The initial conditions are

mixing zone is obtained by solving the equation d_;, =&(1- f,,,), with the appropriate

fvm (0) = O If ch (0) Z dmbc ! and (28)

1@ =1-2 it 7 0 <d,,.

As in the case with the density in the preceding section (Section 2.2.3.1), the solution is easier to
understand and is more compact when expressed as a function of the depth of penetration of the
mixing zone into the primary contamination since initial mixing, rather than as a function of
time. The expression for the volume fraction of primary contamination in the mixing zone is
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finld,)=1-(~ £, (@)exp(-d,. /d,,), (2.9)
where

Sfvm(dpc) = volume fraction of primary contamination in the mixing zone.

As the cover erodes, the mixing layer penetrates deeper into the primary contamination, and the
volume fraction increases asymptotically towards unity as long as the bottom of the mixing zone
stays within the primary contamination.

When the bottom of the mixing zone moves out of the primary contamination and into
the underlying layers, the volume fraction will decrease. The volume fraction is computed under
the assumption that the underlying soil is uncontaminated.?

When d,,.. > T, (¢) +T,.(¢) , the volume fraction of contamination in the mixing layer is

df vim

obtained by solving the equation d,, = —¢f,, With the appropriate initial condition. The

initial conditions are

r =1-exp(-T,.(0)/d,,)if T,(0)>d

mix !

mix < ]-'cv (0) + Tpc (O) y and

T,0)+T7,(0)-d
vl:n :l_TCV(O)eXp(_ Cv( )+dpc()

j if 7(0)<d

T,.(0
= % if d,,. >T,(0)+T,(0). (2.10)

mix

The expression for the volume fraction of primary contamination in the mixing zone, now in
terms of the depth of penetration below the primary contamination for clarity and simplicity, is

fvm (dupc) = vfn exp(_ dupc /dmix )’ (211)
where

dypc = depth of penetration of the mixing zone into the layers underlying the
primary contamination since initial mixing (m).

The algorithms in the code can accommaodate a situation where there is no mixing layer. In such
a situation, the combined modification factor is zero while there is a cover and unity when there
IS NO cover.

2 Because the code calculates only the flux of contaminants across the partially saturated zone boundaries and
across the water table, and not the concentration profile in those layers, it is not possible to account for the
contaminants in the underlying layer in this calculation and in the calculation of external direct radiation.
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2.2.3.3 Concentration of Radionuclides in the Surface Soil above
the Primary Contamination

The concentration of radionuclides in surface soil is computed by applying two
modification factors to the concentration in the primary contamination: the first considers the
volumetric mixing within the mixing layer, and the other accounts for the differences in density.
These modification factors are independent of the concentration in the primary contamination
and can be treated separately.

A4,.(0) = 1, (4, ()P, [ P, (1) (2.12)

where
Ay(f) = activity concentration in surface soil after time ¢ (pCi g-1), and

Apc(t) = activity concentration in primary contamination after time ¢ (pCi g-D).

2.2.3.4 Three-Layer Model

The mixing model conceptualizes three layers for the source: (1) a clean cover, (2) the
unmixed portion of the initial primary contamination, and (3) a mixing layer that is contaminated
to a lesser extent than the primary contamination. From the preceding sections (2.2.3.1, 2.2.3.2,
and 2.2.3.3) that discuss the surface layer mixing model, it can be seen that no more than two of
these layers can exist at any particular time. While the depth of the mixing zone is less than the
depth of the primary cover, there will not be a contaminated mixing zone. Conversely, after the
cover thickness decreases to the depth of the mixing zone, there will be no clean cover. With
time, erosion could also lead to a situation where the mixing zone breaks through the layer of
initial contamination; then there would not be any initial contamination that is unmixed. These
conditions are summarized below.

When T, (t) 24, , then (2.13)

mix !

,()=T,@0), T,

we()=0,and 77" (1) =T,.(0),
where
T: (¢) =thickness of the clean cover (m),

TL'

mix

(#) = thickness of the contaminated mixing layer (m), and

T, (¢) = thickness of the unmixed portion of the primary contamination (m).
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When 7, (1) <d,,, <T,(1)+T,(¢), then (2.14)

T:(t)=0,T;

mix

(Z) = dmix ! mix *

and T (1) =T,.(£) + T, (1) - d

When 7, (1) + T, (1) <d,,,, then

mix !

T() =0, T

w()=d,.,and T, (1)=0.

mix !

2.2.4 Release by Surface Runoff

The activity of radionuclide released to surface water by the erosion of the surface soil
above the primary contamination per unit of time is given by the product of the activity
concentration in surface soil and the surface erosion rate. It is more easily computed as the
product of the mass of primary contamination that is eroded per unit time and the activity
concentration in the primary contamination. The rate (g yr-1) at which soil from the primary
contamination is eroded is given by

m, (1) = edf,,, (1)p,.10° (2.15)
where
A = area of the primary contamination (m?2), and
106 = to convert per cubic centimeter to per cubic meter ([cm]3 m-3).
Then
R () = m, (1) A4, (1), (2.16)
where

R (¢) = rate (activity per time) at which the £t radionuclide of the
transformation chain is released by erosion (pCi yr-1).
2.2.5 Release to Groundwater

The activity of radionuclide released by rate-controlled leaching to groundwater per unit
of time is given by the product of the total activity in soil and the release rate,

RE (1) = s, A (0P, A, T, (0 + T30 ())10°, (2.17)
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where

R#"(¢) = rate (activity per time) at which the £th radionuclide of the
transformation chain is released to groundwater (pCi y-1), and

106 = to convert per cubic centimeter to per cubic meter ([cm]3 m-3).

2.2.6 Release to the Atmosphere in the Form of Dust

The activity of radionuclide released to the atmosphere per unit of time is given by the
product of the activity concentration in surface soil and the rate at which dust is released from
the area of primary contamination. The conceptual model assumes that there is no net change in
the mass loading of dust above the region of primary contamination. Under this assumption, the
rate at which dust is released from the primary contamination is equal to the rate at which dust
settles out of the air onto the region of primary contamination:

RM (@)= f, (t)—L—A, (t)m, Av, 3.15576 x 10", (2.18)

mix

where

R{™(¢) = rate (activity per time) at which the &t radionuclide of the

transformation chain is released to the atmosphere as dust (pCi y~1),

mg, = concentration of dust in air above the area of primary contamination
(gm-3), and
va, = deposition velocity of dust in the area of primary contamination (m s~1), and

3.15576 x 107 is to convert per second to per year (s yr-1).

2.3 IMPLEMENTATION OF THE MODELS FOR THE PRIMARY CONTAMINATION

This section describes how the conceptual model (Section 2.1) or the expressions derived
from the conceptual model (Section 2.2) are implemented in the computational code.

2.3.1 Shape and Dimensions of the Primary Contamination

The shape of the conceptual primary contamination in the horizontal plane depends on
the exposure or transport model. The dimensions and orientation of the rectangular shape for the
atmospheric transport model are specified in the site layout form or the map interface as
described in Sections 4.3 and 4.4 of the user’s guide. The area of primary contamination is
computed by the computational code as the product of the two dimensions.
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The groundwater transport model assumes that the primary contamination is rectangular
in shape and with one pair of sides parallel to the direction of groundwater flow. The length of
one of these sides is specified in the primary contamination form as described in Section 4.14 of
the user’s guide. The length of the other pair of sides is computed by the computational code
using the area of the primary contamination.

Either a circular shape or a polygonal shape can be specified for the calculation of direct
external radiation from the primary contamination, as described in Section 4.27 of the user’s
guide. The polygon can have as many sides as necessary to approximate the shape of the actual
contamination. Polygonal-shaped primary contaminations and circular-shaped ones involving a
nonconcentric receptor are analyzed by finding the fractions of the areas of a set of 16 annular
regions, concentric with the receptor, that are covered by the primary contamination. The
computation of the fraction of the annular regions that contain the primary contamination is
preformed in the interface and not in the computational code.

2.3.2 Thicknesses of the Primary Contamination, Cover, Clean Cover, Contaminated
Mixing Zone, and Undisturbed Primary Contamination

The thickness of the cover is computed at each intermediate time on the basis of the
values of the initial thickness and erosion rate of the cover as follows:

TCV (t) = J-YCV (0) - gcvt When t S Z‘cv = ch (O)/gcv ' and
T.,(t)=0whenz>¢,. (2.19)

The thickness of the primary contamination is computed at each intermediate time on the basis of
the values of the initial thicknesses and erosion rates of the cover and the primary contamination
as follows:

T,()=T,(0) when ¢<¢,,
T,.(t)=T,0)-¢,(t~t,) whent, <t<t, +t, =T,(0)/e,+T,(0)/¢, ,and
T,(t)=0whent>t, +t,. (2.20)

The thicknesses of the clean cover, the unmixed portion of the initial primary contamination, and
the contaminated mixing zone are computed at each intermediate time on the basis of the
thicknesses of the cover and the primary contamination at that time and the depth of the mixing
zone, as follows:

() =T, (1), T5 (1) =0, T (1) = T,.(0) when T,,(1) > d (2:21)

mix !
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T.()=0,T,

() =d,..,and T,"() =T, () + T, () —d,,

when T, (¢) <d,, <T,()+T,(t),and

T.()=0,T,.()=d,, and T,""(1)=0 when T, () +T,.(1) <d,,, .

mix

2.3.3 Concentration of Radionuclides in the Primary Contamination

The activity concentrations of the radionuclides are computed at each of the intermediate
time points on the bases of the initial activity of the parent nuclides and on the leach rates and
transformation constants of the nuclides in the transformation chain with the following analytical
expression:

4= Y a,, exXp(-4t - 1), (2.22)

i=1
where

a, , = set of coefficients defined by a,, = 4,(0),

2@y q;

forall 1<i<k,and
j“i_lu[

a

i

A F 1y —

k-1
Arr = _Zak,i :
i-1

2.3.4 Depth of Penetration of the Mixing Zone

The expressions developed in Section 2.2 for the density of the mixing layer and for the
volume fraction of soil from the primary contamination in the mixing zone were compact and
easier to understand when stated in terms of the depth of penetration of the mixing zone, instead
of in terms of time. The depth of penetration into the primary contamination following initial
mixing is computed at each intermediate time as the difference between the sums of the
thicknesses of the cover and primary contamination at the time of initial mixing and at the
intermediate time. This algorithm is simple and has to deal with only two conditions:

d, () =T, (t,)+ T, (t,) [T, () + T, ()] 20, while d, <T ()+T, (), (2.23)
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where
T'cv (tlm) + Tpc (tlm) = Tpc (0) + dm If dm S ]wcv (0) '
716\1 (ttm) + Tpc (ttm) = Tpc (O) + ch (O) If dm > 716‘\/ (O) ’ and

tim = denotes the time of initial mixing, which does not need to be
determined but is used for identification purposes.

The depth of penetration of the mixing zone below the primary contamination is also
computed in a similar manner using the following algorithm:

dpo () =T, (2,,) + T, (¢,,,) ~ [T, () + T,. ()] when d,, > T,,(1)+ T, (2), (2.24)

where

T.(t,,)+T,.(,)=4d,iftd, <T,(0)+T,(0),

pm
716\1 (tpm) + Tpc (tpm) = Tpc (O) + ch (0) if dm > TCV (O) + Tpc (0) ! and

tpm = time at which the mixing layer contains the highest amount
of soil from the primary contamination, which does not need
to be determined but is used for identification purposes.

2.3.5 Density of Soil in the Mixing Zone

The algorithms in the code consider two possible initial conditions for the mixing zone.
Typically the depth (or thickness) of the mixing zone will be smaller than the thickness of the
clean cover; the mixing zone has the same properties as the cover under these conditions. If the
depth of the mixing zone is specified to be greater than the depth of the clean cover, the code
assumes immediate mixing of the material within the mixing zone at time zero. The initial
density (at time zero) is calculated as follows:

pm[x (O) = pcv If Tvcv (O) 2 dm[x 1 (225)

7.0 .
P (0) = p,. +%(pw _ppc) if 7,0)<d,, <T,(0)+T,(0), and

mix

sat

N, .
Pz (0)=p, + T; © (pw =P )+ ZHZ#(ZS) (0, (is) - Poe )+ ?—’7( it — Ppe )

mix mix

mix is
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if 7,(0)+7,(0) <d

where
N, = number of partially saturated zones,

H, (is) = thickness of each partially saturated zone that is within the mixing
zone at time zero,

p,,(is) = dry bulk density of the partially saturated zone,

T, = thickness of the saturated zone that is within the mixing layer at time
zero, and

p.. = drybulk density of the saturated zone.

The density of the mixing layer is computed at each intermediate time; the algorithm used was
greatly simplified by the use of the depth of penetration instead of time as the independent
variable. The density of the mixing layer is computed by using the following algorithm:

pmix (dpc) = ppc + (pmix (O) - ppc )exp(_ dpc /dmix) Whlle dpc S T'cv (t) + Tpc (t) ' (226)

2.3.6 Volume Fraction of Soil from the Primary Contamination in the Mixing Zone

The algorithms in the code consider two possible initial conditions for the mixing zone.
If, as is the typical case, the depth (or thickness) of the mixing zone is less than the thickness of
the clean cover, the mixing zone has the same properties as the cover. If the depth of the mixing
zone is specified to be greater than that of the clean cover, the code assumes immediate mixing
of the material within the mixing zone at time zero. The initial volume fraction of soil from the
primary contamination in the mixing zone is calculated as follows:

£.(0)=0if T (0)>d (2.27)

mix !

£n@=1-2 it 1, @) <d,, <1.©+7, 0, anc

VT((O)

fvm (0) = 27 ' If Tvcv (0) + Tpc (O) < dmix *

The volume fraction of soil from the primary contamination in the mixing zone is computed with
the following algorithms at each intermediate time point:
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finld,)=1-(1~ £,.(0)exp(~d,. /d,, ) when d,, <T. ()+T,(t),and (2.28)
fvm (dupc) = vf; exp(_ dupc /dmix) When dmix > ch (t) + Tpc (t) !
where

[ =1-exp(-T, (0)/d,, ) if T, (0)>d

mix !

P —1

vm

— ch (0) exp(_ TvCV (0) + TPL' (O) - dmix
d

j if 7.,(0)<d,, <T,(0)+7,(0), and

mix mix

T.(0
fvzr; :% If ];v(o)_'_Tpc(O) <dmix'

The algorithms in the code can also accommodate a situation where there is no mixing zone. In

such a situation, the combined modification factor is zero while there is a cover and unity when

there is no cover.

2.3.7 Concentration of Radionuclides in the Surface Soil above the Primary Contamination
The concentration of radionuclides in surface soil is computed at each intermediate time

by using the concentration in the primary contamination, the volume fraction of soil from the

primary contamination in the mixing zone, and the dry bulk densities of the mixing zone and the
primary contamination:

A () = Lo O A, ()P | 1 (1) (2.29)

2.3.8 Release by Surface Runoff
The rate at which soil from the primary contamination is eroded is computed at each
intermediate time as the product of the rate of erosion of the surface soil, the area of the primary

contamination, the volume fraction of soil from the primary contamination in the mixing zone,
and the dry bulk density of the primary contamination.

m,, (t) = éAf,,, (1) p,.10°, (2.30)
where
&= g,y When T,,(t) >0, and

&= &gy When T¢, (1) = 0.
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The rate at which the radionuclide is released to surface water by the erosion of the surface soil
above the primary contamination is computed at each intermediate time as the product of the
mass of primary contamination that is eroded per unit time and the activity concentration in the
primary contamination:

R (1) = m, (1)4,(0). (2.31)

2.3.9 Release to Groundwater
The rate at which the radionuclide is released to groundwater by rate-controlled leaching

is computed at each intermediate time as the product of the total activity in soil and the release
rate:

RE(0) = 4,4, 00, A, T3 () T2 (010°, 232)

2.3.10 Release to the Atmosphere in the Form of Dust
The rate at which the radionuclide is released to the atmosphere is given by the product of

the activity concentration in surface soil and the rate at which dust is released from the area of
primary contamination:

P pe

RM @)= £, () A, (t)m, Av, 3.15576 x 10" . (2.33)

mix

2.4 OVERRIDING THE RESRAD-OFFSITE SOURCE TERM MODEL

If all the information that is computed by the RESRAD-OFFSITE source term model is
available either from a more sophisticated model or from a series of measurements, the
computational code can be flagged to suppress its source term module and to read in the time
series of the information. The temporal series of source term and release information has to be in
the format that is useable by the RESRAD-OFFSITE computational code. The names of the files
containing the temporal source term and release data and their contents are described in
Table 2.1.

The data files are structured on the basis of the number of parent progeny combinations at
the site. They contain a column of data for each parent-progeny combination. The order of the
columns is determined as follows. The initially present nuclides are sorted first alphabetically by
their chemical symbol and then by the nominal atomic weight in the case of isotopes. The first
column of data pertains to the first nuclide in the sorted list. If that nuclide has principal
radionuclide progeny, there must be a column of data for each progeny in the order in which they
occur in the transformation chain. If the nuclide has more than one transformation thread, there
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must be additional columns of data for each transformation thread. Then there must be a column
of data for the second initially present radionuclide in the sorted list, followed by a column each
for its progeny in the order in which they occur in its transformation chain, and so on for each
nuclide in the sorted list. The number of times at which data are available determines the number
of rows in the different files — there must be a row for each time at which data are available.

The computational code uses a linear interpolation between the specified times when
performing the calculations. The input interface does not at present have a form to bypass the
source module and accept these inputs because of the complexity of the format required for these
input files.

TABLE 2.1 Input Files Used to Specify the Source Characteristics and Releases to the Code

File name Contents

SFSIN.DAT Temporal data of the concentration (Section 2.2.2), in pCi g1, of each initially present
radionuclide and its principal nuclide progeny in the unmixed region of the primary
contamination.

CZTHICK3.DAT  Temporal data of the composite modification factor for the concentration of nuclides in the
mixing zone (Section 2.2.3.3) and of the thicknesses, in m, of clean cover, contaminated
mixing zone, and the unmixed portion of the contaminated zone (Section 2.3.3.4).

AQFLUXIN.DAT  Temporal data of the flux, in pCi year1, of each initially present radionuclide and its
principal nuclide progeny, to the groundwater pathway.

SWFLUXIN.DAT  Temporal data of the eroded flux, in pCi year—1, of each initially present radionuclide and
its principal nuclide progeny and the mass of eroded soil, in g year~1, to surface runoff.

AIFLUXIN.DAT  Temporal data of the flux, in pCi year1, of each initially present radionuclide and its
principal nuclide progeny, to the atmosphere.
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3 GROUNDWATER TRANSPORT MODEL

Section 3.1 describes the manner in which RESRAD-OFFSITE conceptualizes the
groundwater transport pathway, specifically the unsaturated and saturated zones and the transport
through these zones. Section 3.2 discusses derivation of the expressions that result from the
conceptual model. Section 3.3 deals with the implementation of the solution or the evaluation of
these expressions in the computational code.

3.1 CONCEPTUALIZATION OF GROUNDWATER TRANSPORT

The conceptual model for the groundwater pathway consists of zero to five horizontal
layers of partially saturated zones and one unconfined saturated zone; Figure 3.1 illustrates a
situation with two partially saturated zones. Flow in the partially saturated zone is in the
downward vertical direction; convective and dispersive transport in the vertical direction are
modeled. The flow in the saturated zone is in the horizontal direction; convective and dispersive
transport in the direction of flow and dispersive transport in the two directions perpendicular to
the flow are modeled.

The plane view of the primary contamination (its shape in the horizontal plane) is
assumed to be rectangular, with one pair of sides being parallel to the direction of groundwater
flow. The contaminant plume in the partially saturated zone maintains this rectangular shape
because transport in the partially saturated zone is assumed to occur only in the vertical direction.

Flux in

W} \4
\ 4 )
Partially Saturated

Flux out

Primary Contaminatio

v ; ; . Flux out

v

Saturated zone

v

v

Vl

Flux out

Concentration in Well Water

FIGURE 3.1 Conceptualization of Groundwater Transport in RESRAD-OFFSITE
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The transport zones are treated as homogenous layers; the specified properties (density,
porosities, hydraulic conductivity, dispersivities, and hydraulic gradient) are assumed to be
constant over a transport zone. Only the pores that are interconnected are of concern in modeling
the transport of nuclides in groundwater, because isolated pores do not affect the movement of
the nuclides. The conceptual model differentiates between two kinds of interconnected pores:
mobile pores and immobile pores (Figure 3.2). The water in mobile pores is free to move and
contributes to the advective transport of nuclides. The moisture in the immobile pores is held in
place either because it is in dead-end pores or because it is tightly bound to the solid phase and
does not contribute to the advective transport of nuclides. The total porosity is the measure of all
the moisture-filled connected pores (both mobile and immoble) into which the nuclide can enter
by either advection or diffusion. The effective porosity is the measure of the moisture-filled
pores that are effective in the advective transport of the nuclide. Moisture in pores that lead to
dead ends and moisture that is tightly bound to the solid phase of the soil and is thus immobile
are two reasons why the total porosity can be greater than the effective porosity. In the derivation
that follows in Section 3.2.1, it is assumed that immobile pores are due to dead ends.

3.2 DERIVATION OF MATHEMATICAL EXPRESSIONS FOR THE CONCEPTUAL
GROUNDWATER TRANSPORT MODEL

The conceptual model has to be translated into mathematical expressions before it can be
used in the computational code. The idealized descriptions of Section 3.1 are expressed in
mathematical terms in this section.

Each partially saturated zone is idealized in the conceptual model as a rectangular prism.
The flux of nuclide that exits the contaminated zone is known as a function of time — at the
intermediate time points — as discussed in Chapter 2. This is the flux that crosses the upper
boundary of the uppermost partially saturated zone. The groundwater transport model computes
the flux that crosses the lower boundary of each partially saturated layer.

When a large number of atoms of a radionuclide travel across a transport layer, some of
them will undergo radiological transformations and will exit the layer as one of the progeny of
the radionuclide that entered the layer. The remainder, which did not transform, will exit the
layer in the same form. The equations developed in this section, for the output flux as a function
of the input flux, consider the effects of longitudinal dispersion on the transport of a
radionuclide, if it travels through an entire transport layer in the same form. Two solutions are
developed for the transport of a progeny nuclide that entered the layer as one of its parents and
then transformed within the layer. One considers the effects of nuclide-specific distribution
coefficients of the nuclides in the transformation chain from the parent to the progeny and
ignores the effects of longitudinal dispersion; the other considers the effects of longitudinal
dispersion and ignores the effects of nuclide-specific distribution coefficients. A method for
modeling both processes is discussed in Section 3.3.13.

The idealized saturated zone that is conceptualized by the code is depicted in Figure 3.3.
The flux out of the last unsaturated zone, or in the absence of any unsaturated zone, the flux out
of the primary contamination, is treated as pulse distributed over a rectangular prism within the
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saturated zone. The length and width of this rectangular prism is the same as that of the primary
contamination. The depth is determined by the depth of advective penetration.

The groundwater transport model computes the spatial profile of the flux across a vertical
plane in the aquifer or the spatial profile of the concentration in water over a vertical plane in the
aquifer. Consideration of transverse and lateral dispersion is separated out from the consideration
of longitudinal dispersion for ease of computation. As with the case for the flux input, two
expressions are developed to model the transport of those atoms that transformed within the
transport zone; one considers longitudinal dispersion while the other considers the
nuclide-specific distribution coefficients.

3.2.1 Governing Equation for the Transport of Nuclides in Soil

The equation governing the transport of nuclides in porous media is obtained by
expressing each of the processes being modeled in mathematical form. The processes considered
are the losses and gains resulting from radiological transformations, advective transport by water
as it flows through the porous medium, and dispersive transport caused by concentration
gradients. The net result of these processes is a change in storage in the surface of the solid phase
and in the aqueous phase of the soil. The mathematical representations of the process are written
considering an elemental volume (Figure 3.4) of dimensions ox (m), dy (m), and ¢z (m) over a
time period of & (y).

Flux;,

I‘I ‘I M
+l +l +l v

0Z
oy
< oX >
[QQin
FluXout )

FIGURE 3.4 Elemental
Volume of Soil
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3.2.1.1 Volume of Connected Moisture-Filled Pores and the Soil in Contact
with the Pores

The porosities of the two types of pores (Figure 3.2) are related by the following
expression:

0 +0 =0 (3.1)

where

6, = mobile porosity, the porosity that allows or contributes to the movement of water;
6,, = immobile porosity, the porosity that does not contribute to the movement of water;
and

¢, = sum of the two porosities; i.e., the total connected porosity.

Although the nuclides are adsorbed to the surface of the solids in the soil, their
concentration in soil is expressed in terms of the mass of the solids. The volume fractions of the
soil associated with the mobile and immobile pores are assumed to be in the same ratio as the
porosities of those two phases:

“Vim :am 3 9[m : (32)

3.2.1.2 Partitioning of Nuclides between the Aqueous and Solid Phases of Soil

The partitioning of nuclides between the aqueous phase in the pores and the solid phase
adsorbed to the surface is dynamic. The nuclides are adsorbed at a rate that depends on the
concentration of the nuclides in the aqueous phase. Conversely, the nuclides that were adsorbed
on the surface desorb at a rate that depends on the concentration of nuclides in the solid
(adsorbed) phase. Over time, the two phases achieve equilibrium, and the partitioning of nuclides
between the aqueous and solid phases is characterized by the equilibrium distribution coefficient:

K, =2100 =2 100, (3.3)
where

K, = distribution coefficient ([cm]® pCi g™);

s, s, = concentrations of the nuclides in soil associated with the mobile and immobile

pores, respectively (pCi g'l);

m?
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¢, ¢, = concentrations of the nuclides in the mobile and immobile pores, respectively

" (pCi m™); and

10° = unit conversion factor ([cm]® m™®).

3.2.1.3 Quantity of Nuclides in a Unit Volume of Soil

The quantity of nuclides in a unit volume of soil is the sum of the quantities in the mobile
and immobile pores and in the solid phase associated with theses pores.

0.c, +0, c, +v p10°s +v, p10°%s.

m - im

v 6 v, 6
= emcm +6imcim +—mpb10 Sm +$pblo Sim
Um +Uim Um +Uim

0 .
=0 c +0. c +—>—p K, c +—"—
m-m im™im 9 +0 ph d~m 0 +0

K K
=0,.c, +m6’mcm +0,c, +220g ¢

m - im m - m

0, 0, (3.4)

(11 LRalg o (|14 2Ka g o
0, 0,

6 c +0 c
— m-m 0 m -~ im (et +pbKd)

t

= cav(et +pbKd)

Pk c,,

where
c,, = average concentration of the nuclide in the connected pores (pCi m?).
3.2.1.4 Change in Quantity of Nuclides Stored in the Elemental VVolume Due to
Radiological Transformations
This change in the quantity of nuclides in the elemental volume of soil over time as a
result of radiological transformations follows from the expression for the quantity of nuclides in

a unit volume of soil derived in Section 3.2.1.3:

Change =—-Ac,, (6, + p, K, )& . (3.5)
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3.2.1.5 Change in Quantity of Nuclides Stored in the Elemental VVolume Due to
Advective Transport

This change is the difference between the amount of nuclides carried in by water flowing
in through the mobile pores at the upgradient face of the elemental volume and the amount of
nuclides carried out by water flowing out through the mobile pores at the downgradient face of
the elemental volume:

0

Change =V 6 & ac'" & (3.6)
iz

where
V.= average velocity of the water flowing through the mobile pores (m year™).
3.2.1.6 Change in Quantity of Nuclides Stored in the Elemental VVolume Due to
Longitudinal Dispersion
This change is the difference between the amount of nuclides dispersing in through the

mobile pores across the upgradient face of the elemental volume and the amount of nuclides
dispersing out through the mobile pores across the downgradient face of the elemental volume:

2
Change = 6’m5xc9yD;"aa—cz’"§z , 3.7)
iz

where

D" = dispersion coefficient of the nuclides in the mobile pores (m? year™).

3.2.1.7 Net Change in Quantity of Nuclides Stored in the Elemental Volume

This net change in the quantity of nuclides in the elemental volume of soil over time
follows from the expression for the quantity of nuclides in a unit volume of soil derived in
Section 3.2.1.3:

Net Change = (6, + pbKd)ac

< SOy CE 38
P (3.8)

3.2.1.8 Mass Balance Equation

Mass balance requires that the sum of changes represented by Equations 3.5, 3.6, and 3.7
be equal to the net change represented by Equation 3.8:
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2
40+ p,K, ), 7.0, Ly prg TCu (3.9)

m>=m aZ z 7 m 822

0
(‘9z + pbKd) ;;v

Rearranging the above equation gives

2
o ge 4 On |y %u pnOCu | (3.10)
ot “ @ +p KN "oz 7 o

This equation has to be solved with appropriate initial and boundary conditions to model the
transport of the nuclides in the unsaturated and saturated zones. Some of these conditions (e.g.,
the boundary condition for transport in the unsaturated zone, Equation 3.25) are expressed in
terms of the concentration in the mobile pores, ¢, . Other conditions (e.g., the initial condition
for transport in the saturated zone, Equation 3.34) are expressed in terms of the average
concentration in the connected pores, ¢, . A relationship between these two concentrations is
therefore needed to model the transport.

3.2.1.9 Concentration of Nuclides in the Mobile Pores and Immobile Pores

As the contaminant plume moves, the water entering the mobile pores contains the
nuclides. The nuclides in the mobile pores are transferred into the immobile pores at a rate that
depends on the concentration of the nuclides in the mobile pores. Conversely, the nuclides in the
immobile pores are transferred to the mobile pores at a rate that depends on the concentration of
nuclides in the immobile pores. Over time, the concentration in the immobile pores increases to a
level at which equilibrium between the two (mobile and immobile pores) is achieved. Two
limiting assumptions are used to obtain the relationships among the concentrations in the mobile,
immobile, and total pores. If the time needed to travel through a region of soil is much shorter
than the time needed for the mobile and immobile pores to achieve equilibrium, then the
concentration in the immobile pores will be negligible compared to the concentration in the
mobile pores. Under these conditions, the average concentration in the total pores is given by the
following equation:

» — emcm ;Himcim zﬂc . (311)

t

c

If the time needed to travel through a region of soil is much greater than the time needed
by the mobile and immobile pores to achieve equilibrium, then the concentration in the immobile
pores will be equal to the concentration in the mobile pores. Under these conditions, the average
concentration in the total pores is given by the following equation:

Wz—@mcm;@mcfm e e (3.12)

t

c
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3.2.1.10 Governing Equation for Transport

Combining Equations 3.10 and 3.11 gives the following:

2
6. oc, :—zi—'"c” 6 (—Vm 6cm+D;n8 cmj

0 or © +p,K,) oz 62>
2
%n g v Y[y %n p a—";m (3.13)
ot 6, +p,K,) oz oz
2
e~y Fny pef S
0z 0z
where
V. =V ———— = average velocity of contaminants in the soil (m year™) and
0, + p,K,
D! = D" ———— = dispersion coefficient of contaminants in the soil (m? year™).
0+ p,K,

Combining Equations 3.10 and 3.12 gives

2
oc,, —de + 0, [_ Vm%+D;" 0 ch

ot 6 +p,K,) Oz oz
(3.14)
2
= de, v Ly pe Pl
0z oz
where
V. =V ——m_ = average velocity of contaminants in the soil (m year™) and
0+ pK,
Dé = D" 0, = dispersion coefficient of the contaminant in the soil

z

9+ pK, (m? year™).
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3.2.1.11 Retardation Factor

The ratio between the average velocity of water in the mobile pores and the average
velocity of the contaminants is called the retardation factor:

.
R, =7'j . (3.15)

When the travel time through a region of soil is much shorter than the time needed for the
mobile and immobile pores to achieve equilibrium, the governing equation (3.13) contains a
retardation factor of

&:M:prpb_l(d _ (3.16)
0, 0,
When the travel time through a region of soil is much longer than the time needed for the
mobile and immaobile pores to achieve equilibrium, the governing equation (3.14) contains a
retardation factor of

_9+pkK, _ 0 pKy (3.17)

0, 0, 0

m m m

R,

Equation 3.16 is used as the default retardation factor in RESRAD-OFFSITE code because it
gives a faster breakthrough time and higher radionuclide concentrations than Equation 3.17 does.
See further discussion at the end of Section 3.2.1.12.

3.2.1.12 Pore Water Velocity

The volumetric flow rate through a unit cross section is called the Darcy velocity or
apparent velocity of flow. The Darcy velocity of flow in the partially saturated zone is the
infiltration rate, which is computed by using the following expression:

Vd :I:(l_ce)[(l_cr)lj;’+])r] 1 (318)

where

Vv, = Darcy velocity (m year™),

I =infiltration rate (m year™),

C, = evapotranspiration coefficient,

C. = runoff coefficient,



3-11

P. = precipitation rate (m year™), and
I, = annual irrigation applied over the primary contamination (m year™).

The Darcy velocity of flow in the saturated zone is the ground water flow rate, which is
computed by using the following expression:

Vi =Kyl (3.19)

where
K, = saturated hydraulic conductivity (m year™) and
i,, = hydraulic gradient.

The pore water velocity of the mobile pores is related to the Darcy velocity by the
following expression:

V,=0V, . (3.20)

m-m

Equation 3.20 is combined with Equations 3.18 and 3.19, respectively, to compute the pore water
velocities in the unsaturated and saturated zones.

The average velocity of the nuclides in soil is computed in the code by using the
following expression:

Vo= . (3.21)

m

Equation 3.21 is combined with the equation for the retardation factor (3.16 or 3.17) and with
Equations 3.18 and 3.19, respectively, to compute the nuclide transport velocities in the
unsaturated and saturated zones.

Using Equation 3.16 and Equation 3.21 gives a faster average nuclide velocity and hence
an earlier breakthrough time for radionuclides. Because Equation 3.16 predicts a shorter
breakthrough time and consequently a higher concentration in water, it is used as the default
retardation factor definition in the RESRAD-OFFSITE code. For derivation of cleanup criteria
and for dose/risk assessment, the default retardation factor (i.e., Equation 3.16) provides more
conservative results. The use of Equation 3.16 also is consistent with the retardation factor
definition used in the RESRAD (onsite) code. (Note that Equation 3.17 was used in beta versions
of the RESRAD-OFFSITE code.)
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3.2.1.13 Dispersivity

This is the ratio between the dispersion coefficient of the nuclide in soil and the velocity
of the nuclide in soil:

d=S2="2 (3.22)

where
d = dispersivity of the nuclide (m).

The dispersion coefficient of the nuclide in soil is computed in the code by using the following
expression:

DS = . (3.23)

3.2.2 Output Flux and Concentration Resulting from an Input Flux for Radionuclides
That Entered and Exited the Transport Layer in the Same Form

The governing equation is solved for an instantaneous unit flux across the upper
boundary, assuming a layer of unbounded thickness. The governing equation to be solved is as
follows:

oc, (z,t)
ot

oc, (z,t) o’c, (z,t) _

+ e, (z,0)+V, .
Oz

% 0. (3.24)

The instantaneous unit flux across the upper boundary can be expressed by the equation:
v 6.c (z0)—0.D" % _VR,6.c.(z6)—DR,0, % _5(zi),  (3.25)

where
Az 1) = a delta function.

The assumption of a layer of unbounded thickness allows the global mass balance

0

t

+p,K, ), (z,t)dz=R,0, Jcm (z,t)dz=e".

equation to be written as '[(
0 z=0

z=

Starting with the solution of Lindstrom et al. (1967) for a “flux-plug type of input at the
surface” and considering the limit where the duration of the flux plug tends to zero while the
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total flux goes to unity, and then modifying for a transforming solute, we obtain (after fixing a
typo in the reference):

e 2 (z-V.1)? v zV z+Vt
1) = exp| — < ——<-ex < — . 3.26
w20 ede!\/47rD§t -Co )zl ) Japi )| O

_z 1 _(z- V.1)? B
f(z,0)= exp( —4Djt ;tzj : (3.27)

If the flux entering a partially saturated layer is known as a function of time, it can be
convolved with the above expression (for output flux from an instantaneous unit input flux) to
obtain the flux exiting the layer:

flz.t)= j £(0,t—7 )f exp(— =ve) dez . (3.28)

4nD}t 4Dt

z

3.2.3 Output Flux and Concentration Resulting from an Input Flux
for Radionuclides That Were Produced by Radiological Transformations
within the Transport Layer

Ingrowth from the parent nuclides needs to be considered in addition to the processes
discussed in Section 3.2.1 when modeling the transport of progeny that are produced in transit.
The governing equation then becomes

2 p
de, () + Fal) Ly @) e 87 G0) g O RIp, 55
a & & 0,+K,p,

where

¢? = concentration of the parent radionuclide in water (pCi m-3), and
K ? = soil-water distribution coefficient of the parent radionuclide ([cm]3 g-1).

An exact solution involves solving this equation for each nuclide of the chain using the
solution for the previous member of the chain and is complex, especially for the later members
of a transport chain. RESRAD-OFFSITE provides two simpler solutions; one that is applicable
when longitudinal dispersion is dominant and the other for cases where the differences in the
distribution coefficients of the parent and progeny are significant. Situations where both
processes are of comparable importance can be modeled by subdividing the transport layer as
discussed in Section 3.3.13.
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3.2.3.1 Concentration and Flux of Radionuclides That Were Produced by
Radiological Transformations within the Transport Layer from
a Flux Input When Dispersion Is Dominant

The solutions in this case are obtained under the assumption that the nuclides in the
transformation chain, from the parent that enters the zone to the progeny that exit the zone, all
travel at the same velocity and partition to the same extent between the solid and aqueous phases
of the soil. The transport can then be separated out from the ingrowth and the flux of the kth
progeny resulting from an instantaneous unit flux of the parent is given by

a z 1 (z=V1t)
1) = — exp| —————- A4t |, 3.30
1) =2a e p[ T (330)

Sien = flux of the Kt radionuclide of the transformation chain (pCi yr-1) and ay ;
is a set of coefficients defined by a,, =1,

where

% ~

A )
= %1 forall1<i<k and
A — A

k1
arr = _Zak,i .
-1

The concentration is given by

A %
e 4apit Ve e D¢ erfc[ zZ+ ct]
JArD't 2D;

em Rd

k=1

D a,, exp(-At). (3.31)

¢ (z,0) =

3.2.3.2 Concentration and Flux of Radionuclides That Were Produced
by Radiological Transformations within the Transport Layer
from a Flux Input When Differences in Their Distribution
Coefficients Are Dominant

The solution in this case is obtained by ignoring longitudinal dispersion. The derivation
of the solution for the first three members of a transport chain is discussed in Appendix | of the
User’s Manual for RESRAD Version 6 (Yu et al. 2001). The solutions are expressed in terms of
the contaminant travel times, 7; = z/v;. Subscripts i, j, k, [, and m are used to describe the nuclides
of the transport chain in the order in which they occur in the transformation chain, while
subscripts 1, 2, 3, 4, and 5 are used to describe the nuclides sorted in ascending order of the
travel time. The transfer functions for advective flux are all of the form
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1) =25 pepla, i+ 5,1,). (6:32)

where

%, Bij = all functions of the radiological transformation constants, the ratios of

the travel times of the radionuclides, and the travel time of the fastest
radionuclide of the transport chain, and

T7 = travel time of the fastest radionuclide of the transport chain.

The concentration is obtained by dividing the advective flux by the volumetric flow rate in this
case.

3.2.4 Concentration and Flux of Radionuclides That Traversed the Transport Layer
in the Same Form, from a Pulse Input

The governing equation for longitudinal transport is the same as the one for the partially
saturated zone; as stated earlier, the transverse transport due to transverse dispersion is
considered separately for ease of computation. The boundary condition, however, is different.
Unlike in the partially saturated zone where the input flux entered from the upgradient face of the
transport zone, the input flux for the saturated zone is from the top side of the horizontal
transport zone. The contaminant can, under the appropriate conditions, disperse out of the
upgradient face of the transport zone.

The solution for a volume source is obtained by integrating the solution for a plane
source along the longitudinal axis. The governing evaluation for transport in the saturated zone
Is:

& & Fe
—"_D¢ " _Q, 3.33
gDy (3:33)

The boundary condition of a unit pulse across a vertical plane can be written as

LL(6,+p,K, ), (x,t=0)=LLOR,c,(xt=0)=5(x), (3.34)
where
Ly, = width of the primary contamination (m),
L =L, VL = depth of advective penetration of the contamination into the
d

saturated zone (m),
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= length of the primary contamination in the direction of groundwater
flow (m), and

= infiltration rate through the primary contamination (m yr%).

Assuming that the saturated zone is infinite in length, the global mass balance equation

can be written as L,L (6, + p,K,) J-c (x,0)dx=L,LR,0, jcm (x,f)dx=e*
x=0 x=0
The solution to the governing equation (Equation 3.33) under the mass balance and

boundary conditions is
2
¢, (x,1) = 1 1C exp —(’C_—V;’)—;a : (3.35)
L,LO,R,\ 4Dt 4D‘t

The flux is given by3

7o) =g {7+ )

2L L. t

exp[—w— ﬂt]. (3.36)

ArD:t 4D:t

The solution for an instantaneous unit release over the rectangular prism is obtained by
integrating over the appropriate length of the saturated zone. The concentration at a distance x
from the center of the rectangular prism is

x+L, /2 A ., P
¢ (x,0) = L L — | exp —w—m z, (3.37)
L.L,L(6,R,)\A4mDt | 2 4Dt

which, upon integration, yields#

&
3 m
f ( ) m - m-m m m &

(x_Vc )2
Flot)=—2 |V _DofVi=x) ) 1 ,,[* i)
YU LL R, R\ 2D )|\ 4Dt '

4 Transforming the variable to recognize the error function yields

x+i—V.t
-,
2
¢ (n) = 1 e 2 \/? exp| - x-Vit J x-=V.t
" LLLOR) 2 Vr i Japee | |\ JaDet |
2

4Dt
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eif(x+L*/2V‘t}elf{xL*/ZVJ]
¢ (1) = exp(— At) VaD: 1 V4Dt

- (3.38)
L.L,L(O,R,) 2
The flux at distance x from the center of the rectangular prism is
L L
( ) Ve X+ 2"—Vct x—?x—Vct
flx,t)=—= erf —erf| —EF—— (3.39)
2L,L,L, \JAD¢t \JAD<t
(erL—X—V(‘tjz [x—L—X—V(‘tjz
2 2
_ Dy e Dy _,  A4Di

4t L.L L,
Now include the effect of lateral dispersion. The simplified equations to be solved are

@ Pen _goang En_ Few o (3.40)

a @}2 a &2
By using the analogy between these equations and the equation for longitudinal transport,
exp(— At) x+L [2-Vt x—L_[2-Vt
c,(x,,z1)= erf - — |—erf| ———
3.41
y+L,/2 y-L,/2 z+L z—-L
Xlerf| ———|—erf| —— || erf| —= |—erf| —=||.
1/4Djt \4D;t \ADSt \JAD:t

A reflection will occur when the vertical concentration profile reaches the boundary of the
impermeable layer underlying the aquifer. This is modeled by including a mirror source at twice
the depth of the aquifer, 2H,,. Additional mirror sources are introduced each time the reflected
profile reaches the water table or the lower impermeable boundary:

-2H,4H,,-4H, 6H,,.... (3.42)
Now consider a well that obtains water from a depth d,, of the aquifer over a pumping diameter

of ¢, = U,,/(d,, V), and is situated at a distance x,, along the plume centerline and a distance y,,
perpendicular to the plume centerline from the center of the prism.
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The concentration in the water extracted from the well is obtained by integrating over the
region of the aquifer defined by the depth d,, and width ¢,

i Icm (xw,y, z,t)dydz ) (3.43)
4

¢, (X, Y,

) FF{ (x +L,[2- Vng_erJ{xw—Lx/Z—VctH (3.44)
2L.L,L.(,R,) ¢, d Jap:t

X;fz erf y+L,/2 ot y-L,/2 J o d
L et it o

The integral of the error function is evaluated by using the following series for the error function,
which is useful for arguments in the range -4.0 to +4.0:

2n+l

Thus, Interf (x) = Jel”f (%) = \/_Z 2n+2 N2n+1)n

The concentration in well water may be written as the product of three factors:

¢, (x, vt =c, (x, 0e,, 0,0)e,.0), (3.46)
where
- 4 L. /2-Vt —-L [2-Vt
cw,x (xo ’ t) = exp( it) - e’f i = / - - e’f * X / c and
2L, V,L.L, D't 4Dt

\/Dil"f 2y, +o,+L, 2y, +o,—L 2y, -0, +L, 2y, -0, L,

e, (V1) =~——| Interf L _ Interf Y _ Interf 'y Interf .
’ 0, [ 1605 6D J6Dst fions

with additional terms in c,,, () for reflections off the impermeable layer and the water table if
necessary.

The concentration in well water can be computed by convolving the above expression for
the concentration in well water due to a unit pulse input into the saturated zone, with the
time-dependent input pulse obtained from the unsaturated zone transport calculations.
RESRAD-OFFSITE, however, uses a further approximation to simplify the calculations in order
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to (1) reduce run time, (2) to generate the transverse cross-sectional concentration profile in the
aquifer at the location of the well without excessive demand on memory, and (3) to implement
the subdivision of the saturated zone to better predict the transport of the progeny.

The previous expressions pertained to an instantaneous source in the shape of a
rectangular prism; we now consider a point source. The concentration due to an instantaneous
point source is

exp{— At —

(x-ve)  5* 22}

AD:t - 4Dt - 4Dt
(0, R, WamDst \[amDit[4zDst

c,(x,y,z,1) = (3.47)

The peak concentration at any location occurs at a time given by®

2 2 2 2 2 2
P (éjﬂch SRS | M P S ) (3.48)
r 2 2 AD: \ D D: D; AD:

More generally, the peak concentration at the centerline occurs at

—nDf 44D+ (aAD5 472 e
b= (4aDc +72) ’

(3.49)

where n is the number of directions in which dispersion is active. Dispersion is considered to be
inactive in the vertical direction, if the concentration profile in the vertical direction becomes
essentially uniform because of repeated reflection of the plume by the lower impermeable layer
and the water table. It is also inactive if a zero value is specified for the vertical-lateral
dispersivity.

If there were no dispersion in the longitudinal direction, contaminants would show up at a
point x distance away along the plume center line at a time x/V,. following an instantaneous
point release. Longitudinal dispersion spreads out the contaminants and they arrive over a period
of time, with the peak occurring at time #,. The transverse profile of the concentration will vary
somewhat over this period of time. In RESRAD-OFFSITE, the transverse concentration profile
at time ¢, is used in place of the range of profiles. The expression used by RESRAD-OFFSITE

e &, (x,y,2,1)

3 V2 x2 2 ZZ
-———A- "t y‘ st ——
2t AD; ADt" AD;t" AD:t

zlcp(x,y,z,t) =0.

t=t,
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for concentration in water extracted from the water sources due to an instantaneous pulse input
over a region in the shape of a rectangular prism is

cw (xw ! yw ! t) = cw,x (xw ' Z)Cw\y (yw)cw,x 1 (3'50)
where
exp(— A1) V. x,+L [2-V.t x,—L,/2-V.t
€y (X, 0) = — | erf| ——F = |-erf| —F———||
2L, V,L,L. [aD¢1 JAD<t
JD:t 2y, + ¢, +L ~¢.-L, |, and
¢, ()= 2| Interf — =22 —In tef L — Inter; f +Interf E—_
’ { J16D1, 1/16Df ) ,/16Df : 1/16Df :

Interf + Interf

R Ly
c, .= a Interf 4D_f — Inter; f\/i aDit Dt

with additional terms in ¢,,, ; for reflections off the lower impermeable layer and the water table
if necessary.

The above expression for concentration due to a unit pulse input into the saturated zone is
convolved numerically with the time-dependent input pulse obtained from the unsaturated zone
transport calculations to compute the concentration in the well water. Under the peak time
approximation, the shapes of the lateral profiles are independent of time; cw,y(yo)and cw,z are
computed once outside the convolution.

When the user chooses to model vertical transverse dispersion, the code does not consider
the effects of any clear infiltration along the length of offsite transport. On the other hand, if the

user chooses not to model vertical transverse dispersion, the effects of clean infiltration along the
length of offsite transport is modeled by using the following expression:

¢ = max(o, min(dw, (’”L)IJ - ’dj /dw . (3.51)
Y Vd Vd

The effect of lateral dispersion on the radionuclide flux entering the surface water body is
modeled in a similar manner. The flux into a surface water body is

vy t)= £ G0 f, v ) (3.52)



3-21

where

I B I B 2 | R e (noloraf  (s-tana)
— c _ _ X 4Dgt _ 4Dt
i A apy || VamLiL|® e

S ys)= \/ﬁ[l”l’erf \/m — Interf \/167 — Interf \/16? + Interf \Z/ﬁ}
Si- =+ D: {Imerf — Interf ——=—+ Interf —L } ’

x, = distance along the plume centerline from the center of the rectangular
prism source to the center of the surface water body (m),

v = distance from the plume center line to the near edge of the surface water
body (m),

yr= distance from the plume center line to the far edge of the surface water
body (m), and

d = depth of the aquifer contributing to the surface water body (m).

The above expression for flux due to a unit pulse input into the saturated zone is convolved
numerically with the time-dependent input pulse obtained from the unsaturated zone transport

calculations to compute the flux to the surface water body. Under the peak time approximation,

the shapes of the lateral profiles are independent of time; f ,,(y,, yy) and f; - are computed once
outside the convolution.

3.2.5 Concentration and Flux of Radionuclides That Were Produced
by Radiological Transformations within the Transport Layer
from a Pulse Input

As in the case of the flux input (Section 3.2.3), RESRAD-OFFSITE contains two
solutions for the transport of progeny produced in transit. One is applicable when longitudinal
dispersion is dominant, and the other is for cases where the differences in the distribution
coefficients of the parent and progeny are significant. Situations where both processes are of
comparable importance can be modeled by subdividing the transport layer as discussed in
Section 3.3.13.



3-22

3.2.5.1 Concentration and Flux of Radionuclides That Were Produced
by Radiological Transformations within the Transport Layer
When Dispersion Is Dominant, from a Pulse Input

The solution in this case is obtained under the assumption that the nuclides in the
transformation chain form the parent that enters the zone to the progeny that exits the zone, all
travel at the same velocity, and that they partition between the aqueous and solid phases of the
soil in the same proportion. The transport can then be separated out from the ingrowth, and the
concentration of the kth progeny in well water, resulting from an instantaneous unit flux of the
parent is given by

c\l/(v (x() 4 yo ’ t) = C\va',x (‘xo ’ t)cw,y (yn )cw,z 1 (353)

where

i-1 \A4D:t \A4D:t

cw,y(Vo), cw,z = same as in Equations 3.50 and 3.51,

d e L /2-Vt x—L./2-Vt
ct (x,,1) erf| 2 | —erf| —E——<
o (X, Z oL, VL L f[ f

a,; = aset of coefficients defined by a,,=1,

A :
a, =% forall 1<i<k,and

k i

k-1
G =-3a, .
i=1

The flux of the £t progeny to the surface water body is given by

f:s'k (‘xs ' yn ’ yf ! t) = f:fx ('xS ! t)f%)’ (yl’l ! yf )f:s',z ’ (354)
where
R X, +£ —V.t X, _& Vit D [X.J%ZVJJ [X’ﬁ%:"d) ,
fh )=k —<Jerf 2 —erf 2 — e P e A
: SLLL |2 N JAD:t 4mt

Ss,y0n ¥, fs,2 = same as in Equation 3.52.

The above expressions for concentration and flux due to a unit pulse input into the saturated zone
is convolved numerically with the time-dependent input pulse obtained from the unsaturated
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zone transport calculations to compute the concentration in well water and the flux to the surface
water body. Under the peak time approximation, the shapes of the lateral profiles are
independent of time; the expressions for the effects of lateral dispersion are computed once
outside the convolution.

3.2.5.2 Concentration and Flux of Radionuclides That Were Produced
by Radiological Transformations within the Transport Zone
When Differences in Their Distribution Coefficients Are Dominant,
from a Pulse Input

The solution in this case is obtained by ignoring longitudinal dispersion. The derivation
of the solution for the first three members of a transport chain is discussed in Appendix | of the
User’s Manual for RESRAD Version 6 (Yu et al. 2001). The solutions are expressed in terms of
the onsite and offsite contaminant travel times, T;, o, and T;, o Subscripts 7, j, k, [, m are used to
describe the nuclides of the transport chain in the order in which they occur in the transformation
chain, while subscripts 1, 2, 3, 4, 5 are used to describe the nuclides sorted in ascending order of
the travel time. The transfer functions are all of the form

A
Filet) =2 B rexple, i+ B, Ty + B Ty(0). (3.55)

1

where

.04, B;; = all functions of the radiological transformation constants and the
ratios of the travel times of the radionuclides and the travel time of
the fastest radionuclide of the transport chain,

T, = offsite travel time of the fastest radionuclide of the transport chain,

T; on = onsite travel time of the fastest radionuclide of the transport chain,
and

y(t) = onsite travel distance.

The above expression for flux due to a unit pulse input into the saturated zone is convolved
numerically with the time-dependent input pulse obtained from the unsaturated zone transport
calculations to compute the advective flux. The concentration, in this case, is obtained by
dividing the advective flux by the volumetric flow rate.

3.3 IMPLEMENTATION OF THE GROUNDWATER TRANSPORT MODELS

This section describes how the expressions derived from the conceptual model
(Section 3.2) are implemented in the computational code. As shown in Figure 3.1, modeling the
transport in the partially saturated zone involves predicting the flux out of the zone that is a result



3-24

of the known flux into the zone. The implementation of the expressions for output flux resulting
from an input flux is discussed in Sections 3.3.1 through 3.3.3. Section 3.3.1 deals with those
atoms that traveled across the transport zone without undergoing any radioactive
transformations, while Sections 3.3.2 and 3.3.3 give the two alternative formulations for those
atoms that underwent radioactive transformations during their travel across the transport zone.
Sections 3.3.4 through 3.3.9 deal with the implementation of the expressions for the output flux
or the concentration in well water resulting from a pulse input. Sections 3.3.10, 3.3.11, and
3.3.12 deal with the implementation of the expressions for the concentration in well water that
results from an input flux. Although the concentration from a flux input is not necessary for the
conceptual model depicted in Figure 3.1, it is utilized in Section 3.3.13, where a method for
improving the modeling of progeny produced in transit is discussed.

3.3.1 Output Flux Resulting from an Input Flux for Radionuclides
That Traversed the Layer in the Same Form
In RESRAD-OFFSITE, the fluxes entering a layer are known at each of a series of times.
Assuming that the fluxes entering a layer vary linearly between those times, an analytical

solution for the flux exiting the layer can be obtained as follows.

Let the input fluxes at times ¢; and ¢, be f{0,71) and f{0,z2), respectively.

Applying the expression developed in Section 3.2.2, the output flux at a distance z at time
t,> t> > t; due to the input flux entering between times ¢; and ¢, is obtained by the convolution:

( 4D‘ 2 /ITJdT (3.56)

Approximate the input flux during that time interval by linear interpolation:

" (z,t,) = J.f(Ot r)

(0,4 <t —r<1t) = f(O,tl)th 1(0, tz)@. (3.57)

2 1 2 1
By rearranging in terms of
f0,, <t —r<t)=a+br,
where

a= f(O,tl)ttz “hy £(0,6)2 "% and
) -

—h 2 h

L L0.8)-f(01)

tz_tl
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Substituting the linear interpolation in the convolution gives

. b z / 1 (z-V.r)
2(z,t) = +b7)= exp| — c s — At |dr. 3.58
k) : ‘_[2 (a+b7) t\|4xDt p( 4Dt Tj ’ (3:58)

The convolution can be performed analytically® to give

N _ 1 bz z(Vﬁ,/V3+4D;z) zf,/V(,Z+4D;'/1(t”7t2)_ z— V2 +4DA(t, —t,)
()= z[mj”[ 2D ]H Japit ) }f[ o) @59

. 1 bz z(Vf +V? +4D;,1) , z+ V2 +4DA(L, —t,) , 2+ V2 +A4DA(L, —t,)
—|a-— €xj er) — éer] .
2 V2 +4D%) i 2D; ‘ \ADS(t, —t,) ‘ \ADS(t, — 1)

The flux exiting the layer at the »th time point is obtained by summing the contributions of the
input fluxes over the preceding n—1 time intervals.

6 First recognize that the exponent of the exponential part of the integrand can be written as

(z-V.) e (z—./Vf +4D;,1f)2 NELAN zV2+4D A (z+,/Vf +4D_f,1r)z 2V, V2 +4DiA
4Dt

4Dt 4Dt 2D¢ 2D¢ 2D¢ 2D¢

and write the nonexponential part of the integrand as

-1 bz z -1 |W?*+4Dik 1
z 1 =—|a+ i il
(a+br)>——=—= x| Jv?+api )\ JaDpir 2t \ 4DI 2t

-1 bz z -1 VZ+4D ) 1
+—|a- —
Na| v +4p:) ) Japsr 2t 4D: 2t
_ _ V2 +4D AT .
in order to transform the variables to \/ for the two components. Then the convolution can be
4Dt

expressed as the sum of two integrals that are recognizable as error functions, namely,

1[ bz } Z(V(, 72N 4Df/1) 2- V2 + 4Dj/1r]2 d[z _VEiapar
a+ exp
o

2

2
il —exp| -
JVZ +4D¢A 2D I\/Z [ JaD¢r 4D‘r

and

1 bz z(Vr + V7 +4D§Z)J. 2 z+ V2 +4DAr ’ Pk V2 +4D A,
a - exp ——exp| —
2D; Jr JaDiz NI
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fonye [, b e A AR [ N e v 0 O PN/ o AT
z, = eéx, —
o w2 ‘/VZ vanz )" 2D; ' VADL(t, 1,1 ' JaDs(, - 1,) (3.60)

"11[ bz ] Z(K +,/V(_2+4Dz‘/l)[ f[z+,/n2+4[);;.(t,,—z 1} [H,/VZ + 4D /I(t ﬂ
a, — exp er) —er ,

2D; AD:(t, ~1,.1) aD:(e, ~t,

with

f04,)= f(Ot)

tm+l - tm

and b, =

= f(0.2,) t””l +f (, fm)

m+1 m+l m

This expression is semianalytical, that is, part of this analytical expression, specifically the error
function, has to be evaluated numerically. The error functions in this expression are dependent
only on the length of the transport zone, the contaminant transport velocity, contaminant
dispersion coefficient, the radiological transformation rate, and on the time intervals between the
intermediate times; they are independent of the (time dependent) flux coefficients a,, and b,,. If
the intermediate time points are spaced linearly, then the time interval (¢, — t,,;) depends only on
the difference n —m and not on the value of n. For example, the time interval between the first
and the 20th intermediate time point will be same as the time interval between the 21st and 40th
intermediate time points. Thus when the linear spacing option is chosen, the error function for all
the appropriate time intervals can be computed once and stored in memory for subsequent use,
thus reducing the run time.

3.3.2 Output Flux Resulting from an Input Flux for Radionuclides That
Were Produced by Radiological Transformations within the Transport
Layer When Dispersion Is Dominant

Let the input fluxes of the parent nuclide entering the transport layer be f1(0, #1) and
£(0, 19), respectively, at times ¢; and 7.

Applying the expression developed in Section 3.2.3.1, the output flux of the th progeny
at a distance z at time #, > o > 11, due to the input flux of the parent nuclide between times 71
and 7, is obtained by the convolution:

,‘jf(z,z,,)=iakilnr £.0.1 z') / ( ; vx) —ﬂir]dr. (3.61)
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The flux of the £th nuclide of the transformation chain exiting the layer at the end of the »™ time
point is obtained by summing the contributions of the input fluxes over the preceding n—1 time
intervals as in Section 3.3.1:

o) - iia;[a L he ]exp z(I{ ~ Vi aps, ){erf[z ~JVE+aDiat, - zM)J B erf{z VP4, - z,,,)ﬂ (3.62)

2D JaD:i(t, - 1,,1) JaD:(, - 1,,)

S [ N J“” AR +4D;Z,){e’ ,[ +rZvania, ‘fw)Jer_/v[”*/W +4D3,(, —rm)ﬂ_
1

2D; Japs(e, - 1,.,) Japi(e, -1,)

The code uses this solution if all the nuclides in the transformation chain from the parent entering
the transport zone to the progeny exiting the zone have the same distribution coefficient. In this
case, all these nuclides under consideration will have the same transport velocity and the same
dispersion coefficient. Even in cases where these nuclides have different distribution
coefficients, it is possible to instruct the code to use this equation to model the transport of the
progeny produced in transit. When this choice is made, it is also necessary to make a choice of
whether to use the distribution coefficient of the parent or the distribution coefficient of the
progeny to calculate the transport velocity and the dispersion coefficient of these nuclides. When
the linear spacing option is chosen for the intermediate time points, the error function for all the
appropriate time intervals is computed once and stored in memory for subsequent use for the
reasons mentioned previously.

3.3.3 Output Flux Resulting from an Input Flux for Radionuclides That
Were Produced by Radiological Transformations within the Transport
Layer When Differences in Their Distribution Coefficients Are Dominant

In RESRAD-OFFSITE, the fluxes entering a layer are known at each of a series of times.
Assuming that the fluxes entering a layer vary linearly between the fluxes at the intermediate
times and applying the expression developed in Section 3.2.3.2, an analytical solution for the
output flux of the xth progeny at a distance z at time ¢, > ¢ > #1, due to the input flux of the
parent nuclide between times ¢, and #2 , is obtained by the convolution:

. — A
w(2,) = J'tn_[z (a+ br)Zkaexp(ai'jr + ,Bl.val)iT : (3.63)
L]
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The convolution can be performed analytically’ to give

Zj/ a a b( '(tn_tl)+ﬁz,_/7i _eai,j(tr1_t2)+ﬁi,jT1)

1 i,j ,]
(3.64)
+ b(tn B tl)eai,j(ln*tl)Jrﬁi,jTl _ b(tn B tZ)e“i,j(tn*lz )+ﬁi,jT1
a;; a;;
The flux exiting the layer at the end of the »th time point is obtained by summing the
contributions of the input fluxes over the preceding n—1 time intervals.
k ZZ lj a, b (ea:}j(tn’tm )+,B,»,j7‘1 _ea[,,'(fn*fn”l)*ﬂ[,jn)
m=li,j z,./
(3.65)
+ bm (tn B tm)eai,j (ta=to )Jrﬁi,jTl _ bm (tn B tm+1)eai,j(tn*’mﬂ)*ﬂi,ﬂi
a;; a;;

This expression is a linear function of the time-dependent flux coefficients a,, and b,,, the
rest of the expression consists of the advective travel times, 7}, of the nuclides in the
transformation chain, the coefficients a,; ;, B;;, which are functions of the ratios of the advective
travel times, and the radiological transformation constants of the nuclides in the transformation
chain, and the time intervals between the intermediate times. If the intermediate time points are
spaced linearly, then the time interval (¢, — t,,) depends only on the difference n — m and not on
the value of n. Thus when the linear spacing option is chosen, the output flux from a unit input
flux can be computed once for all the appropriate time intervals and stored in memory for
subsequent use with the appropriate flux, thus reducing the run time.

3.3.4 Output Flux Resulting from a Pulse Input for Radionuclides That
Traversed the Layer in the Same Form

In RESRAD-OFFSITE, the fluxes entering the water table across the footprint of the
primary contamination are known at each of a series of times. The spatially integrated flux across
a vertical plane in the saturated zone, at a distance x downgradient of the center of the primary
contamination, is obtained as follows.

! fil(z,t,) = "ny (a+b7) expa A+ P, T)dz' and

t—t
t A +b b

f}crf (Zitn ) = ZkZV aa d exp(ai,jr + ﬂi,jTl)_a_zeXp(ai,jT + ﬁijl)
ij iJ i,j

b=ty
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Let the spatially integrated flux at the water table at time ¢ be F,,(z).

By applying the expression developed in Section 3.2.4, the spatially integrated output
flux at time ¢, is obtained by the convolution:

L, L.
Ve x+—>-Vr x——>-Vr
< erf — erf -
2L.L L. 4D‘z 4Dr
t/l
F(x’ Z""):L,"LZJAF‘WI (tn _T) dz" (3'66)

0 , ,
¢ _ir (Hi%j) (Fﬁw TJ

_ Dx e 4D{t e 4Dt

A LxLyL

This is evaluated numerically by using either Simpson’s (parabolic) formula or Romberg’s

method (Section 3.3.14), assuming that the flux to the water table varies linearly between the
values at the intermediate times.

As in the previous cases, substantial savings in computation time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,_1 to one at time #,,, and
the second is for a flux that decreases linearly from one at time 7,1 to zero at time ¢,,.

L L,
Ve—iz x+7_VcT x_i_VCT
< erf . —erf| ———
2Lx 4D: T 4Di T
by =ly t —t -7 _ (367)
filxt,—t, )= ('“ @
! rnJ‘t ZLm _tm—l L, : L. 2]
— [x+74’l rj [A*7*V< T]
At
\/E e 4%t 4Dt
_ e —e
4rt L,
L, L,
Ve x+—-V. x———=V.
ce e}'f‘ _ e,,:f 27
2L, Japte Japi
el et (3.68)
fZ(x’tn _tm—l): (”m dt .
e tm _tmfl [x_‘,i_y ,]2 (v———V 1]2
Dc e—lz i
_ x e i, 4D
4t L,
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Both of these are evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the spatially integrated flux across the vertical plane is obtained by summing the
contributions of all the relevant time intervals,

F(xt, )= Z Nfilx,t, —t, )+ fo(x.t, —t,)). (3.69)

The nuclide enters the surface water body through a rectangle of finite dimensions, a subsection
of the vertical plane. This is accounted for by using the expressions derived in Section 3.2.4, as
follows:

Foot) = Fleg) Pt ) L @70

y z

where

S ( )= Int f — Int fzyf'_L — Interf Y tLy Int fzyn_Ly
s,y yn’y/ }1) nier, nier, > niter, 7"1‘ nier, 7( ’
VP e~ ] e e e ] S

and

fi:=4 zp{]nterf\/_zp Inter f\/E

Interf ——=—— + Interf

Lz
R i)

or

fi.= max(o, min(ds (XJ;/#)IJ —X—IJ ,

d Vd

depending on whether the dispersivity in the vertical direction is nonzero or not. The expression
for £, - will contain additional terms for every reflection of the dispersion plume at the lower

impervious boundary and at the water table.
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3.3.5 Concentration in Well Water Resulting from a Pulse Input for Radionuclides

That Traversed the Layer in the Same Form

In RESRAD-OFFSITE, the fluxes entering the water table across the footprint of the
primary contamination are known at each of a series of times. The concentration in well water is
obtained as follows.

Let the spatially integrated flux at the water table at time ¢ be F),/(¢).

By applying the expression developed in Section 3.2.4, the concentration in well water at
time ¢, is obtained by the convolution:

t , , (3.71)
Coett (X, Vot )=¢,.€, (V) o, L L J‘ Lt —T)e" dt
x 0
—erf x,—L.[2-V
4Dt
where
2y +o +L 2y +¢_ —L
Interf X 20 T ey S T T 2
Dt 16D}z, A /16Dytp
C, (V)= :
¢W 1 fzy\'ﬂ_¢l17+L I f _gDW_L
— Interf ——_— + Interf ——_~
1/16D;z‘ ,/16Dytp
and
Interf Interf
Dt ‘) 4Dt » 4DZ t,
cwz - ’
> dw
— Interf + Interf
4Dz‘tp 4Dz°tp
or

¢, . =max| 0,min dw,M _ d, ,
' Vd Vd

depending on whether the dispersivity in the vertical direction is nonzero or not, with additional
terms in ¢y, - for reflections off the lower impermeable layer and the water table if necessary.
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This is evaluated numerically using either the Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14), assuming that the flux to the water table varies linearly
between the values at the intermediate times.

As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,-1 to one at time ¢,,, and
the second is for a flux that decreases linearly from one at time #,,-1 to zero at time ¢,,.

erf x+L [2-V.t
LIl (R Ve VD
filxt, =t )= [ |2 : a (372
t,~t, Z‘m_tmfl 2LdeLyLz L /2 V
_erf x—-L, T
4Dt
x+L 2=Vt
y /
by =lya T—1 +1 Ve_h 4D§Z’
Xt —t )= _n : de - (3.73)
fol(xt, —t,4) t”L(tm_’ml JzLdeLyLZ Ly
—€7f X x/ —V.T
AD:t

Both of these are evaluated numerically using either the Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the concentration in well water is obtained by summing the contributions of all the
relevant time intervals,

n-1

cwell (xw’ yw’tO ) = cw,zcw,y (yw )Z le (tm )(-fi(x’ tO - Z‘m ) + fZ ('x’ tO - Z‘m )) . (374)

m=1

3.3.6 Output Flux Resulting from a Pulse Input for Radionuclides That
Were Produced by Radiological Transformations within the
Transport Layer When Dispersion Is Dominant

In RESRAD-OFFSITE, the fluxes entering the water table across the footprint of the
primary contamination are known at each of a series of times. The spatially integrated flux of the
kth progeny across a vertical plane in the saturated zone, at a distance x downgradient of the
center of the primary contamination, is obtained as follows.
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Let the spatially integrated flux of the parent nuclide across the water table at time 7 be
F,,(2). By applying the expression developed in Section 3.2.5.1, the spatially integrated output

flux at time ¢, is obtained by the convolution:

Vel

L
x+—-Vr

c

x———-Vr1

2L.L L

erf

2
V4Dt

_e,,f

L.

c

\4D:t

P . (3.75)
Fo(xty)=L,L.Y a;,[F,(t,~7) dr
J=1 0

2 2
[X+L?"*V(Ij [xf%fl/(r]
c -t
| D e” e T _,
\'4zt LL,L.

4D%t

This is evaluated numerically using either the Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14), assuming that the flux to the water table varies linearly
between the values at the intermediate times.

As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time ¢#,,_1 to one at time ¢,,, and
the second is for a flux that decreases linearly from one at time ¢#,,_1 to zero at time z,,,.

L L

y x+—=-Vr x——=-Vr

—| erf 2 —er 2

2 4D‘t 4D‘t (3.76)

~1->k e trr _ tm—l -7 : 4T 1
Lot —t,)= [ | == Y e dr
ty—t, tm - tm—l Jj=1 Lx L " ? L, " :
. (v ] (x-rr)
_ g i g 4Dt
4t
L L
x+—-Vr x——-Vr
= erf 2 —er 2
2 4D‘t 4D‘t (3.77)
ty=ly_1 k
—t,+t el
fkxt —t, )= J‘ (T"MJZ%'/_E I dr
=ty Ly = luaa = Lx L, : y :
- [x+7— lr] (X—T— lr]
_ Dx 4D5t e 4Dt
4rt

Both of these are evaluated numerically using either the Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.
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Then the spatially integrated flux of the £t progeny across the vertical plane is obtained
by summing the contributions of all the relevant time intervals:

Fy(x.t,) = Z FL )7 Gty —1,) + £74 (et 1)) (3.78)

As in Section 3.3.4, the lateral dispersion factors f; ,(vx,7) and f; . are used to account for the
size and location of the rectangular subsection of the plane through which the flux must pass to
enter the surface water body.

F (1) = F () L2 L. 79

y z

where
1/16D;tp ,/16D}”,tp
fs,y(yn’yf)z Djtp 2 ’
L.
Interf JrlnterfL
,/16D} t, 1/16Dytp
and
Int f — Inte f — Interf L,
nter, nterf ———
\J Z P \J Z P \J4chtp
f:v,z = chtp 1
+ Interf
4D°t
z'p
or

fio= max[o, min(ds (?C*;/_L)Ij s J |

d Vd

if the dispersivity in the vertical direction is set to zero. The expression for f; . will contain
additional terms for every reflection of the dispersion plume at the lower impervious boundary
and at the water table.

The code uses this solution if all the nuclides in the transformation chain from the parent
entering the transport zone to the progeny exiting the zone have the same distribution coefficient.
In this case, all these nuclides under consideration will have the same transport velocity and the
same dispersion coefficient. Even in cases where these nuclides have different distribution
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coefficients, it is possible to instruct the code to use this equation to model the transport of the
progeny produced in transit. When this choice is made, it is also necessary to make a choice of
whether to use the distribution coefficient of the parent or the distribution coefficient of the
progeny to calculate the transport velocity and the dispersion coefficient of these nuclides.

3.3.7 Concentration in Well Water Resulting from a Pulse Input for Radionuclides
That Were Produced by Radiological Transformations within the Transport
Layer When Dispersion Is Dominant

In RESRAD-OFFSITE, the fluxes entering the water table across the footprint of the
primary contamination are known at each of a series of times. The concentration of the 4th
progeny in well water is obtained as follows.

Let the spatially integrated flux of the parent nuclide across the water table at time ¢ be
F,u(?). By applying the expression developed in Section 3.2.5.1, the concentration of the Ath
progeny in well water at time #,, is obtained by the convolution:

. 4Dt , (3.80)
Coat i (X, Vol ) =¢,,.€, (Y, )mj. e ( r)Zak,e " dt
PN
4Dt
where
In te }/\'f‘ M ¢V¢ f [n le ’/\‘f }t ¢M y 1’/! te ’j'f w ¢}t + L
Dt 1/16D} t, \16D5t, \16Djt,
w,y (yw) - 2
w , 0, — LV
+ Interf STy
V16D,
and
JDit, d, -
c,, = Interf — Interf Interf + Interf J
d, 4D‘t, 4D%t, 4Dt 4D‘t,
or
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depending on whether the dispersivity in the vertical direction is nonzero or not, with additional
terms in ¢, ; for reflections off the lower impermeable layer and the water table if necessary.

This is evaluated numerically using either the Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14), assuming that the flux to the water table varies linearly
between the values at the intermediate times.

As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,_1 to one at time #,,, and
the second is for a flux that decreases linearly from one at time ¢#,,_1 to zero at time z,,,.

e}’f{x-'—L"‘/Z_VCT]

o 4Dz 3.81)
1>k _ " tn m—l V ! ' ( !
ot =t)= [ ]Z TR o

wota "l x-L 2Vt
— e’t’f‘ X C
4D:t

ely’{x+L"‘/2_V”TJ

4D‘t

ok - (et 4t 4 (3.82)
S (e, =t ) = IHJ; [ JZ a,.,e 2L VL 2

fn = {x—L /2—VTJ
—erf| T

Both of these are evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the concentration in well water is obtained by summing the contributions of all the
relevant time intervals:

Crut (X Vr1,) = W”y(yw)zF G (et —0,)+ 74t —1,)) . (3.83)

3.3.8 Output Flux Resulting from a Pulse Input for Radionuclides That Were Produced
by Radiological Transformations within the Transport Layer When Differences
in Their Distribution Coefficients Are Dominant

In RESRAD-OFFSITE, the fluxes entering the water table across the footprint of the
primary contamination are known at each of a series of times. The spatially integrated flux of the
kth progeny across a vertical plane in the saturated zone, at a distance x downgradient of the
center of the primary contamination, is obtained as follows.



3-37

Let the spatially integrated flux of the parent nuclide across the water table at time 7 be
F,,(2). By applying the expression developed in Section 3.2.5.2, the spatially integrated output
flux at time ¢, is obtained by the convolution:

Fy(x,1,) = jF (t,~7) kzyexp(a T+ B Ty + BTy (D) T (3.84)

This is evaluated numerically by using either Simpson’s (parabolic) formula or Romberg’s
method (Section 3.3.14), assuming that the flux to the water table varies linearly between the
values at the intermediate times.

As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,_1 to one at time #,,, and
the second is for a flux that decreases linearly from one at time ¢,,_1 to zero at time z,,,.

. A" —t -1
fl k( t _tm) = ﬂl,j. I (% Z7exp((l T+ﬂ Loff +ﬁ[,_/]1,nny(r))ir . (385)
ty—ty i,j

m m-1

N A r—t 41t
2t ml)—ﬂ’; j [ﬁ S yexpla, 7+ B, Ty + B, T y() iz . (3.86)
byt m m=1 /) i,j

Both of these are evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the spatially integrated flux of the £t progeny across the vertical plane is obtained
by summing the contributions of all the relevant time intervals:

F.(x,t)= Z (A, —1,) + f (0, —1,) (3.87)

As in Section 3.3.4, the lateral dispersion factors f; ,(y».Yy) and f ; are used to account for the

size and location of the rectangular subsection of the plane through which the radionuclide must
pass to enter the surface water body.

Fo(xut,) = F(xt,) 222 (;fz1yf-) J;

y z

, (3.88)
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where
L 2y _Lv Zyn +Lv 2yn _Lv
Lo (y,.y,)=+D:t Interf —Interf#—lnterfi“+lnterf7“ )
A e 16D°t, 16D°t, 16D°t, 16D°t,
and

/ =\/ Interf Interf — Interf —— L, +Interf_—Lz ,
1/ °t, ADSt 4D‘t

p z°p

or

fio= max[o, min(ds (?C*;/_L)Ij s J |

d Vd

if the dispersivity in the vertical direction is set to zero. The expression for f; ; will contain

additional terms for every reflection of the dispersion plume at the lower impervious boundary
and at the water table.

3.3.9 Concentration in Well Water Resulting from a Pulse Input for Radionuclides
That Were Produced by Radiological Transformations within the Transport
Layer When Differences in Their Distribution Coefficients Are Dominant

In RESRAD-OFFSITE, the fluxes entering the water table across the footprint of the
primary contamination are known at each of a series of times. The concentration of the 4th
progeny in well water is obtained as follows.

Let the spatially integrated flux of the parent nuclide across the water table at time ¢ be
F,u(?). By applying the expression developed in Section 3.2.5.2, the concentration of the Ath
progeny in well water at time #, is obtained by the convolution:

tr?

|, —r)fzyexp(a ST+ B Ty + B, Ty (2l (3:89)
0

ll/

¢ Xos w’tn zcwzcwv w
wel/,k( w y ) ) ) (y )VdLL

where

2y, +o. +1L 2y, +o,—L 2y, —o,+L,
]nterfM VT Ty v TP Ty

— Interf ~ — Interf
D J16D¢t, Ji6D¢t, J16D¢t,
Cw,y (yw) = y
Pu 2yw -0, - Ly

+ Interf ———
A /16Dytp
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and
Dt, d, +L, d, - L, L. - L,
Cp. = y Interf ——— — Interf ——— — Interf ——— + Interf
w \a4D ¢, 4Dt \4D ¢, \a4D(t,
or

¢,.. =max| 0,min dw,w A d, ,
' Vd Vd

depending on whether the dispersivity in the vertical direction is nonzero or not, with additional
terms in cy, z for reflections off the lower impermeable layer and the water table if necessary.

This is evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14), assuming that the flux to the water table varies linearly
between the values at the intermediate times.

As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,—1 to one at time #,,, and
the second is for a flux that decreases linearly from one at time ¢#,,_1 to zero at time z,,,.

1 A it t —t -7

1>k k n m-1
x,t t = I EE— E expla. .+ p.. T, .+ 0. .1 T T (390)
ﬁ_ ( n m) VvdLyLz /11 t :[t ( tm l‘m71 Jivj Y p( i,j lBl,/ Loff ﬁl,,/ l,ony( ))j

1>k 1 ﬁ*k

(Tt +t,
2 (X,l,, _tm—l) = VIL ZZ/ }fﬂ(—J;yexp(awﬂrﬂwTw +ﬂiijlyony(z'))dz' . (391)

Both of these are evaluated numerically using either the Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the concentration in well water is obtained by summing the contributions of all the
relevant time intervals:

n-1
ot i) = €0y, ) D F A Gty =1,) 4 £374 (000, -1,)) . (3.92)
m=1
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3.3.10 Concentration in Well Water Resulting from a Flux Input for Radionuclides
That Traversed the Layer in the Same Form

In RESRAD-OFFSITE, the fluxes entering a layer are known at each of a series of times.
Assuming that the fluxes entering a layer vary linearly between those times, the concentration in
well water can be obtained as follows.

Let the spatially integrated input fluxes at times ¢1 and ¢, be F(0,¢1) and F(0,#1),
respectively. Let the length of the layer be x. By applying the expression developed in
Section 3.2.2, the concentration in well water at time ¢, is obtained by the convolution:

2 [ (x— VJ)Z]
expl — -
I JArD<t 4Dt , (3.93)
Coatt (X Vil ) = €0, (¥, )———— | F(O,t, —1)e ™" de
S V,LL.
by o _¥ exp[XVf ]erf{xw;]
2D¢ '\ D¢ 4Dt
where
2y, +o,+L, +¢ 2y —o@,+L
Interf ———> Lo O — Inte rf = — Interf ———-—-"
[ Dt V16Dt | /16D} tp V16Dt
Cva(yW) = (0 2 L !
w yW - gow -
+ Interf —————
(16Dt
and
D't, L. - L,
C,. = p Interf - Interf — Interf + Interf '
\4D ,/4thp \JAD \a4D:t,
or

¢, . =max| 0,min a’w,M _ d, ,
' Va Vy

depending on whether the dispersivity in the vertical direction is nonzero or not, with additional
terms in ¢y, ; for reflections off the lower impermeable layer and the water table if necessary.

This is evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14), assuming that the flux to the water table varies linearly
between the values at the intermediate times.
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As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,—1 to one at time #,,, and
the second is for a flux that decreases linearly from one at time ¢#,,_1 to zero at time z,,,.

2 ( (x—V.7)? j
——=0xp| — D¢
. e t1 B tm—l -7 V,€7;J 47[DXT st (3'94)
At =t,)= [ | 22— g i
ty—t, m m-1 d~y™Hz VL. x[/c f X+ VL'T
— ex, eryc
2pe “P e 4D

2 exl{—(x_V”T)zj

fo(xt,=t,)="| :

Lot N b Tl Vil L V. xV, v x+V.1
- ex erfc '
2p° P D 4Dt

c
x

Both of these are evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the concentration in well water is obtained by summing the contributions of all the
relevant time intervals:

otV ) = .6, DD F At ~1,) 4 fi(wt, ~1,) . (399

3.3.11 Concentration in Well Water Resulting from a Flux Input for Radionuclides
That Were Produced by Radiological Transformations within the Transport
Layer When Dispersion Is Dominant

In RESRAD-OFFSITE, the fluxes entering a layer are known at each of a series of times.
Assuming that the fluxes entering a layer vary linearly between those times, the concentration of

the kth progeny in well water can be obtained as follows.

Let the spatially integrated input fluxes of the parent nuclide at times #1 and 7 be F1(0,¢1)
and F1(0,z2), respectively. Let the length of the layer be x. By applying the expression developed
in Section 3.2.3.1, the concentration in well water at time ¢, is obtained by the convolution:
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, (3.97)

A & '
Coat (s Vit ) = €0, (0,)—— [ F(0,t, =)D a; & dr
i=1

ViL,L. %

where
(ow gow wW + L
Interf Im‘erf Interf
,/16D‘tp 1/16D) tp M
Vv v(yw) = ¢ 2 L !
) + Interf e A
J16Dt,
and
Dt d,+L d,—L,
z'p
C,. = Interf —=—=— Interf — Interf ——+ Interf ——
d, 4Dt JAD:t, 1/ °t, ,/ ‘t,
or

¢, =max| 0,min dw,w _ d, ,
' Vd Vd

depending on whether the dispersivity in the vertical direction is nonzero or not, with additional
terms in ¢, ; for reflections off the lower impermeable layer and the water table if necessary.

This is evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14), assuming that the flux to the water table varies linearly
between the values at the intermediate times.

As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,—1 to one at time #,,, and
the second is for a flux that decreases linearly from one at time ¢#,,_1 to zero at time z,,,.

(x- V;f]

2
exp <
J x 4 v \/ 4zD;t { 4Dt

ty—ty Pl Y = I/,lL}’LZ V( f X+ V T
— ——€X] erjc
2D° 2 o Dt

(3.98)
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V)
exp[— (x :‘T) ]
Iy =ty k \/47[DC‘[ 4DXT
15k T, +1, eV, !
fZ (x,t” _tm—l) = j [ jzak,ie '
° =1

oty Ly =lwa )iz VdLyLz B Vc o LVC erfc x+V(‘[
<P pr 4Dt

(3.99)

dt

Both of these are evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the concentration in well water is obtained by summing the contributions of all the
relevant time intervals:

n—1
Cwell (xw’ yw’tn) = cw,zcw,y (yw)zF'l(tm)(fll_)k (x’ tn - tm) + fZl_)k (x’ tn - tm)) " (3100)
m=1

3.3.12 Concentration in Well Water Resulting from a Flux Input for Radionuclides
That Were Produced by Radiological Transformations within the Transport
Layer When Differences in Their Distribution Coefficients Are Dominant

In RESRAD-OFFSITE, the fluxes entering a layer are known at each of a series of times.
Assuming that the fluxes entering a layer vary linearly between those times, the concentration of
the &th progeny in well water can be obtained as follows.

Let the spatially integrated input fluxes of the parent nuclide at times ¢, and 7, be F1(0,#1)
and F1(0,z2), respectively. Let the length of the layer be x. By applying the expression developed
in Section 3.2.3.2, the concentration in well water at time ¢, is obtained by the convolution:

t

1 A
o (5 yint,) = € 0 yw)ijI(o, t,—1) %Y yexpla, o+ B, T Hr, (3.101)
d~y~z 0 ﬂl i,j
where
2y +o, + L, 2y +¢, — L, 2y —o, + L,
Interf =2V Ingerf 0 WV Ippepf o W Y
Diff,, 1/16D;tp 1/16D;tp 1/16D;tp
Cw,y (yw) = - 2 1]
w yw _(DW_L,
+ Interf ———=———"
,/16Djzp

and
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\/ﬂ d, +L, d, — L, L, - L,
Cp. = Interf ——— — Interf — Interf + Interf 1
d JAD<t JAD<t JAD<t JAD<t

z'p z"p z'p zp

w

or

¢, =max| 0,min dw,w _ d, ,
' Vd Vd

depending on whether the dispersivity in the vertical direction is nonzero, or not, with additional
terms in ¢, ; for reflections off the lower impermeable layer and the water table if necessary.

This is evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14), assuming that the flux to the water table varies linearly
between the values at the intermediate times.

As in the previous cases, substantial savings in computational time can be achieved if the
intermediate times are in a linear series. Two transfer functions are computed for each time
interval. The first is for a flux that increases linearly from zero at time #,,_1 to one at time #,,, and
the second is for a flux that decreases linearly from one at time ¢#,,_1 to zero at time z,,,.

N 1 -t
M xt,—t,) = T j ( Z}/exp(aih/.z'+ ﬂih/.Tl)llT . (3.102)
d~y i,j

t—t

fZl_)k (x’ tn - tmfl) =

1 A" ¢ (-t +t
—= — exple, 7+ B, T At . 3.103
VdLyLz 21 tnj.tm [ tm _tm—l ;7/ p( ﬂ )1’ ( )
Both of these are evaluated numerically by using either Simpson’s (parabolic) formula or
Romberg’s method (Section 3.3.14) and stored in memory for subsequent use with the
appropriate flux.

Then the concentration in well water is obtained by summing the contributions of all the
relevant time intervals:

Crat (X Vrl) = €. W}(sz(zm WS (e, —1,) + 54 (et =1,)) . (3.104)

3.3.13 Improving the Modeling of the Transport of Progeny Produced
in Transit by Subdividing the Transport Zone

Consider a situation that requires the modeling of the flux or concentration in the aquifer
of a progeny of a nuclide that was initially present in the primary contamination. Assume that
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there is an unsaturated layer between the primary contamination and the aquifer. The progeny
atoms in the saturated zone can be classified into three groups on the basis of the zone in which
the radiological transformation of the parent atom produced that atom of the progeny as shown in
Figure 3.5. Some of the atoms would have transformed in the primary contamination and
traveled both the partially saturated zone and the saturated zone as a progeny. The second group
consists of those atoms that exited the primary contamination and traveled part of the unsaturated
zone in the form of parent atoms, transformed to the progeny in the unsaturated zone and
traveled the rest of the unsaturated zone and the saturated zone as progeny atoms. The last group
consists of those atoms that exited and traveled the unsaturated zone and part of the saturated
zone in the form of the parent, transformed to the progeny in the saturated zone, and traveled the
rest of the saturated zone as a progeny.

The code uses the expressions in Sections 3.2.2 and 3.2.4 to model the transport of the
first group of nuclides that traverse the unsaturated and saturated transport zones as progeny
atoms without transformation. The transport of the second group of atoms is modeled by using
one of the expressions in Sections 3.2.3.1 or 3.2.3.2 for the unsaturated zone and the expression
in Section 3.2.4 for the saturated zone. Modeling the transport of the third group of atoms
involves the expression in Section 3.2.2 for the unsaturated zone and one of the expressions in
Section 3.2.5.1 or Section 3.2.5.2 for the saturated zone. The code will model the effects of
longitudinal dispersion and will ignore the differences in the distribution coefficients of the
nuclides in the zone in which the transformation occurred by using the first of the pair of
expressions, or it will model the effects of the differences in the distribution coefficients of the
nuclides and ignore the effects of longitudinal dispersion by using the second expression
according to the users preference specified in the input interface. Such a choice may not be
acceptable when both processes are of comparable importance. Both processes can be modeled
over a greater part of the transport zone by dividing the transport zone into a number of smaller
transport zones. This is illustrated in Figure 3.6, where the unsaturated and saturated zones have
been divided into two for groundwater transport calculations. Now one of the processes
(longitudinal dispersion or nuclide-specific distribution coefficient) will have to be ignored over
either half the length of the unsaturated zone or half the length of the saturated zone when
modeling the transport of any progeny nuclide produced in transit.

The code-suggested default is to model the nuclide-specific distribution coefficients in
the subzones in which each atom undergoes radiological transformations and to ignore
longitudinal dispersion in those subzones. This choice is appropriate in most cases for the
following reasons:

1. If the subzones are small enough, longitudinal dispersion in a subzone will be
small and ignoring it for that one zone would not cause a significant change in
the result.

2. The distribution coefficient affects both the partitioning of the nuclide
between the water and the solid phases of soil, and the nuclide’s transport
velocity. The differences in the partitioning are not affected by the size of the
subzone and will still be significant even in a small subzone.
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However, in situations where longitudinal dispersion overwhelms longitudinal transport,
it would be better to ignore the effects of differences in the distribution coefficients and to model
the effects of longitudinal dispersion in the zones of transformations and to use the distribution
coefficient of the progeny for all nuclides.

The input and output for the subdivided zones in the partially saturated layers are the flux
entering the upgradient face and the flux exiting the downgradient face, the same as for the
undivided partially saturated zone. The formulations in Sections 3.3.1 through 3.3.3 are
repeatedly applied for each subzone. Furthermore, because the subzones are identical the transfer
factors computed for the first subzone can be saved and used for all the subsequent subzones,
thereby reducing the computation time, this is practical only when the intermediate time points
are spaced uniformly, Section 7.3.

Only the part of the saturated transport zone that is outside the footprint of the primary
contamination, called the offsite transport distance, can be subdivided. The first subzone of the
saturated zone consists of the saturated zone within the footprint of the primary contamination
and the first subdivision of the offsite transport distance. The input for this first subzone is the
pulse flux at the water table, and the output is the flux at the downgradient face of the subzone.
Thus the formulations discussed in Sections 3.3.4, 3.3.6, and 3.3.8 for the flux output are used
for the first subzone of the saturated zone. The input for each of the remaining subzones is the
flux entering at the upgradient face. The ouput for all but the last subzone is the flux exiting the
downgradient face. The formulations in Sections 3.3.1 through 3.3.3 are used for all but the first
and last subzones of the saturated zone. The output of the last subzone depends on the water
source; it is the flux exiting the downgradient face for the surface water body, and the
concentration for the well. The formulations for flux discussed in Sections 3.3.1 through 3.3.3
are applicable for the last subzone to the surface water body. The expressions for concentration
discussed in Sections 3.3.10 through 3.3.12 are applicable for the last subzone to the well.

3.3.14 Simpson’s and Romberg Numerical Integration

The computational code uses the numerical integration method described in
Press et al. (1989) to evaluate the integral Ib f (x)dx when the analytical solution is not known.

A series of trapezoidal integrals is first computed as follows:

T, = (b—a)w (3.105)

is the first trapezoidal estimate using only the endpoints.
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is the second trapezoidal estimate using the endpoints and the midpoint.

[ (3a+b (3a+b\ (a+b (a+b (a+3b (a+3b) .
oo 5] AP A A A
T, = + + +

4 2 2 2 2 (3.107)
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is the third trapezoidal estimate using the endpoints and the quarter points.

The succeeding trapezoidal estimates using values of the function at 1/8 of the interval, at
1/16 of the interval, etc., are computed in a similar fashion. Then a series of parabolic estimates
(Simpson’s method) can be obtained from the successive trapezoidal estimates as follows:

Slzb;“{f(a)wf(“zb}f(b)}:% (3.108)

is the 3-point parabolic integral.

5, - b—a[f(a)+4f(3a+bj+f(a+bﬂ+bl—za {f(a+b}r4f(a+3b]+f(b)}

12 4 2 2 4 (3.109)
5, - b1—2a [f(a)Jrf(b)Jrzf(aerbj+4f(3a:bJ+4f(aJ;3bﬂ _ 4T33—T2
is the 5-point parabolic integral.
In a similar fashion, the 9-point (1/8 interval) parabolic estimate is S, = % the

17-point (1/16 interval) parabolic estimate is S, = , and the 33-point (1/32 interval)

AT, - T,

parabolic estimate is S, = 3
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If the 17-point and 33-point parabolic estimates agree within the user-specified criterion,
the 33-point parabolic estimate is used. Otherwise, successive 4th order interpolations of the
trapezoidal estimates (Romberg Integration) are obtained until they agree within the user-
specified criterion. If the 4th order Romberg estimates with 16,385 points and 32,769 points do
not agree within the criterion, the 32,769-point estimate is used.
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4 ATMOSPHERIC TRANSPORT MODEL

The atmospheric transport model used in RESRAD-OFFSITE is a Gaussian plume
dispersion model based on an area source release. Radionuclides released from a contaminated
area are transported by the wind and are dispersed as a result of atmospheric turbulence. The area
source is characterized as a rectangular area with a time-dependent emission rate and located
upwind of a receptor location. A plume-rise model developed by Briggs (1969) is used to
estimate the buoyancy induced rise of the release, if applicable. Depending on the circumstances,
either the standard Pasquill-Gifford dispersion coefficients (Slade 1968, Eimutis and Konicek
1972) or the Briggs (1974) dispersion coefficients can be used. The former are suitable for
ground-level releases; the latter are better for elevated releases. For vapor or particulate
radionuclides, deposition of plume content by dry and wet deposition is also considered for any
user-specified receptor location. Air and ground concentrations of radionuclides are calculated
for the estimation of exposure via various pathways.

The primary contamination and the offsite receptor locations are all treated as rectangles
oriented parallel to a set of common Cartesian axes. The code performs a spatial integration of
the atmospheric transport by subdividing the primary contamination and the receptor regions into
small squares based on the grid spacing. The transport from each subdivision of the primary
contamination to each subdivision of the receptor region is computed by the model, and these
results are combined to obtain the spatially integrated value. The atmospheric transport
calculations to a receptor region are performed only if that region and the primary contamination
do not overlap.

Transport of the radionuclides in particulate form, transport of C-12 and H-3 in vapor or
gaseous form, and the transport of the radon isotopes Rn-220 and Rn-222 and their short-lived
progeny are modeled by the code. The decay and ingrowth of radon isotopes and their short-lived
progeny during the transport are also modeled.

4.1 EFFECTIVE RELEASE HEIGHT

Material released from a contaminated area may rise above the release point as a result of
thermal buoyancy. The thermal buoyancy could be related to solar heating of the ground or a
local heat source, such as underground steam lines. An effective release height, H, is used in the
atmospheric dispersion equations to account for the additional height of the release. The effective
release height is the sum of the actual physical release height, /, and the thermally induced
plume rise, Ak, with an adjustment for terrain height:

H = h+ Ah - (L= P)[min(h + AbE, — E,)], (4.1)
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where
H =effective release height (m),
h = physical release height (m),
Ah =plume rise (M),
P. =plume-path coefficient (unitless),
E, =receptor elevation (m), and

E,, =release elevation, the reference point for the release height (m).

4.2 PLUME RISE

Plume rise is estimated in RESRAD-OFFSITE with the formulas derived by
Briggs (1969) for buoyant plumes. The rise from thermal buoyancy is seen to be dependent on
stability class, wind speed, and receptor distance. For stability classes A, B, C, and D, the plume
rise is given by

B 1.6Fl/3x2/3

Ah ,forx <104, 4.2)
Up
1/3 2/3
Ah = LoF "(10k) ,forx>10 17, 4.3)
Uy

where
F =3.7 x 105 0y, (m#4/s3),
Oy, = heat flux from radionuclide release area (cal/s),
x =downwind receptor distance from release area (m), and
up =wind speed at effective release height (m/s).

For stability classes E and F, the plume rise is calculated according to

13 2/3
_LeFTxT , for x < 2.4 (4.4)

uy Vs

Ah
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.

Uys

1/3
Ah = 2.9( j  for x> 2441 (4.5)

Js

except when the wind is so light that the plume rises vertically. Under such conditions, the final
plume rise is given by Briggs (1969) as

Ah = 5’25:/4 ,whenu, <u,,, (4.6)

where
; :T%(a;a ; zj, (4.7)
u,, =0.195F" 48, (4.8)

s = stability parameter,

g = gravitational acceleration (9.80665 m/s2),
T, = ambient air temperature (K),
[ = normal adiabatic lapse rate of the atmosphere (0.0098 K/m),
aaT“ + 1 = potential temperature lapse rate (0.002 and 0.035 for stability classes E
) and F, respectively), and
z = vertical distance above the release point (m).

As recommended by Briggs (1969), Equations 4.2 through 4.5 contain wind speed in the
denominator, which would produce unrealistically high values for very low wind speeds.
Because the Briggs equations are applicable only to windy conditions, a minimum wind speed of
0.1 m/s is imposed in the above plume-rise calculations.

4.3 TERRAIN HEIGHT ADJUSTMENT

The presence of rising terrain downwind from an area emission source requires that the
release height derived for flat terrain be adjusted accordingly. Stability-dependent plume-path
coefficients are used in RESRAD-OFFSITE to estimate the effects of terrain elevation on the
height of the plume centerline. The correction to the release height for downwind elevations
involves the third term in Equation 4.1, as given in Ross et al. (1985).
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An increase in receptor elevation downwind effectively reduces the release height if the
release height is greater than zero. This condition is embodied in the min(k + Ak, E; — E},) portion
of Equation 4.1. On the other hand, the plume will not travel straight into a hillside but will
follow air currents part way up the hill on its approach. The portion of Equation 4.1 with the
plume-path coefficient (1 — P.) partially defines the amount of the effective reduction in release
height and ensures that the terrain height adjustment is not too extreme. For neutral and unstable
conditions (stability classes A, B, C, and D), P, is set to 0.5 so that the plume height remains at
least one-half the distance aboveground as it would be if no adjustment was made. Similarly for
stable conditions (stability classes E and F), P, is set to 0.3 so that the plume height remains at
least one-third the height above the ground as it would be if no adjustments were made. A
plume-path coefficient of 1 represents a non-terrain-lifted plume.

4.4 WIND POWER-LAW ADJUSTMENT
For atmospheric dispersion calculations, the measured average wind speed at the

effective release height, uy, is not always available. RESRAD-OFFSITE uses a power-law
function with the following form to estimate the wind speed at the desired height:

L (ﬁj , (4.9)

ua Za
where
u, = wind speed at measurement height (m/s),
zg, = height of anemometer for wind speed measurement (m), and
p = power for height ratio (unitless).

The wind speed of u, from the measurement height z,, is adjusted to the effective release height
H of the plume for the dispersion calculations. Values for the exponent p as presented in

Table 4.1 were taken from Irwin (1979), as modified by Hanna et al. (1982) for the different
population zones and stability classes.



TABLE 4.1 Estimates of the Power (p) in Equation 4.9 for
Population Zones as a Function of Stability Class

Stability Class

Population Zone A B C D E F

Rural 0.07 0.07 0.10 0.15 0.35 0.55
Suburban/urban 0.15 0.15 0.20 0.25 0.40 0.60

45 ATMOSPHERIC DISPERSION

A Gaussian plume atmospheric dispersion model is used in RESRAD-OFFSITE to
evaluate the downwind transport of radionuclide contaminants released to the atmosphere from a
continuous (chronic) area source. The model preserves mass balance and accounts for depletion
of the plume from dry and wet deposition processes. Radioactive decay is not considered
because transport times are relatively short, on the order of minutes.

4.5.1 Gaussian Plume
For a discrete puff generated from a point source with an effective release height 4 above

ground level, the Gaussian time-dependent dispersion equation can be written as, assuming
Gaussian symmetry, that is, oy = 6, (m2) (Pasquill 1974),

0, —r? —(z - H)? —(z+ H)?
C (i,x,y,z,t)= - ex exp| ———— |+ exp| ———— ||, (4.10
e (2%)3/20§GZ P 20}2, P 207 P 20° (4.10)
where
C,(i,x,y,z,f) = air concentration of radionuclide i at x,y,z from a release at 0,0,H

at time ¢ after release (Ci/m3),
Oxi = depleted source strength of nuclide i at distance x (Ci) [Equation 4.31],
oy = horizontal dispersion coefficient [Equation 4.39],
o, = vertical dispersion coefficient [Equation 4.37],
12 = (x—upy? + 2,
x = downwind receptor distance from the release point (m),

y = crosswind distance from the plume centerline (m),
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up = average wind speed at the effective release height (m/s) [Equation 4.9],
t = time following release (s), and
H = effective release height (m) [Equation 4.1].

The ground-level air concentration (Ci/m3) for a discrete puff is obtained by setting z =0 in
Equation 4.10.

20, r? H?
C (i,x,y,0,t) =———————<exp— +— 7. 4.11
. (6,x,,0,1) @ o, { p [20; 207 j} (4.11)

A continuous point source can be considered to be a series of overlapping puff emissions. Thus,
integration of Equation 4.11 over time yields the downwind air concentration (Ci/m3):

C.(i,x,y) = j: C.(i,x,y.0,t)dt , (4.12)

which can be shown to be (Slade 1968)

ga(i,x,y)ilexp—( y2 + H J}, (4.13)

2 2
o0 Uy 20, 20

z

where QO is the initial source term for radionuclide i (now in units of Ci/s for a continuous
source), corrected for wet and dry deposition from the plume, as shown later in Equation 4.31.
Because of the short times involved during air transport, this treatment does not consider
radioactive decay.

4.5.2 Plume Reflection

The existence of a stable air layer at higher altitudes under unstable and neutral
atmospheric conditions affects atmospheric dispersion at great distances from the release point.
The upward dispersion of the plume is eventually restricted when the plume encounters an
elevated stable layer (or lid) or a mixing layer at some height L. In RESRAD-OFFSITE, the
plume is assumed to be reflected by this stable layer at these distances. With vertical distribution
limited by reflection, integration of Equation 4.10 over z (0 to L) as well as integration over time
yields

— 0, y?
C,(i,x,y) =—————exXp—| — |, 4.14
o (6%, ) Vowo L P (20§J (4.14)
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where

L = mixing layer height, sometimes referred to as the lid height (m).

The following conditions (Powell et al. 1979) are used to determine whether Equation 4.13
or 4.14 is used for the dispersion calculation.

Equation 4.13 is used for distances where o is small compared to L, when

1- %

% < L

L 1.2

(4.15)

Equation 4.14 is used when o is of the same order as L and a uniform distribution can be
assumed; that is, it is used when

0<HIL<05
and
o HY H
:> —2.37(—) + O.489(—j +0.756, (4.16)
L L L
or it is used when
05<H/L<1.0
and
HY H
%: > —2.37(—j + 4.25(-) ~1.13. (4.17)
L L L

At downwind distances between the no-mixing (Equation 4.15) and the total-mixing
(Equations 4.16 and 4.17) conditions, the concentration is determined by a linear interpolation
between Equations 4.13 and 4.14.

4.5.3 Chronic Release

Equations 4.13 and 4.14 are valid for unchanging weather conditions when the period of
release exceeds the time necessary for the airborne material to travel downwind from the release
point to the receptor location. However, weather conditions will fluctuate with time (generally on
the order of minutes or longer), causing the plume to meander within a sector when the wind is
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blowing in a particular direction. Thus, it is more appropriate to evaluate the sector-average air
concentration for use in estimating human health impacts under such conditions.

The air dispersion model in RESRAD-OFFSITE uses a polar grid with 16 sectors to
specify the wind direction. The sector-average air concentration at a receptor location that is a
distance of x m from the release point (see Figure 4.1) can be estimated as the integral of
Equation 4.13 or 4.14 over y, from minus infinity to plus infinity, divided by the width of the
sector (2ysec) at distance x from the release point. Because of the symmetry of the Gaussian
equation, this sector-average concentration for the case where there is no plume reflection can be
written as

. 1 oy, 1 = O, 2 H?
Coecli)=—["C (i, y)dy =—] ’ EXp—[Zyaﬁ ZJ dv, (4.18)

ysec 0 ysec 0 ﬂ-o-yazuH y 262
where
Vo = x tan(11.25°). (4.19)
Equation 4.18 can be rewritten as
o Qv- ~H? e _yz
C..\i,x)= ~ ex ex dy. 4.20
seC( ) 7O, 0 Uy Vg P 207 IO P ZO'f 4 (4.20)

- Vsec

Source . — Tjyo50
=
-~

Wind Direction

FIGURE 4.1 Relationships Used in Sector-Average Air Concentration
Calculations



By using the identity

J.Ooexp(— a’x? )dx = i\/; (4.21)
0 2a
Equation 4.20 reduces to
—— Q. -H*
Cec i, x)= : ex , 4.22
wliiX)= =P e 5 (4.22)

to give the sector-averaged air concentration at a distance x m from the source when there is no
plume reflection. In the case when there is plume reflection with total uniform mixing, the
sector-average air concentration is given as

' 1 0 Q\». _y2
C.li,x)= N P o7 | [ -
sec( ) Voo ,[o \/ZO'),UHL{ p( 20-2 ]:| 'y ( )

y

By using Equation 4.21, Equation 4.23 can be simplified to give

. 0,
x)= 4.24
(l X) zysecuHL ( )

C

sec

In both cases, with and without plume reflection (Equations 4.24 and 4.22, respectively), the
integration of y to infinity and averaging using the sector width result in the compression of the
plume to within the sector boundaries.

45.4 Area Source Model

RESRAD-OFFSITE assumes rectangular source and receptor areas. No area source
approximations are used. Rather, a series of point-to-point calculations are performed using
Equation 4.22 or 4.24, depending on distance.

The source and receptor areas are first partitioned into grids of 1-m square resolution or
greater. The center point of each grid square is used as the source or receptor point representing
that small area. Air concentration calculations are performed for each receptor grid square for
emissions from every source grid square, with an average chronic air concentration then
calculated for each receptor grid square. The average air concentration over the entire receptor
area is then taken to be the average value over all receptor grid squares. Each point-to-point
calculation uses the appropriate wind direction and frequency for the specific points involved.
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While this method avoids any area source approximations, it does increase computation
time. “Point” sources (the size of a grid square [the grid spacing]) larger than 1 m? may be
specified to reduce computation time at the sacrifice of some accuracy.

4.6 DEPLETION CORRECTION

As a radioactive plume travels downwind, its radionuclide content decreases as the result
of ground deposition. Two deposition mechanisms, dry and wet, account for this radionuclide
depletion from the plume. This section describes the methods used by RESRAD-OFFSITE to
calculate plume depletion from radionuclide deposition.

4.6.1 Dry Deposition

With the exception of inert gases, most radioactive material emitted from area sources
will be in particulate form. Those particulates with dimensions on the order of a few micrometers
or less have vertical movements largely dependent on the vertical turbulence and mean motion of
the air; settling of the particles by gravity is minimal. Deposition of such small particles on the
ground surface is the result of turbulent diffusion and Brownian motion. Chemical absorption,
impaction, and other physical and chemical processes cause the material to be retained at the
surface. Such a deposition mechanism depletes the amount of radioactivity in the plume, causing
ground contamination, and thus affects potential radiological hazards as the plume travels farther
downwind. Radiological hazards to individuals occur by way of either direct exposure from the
ground or indirect exposure via the ingestion of contaminated foodstuff.

Calculation of the dry deposition rate involves the concept of deposition velocity, that is,
the ratio of the deposition rate to the air concentration expressed in units of velocity. The
deposition velocity is determined from either field measurements or laboratory measurements of
air and ground concentrations. When plume depletion by dry deposition is considered, the initial
source term, O, , at the release point can be replaced by a depleted source term, Oy, along the
downwind sector. In this approach, known as the source depletion model, it is assumed that the
depletion reduces only the effective source strength and that the vertical Gaussian profile
remains unchanged. In this derivation, total activity has been conserved.

The reduced source strength Q,; as the result of deposition is calculated from the
following equation (Slade 1968):

0, =0, exp| - Ve [ F(x)x |, (4.25)

T
{3
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where
Oy, = depleted source strength of nuclide i at distance x (Ci/s),
Qp; = initial amount of radionuclide i released (Ci/s),
Va, = deposition velocity for radionuclide i (m/s),
F(x) =Equation 4.26 or 4.27 (1/m), and
upy =average wind speed at effective release height (m/s) [Equation 4.9].

At downwind distances not affected by the presence of a mixing layer,

exp(_za2 )
F(x)=—"22, (4.26)

o

z

where
H =effective release height (m) [Equation 4.1], and
o, = vertical dispersion coefficient [Equation 4.37].

At downwind distances where total mixing by the presence of a mixing layer can be assumed
(Powell et al. 1979),

F(x)= (4.27)

1
L k)
where

L = mixing layer height sometimes referred to as lid height (m).
At downwind distances between the no-mixing (Equation 4.15) and total-mixing (Equations 4.16
and 4.17) conditions, F(x) is determined by a linear combination of Equations 4.26 and 4.27.
4.6.2 Wet Deposition

Radionuclides can also be removed from a plume by rain or snowfall. In wet deposition,
the depletion mechanism of radionuclides is such that the plume is “washed out” by rain or

snow. Thus, the wet deposition rate is dependent on the total amount of radioactivity contained
in the plume, in contrast to dry deposition, for which the depletion is closely related to the air
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concentration at ground level. The fraction of material removed per unit time by wet deposition
is known as the “washout coefficient,” 7y, and is defined as

y o Ld<,
C, dt

(4.28)

where

Vyw = washout coefficient (1/s), and

C, = local air concentration (Ci/m3).
Calculated and measured values of the washout coefficient range from about 1.0 x 10-5 to
1.0 x 102 per second (Ritchie et al. 1978, McMahon and Dennison 1979). The value of the
washout coefficient increases with an increasing rainfall rate and is linearly dependent on the

rainfall rate:

V,=W.R, (4.29)
where
We =1 x 103 (1/s)(mm/h)-1 for stability classes A to D and
1.0 x 104 (1/s)(mm/h)-1 for stability classes E and F [Ritchie et al. 1978], and

R = rainfall rate (mm/h).

The depleted source strength from wet deposition, assuming a steady rainfall rate and wind
speed, is given by

QWETXI_ =0, eXp(‘ waj- (4.30)

Uy

4.6.3 Dry and Wet Deposition

Dry deposition is always considered in RESRAD-OFFSITE. When wet deposition is also
considered, the depleted source strength at a distance x downwind becomes a function of both
dry and wet deposition. The depleted source strength becomes a combination of Equations 4.25
and 4.30 and is calculated according to
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r F(x)dx ) (4.31)

4.7 MIXING HEIGHT

The value of the mixing height (L) is estimated from the annual average input values for
morning and afternoon (Holzworth 1972). The mixing height is estimated from the following:

L = 1.5 Ly, for an extremely unstable atmosphere (stability class A) (4.32)
= 0.5 (Lgm + Lpm) Tor a neutral atmosphere (stability class D),
where
Lam = mean annual morning mixing height (m), and
Lpm = mean annual afternoon mixing height (m).
For other unstable situations (stability classes B and C), L is taken to be equal to L. The
mixing height does not apply to stable atmospheric conditions.
4.8 METEOROLOGICAL CONDITIONS

As presented in the previous sections, the dispersion model in RESRAD-OFFSITE
requires the following meteorological data:

1. Stability class (A through F),
2. Wind speed (m/s),
3. Mixing height (m) (for stability classes A through D),
4. Ambient temperature (K), and
5. Rainfall rate (mm/h).
Either a single stability class and wind speed can be used, or joint frequency data on weather

conditions over a period of time (e.g., annual data) can be input manually or read from a
STability ARray (STAR) format data file.
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Atmospheric stabilities are classified into six categories (A, B, C, D, E, and F) in order of
increasing stability on the basis of criteria established by Pasquill (1974). The dispersion
equations in the models used are generic to all stability categories and empirical in nature. For
each stability category, a set of dispersion coefficients, ) and o, are initially calculated on the
basis of the Pasquill-Gifford curves (Eimutis and Konicek 1972) and later adjusted for buoyancy
induced dispersion, as discussed in the next section. The Pasquill-Gifford dispersion coefficients
are calculated according to

o' =(0.00024652 + 0.005765, +0.066)x°** (4.33)

and
o =ax’+c. (4.34)

Table 4.2 contains the values for the unitless dispersion parameters o g, a, b, and ¢ as a function
of stability class.

Briggs (1974) developed formulas for the dispersion coefficients on the basis of data
collected from elevated releases:

o, o0ro.= ax(1+ bx)°. (4.35)

In addition, Briggs coefficients have been derived for rural and urban population zones. The
urban values are also used in suburban zone calculations in RESRAD-OFFSITE. Table 4.3 gives
values of a, b, and c.

4.9 BUOYANCY INDUCED DISPERSION

Buoyancy induced dispersion is considered in RESRAD-OFFSITE because emitted
plumes undergo a certain amount of growth during the plume-rise phase as a result of turbulent
motions associated with plume release conditions and turbulent entrainment of ambient air.
Pasquill (1976) suggests that this induced dispersion, o5, can be approximated by the following
equation:

Ah
— 4.36
* 35 (4.36)

where

ozp = buoyancy induced vertical dispersion (m).
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TABLE 4.2 Pasquill-Gifford Dispersion Parameters for Ground-Level

Releases
Coefficients
Applicable Range Stability

(downwind distance, m) Class Gg a b c

x>1,000 A 25 0.00024 2.094 -9.6
B 20 0.055 1.098 2.0
C 15 0.133 0.911 0.0
D 10 1.26 0.516 -13.0
E 5 6.73 0.305 -34.0
F 15 18.05 0.18 -48.6

100 < x < 1,000 A 25 0.00066 1.941 9.27
B 20 0.0382 1.149 3.3
C 15 0.113 0.911 0.0
D 10 0.222 0.725 -1.7
E 5 0.211 0.678 -13
F 15 0.086 0.74 -0.35

x <100 A 25 0.192 0.936 0.0
B 20 0.156 0.922 0.0
C 15 0.116 0.905 0.0
D 10 0.079 0.881 0.0
E 5 0.063 0.871 0.0
F 15 0.053 0.814 0.0

Source: Data from Eimutis and Konicek (1972).

The effective dispersion coefficient used in RESRAD-OFFSITE calculations can then be
determined by adding variances, such as

o, = (ofb + 0';2)1/2. (4.37)
At the distance of final plume rise and beyond, o5 becomes constant.

Because the plume can be assumed to be symmetrical about its centerline in the initial
growth phases of release, the calculation assumes that buoyancy induced dispersion in the
horizontal direction is equal to that in the vertical direction:

o=, (4.38)

where

oyp = buoyancy induced horizontal dispersion (m).
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Sy
Rural Urban
Stability
Weather Conditions Class a b c a b c
Extremely unstable A 0.22 0.0001 -0.5 0.32 0.0004 -0.5
Moderately unstable B 0.16 0.0001 -0.5 0.32 0.0004 -0.5
Slightly unstable C 0.11 0.0001 -0.5 0.22 0.0004 -0.5
Neutral D 0.08 0.0001 -0.5 0.16 0.0004 -0.5
Moderately stable E 0.06 0.0001 -0.5 0.11 0.0004 -0.5
_Verystable ___________] k. 004___ 00001 _ 05 ___ __( 0.11 __0.0004_ __-05_
Oz
Rural Urban
Stability
Weather Conditions Class a b c a b c
Extremely unstable A 0.20 0.0 0.0 0.24 0.001 0.5
Moderately unstable B 0.12 0.0 0.0 0.24 0.001 0.5
Slightly unstable C 0.08 0.0002 -0.5 0.20 0.0 0.0
Neutral D 0.06 0.0015 -0.5 0.14 0.0003 -0.5
Moderately stable E 0.03 0.0003 -1.0 0.08 0.00015 0.5
Very stable F 0.016 0.0003 -1.0 0.08 0.00015 -0.5

Source: Briggs (1974).

This expression is combined with that for dispersion resulting from ambient turbulence, in the
same manner described above for the vertical direction, to give the horizontal dispersion

coefficient used in the RESRAD-OFFSITE calculations for estimating air and ground

concentrations:

_ 2 12
Gy —(O'yb +Gy )

1/2

(4.39)
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5 ACCUMULATION OF RADIONUCLIDES AT OFFSITE
LOCATIONS AND IN FOOD

This chapter describes the manner in which RESRAD-OFFSITE conceptualizes the
accumulation of contaminants in offsite agricultural areas, in a surface water body, and in the
plants and animals that live off those areas. The methods and expressions used to compute the
concentration of contaminants in surface soil, surface water, plants, meat, milk, and aquatic food
are presented.

The accumulation of contaminants in offsite surface soil due to irrigation with
contaminated water and due to deposition of contaminated dust is considered. Radiological
transformations, mixing of soil in the surface layer, erosion of the surface layer, and equilibrium
desorption release are considered in computing the concentration in surface soil.

Accumulation of contaminants in plants due to root uptake from offsite soil and onsite
soil, and foliar uptake from overhead irrigation and deposition of contaminated dust on plants are
considered.

Transfer and accumulation of contaminants in meat and milk due to ingestion of
contaminated plant material, incidental ingestion of soil with plant feed, and consumption of
contaminated water are considered.

The code considers three modes of contamination of an offsite surface water body: (1) the
influx of contaminated soil removed from the primary contamination by surface erosion, (2) the
contribution of contaminated groundwater entering a surface water body (lake), and (3) the
deposition of dust from atmospheric transport. Radiological transformations, equilibrium
adsorption desorption between the deposited material and water, and removal of contaminants in
the outflow from the lake are considered in computing the contaminant inventory in the lake.
Concentration in aquatic food is computed using equilibrium bioaccumulation factors.

5.1 ACCUMULATION IN OFFSITE SURFACE SOIL

The processes that are considered in modeling the accumulation of a radionuclide are
represented as follows. The mathematical representations of the processes are written
considering the activity of the nuclide in the mixing zone of the offsite receptor location over a

time period of or.

Deposition: The deposition into the mixing zone is given by

D,(1)4°5, (5.1)
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where

D, (t) = time-dependent deposition rate of the radionuclide (pCi m-2), and

A° = area of the offsite receptor region (m?2).

Radioactive Transformations: The ingrowth within the mixing zone is given by

4,85 () pyd,, A",

where
s7(t) = concentration of the parent nuclide in offsite soil (pCi gD,
oy = dry bulk density of soil at the offsite location (g [cm]-3), and
d? .t = mixing depth at the offsite location (m).

The decay within the mixing layer is given by

As (D) peds, Aot .

mix

Surface Erosion: The erosion loss from the mixing layer is given by

sO () pre’ A°6t = s° () pLE°d’, A°St ,

mix

where

&° = rate of erosion soil at the offsite location (m yr-1), and
E° = fraction of the mixing zone that is eroded each year (yr-1).

Adsorption-Desorption Equilibrium Leaching: Let ¢,(t) and s;(¢) denote the activity

concentration of nuclide i in the aqueous and solid phases of the mixing layer at time z. Then

(5.2)

(5.3)

(5.4)

combining the expressions for mass balance, c,(¢)8’ + s/(¢)p, = s/ (¢)p, , and linear adsorption,

s1(0) = ¢, (DK, , yields

e (t) = s; (0)py _
0 +PKg,

(5.5)
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The loss due to leaching is given by

t
() A°I°5t _%A I°6 = L°s°(t)pld®, A°St , (5.6)
L+ pbKd‘-
where
K = soil-water distribution coefficient of radionuclide at the offsite location

(lcmB g1y,

¢? = contaminated porosity in soil at the offsite location (dimensionless),

c

I° = infiltration rate at the offsite location (m yr-1), and

L = rate at which the nuclide is leached out of the mixing layer (yr-1)
I°/de

mix

6’ +pK;

= Jo _
i

The net effect of these processes is the change in the activity in the mixing layer given by

pndo Ao dsi (t) é‘t

5.7
mix dt ( )

By equating the combined effect of the processes to the net change, we get the mass balance
equation:

podO AO

mix

dszo (t) _ o o o o o o o
y =D, ()4’ + 4,55 (t) pyd ., A° — As? () pydy, A (58)

mix mix

— (O pCE’d’, A — [s° () pod®, A°

This simplifies to

ds? (1)

e R Dbl +25°(0). (5.9)

b mix

This can be integrated from time 0 to ¢ to obtain

A e—(l,-JrE"JrL}’)z t o
S[O (t) — S[o (O)e—(ﬂ,+E +L,)f + — J‘Dz (t)e(/l,-+E +L )tdt
p dmzx 0

(5.10)

1

t
n ﬂ~€_(i'+Eo+L7)tJAS; (t)e(l,+E"+L§')tdt .
0
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The form of D.(¢) needs to be known to solve this equation.

5.1.1 Deposition Due to Contaminated Irrigation Water

Depending on the distribution of potential evapotranspiration and rainfall over the year, it
will be necessary to irrigate the land only during part of the year. It is possible to integrate the
above equation for two time periods — first for the part of the year when irrigation is applied,
and then with no deposition for the rest of the year. However, given the assumption of uniform
mixing throughout the year rather than the once-a-year mixing that occurs during plowing, it is
appropriate to model the accumulation by assuming that the quantity of irrigation water is
applied uniformly over the year. The rate at which the contaminant is deposited on the ground is
then given by

D,(1) = q,-,ﬁWf"(t){l— Jint (5.11)

1- exp(— A, )}

At

w'g
where

q, = quantity of irrigation water that is applied to a unit area of the
agricultural field during a year (m),

w!" () = concentration of the radionuclide in the irrigation water (pCi m-3),
S = foliar interception factor (dimensionless),
A, = weathering constant (yr %), and

t, = growing period when the crop is assumed to be irrigated throughout the
growing period (yr).

The last term adjusts for the fraction of deposition that is intercepted and retained by the plant
(see Section 5.3.3). The activity concentration of the radionuclide in irrigation water is known at
a series of time points and is assumed to vary linearly between these time points. Thus, the
deposition of the radionuclide by irrigation water is approximated by a linear function of time;
that is,

D(t)=a + B, (5.12)

where ¢, and g, are constants between each pair of the time points.
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5.1.2 Deposition of Particulates from the Atmosphere

The rate at which the contaminant is deposited on the ground from the atmosphere is given by

D,(t) =V,,a,(1)| 1- f.ml_exi(_ﬂwtg) , (5.13)

w

where
V., = deposition velocity of the particulate that is contaminated (m yr- 1), and
a,(t) = concentration of the radionuclide in the atmosphere (pCi m-3).

The last term adjusts for the fraction of deposition that is intercepted and retained by the plant
(see Section 5.3.4). The activity concentration of the radionuclide in air is known at a series of
time points and is assumed to vary linearly between these time points. Thus, deposition of the
radionuclide associated with particulates is approximated by a linear function of time.

5.1.3 Concentration in Offsite Soil of the First Member of the Transformation Chain

Replacing the time-dependent deposition rate by a linear function of time and integrating®8 yields

“1‘zﬁ§i+y](l et

0 _ L0 —(/11+E"+L1’)t (
51(0)= 57 (0)e + i L)

(5.14)

Collect the terms to obtain

(1) = A + Akt + Cle Ve ik (5.15)

(/11+E -¢-l1 et
s1(0)=s1(0)e W S (a4 plee )
mix 0
e (/11+E +1,l)t e(/11+E +1,l) _1

8 :Sn 0 e—(/11+E”+L§)t + o
1(0) prd’. "MHEC+ L

mix

e—(/ll+E”+L§)t ﬂ {te(iﬁ-E +L1) -0 e(il+E”+L§)t -1 J

R P Y P

mix
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where

Al — IB]_

! "d;’m(ﬂ1 +E° +L”)

3 By
24 o o 1

0 AL+E°+ L o, A;

A = = , and
p"d;m(ﬂﬂ+E"+Lj) "d,‘,’m(ﬂi+E"+L") L+E°+L
4= 52 I

Closi(@-—— T )40

prd;, (/11 +E° +L§)

mix

5.1.4 Concentration in Soil of the Second Member of the Transformation Chain

An analogy with the expression for the first member, Section 5.1.3, gives

- A, + gz + 1L j(l e )+ s

md”ufﬂW+@) . (5.16)

mix

+ 2,267</12+E = tfsf (t)e(ﬂﬁE()*L%)’dt
0
Substituting for the concentration of the first member and integrating® gives

IRy
(12+E”+L‘§)f+ Ay +E"+ 1L
prd.. (/12 +E° +L‘;)

mix

$5(1) = 53 Q) g

53 (6) =53 (0)e”

(5.17)

A oup
A = (1—6_(/12”5 +L2)t)+AiLt N R
p) A, +E°+ L) e _ o\ Eery

? A, +E° + L5

( A +E°+L5 )t
| (40 + e + Cle b s Lk gy _ g0 el g
0 A, +E° + L

) te(AZJrE“JrL”Z)t ) e(lﬁEU*L%)f _1 ) e(AZJrL‘é—/Ll—Ll")t _1

1 o O_Al 24_(:’:L o o
Ay +E° + L (/12+E”+L;) Ay + Ly =4 =L




Collecting the terms yields

s9(1) = A0 + At + ClelwE ik | 2o lusesti) (5.18)
where
Al — IBZ + //{’ZA]%
2 ,o;’d;',ix(/lz +E° +L;) A +E°+ L]
Al
a, — ﬂi ” 4 - ——
40 = A, +E° + L5 ) A, +E° + L
2 p,fd,‘,’”.x(;tz +E° +L§) 2 A, +E°+ L5
_ a, n ;LZAlO _ A;
p,fd;ix(/lz +E° +L‘;) A +E°+L, A, +E°+L
1
C: 4G ,and

2

AL AL

C2 =53(0)— 45 —C;.

5.1.5 Concentration in Soil of the jth Member of the Transformation Chain

Using the form of the expressions for the first and second members of the chains, the
expression for the jth member of the chain is obtained by induction. Assume that the
concentration of the ith member of the transformation chain in offsite soil is

s0(t) = A0 + At + Y CletEsh (5.19)

k=1

Then the concentration of the next member, j, of the transformation chain is given by

B, T
(O‘«f - jg 0 (1_6 e Lj)t)‘“ﬁﬁ
—(lJ+E"+Lf;)t ﬂ"/ +E +Lj

pZdr:ix(ﬂ’j +E° +L(;)

(A.O + A}t + ZC,."e’(“ - ”Z)tje“ P gy
k=1

s9(t) = 5% (0)e (5.20)

—(l. +E° +L”v)t
+ e’ /

1

o —_—



Integration gives

CHOERY (O)ef(/ljwuq ) w3 ZI: cr “(yrEorrg ) e_(ﬂﬁEoJrL?_ !
ey A+ L =2~ L,
(5.21)
(aj+/1‘A.° - B,/ Prd s +’1inl](1_e—(zj+Ev+L3)t)+( B, +/1<A.1]t
Prduwe  ~ A HEAL pidy,.
A, +E°+L
@)= @e ey L ATE L *
pidy (2, + B+ L)
(5.22)

1
L S @—e‘(’“ﬁEo*L?)t)Jr At
"L HE+L ’ R
A A +E+L +4,2.C
J J

Collecting the terms yields
0 0 1 $ k —(/1 +E°+L; )t
s9(1) = A) + At + Y Che i eal
k=1
where

B, 2,4

jhi

+ '
p,fd;m(ﬂj +E° +Lj) A, +E°+L

At =

J

1
w——ﬂj A° o Aa
o A +E+L A ECH L
AA: J J + ) J J
! plfd,‘,’,ix(lj+E"+L‘;) LA +E L ,
a, A A° A

prd; (ij+E°+L‘;) A +E+L A, +E°+L

mix

; 2,Cls .
C, = : forall k£ # j, and
tOA+L -4, - L
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5.2 ACCUMULATION OF RADIONUCLIDES IN SURFACE WATER

The processes that are considered in modeling the accumulation of a radionuclide are
represented as follows. The mathematical representations of the processes are written by
considering the change in the activity of the nuclide in the surface water body over a time period
of or.

Input of Radionuclides in Sediments from Surface Erosion: The quantity of radionuclide i
resulting from the erosion of the primary contamination is

R (t)SDRét, (5.23)

where

R (¢) = release rate of nuclide i due to erosion of the surface soil above the primary
contamination, Section 2.5 (pCi y ), and

SDR = sediment delivery ratio.
The sediment delivery ratio can be estimated by using the regression equation given in
Section 12.10 of Shen and Julien (1993), which after changing the units of the drainage area to
m2is SDR =26A47°°.

Input of Radionuclides from Groundwater: The quantity of radionuclide i transported by
groundwater flow is

f.(@ox, (5.24)

where £, (¢) is the flux of radionuclide i carried by groundwater entering the surface water body,
Section 3.2 (pCi yr ).

Input of Radionuclides from Atmospheric Transport: The quantity of radionuclide i transported
by wind is

a, (t)V

dep

A" (5.25)

where

a,(t) = concentration of the radionuclide i in the atmosphere (pCi m-3),
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V,, = deposition velocity of the particulate that is contaminated (m yr- 1), and
A™ = surface area of the surface water body (m2).

Radioactive Transformations: The quantity of radionuclide i added due to ingrowth from parent
radionuclide i-7 is

AV w (6)ot + Am (t)s (6)ot (5.26)
where
V= = volume of water in the surface water body (m3),

w™ (¢) = concentration of the parent nuclide in water (pCi m-3),

m*(¢) = cumulative mass of contaminated soil deposited into surface water body
(9), and

524 (¢) = concentration of the parent nuclide in the contaminated soil deposited
into the surface water (pCi g-1).

The quantity of radionuclide i removed due to radiological transformations is
AV W ()t + Am™ (¢)s (£)ot . (5.27)

By using the relationship between the aqueous phase and adsorbed phase concentrations,
s:(£)=10"° K’ w™ (¢), these expressions become

2,7 410 m (VK W ()3t — A (7™ +10Cm* ()& ™ () (5.28)

By defining an equivalent volume of the surface water body for nuclide i by the equation

V0= OK; 107 (5:29
this reduces to

AVl (e = v (ehw (ot (5.30)

Removal of Contaminated Lake Water: The quantity of radionuclide i removed from the surface
water body by the outflow of contaminated water is
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Net Change in the Lake: The net effect of all the changes discussed above leads to a change in
the concentration of radionuclide i in the water and eroded soil contained in the surface water
body. This is represented by

) (),

V s
dt dt

sW sd sd
— dwi (t) St +msd (t) dsi (t) 5f+S;d (t) dm (t)é‘t

dr dr di
(5.32)
sw sd
= (7 +10°m* (1)K )—dW;h D) 5 10% ki ()90

dt

ot

W sd
:Vy%oi%;EQ&+¢04K;wy@)mih@)

Equating the combined effect of these process to the net change gives the mass balance equation:

Sw +
v (t)dwf_(t) +10° K ()" :

: dt = RISDR+ £.(0)+ a1, 4™

(5.33)
+ AV Ow ()= 247 (0w ()= g, w7 (0)

Dividing by the equivalent volume of the surface water body for nuclide i and defining the rates
of removal, change, and inflow, yields

dw;; ) (4 + A2+ 2 () =1 () + A, ;EE 8 )y (¢), (5.34)

where

A" = q— = rate constant for the removal of nuclide i
v () with the water flowing out of the surface
water body (yr %),

w 107K dm*(t)
A O

= equivalent rate constant for the change in
partitioning caused by the additional mass
of eroded soil into the surface water body
(yr'), and



= rate at which nuclide i enters the surface
water body per unit equivalent volume

(pCi yr b.

This can be integrated from time 0 to ¢ assuming that the ratio Vl;gt; is a constant during this

time interval. Integration yields

t
W (0) = w Q) Vo A b d b o el a gy
0

) (5.35)
) e—(@mj”’uf" ) Vil

e
i s (f

1

)J‘Wj_wl-(t)e(x,m, w: )tdt.
0
The form of 7:(¢) needs to be known to solve this equation.

5.2.1 Inflow of Radionuclides into the Surface Water Body

The rates at which a radionuclide enters the surface water body from surface erosion,
groundwater flow, and atmospheric deposition of dust are each known at a series of times. The
nuclide-specific equivalent volume of the lake is also known at those times. Hence, the nuclide
input per equivalent lake volume can be computed at each of those times and is assumed to vary
linearly between these time points. Thus, it is approximated by a linear function of ¢z, that is,
I""(t)=a, + pit, where o, and B, are constants between each pair of time points and are
determined by the contaminant input time pairs bracketing the time of interest.

5.2.2 Concentration of the First Member of the Transformation Chain
in the Surface Water Body

Replacing the time-dependant inflow by a linear function of time and integrating, as in
Section 5.1.3, yields

(al . ffisdj(l— ey gy
wa (t) — Wivw (O)e—(ﬁﬁﬁ,f“ﬁrﬂj“ )t + ﬂ’l + ﬂ’l + ﬂ'l

/11 + SW + iid

(5.36)

Collect the terms to obtain

W (f) = A + Akt + Cle A i) (5.37)
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where

p
A]:-L = ﬂ, ﬂ/swl /1Sd )
1 + 1 + 1

Y
2 sw sd 1
A0 — ATA T a4
1 /f{l+/f{;w+ sd 21+215W+Sd
al_ + 6\%_’_ sd
Cl = w" (0) - %%ﬁfﬂf i (0) - A2,
+ + A

and

5.2.3 Concentration of the Second Member of the Transformation Chain
in the Surface Water Body

An analogy with the expression for the first member, Section 5.2.2, gives

B st
W;W(t):W;W(O)e—<ZQ+ﬂ;M+ﬂ% )t + 2 2 2

ﬂz + ﬂ;w + l;d . (538)
+ ﬂz e‘<ﬂz+ﬂé“’+ﬂ%" )t Vlsw (Z) j Wivw (t)e(/LZ A )tdt
stw (t) )

Substituting for the concentration of the first member and integrating as in Section 5.1.4 gives

(/12+}v;w+1;d)[ s Vlew (t) 22 C:ZLI. (e_(’i'l"'ﬂ»fw*'ifd )t _ e—(/12+iiw+,1§d )t )

wy' (1) =w," (0)e”
c 07O Vi) a2+ 2 A=A = A

(5.39)

1175w sw
w0 Pot AV (e)/v; () agragr )i ( () 1)
[az b - A, + A+ Ay (l_e )+ Pt A

sw sd
A, + AN+ 45

+

Collecting the terms yields

wy' (1) = A; + Ayt +C ;e_(ﬂ“”iwid e ; e Vs (5.40)
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where

VSW t Sw S
A = [ﬂz + V}Wé;zﬁjj/(zz A+ ),

a, v 2,0 g0 By BV (0)15(0)
AO — VZSW (t) 2’2 + Z’AZW + /132d
? Ay + A+ 21

VSW’ t " .
- (0{2 + Vlmgt;zzAf —A;] /(,12 A+

2
) e
2 7 1rsw sw sd sw sd !
Vz (t)ﬂz +/12 +ﬂ“2 _/%1 _/11 _/%1

and C; =wy"(0)— 4y —C;.

5.2.4 Concentration of the jth Member of the Transformation Chain in
the Surface Water Body

Using the form of the expressions for the first and second members of the chains, the

expression for the j#» member of the chain is obtained by induction. The expression is developed
along the lines of Section 5.1.5 and is given by

aj _ ﬂj . ﬁ_ e—(ﬂ_ﬁlj”#ij")l )+ ﬁjt
A+ /Ij,‘” + /Ij,

sw sd
/Ij + /1j + /1j

W (1) = w (0)e N

(5.41)
(e V" (f ) tf o 1 & (v mr e ) (42542 )
+2,e 7 [l 40+ 45,6+ Clie (1)e dt
Y ) 0 k=1
Collecting the terms yields

j o

W) = A+ A+ Y Clelori ) (5.42)
k=1

where

VA—VV (t) sSw S
A; = [ﬂ, + I;q:(t)/?v_; A;—lj /(/11 + A7+ )]“.id )’

J
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6 a, o) A4 A

JjjL _

Af = Y //isw + /ftsd + sz (t) Y //isw + /’LSd Y //isw + /’LSd '
J J J J J J J J J J

Ve A.C*
ij = f‘wl() — T —— forall k=, and
V() A, + A+ 2 =2 = A+ 4

j-1
i sw 0 k
Cl=w(0)— 4 —kzlcj .

5.3 ACCUMULATION IN PLANTS

The processes that are considered in modeling the contamination on plants and the
expressions used to model these processes are discussed in the following subsections. The
concentration of the radionuclide in plant material is obtained by summing the four components
discussed below.

5.3.1 Root Uptake from Onsite Soil

If part (or all) of the agricultural area lies above the primary contamination, the roots of
the plants could penetrate the primary contamination and take up the contaminants. This is
computed as follows:

P ()= fo foaOrtfis (2), (5.43)

where

onsoil

D; (t) = activity concentration of radionuclide i in the edible portion of the
plant resulting from uptake by root from the primary contamination

(pCig1),

f, = fraction of the agricultural area that lies directly above the primary
contamination,

rtf, = root uptake factor of radionuclide 7 for the plant,
Si(t) = activity concentration of radionuclide i in onsite soil (pCi g~1),

1., (t) = cover and depth factor, which is the fraction of the root length exposed
to the primary contamination given by

£.,(t)=0 when T (¢) > d
)= £, (022 when 72,(1) 2 d,,.

mix

root !
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fvm (t) ppc Trrfix (t) + druot - T'ci (t) - Tnjix (t)
fcd (t) = pmix d When Tci (t) + T/:ix (t) + T;cm (t) 2 dmot ' and
ppc c um
fvm (t) Tmix (t)+ Tcz (t)
foa(0)= = 3 when T (¢)+ T5, (6)+ T (1) < d,,,

root
where

d, . = length of the root (m), and the remaining quantities are as defined and

described in Section 2.2.

root

5.3.2 Root Uptake from Offsite Soil

The activity concentration of radionuclide i in the edible portion of the plant resulting
from uptake by roots from the offsite soil is computed using

P e) = rifis] (¢). (5.44)
Adjustments are not made for the situation where the depth of root might exceed the thickness of
the mixing layer because the code only models the concentration of radionuclides in the mixing
zone, not in the soil below.

5.3.3 Foliar Uptake from Overhead Irrigation

This uptake is computed by using

oi SinSu 1- eXp(— ﬂwtg ) i ir
. = 2wt (¢), 5.45

where

p? () = activity concentration of radionuclide i in the edible portion of the plant
resulting from foliar interception of overhead irrigation (pCi g-1),

= fy = fraction of contaminant that is translocated from the foliage to the edible
part of the plants, and

Y = wet weight crop yield (kg m-2).
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This expression is derived by assuming that the concentration of radionuclide in the irrigation

water is constant during the growing season. Consider the changes in the quantity of the

radionuclide in the plant over a time period of 6. The quantity of the radionuclide intercepted

and retained by the plant is given by

qir ir
-f}ﬂt ¢ Wi §t '

4
The quantity of the radionuclide lost from the plant due to weathering is given by
A (1),
where

Pl.‘”'(t) = quantity of radionuclide in the plant grown in a unit area of land,
resulting from overhead irrigation.

The change in the quantity of the radionuclide in the plant is represented by

dpP” (1)
dt

ot .

Equating the change to the net change gives the mass balance equation:

dpP’ (¢ - .
Id—t():f}nt%wi _ﬂwE (t)

g

Integration over the growing period gives

, o 1-expl—A ¢t
PO = fu L w! XZ( )

g w

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

This is the factor applied in Section 5.1.1 to account for the quantity of the radionuclide that is
retained by the plant. The concentration in the edible portion of the plant is obtained by applying

the translocation factor and the yield.
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5.3.4 Foliar Uptake of Dust

This uptake is computed by using

. 1—expl— A4, 1
pidust (f) — f‘ll’;f}l F;’( W g)Vdepai (t)’ (551)

w

dust

where p; (t) is the activity concentration of radionuclide i in the edible portion of the plant
resulting from foliar interception of dust (pCi g-1). It is derived by assuming that the
concentration of radionuclides in dust is constant over the growing period. The derivation is

analogous to that for foliar interception of overhead irrigation.
5.4 ACCUMULATION IN MEAT AND MILK
Transfer and accumulation of contaminants in meat and milk due to ingestion of

contaminated plant material, incidental ingestion of soil with plant feed, and consumption of
contaminated livestock water are considered. This process is computed by using

mi (t) = lm-ft |:Qlln)gpt (t) + q;’lg (Sln (t) + fa fvm & Si (t)j + qt‘::gwllf (t):| ! (5'52)
where

imf, = concentration of the nuclide in meat or milk at the time of slaughter or
milking due to a uniform intake of unit activity of radionuclide per day

(ICi {kg} "V[pCid ")),

rate of ingestion of plant derived feed by the livestock (kg d ),

p
qing

q,, = rate of ingestion of soil with plant derived feed by the livestock (kg dh,
and

q,,, = rate of ingestion of water by the livestock (L db.

5.5 ACCUMULATION IN FISH AND AQUATIC FOODS

Equilibrium transfer of contaminants from lake water to the aquatic food is used. The
concentration in aquatic food is computed by using

aqf (t) = baf,w" (t), (5.53)
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where
aqf,(t) = activity concentration of nuclide 7 in aquatic food (pCi [kg]~1), and

baf, = bioaccumulation factor or the equilibrium concentration ratio between
aquatic food and lake water ([pCi {kg}~1)/[pCi L-1]).
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6 EXPOSURE PATHWAYS AND EXPOSURE SCENARIOS

In RESRAD-OFFSITE, the general principles for computing exposure are the same as for
the RESRAD (onsite) code (Yu et al. 2001). The primary difference between the two codes is
that media concentrations at the time of exposure, not environmental transfer factors, are used in
RESRAD-OFFSITE. The dose or risk resulting directly from the primary contamination and
from the particulates and gases released from the primary contamination are summed and
reported together. Likewise, the dose and risk resulting from the releases to groundwater and to
surface runoff are summed and reported together.

6.1 EXTERNAL RADIATION FROM CONTAMINATION IN SOIL

The code models the external radiation from contamination in soil for the following
situations:

» Exposure to radiation from the primary contamination while located indoors
and outdoors in an onsite dwelling above the primary contamination.

» Exposure to radiation from the primary contamination while located indoors
and outdoors in an offsite dwelling that is outside the perimeter of the primary
contamination.

» Exposure to radiation from the accumulation in the soil in the offsite dwelling
site while located indoors and outdoors in the offsite dwelling site.

» Exposure to radiation from the accumulation in the soil in an offsite
agricultural area while located outdoors in that offsite agricultural area.

The exposures resulting from all four situations are summed and reported as a single quantity.

As discussed in Appendix A of the user’s manual for RESRAD (onsite) code (Yu et al.
2001), the exposure for each of the above situations is computed as the product of the following:

» The dose conversion factor or slope factor for external radiation, for a volume
source of infinite thickness and infinite area, from the chosen dose factor
library ([mrem yr-1]/[pCi g-1] or [risk yr-1]/[pCi g~1]),

« The concentration of the radionuclide in the soil (pCi g-1),

* An occupancy and indoor shielding factor to account for the time spent at the
location and for the shielding from any building components while indoors,
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» A cover and depth factor to account for the finite thickness of the
contamination and for any intervening clean cover between the contamination
and the receptor, and

* An area and shape factor to account for the finite area and shape of the
contaminated soil and for the position (location) of the receptor in relation to
the contaminated area.

All but the occupancy factor depend on the radionuclide. The shape of the primary
contamination can be specified to be circular or polygonal. The location of the onsite and offsite
dwellings in relation to the primary contamination can also be specified. The offsite areas
(dwelling and agricultural areas) are assumed to be circular in shape, with the receptor located at
the center of the circle, when calculating the exposure from external radiation.

6.2 INHALATION OF CONTAMINATED DUST

The code models the effects of inhalation of contaminated particulates for the following
situations:

» Inhalation of particulate matter released from the primary contamination,
while located indoors and outdoors in an onsite dwelling above the primary
contamination.

* Inhalation of particulate matter released from the primary contamination and
transported to the offsite dwelling site by the atmosphere, while located
indoors and outdoors in an offsite dwelling that is outside the perimeter of the
primary contamination.

* Inhalation of particulate matter released from the primary contamination and
transported to the offsite agricultural area while located outdoors in that
offsite agricultural area.

The exposures resulting from all these situations are summed and reported as a single quantity.

Following the general principles discussed in Appendix B of the user’s manual for
RESRAD (onsite) (Yu et al. 2001), the exposure for each of the above situations is computed as
the product of the following:

» The dose conversion factor or slope factor for the radionuclide from the
chosen dose factor library ([mrem pCi—1] or [risk pCi—1]),

» An occupancy and indoor filtration factor to account for the time spent at the
location and for the filtration of dust by any building components while
indoors,
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« The inhalation rate (m® yr-1), and

» The concentration of the radionuclide in air at the exposure location
(pCi m-3).

The concentration in air at an onsite location is obtained as the product of the following:
« The concentration in the primary contamination (pCi g-1),
» The factor for volumetric mixing of the surface soil (Section 2.2.3),

» The ratio of the density of primary contamination to the density of the mixing
zone (Section 2.2.3),

» The concentration of respirable dust particles in air above the primary
contamination (g m-3), and

» The area factor to account for the dilution of the dust derived from the primary
contamination by the dust blown in from uncontaminated areas
(Chang et al. 1998).
The concentration in air at an offsite location is obtained as the product of
« The Chi/Q atmospheric transport factor for that offsite location (s m=3),
« The rate of release of radionuclides to the atmosphere (pCi yr-1), and
» A factor to convert seconds to years.
The inhalation of gaseous C-14 (CO>) and H-3 in vapor form (H20O) is also computed and
reported under this exposure pathway. Thus, the inhalation exposure reported for C-14 includes
exposure from both the particulate form and the gaseous form. Different dose conversion factors
can be used for the two forms of C-14. The inhalation exposure reported for H-3 is for the vapor
form and includes a 50% increase to account for the absorption of 3HHO through the skin at a
rate equal to 50% of the breathing rate (ICRP 1979-1982).
6.3 INHALATION OF RADON AND SHORT-LIVED PROGENY

The RESRAD-OFFSITE code models the effects of inhalation of radon and its short-
lived progeny for the following situations:

» Inhalation of radon and progeny released from contaminated water used inside
a dwelling (both onsite and offsite dwellings).
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Inhalation of radon that emanated from the primary contamination and its
progeny while indoors and outdoors at the onsite dwelling location.

Inhalation of radon that emanated from the primary contamination and was
transported to the offsite dwelling site by the atmosphere, and its short-lived
progeny that were produced during the transport, while indoors and outdoors
at the offsite dwelling location.

Inhalation of radon that emanated from the primary contamination and was
transported to the agricultural areas by the atmosphere, and its short-lived
progeny that were produced during the transport, while outdoors in the offsite
agricultural area.

The methodology used for the first two situations is as described in Appendix C of the user’s
manual for RESRAD (onsite) (Yu et al. 2001). The exposure for the remaining two situations is
modeled by using the concentration of radon and progeny at those locations. The concentrations
are computed from the flux of radon released from the primary contamination and the ingrowth-
and decay-adjusted Chi/Q factors for radon and its short-lived progeny, computed from the
atmospheric transport model.

6.4 INGESTION OF WATER, PLANT-DERIVED FOOD, MEAT, MILK,
AQUATIC FOOD, AND INCIDENTAL INGESTION OF SOIL

The exposure from the ingestion of water, plant-derived food, meat, milk, and aquatic
food is computed as the product of the following:

The dose conversion factor or slope factor for the radionuclide and food type
from the chosen dose factor library ([mrem pCi~1]) or [risk pCi~1]),

The ingestion rate (kg yr-L or [ yr-1),
The fraction of the food that was obtained from the contaminated areas, and

The concentration of the radionuclide in the food (pCi [kg]-1, pCi L-1).

The exposure from the incidental ingestion of soil is computed by summing the product
of the following at the onsite location and at each of the offsite locations:

The dose conversion factor or slope factor for the radionuclide from the
chosen dose factor library ([mrem pCi-1] or [risk pCi-1],

The incidental ingestion rate of soil (g yr-1),

The fraction of time spent at the onsite or offsite location, and



6-5

* The concentration of the radionuclide in the soil at the onsite or offsite
location (pCi g-1).

6.5 EXPOSURE SCENARIOS FOR RESRAD-OFFSITE

This section describes the principal exposure scenarios that can be modeled by RESRAD-
OFFSITE. They are based on the exposure scenarios developed for RESRAD (onsite).
Additional potential scenarios that require refinements and additional components for the code
are also discussed where appropriate. The four main current scenarios are rural resident farmer,
urban resident, worker, and recreationist. The principal exposure scenarios can give rise to
specific subscenarios, such as office worker, industrial worker, or construction worker. These
possibilities are listed in Sections 6.5.1 through 6.5.4. The pathways considered in the various
scenarios are summarized in Tables 6.1 through 6.10 at the end of this chapter.

As described in Attachment 6 to Results of Evaluations for Realistic Exposure Scenarios
(Travers 2003), the exposure scenarios that need to be considered for each site can be arrived at
by determining the potential land use of that specific site and then considering the exposure
groups that are relevant to each of those potential land uses.

Different combinations of land use and exposure group can lead to the same generic
exposure scenario. For example, a maintenance worker in a pubic park or golf course and a
resident maintenance worker in a large apartment complex would both fall under the generic
maintenance worker scenario. These exposure scenarios would each have different input
parameters to reflect the differences in land use and in activities performed. Thus, the land
use/exposure group approach is necessary for conducting site-specific analyses and developing
input values for the exposure scenarios.

This report focuses on the exposure scenarios that can be modeled by RESRAD-
OFFSITE. It does not deal with the selection of exposure scenarios or parameter development for
them. Thus, it does not use the land use/exposure group approach. Instead, it provides an
overview of the main generic exposure scenarios that can be modeled with the code. Because it
is not practical to provide an exhaustive list of all the exposure scenarios that can be modeled,
information about RESRAD-OFFSITE that is useful in deciding whether this code can be used to
model other exposure scenarios is presented in Section 2. Methods for developing site-specific
scenarios and for modifying generic scenarios based on site characteristics are given in Chapter 5
and Appendix | of NUREG-1757 (Schmidt et al. 2003). The general scenarios given in Table 1.3
of NUREG-1757, Volume 2, for sites with contamination in soil can be modeled using either the
main generic scenarios listed in Sections 6.5.1 through 6.5.4 or as a subscenario of one of the
main generic scenarios.

6.5.1 Rural Resident Farmer Scenario

The primary case would be a self-sufficient resident farmer-survivalist who produces all
food to meet his dietary needs in the affected area. All exposure pathways would be active. A
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TABLE 6.1 Exposure Pathways Considered for a Rural Resident Farmer Scenario

Location of Contamination

Agricultural
Dwelling Land and Surface

Exposure Pathway Site Pasture Water Body  Well
External gamma from accumulation in soil or Yes Yes No NA2
water
Inhalation of dust blown in from primary Yes Yes No NA
contamination
Inhalation of radon from primary contamination NoP NoP No NA
Inhalation of radon from water used at home NA NA NoP NoP
Ingestion of vegetables, fruit, and grain NA Yes NA NA
Ingestion of meat NA Yes NA NA
Ingestion of milk NA Yes NA NA
Ingestion of aquatic food NA NA Yes NA
Ingestion of soil Yes Yes NA NA
Ingestion of water NA NA Yes Yes

& NA =not applicable.

b The radon pathway should be excluded under the U.S. Nuclear Regulatory Commission’s (NRC’s)
license termination rule for decommissioning of contaminated facilities and sites.

more likely variation would be the subscenario of a semi-self-sufficient resident farmer who
purchases some food to meet his dietary needs from outside the affected area. While it is
expected that all the pathways would still be active, the ingestion parameters would reflect the
reduced reliance on food from the affected area. Depending on the location and topography,
water could be obtained primarily from a well or from a surface water body. The contaminant
transport pathways to a surface water body might also have to be deactivated, depending on
whether the water body was upgradient of the primary contamination. It is also possible that
some portion or all of the farmed areas and the dwelling would be located directly above the
primary contamination.

A second variation of the main scenario would arise if the extent of the area that was
impacted was large. In this case, a significant portion of the food to meet dietary needs would be
produced in the affected area, although not by the same individual. The occupancy factor would
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TABLE 6.2 Contamination Pathways Considered for a Rural Resident Farmer

Scenario
Location of Contamination
Agricultural Surface
Dwelling Land and Water Primary
Contamination Pathway Site Pasture Body Well Contamination

Deposition of dust Yes Yes Yes NA?2 NA
Source of contamination No No NA NA Yes
Interception of groundwater NA NA Yes Yes NA
Source of contamination No No NA NA Yes
Surface runoff NA No Yes NA NA
Source of contamination No No NA NA Yes
Irrigation water Yes Yes NA NA No
Source of contamination NA NA Yes Yes NA

& NA = not applicable.

need to be reduced to reflect the applicable situation. For example, the food might be picked at a
cooperative farm or purchased from a roadside stand or farmer’s market.

6.5.2 Urban Resident Scenario

It is likely that the meat, milk, and aquatic food pathways would be inactive and that
input appropriate for the location of the affected area would be used to model the urban resident
scenario. Depending on the location of the water supply and type of water treatment process, the
drinking water and household water pathways might have to be deactivated. If the dwelling was
a house, seasonal vegetable consumption from a home garden would be a possibility. If the
dwelling was an apartment or town home, the vegetable pathway might also be inactive. It is
possible that the urban resident might work at a different location that was also in the affected
area. Direct modeling of this variation is not currently possible, but an informed user can adjust
the occupancy in the unused agricultural area to model this subscenario. The code can be
expanded to include an offsite work area at a location different from the offsite dwelling when
the dwelling model is refined.

6.5.3 Worker Scenario
The drinking water, vegetables, meat, milk, and aquatic food pathways would be inactive

for the worker scenario. The occupancy, shielding, inhalation, and incidental soil ingestion
parameters would be different for the different workers — office worker, industrial worker, and
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TABLE 6.3 Exposure Pathways Considered for an Urban Resident Scenario

Location of Contamination

Agricultural
Dwelling Land and Surface Water

Exposure Pathway Site Pasture Body Well
External gamma from accumulation in soil Yes NA2 No NA
or water
Inhalation of dust blown in from primary Yes NA No NA
contamination
Inhalation of radon from primary No" NA No NA
contamination
Inhalation of radon from water used at home NA NA No" NoP
Ingestion of vegetables, fruit, and grain Mayhe® NA NA NA
Ingestion of meat NA NA NA NA
Ingestion of milk NA NA NA NA
Ingestion of aquatic food NA NA Maybe NA
Ingestion of soil Yes NA NA NA
Ingestion of water NA NA Maybe Maybe

& NA = not applicable.

b The radon pathway should be excluded under the NRC’s license termination rule for
decommissioning of contaminated facilities and sites.

¢ Maybe = not suggested for the default scenario, can be considered if appropriate.

construction worker. Either the offsite or onsite dwelling location could be appropriate for these
worker scenarios. The relevant agricultural area would be used to model a farm worker. As
discussed in Section 6.5.2, a combined urban resident worker subscenario would be necessary if
the worker also resided in an affected area.

6.5.4 Recreationist Scenario
Numerous recreational use scenarios are possible, ranging from an avid

sportsperson/outdoorsperson who would obtain a significant portion of his meat and fish from
the affected area to a person who would hike in an affected area for only a few hours in a year.
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TABLE 6.4 Contamination Pathways Considered for an Urban Resident

Scenario
Location of Contamination
Agricultural  Surface
Dwelling Land and Water Primary
Contamination Pathway Site Pasture Body Well  Contamination

Deposition of dust Yes NA? Maybe®  NA NA
Source of contamination No No NA NA Yes
Interception of groundwater NA NA Maybe  Maybe NA
Source of contamination No No NA NA Yes
Surface runoff NA NA Maybe NA NA
Source of contamination No No NA NA Yes
Irrigation water Maybe Maybe NA NA No
Source of contamination NA NA Maybe  Maybe NA

& A =not applicable.

® Maybe = not suggested for the default scenario, can be considered if appropriate.

The vegetable, milk, and drinking water pathways would be turned off for the
sportsperson/outdoorsperson scenario, although the ingestion of some wild berries, mushrooms,
and springwater would be plausible. The ingestion rates for meat and aquatic food would depend
on the available game and aquatic organisms at the location. All the water used by livestock
would probably come from the surface water body. The irrigation rate should be set to reflect the
situation being modeled, since the foraging area would likely be unirrigated.

A person who trains or exercises routinely in an affected playfield or park, or a person
who regularly spends time in a park is another likely candidate for recreational exposure. The
vegetable, meat, milk, aquatic food, and drinking water pathways would be turned off for this
scenario. The park or playfield could be modeled as the outdoor occupancy of the offsite
dwelling, since the park/playfield option is not available.

The RESRAD-OFFSITE code is not currently equipped to model a swimmer or boater
scenario. A module to compute the direct exposure from the contaminants in the lake would have
to be added. A more detailed lake model, which considers potential stratification and turnover of
the lake and the rate-controlled release from the sediments, might also be necessary.
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TABLE 6.5 Exposure Pathways Considered for the Worker Scenario

Location of Contamination

Surface
Work  Agricultural Water
Exposure Pathway Site? LandP Body Well
External gamma from accumulation in soil or water Yes Yes NAC NA
Inhalation of dust blown in from primary Yes Yes NA NA
contamination
Inhalation of radon from primary contamination Nod Nod NA NA
Inhalation of radon from water used at home NA NA NA NA
Ingestion of vegetables, fruit, and grain NA NA NA NA
Ingestion of meat NA NA NA NA
Ingestion of milk NA NA NA NA
Ingestion of aquatic food NA NA NA NA
Ingestion of soil Yes Yes NA NA
Ingestion of water NA NA Maybe®  Maybe

a  For office worker, industrial worker, and construction worker scenarios.

b For agricultural worker scenario.

¢ NA =not applicable.

decommissioning of contaminated facilities and sites.

The radon pathway should be excluded under the NRC’s license termination rule for

€ Maybe = not suggested for the default scenario, can be considered if appropriate.
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TABLE 6.6 Contamination Pathways Considered for the Worker Scenario

Location of Contamination

Surface
Work Agricultural ~ Water Primary
Contamination Pathway Site? LandP Body Well  Contamination
Deposition of dust Yes Yes Yes NAC NA
Source of contamination No No NA NA Yes
Interception of groundwater NA NA Yes Yes NA
Source of contamination No No NA NA Yes
Surface runoff NA No Yes NA NA
Source of contamination No No NA NA Yes
Irrigation water NA Yes NA NA No
Source of contamination NA NA Yes Yes NA

&  For office worker, industrial worker, and construction worker scenarios.

b For agricultural worker scenario.

¢ NA =not applicable.
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TABLE 6.7 Exposure Pathways Considered for a Sportsperson/Outdoorsperson
Recreational Scenario

Location of Contamination

Agricultural
Land and
Dwelling Pasture Surface Well
Exposure Pathway Site (for forest) Water Body (for spring)

External gamma from accumulation in soil or NA2 Yes No NA
water
Inhalation of dust blown in from primary NA Yes No NA
contamination
Inhalation of radon from primary NA NoP No NA
contamination
Inhalation of radon from water used at home NA NA NA NA
Ingestion of vegetables, fruit, and grain NA Maybe¢ NA NA
Ingestion of meat NA Yes NA NA
Ingestion of milk NA NA NA NA
Ingestion of aquatic food NA NA Yes NA
Ingestion of soil NA Yes NA NA
Ingestion of water NA NA Maybe Maybe

& NA =not applicable.

b The radon pathway should be excluded under the NRC’s license termination rule for decommissioning of
contaminated facilities and sites.

¢ Maybe = not suggested for the default scenario, can be considered if appropriate.
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TABLE 6.8 Contamination Pathways Considered for a Sportsperson/Outdoorsperson
Recreational Scenario

Location of Contamination

Agricultural
Land and Surface
Dwelling Pasture Water Well (for Primary
Contamination Pathway Site (for forest) Body spring) Contamination
Deposition of dust NA2 Yes Yes NA NA
Source of contamination No No NA NA Yes
Interception of groundwater NA NA Yes MaybeP NA
Source of contamination No No NA NA Yes
Surface runoff NA No Yes NA NA
Source of contamination No No NA NA Yes
Irrigation water NA NA NA NA NA
Source of contamination NA NA NA NA NA

& NA =not applicable.

b~ Maybe = not suggested for the default scenario, can be considered if appropriate.



TABLE 6.9 Exposure Pathways Considered for the Park or Playfield Recreational

Scenario

6-14

Location of Contamination

Agricultural Land
and Pasture

Dwelling (for park or Surface

Exposure Pathway Site playfield) Water Body Well
External gamma from accumulation in NA2 Yes NA NA
soil or water
Inhalation of dust blown in from NA Yes NA NA
primary contamination
Inhalation of radon from primary NA NoP NA NA
contamination
Inhalation of radon from water used at NA NA NA NA
home
Ingestion of vegetables, fruit, and grain NA NA NA NA
Ingestion of meat NA NA NA NA
Ingestion of milk NA NA NA NA
Ingestion of aquatic food NA NA NA NA
Ingestion of soil NA Yes NA NA
Ingestion of water NA NA Maybe¢ Maybe

& NA = not applicable.

b The radon pathway should be excluded under the NRC’s license termination rule for

decommissioning of contaminated facilities and sites.

¢ Maybe = not suggested for the default scenario, can be considered if appropriate.
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TABLE 6.10 Contamination Pathways Considered for a Park or Playfield Recreational
Scenario

Location of Contamination

Agricultural
Land and
Pasture Surface
Dwelling (for park or Water Primary
Contamination Pathway Site playfield) Body Well Contamination
Deposition of dust NA2 Yes Yes NA NA
Source of contamination No No NA NA Yes
Interception of groundwater NA NA Yes Yes NA
Source of contamination No No NA NA Yes
Surface runoff NA No Yes NA NA
Source of contamination No No NA NA Yes
Irrigation water NA MaybeP NA NA NA
Source of contamination NA NA MaybeP  MaybeP NA

& NA = not applicable.

b~ Maybe = not suggested for the default scenario, can be considered if appropriate.
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7 TIME POINTS FOR NUMERICAL COMPUTATIONS

All of the expressions for the releases from the primary contamination that were
developed in Chapter 2 can be evaluated analytically. One feature of the code, although it is not
yet fully implemented (Section 2.4), is the ability to accept user-specified releases and even
media concentrations. These inputs, which could be from historical measurements or the
predictions of other models, cannot be expected to be in the form of analytical expressions; they
would likely be in the form of measured or predicted values at a series of times.

The expressions for flux and concentration under dispersive transport (Chapter 3) can
only be convolved analytically with a limited set of analytical input fluxes. In the development in
Chapter 3, they were convolved by assuming that the input fluxes were known at a series of time
points and that the input fluxes varied linearly between the values at those times. They could
have been convolved numerically with a general analytical expression for the flux, but the result
(i.e., the flux out of the zone) would not have been analytical. Thus, if the groundwater transport
involved more than the saturated zone, an analytical approach would not be feasible. An
important feature of the RESRAD-OFFSITE code is its ability to model a number of partially
saturated zones, each with properties that are distinct from the properties of the others. The code
also needs to be able to allow subdivision of the partially saturated zones and the saturated zone
to make better predictions of the transport of the progeny produced in transit (Section 3.3.13).
While the very first subdivision of the topmost partially saturated zone could have been treated
analytically, the code-calculated flux out of this transport zone would not have been an analytical
expression but rather a series of fluxes at a series of times. Thus, the calculations for the
remaining zones would have inputs that are not analytical but are fluxes at a series of times.

Finally, the expressions for accumulation in both offsite soil and in the surface water
body use inputs that are available only as values at a series of times and not as analytical
expressions. Even if they had been in the form of analytical expressions, deriving analytical
expressions for the accumulation would have been possible for only a limited number of cases.

For these reasons, a numerical approach was used in the RESRAD-OFFSITE code. This
approach involves computing the releases, fluxes, and concentrations at a series of times. The
computed quantities are assumed to vary linearly between each pair of times in the series. The
fluxes computed for a transport zone depend on the calculations performed for the preceding
transport zones. In the case of accumulation (Chapter 5), the value computed at any particular
time depends on the accumulation calculated for the preceding times, as well as the fluxes and
concentrations calculated for the transport zones. The accuracy of the calculations depends on
the choice of the series of time points. The time horizon over which predictions are to be made,
the number of time points to be used over this time horizon, and the manner in which the time
points are to be spaced over the time horizon must be chosen with care in order to obtain
meaningful predictions.
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7.1 FORECAST TIME HORIZON

Model calculations are performed to make predictions of exposure, risk, and
concentration over a period of time ranging from the present, time zero, to an exposure duration
beyond the greatest time at which the predictions are required (Section 4.9 of the User’s Guide in
Appendix A). This is the forecast time horizon.

7.2 NUMBER OF TIME POINTS

The number of time points should be sufficient to capture the variation in the computed
fluxes and concentrations. This is especially important when the groundwater transport zones are
subdivided (Section 3.3.13). The time points should be close enough to represent the temporal
variation of the flux across each subdivided zone to prevent the buildup of numerical errors
(Chapter 4 of Yu et al. 2006). The code provides the following choices for the number of time
points: 32, 64, 128, 256, ....16,384 and 22,000; all but the last is a power of 2. The next power of
2 — 32,768 — and higher are not provided in the list of choices because the graphing program
used in the code for deterministic graphics cannot handle that many points.

7.3 SPACING OF TIME POINTS

The code offers two choices for the spacing of the time points. The time points may be
spaced uniformly from 0 to the forecast time horizon, or they can be spaced in a geometric series
(log spacing). The first time point is time zero under both choices. When the log spacing is
selected, the second time point is set to the user-specified minimum time increment because a
zero value cannot be a part of a geometric series. The remaining time points are placed in a
geometric series between the minimum time increment and the forecast time horizon. If this
results in time points that are spaced at less than the minimum time increment, a possibility at the
beginning of the geometric series, those time points will be placed in an arithmetic series with a
spacing of the minimum time increment until the rest of the time points can be placed in a
geometric series with a larger interval between time points.

It is preferable to use the uniformly spaced linear spacing option. This choice allow the
groundwater transport transfer factors to be saved and reused for all points that have the same
travel time, leading to a shorter execution time (Section 2.1.3 of Appendix C).

7.4 STORAGE TIME CONSIDERATIONS

The food products, water, and livestock feed might not always be consumed immediately
upon harvest or extraction. The concentration of the radionuclides in these products at the time of
harvest or extraction is needed in order to account for the radiological transformations that take
place during the time that these products are stored prior to consumption. The code computes the
concentrations at harvest or extraction by linear interpolation of the concentration at the series of
time points discussed above.
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7.5 TIME-INTEGRATED DOSE AND RISK

The radiological doses and risks reported by the code in textual and graphical form are all
time-integrated quantities. The dose reported for a particular time is the dose over a period of one
year beginning at that time. Likewise, the risk reported for a particular time is the value over an
exposure duration beginning at that time. The code performs a trapezoidal integration using the
value at the reporting time, the values at all the time points that fall within the integration period,
and the value at the end of the integration period. If the integration period ends between two time
points, the value at the end of the time period is found by linear interpolation between those two
time points.
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8 VERIFICATION AND VALIDATION

The RESRAD-OFFSITE code was developed following the RESRAD program quality
assurance (QA) and quality control (QC) procedures. Some components of the code were
verified by separately developed spreadsheets, or benchmarked against the RESRAD (onsite)
code for most of the equations used in the code.

As previously indicated, the RESRAD-OFFSITE code is an extension of the RESRAD
(onsite) code, and the two codes share the same database and many models and modules. The
RESRAD (onsite) code has already been extensively tested, verified, and validated as
documented in Chapter 5 of the RESRAD User’s Manual and other documents (Yu et al. 2001;
Halliburton NUS 1994; Cheng et al. 1995; Gnanapragasam et al. 2000; Mills et al. 1997;
Whelan et al. 1999a,b).

The beta versions of RESRAD-OFFSITE have been in existence for many years, and the
code has been tested by users who downloaded it. Many users provided comments that resulted
in improvement of the code over the years.

Many parameter values used in the RESRAD-OFFSITE code were taken from the
RESRAD (onsite) database. These parameters include soil-plant transfer factors, meat and milk
transfer factors, bioaccumulation factors, dose conversion factors, decay half-lives, and scenario-
specific occupancy factors. The RESRAD (onsite) database is well documented and verified
(Yu et al. 2000, 2001, 2003).

Argonne recently conducted a benchmarking of RESRAD-OFFSITE and RESRAD
(onsite) for an onsite exposure scenario. This study was documented in a separate report
(Yu et al. 2006). The results indicated that although there are differences between some models
used in the two codes, by adjusting the input parameters, the RESRAD-OFFSITE can reproduce
the RESRAD (onsite) results for an onsite exposure scenario.

Additional benchmarking of the RESRAD-OFFSITE code against other peer codes was
performed over the past several years. Some of the results were documented in the benchmarking
report (Yu et al. 2006) and in other reports and peer-reviewed articles (Gnanapragasam and
Yu 1997, Gnanapragasam et al. 2000; BIOMOVS 11 1995, 1996).

Currently, the RESRAD-OFFSITE code is being used by the International Atomic
Energy Agency’s Environmental Modeling for Radiation Safety Program’s Naturally Occurring
Radioactive Material Working Group for testing scenarios such as “Area Source” and “Area
Source + River.” Additional testing and validation of RESRAD-OFFSITE are planned when data
sets are available.
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1 PURPOSE OF USER’S GUIDE

RESRAD-OFFSITE for Windows has many features to help users understand and use the
software. This user’s guide describes those features and provides additional information about
the input parameters to increase understanding of the code. This information is organized into the
following major sections:

» Section 2. Installation: Installation procedures and system requirements are
discussed.

» Section 3. Navigation: Instructions for moving around the interface to
accomplish various tasks and to save input and output are presented.

» Section 4. Input Forms: Each input form is described, information on how to
use each form is presented, and the parameters in the input forms are
described.

» Section 5. Outputs: Instructions on finding results in the textual and graphical
output are provided.

» Section 6. Enhancements: The probabilistic/uncertainty analysis and
sensitivity analysis features are explained.

» Section 7. Help: Various sources for obtaining help are discussed.
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2 INSTALLATION

2.1 REQUIREMENTS

Windows 2000 or XP operating system
Pentium class processor

128 MB of RAM

100 MB of disk space

A display resolution of 1280 x 1024 or finer

2.2 INSTALLING FROM THE RESRAD WEB SITE

1.

Connect to the Web site at www.evs.anl.gov/resrad.
Click on “Download Codes.”
Fill in the requested information and download the installation program.

When the installation program launches, enter the information requested by
the standard installation program.

After installation, a new RESRAD-OFFSITE icon will appear in the
RESRAD group. Double-clicking on this icon will start RESRAD-OFFSITE.

2.3 INSTALLING FROM COMPACT DISK

1.

2.

Insert RESRAD-OFFSITE installation CD into appropriate drive.

If the setup program does not launch itself, run the SETUP.EXE program
from the drive (for example, D:SETUP). This can be done through the
Start/Run sequence or though Explorer.

Enter the information requested by the standard installation program.

After installation, a new RESRAD-OFFSITE icon will appear in the
RESRAD group. Double-clicking on this icon will start RESRAD-OFFSITE.
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2.4 UNINSTALLING

1. Use the Add or Remove Programs utility in the Widows control panel.
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3 NAVIGATION

Four independent ways are available to access information through the RESRAD-OFFSITE
interface:

1. Menu and Toolbars: These are the standard Windows tools used to
manipulate files, input forms (i.e., screens), and output forms; shortcut keys
are included for advanced users. These are described in Section 3.1.

2. Linked Input Forms: All relevant input forms are linked together by two
buttons in each input form that save the data in that input form and then open
either the next input form or the previous one (Section 3.4). Start by pressing
the “New user, Chain through all Input Screens” button in the About
RESRAD-OFFSITE popup window that displays upon starting
RESRAD-OFFSITE. The About screen can also be accessed via the
Help menu [Alt h, a].

T P—
_ . !El- Version: 20
Release Date: August 15, 2007
Fila
_ The RESRAD-OFFSITE computer code was developed under the joint
of the US. L of and tha U.5. Nuclear
Chango Title Regulatory Commission pacifi jical dose and rigk
assessment for both o e in
1P
[ soeohr | i i
Labosatory.
Modsy istn
[_ox ] N —— e Fr— AT
Physical Momory in use: 63% i 1p ' " 1
MM.MWIIMW—-|

WVinw scatter plats of View scatter plats of

it gulpul Viw odi of owiput autput Vs input autput Vs output

View lemporal plots and plo i etnhol
slatisbcs of lolal dose 1l

Genarate outpui-input cormalation and | . |
soafici 1

ragraggion coafficiants Fre Exsting
E etput i
& Porlorm uncertainty analysis  Suppress uncerainty analysis this session oK
RLEACHRA-226+0)%/ 1.1 | DCACTS(Pb-210:D)% 1.1 | DCACTUI(Ra-?26+D)% 11 | DCACTS(Ra-226+D)% 11 | PRECIP%11 | LCZPAD 1.1 | EVAPTR%11 |
THICKO %/ 1.1 | DENSCZ% 1.1 | HO)% 10 | DENSUZI) 1Y | HCS2% 11 | HGW =710 | HGSW= 10 | ALPHALOW /1.0 | ALPHALOSW1.1 | ALPHATW 1.1 |

3. RESRAD-DOS Emulator: This set of textual command buttons is similar to
buttons used in the RESRAD for DOS interface (Section 3.2).

4. Iconic Navigator Window: This tabbed window allows access to the
information through more graphical cues (Section 3.3).
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3.1 MENUS AND TOOLBARS

3.1.1 Menus

The menu on the main RESRAD-OFFSITE window (i.e., Main Menu) gives complete access to
all the forms, functions, and features of the code. The Main Menu and the submenus that branch
from it are shown above. The menu operations can be preformed by clicking the mouse, by
pressing the hot (underlined) keys after activating them with the Alt key, or by using the shortcut
keys shown next to the submenu commands.

Text Output » —  Parent Dose Report

Message Log Crl+E Risk. Report

Progerty Dose Report
Uncertainty,Frobabilistic Dose and Risk Report
Uncertainty Probabilistc Inputs Report

Detarministic Graphics
Uncertainty Probabiistic Graphics

v 1) External Gamma v Iconic Mavigator
v 23 Inhalation v Tool Bar
v 3) Flant Ingestion Eathwray Bar Cirl+P
v 4 Meat Ingestion v Sensitivity Input Summary Clrl+F9
v 5) Milk. Ingestion v Uncertainty/Frobabilistic Interface Col+FE Context Sersitive Help  F1
v &) Aguatic Foods Map Interface Users' GLide F3
v 71 Drinking Water Soil Strata Graphic Users' Technical Manual F4
v 81 Soll Ingestion v Button Prompts
2 Radon v Wariable Information Cirl+l About RESRAD-OFFSITE

File Pathways Site Data Wiy Form Optons Help

[y Freliminary Inputs Sawve Current Form Chri+k
Open Cirl+C Soil Concentrations
Cancel Current Form Cirl+u
Save Cil+s R o T
eporting Times o o
Save As Chrl+A
A Physical and Hydrological Sensitivity Analysis (Single Parameter) F9

UncertaintyFrobabiistic Analysis F&

RLn RESRAD-CFFSITE Cil+R Atmospheric Transport ) T ) )

Tte ColsT Groundwater Transport Multiparameter Sensitivity Analysis Shift+Fa

DCF Editor Ingestion Rates Lower Bound Fa

_ Inhalation and External Gamma DiefaLlt Fi

Ext Radon Upper Bound F7
Carbon-14
Tritum (H-3)
Storage Times

Frimary Contamination
Agricultural Areas
Livestock Feed Area
Dwieling Site
Unsaturated Zones
Saturated Zone

Water Lse

Surface Water Body
Livestock Intakes
Flant Factors
Livestock Feed Factors
Qccupancy Factors
Mass Fractions of C-12
Site Layout
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Eile submenu: The first block of four commands performs common file operations: New to start
afresh with a set of default or place holder values for all the parameters; Save to save the current
input file; Open to open a previously saved input file; and Save As to save the current inputs
under a different file name.

The file submenu can also be used to perform an analysis by using the current inputs (Run
RESRAD-OFFSITE), access the Title window (Title), or launch the dose conversion factor
editor (Dose factors).

Pathways submenu: This is used to activate, deactivate, or verify the status of each exposure
pathway. A checkmark next to a pathway indicates that it is currently active.

Site Data submenu: All but four of the forms that are needed to specify the situation to be
modeled are directly accessible from this submenu. The shape and area factor form for external
radiation is accessible from the inhalation and external gamma form, and the nuclide-dependent
property forms (the source release and atmospheric transport form, the distribution coefficients
form, and the transfer factors form) are accessible after the nuclides have been selected from the
source form. Any forms that are currently open (i.e., being displayed) are indicated by a
checkmark on the submenu.

View submenu: This submenu has two functions. It provides access to the various output
windows, and it is used to set the display options for a number of features of the code. The first
two subgroups display the textual and graphical outputs of a RESRAD-OFFSITE analysis. The
outputs are discussed in Section 5. The last group of commands on this submenu is used to set
the user’s preference to display (indicated by a checkmark) or hide (no checkmark) the following
functions of the code:

* lconic Navigator: This is the Iconic Navigator window, which can also be
used to access the forms, to perform the analysis, and to view the output. This
is discussed in Section 3.3.

* Tool Bar: This is the primary toolbar, shown in Section 3.1.2.
» Pathway Bar: This is the pathways toolbar, shown in Section 3.1.2.

» Sensitivity Input Summary: This is the sensitivity analysis (one parameter at
a time) information bar, shown in Section 3.1.2.

» Uncertainty/Probabilistic Interface: This is the form detailing any
probabilistic analysis that is to be performed for the current site, discussed in
Section 6.2. This form can also be used to perform step-by-step probabilistic
analysis and to view plots of the results.

* Map Interface: This is the form displaying the plan view of the locations of
the primary and secondary contamination. Section 4.4 describes the map
interface. Unlike in the other cases where the user’s preference is a simple
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show or hide, there are three possibilities in this case. The user may indicate a
preference to see the map only when the site layout form is displayed in the
sequence of forms (set the preference to view map or not while the layout
form is displayed to set this), to see the map at all times (set the preference to
view map or not when the layout form is not being displayed to set this), or
never see the map.

Soil Strata Graphics: This is a sketch of the cross section of the ground
below the primary contamination.

Button Prompts: A button prompt is a short descriptive name for a control on
the toolbar or on the Pathways/Inputs tab of the Iconic Navigator window. A
prompt is displayed when the mouse cursor moves over the control and lingers
there for a short while. The descriptions of the objects in the map interface are
also displayed as the mouse lingers over the different objects in the map
interface.

Variable Information: This is the variable information bar, shown in
Section 3.1.2.

Form Options submenu: The first two commands on the Form Options submenu, Save current
form and Cancel current form, are used to save or cancel the changes made to an open form
(Section 4). The remaining six commands perform operations on the input boxes contained in the
forms, as follows:

Sensitivity Analysis (Single parameter): This is used to activate “one
parameter at a time sensitivity analysis” (Section 6.1) on the input parameter
and to set the range of the parameter for the analysis.

Uncertainty/Probabilistic Analysis: This is used to include the input
parameter in the probabilistic or uncertainty analysis (Section 6.2). It also can
be used to display the uncertainty/probabilistic analysis form if it is not
visible.

Multi-parameter Sensitivity Analysis: This is used to include the input
parameter in the probabilistic or uncertainty analysis with a uniform
distribution of 0.9 to 1.1 of its current value and to display the
uncertainty/probabilistic analysis form if it is not visible.

Lower Bound: This is used to set the input to the lowest value accepted by
RESRAD-OFFSITE. The lowest value may be a physical bound (i.e., the
lowest value that is applicable for the parameter because of physical
considerations) or simply a numerical bound imposed to prevent the code
from crashing.
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Default: This is used to set the input to the default value assigned in the
RESRAD-OFFSITE code. While some default values (e.g., ingestion rates,
inhalation rates) are generally accepted values, others (e.g., field capacity,
distribution coefficient) are merely placeholder values because of the site-
specific nature of these parameters.

Upper Bound: This is used to set the input to the highest value accepted by
RESRAD-OFFSITE. The highest value may be a physical bound (i.e., the
highest value that is applicable for the parameter because of physical
considerations) or simply a numerical bound imposed to prevent the code
from crashing.

Help submenu: This submenu is used to obtain context-sensitive information about the inputs,
forms, and features in RESRAD-OFFSITE, to access pdf versions of this users’ guide and of the
users’ technical manual, and to display the about RESRAD-OFFSITE form, as follows:

Context Sensitive Help: Information about a specific input parameter, form,
or feature in RESRAD can be obtained by pressing the F1 function key while
the input control is in focus (box, option buttons, dropdown box, etc.). The
input control is in focus when the cursor is in the field of the control.

Users’ Guide: This opens the pdf version of this document.
Users’ Manual: This opens the pdf version of the users” manual.

About RESRAD-OFFSITE: This displays the About RESRAD-OFFSITE
form (i.e., the About form). This form shows the version and release date of
the RESRAD-OFFSITE software installed on the computer, the amount of
physical memory that is available on the computer, and the e-mail contact for
the RESRAD team. It also provides a link to access the RESRAD Web site.



3.1.2 Toolbars

Primary Toolbar
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The primary toolbar below is displayed if the user preference is set to display it in the View
submenu (Section 3.1.1) (the default is to show this toolbar). The operations that can be
performed by clicking on the icons on the primary toolbar are shown below. A message prompt
appears as the cursor lingers over an icon to display what the icon means if the Button Prompts
option was selected from the View submenu on the Main Menu.

[ [ =]

= = R E P,

Files Input Results

* Files

— Reset all input parameters to default values

— Open an existing input file

— Save data currently in all input forms to a file
* Input

— Perform calculations

— Save changes to current input form

— Cancel changes to current input form

— Display/hide sensitivity analysis input form

— Display/hide uncertainty analysis input form
* Results

- View summary report
— View deterministic graphics
— View uncertainty/probabilistic graphics

* Display Feedback
— Display/hide soil strata graphics
— Display/hide pathway button bar
— Display/hide variables for sensitivity analysis

Display Feedback
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Pathways Toolbar

The pathways toolbar below is displayed if the user preference is set to display it in the View
submenu (Section 3.1.1) (the default is to hide this toolbar). The pathways toolbar is used to
toggle each pathway between active and inactive, and it displays the status of the pathways.

Sensitivity Analysis Input Summary Bar

The sensitivity analysis input summary bar shown in the upper half of the figure below is
displayed if the user preference is set to display it in the View submenu (Section 3.1.1) (the
default is to show this interactive summary bar). It shows the number of variables selected for
one-parameter-at-a-time sensitivity analysis (Section 6.1) and contains a button for each of those
variables. The buttons display the FORTRAN variable name and the range factor for the
sensitivity analysis on the variable. Left click the mouse with the cursor on the sensitivity button
to access the Sensitivity Analysis form for the variable. Right click the mouse with the cursor on
the sensitivity button to remove that variable from sensitivity analysis. The height of the bar
depends on the number of variables selected for sensitivity analysis and should not be adjusted
by the user.

4Variables OFFLPAQW*/2 | OFFLNAQW*/2 | RIRRIG(1)*/2 | EVAPTRN(9)~2 |

¥ariable Hame: EVAPTEH({4) Default: .5 Range: 0 to .000

Variable Information Bar

The variable information bar shown in the lower half of the figure above is displayed if the user
preference is set to display it in the View submenu (Section 3.1.1) (the default is to show this
information bar). This bar displays information (FORTRAN name, default, and bounds) about
the current input.



A-16

3.2 RESRAD-DOS EMULATOR

All applicable input fields can be accessed by following the command buttons in the RESRAD-
DOS Emulator found on the left side of the interface. Some of the command buttons are linked
directly to forms, while other commands lead to a group of second-level commands that appear
to the right of the primary command list. All the buttons can be followed sequentially except for
the Radon pathway button; it can be turned on only after a radon precursor has been selected
from the Source form. The forms that are linked to these command buttons are discussed in
Section 4.

Hide Subscreens

Preliminary inputs

! External Garmma
m Inhalation

Preliminary inputs
Site Layout
Soil Concentrations

m Plant Ingestion Feporting Times
T i Soil Concentrations Phys/Hydrological

Distribution Coefficiant
G'W Release
Transfer factors

Feporing Times
Storage Times

FhysfHydrological
Primary Cantamination
Agricultural Areas
Livestock Feed Areas

C-14
H-3

(P ik noesion |

Drinking Water

D Soil Ingestion

Change Title

Set Pathwanys

Madify Data

Fun

f AirTransport
[ ] Show SubScreens
Wiew Output Unsaturated Zones

Saturated Zone

Farent Dose

Report Wigter Use
Surface water body
Deterministic Groundwater Transport

Graphics
Ingestion Rates
Livestock Intakes
Flant Factors
Livestock Feed Factor

Progeny Dose
Report

Health Risk Report

Inhalation, Gamma
Shape Factars

Uncertainty and Occupancy Factors
Probabilistic
Analysis
_ 14
Graphics tass fractions of C12

Close

Dose and Risk
Report

Inputs report

Close
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If the screen resolution is not sufficient to display the expanded modify data command buttons
(1024x768 pixels), a compact version can be displayed by clicking on the “Hide Subscreens”
command button.

3.3 ICONIC NAVIGATOR WINDOW

The Iconic Navigator window will be displayed if that user preference has been set by using the
View submenu (the default preference is to display this window). It has four tabs. The first
Problem tab gives the broad outline of the sequence to be adopted to perform the analysis.
Buttons on the tab lead to the second Pathways/Input tab for specifying the site-specific scenario

lconic Navigator lconic Navigator

Pathways! Input

Problem

Results ‘ Help Froblem ‘ et arey ‘ Results ‘ Help
Input

Cose Input / Pathwanys Sensitivity

é.
Run " Results

leonic Navigator

leonic Navigator

Froblem Pathways/ Input Results ‘ Help Problem Pathways/ Input Fesults ‘
é- Parent Dose g| Deterministic RESRAD Web Site
+ .
ga Report Graphics .
Web Site: www.evs.anl.govfresrad
Progeny Dose Health Risk -
et et Email: resrad@anl.gov
Press F1 to diplay help window. The
help window provides context
Uncertainty/ Prababilistic Analysis sensitive help when accessed from an
Graphics input field. Otherwise the content
screen is displayed. The index and
22 Dose and Risk Report the find features can also be used to

- search for help.
LT Inputs Report
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being analyzed and to the third Results tab for viewing the results. The forms that are accessed
by these buttons are described in Section 1.3. Prompts displaying a descriptive name will appear
as the cursor lingers over the buttons on the Pathways/Input tab. This feature is turned on by
using the Button Prompts option from the View submenu (prompts are displayed by default).

* Problem: This tab guides the user to set up a case in RESRAD-OFFSITE.
Each button brings up windows or forms to continue with the process.

» Pathways/Input: This tab allows the user to view and activate pathways.
Buttons for the pathways are in the three black boxes. Inhalation pathways are
above the person. Ingestion pathways are to the left. The single external
pathway is at the lower right. Input windows are accessed by clicking on
icons. Prompts appear to display what the icon means if the Button Prompts
option was selected from the View submenu.

* Results: The top two buttons give access to the main deterministic results in
report and graphical formats. The next two buttons open supplementary
reports. If an uncertainty analysis was run, three more buttons appear below
the purple line to provide access to the two reports and set of graphics.

» Help: If connected to the Internet, this tab gives the user access to the
RESRAD Web site and to the address to which users can e-mail questions to
the RESRAD team.

3.4 LINKED INPUT FORMS

All the input forms that are relevant to the current analysis can be displayed in sequence by using
the forward and backward arrows in each form. The linked sequence begins in the About
RESRAD-OFFSITE window, which is displayed each time RESRAD-OFFSITE is launched.
This window is also accessible from the Help submenu (Alt h, a). The last form in the sequence
has the run command instead of a forward arrow, and it issues the command to perform the
RESRAD-OFFSITE analysis using the current set of inputs. The sequence of the forms is as
follows: Title, Preliminary Inputs, Site Layout (and Map Interface), Source, Source Release and
Deposition Velocity, Distribution Coefficients, Dose Conversion and Slope Factors, Transfer
Factors, Set Pathways, Reporting Times, Storage Times, Physical and Hydrological, Primary
Contamination, Agricultural Areas, Livestock Feed Growing Areas, Offsite Dwelling Area,
Atmospheric Transport, Unsaturated Zone Hydrology, Saturated Zone Hydrology, Water Use,
Surface Water Body, Groundwater Transport, Ingestion Rates, Livestock Intakes, Livestock Feed
Factors, Plant Factors, Inhalation and External Gamma, External Radiation Shape and Area
Factors, Occupancy, Radon, Carbon-14, Mass Fractions of Carbon-12, Tritium. The last 4 forms
are displayed only if they are relevant to the current selection of nuclides. The forms are
described in the linked sequence in Section 4.
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4 INPUT FORMS

There are 31+ input forms for entering the parameters that define the site data, assumptions, site
identification, and calculation specifications. Sections 4.1 through 4.31 describe each form in
detail. Most input is entered by keying numbers into boxes, although some input is entered
through list boxes, check boxes, and option boxes. Some features common to all input forms are
described here.

Saving Information to Memory

There are two levels for saving information in RESRAD-OFFSITE. The first level is to
temporarily save the information to memory. This is done with any of the following commands:

Command Buttons: Click on the Save button, Forward button, or Backward
button on the form.

Menu: Select Form Options, then Save current form (Ctrl k).

Toolbar: Click on the Folder button.

Saving Information to File

The second level is to save the settings to a disk file. This is done with any of the following
commands:

DOS Emulator: Press the File button on the DOS Emulator to activate the
File Options form, then select Save or Save As.

Menu: Select File, then either Save (Ctrl s) or Save As (Ctrl a).
Toolbar: Press the Disk button to save to a file.
Run: If any input form had been exited with a save operation (as opposed to a

cancel operation), then the file will need to be saved to disk before
calculations are performed. This will do a save, but not a save as.

Canceling Changes Made to a Form

The changes to the inputs in a form can be canceled if they have not yet been saved to memory

as follows:

Function Keys: Press the ESC key.
Command button: Click on the Cancel button on the form.

Menu: Select Form Options, then Cancel current form (Ctrl u).
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» Toolbar: Click on the Canceled Folder button.
Saving Information to Memory and Opening Next or Previous Form

The information in a form can be saved to memory, and the next or previous form can be opened
by pressing the forward arrow or the backward arrow, as appropriate.
ol |

Entering Numbers

Some input boxes may be grayed out (disabled) because they are not applicable to the current
case, either because some pathways have been turned off or because the pertinent radionuclide
was not chosen. Values representative of the site should be entered in all input boxes that are
active.

The default value and the bounds (upper and lower) of the selected parameter will be displayed
in the variable information bar. The value in the input box may be set to the default value or to
an upper or lower bound, as described below:

» Defaults: To set the selected parameter to its default, either select Form
Options and then Default from the Main menu, or press the F6 function key.
While some default values (e.g., ingestion rates, inhalation rates) are generally
accepted values, others (e.g., field capacity, distribution coefficient) are
merely placeholder values.

* Bounds: To set the selected parameter to its upper (or lower) bound, either
select Form Options and then UpperBound (or LowerBound) from the Main
Menu, or press the F7 (F5) function key. These may be a physical bound (i.e.,
the highest or lowest value that is applicable for the parameter because of
physical considerations) or simply a numerical bound imposed to prevent the
code from crashing.

Obtaining Help

Context-specific help will be shown anytime the F1 function key is pressed. For additional
sources of help, refer to the Help section (Section 7) of this user’s guide.

Selecting a Parameter for Probabilistic or Uncertainty Analysis

Input parameters can be selected for inclusion in a probabilistic or uncertainty analysis by
pressing the F8 key while the cursor is in the input box for that parameter (see Section 6.2 on
Uncertainty and Probabilistic Analysis). Some parameters are ineligible for uncertainty analysis,
either because it does not make sense to perform the analysis on those parameters, or because of
the unmanageable constraints imposed by interrelationships with other parameters.
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Selecting a Parameter for One-Parameter-at-a-Time Sensitivity Analysis

Input parameters can be selected for one-parameter-at-a-time sensitivity analysis by pressing the
F9 key while the cursor is in the input box for that parameter (see Section 6.1 on Sensitivity
Analysis). Some parameters are ineligible for sensitivity analysis because it does not make sense
to perform sensitivity analysis on those parameters.

Selecting a Parameter for Multi-parameter Sensitivity Analysis

Input parameters can be selected for inclusion in a multi-parameter sensitivity analysis by
pressing the Shift + F8 key while the cursor is in the input box for that parameter. The selected
parameters will be included in an uncertainty analysis, with a uniform distribution ranging from
0.9 to 1.1 of the current value (see Section 6.2 on Uncertainty and Probabilistic Analysis). Only
the parameters that are eligible for uncertainty analysis can be included in the multi-parameter
sensitivity analysis. The sensitive parameters can be ranked using the standardized regression
coefficient or the standardized rank regression coefficient.
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41 TITLE

Title: |Users Guide Output Screen Shots |

Location of Dose. Slope and
Transfer Factor Database: |C:'\OFFSITE'\OFFSITEICRP3B\DCF |

Slope factor (Risk] library |FGR 13 Morbidity ﬂ

Dose conversion factor Iibrﬁry||:GR 11 ﬂ

Transter factor library |RE5RAD Default Transfer factors ﬂ
Cut-off Half Life: {180 days ﬂ Tolal Avar/alie Nuclides: | 209

Folal Mo DOF or 5F Nuckides: |8

Intermediate Time points

MNumber of Points: |512 hd ® Linear Spacing
’—_l O Log Spacing

Update Progress of Computation Message every: |1. ¥ | Seconds

Use Line Draw Character
0K [—

This form does not have a cancel feature. Any changes made to this form can be reversed only
by re-entering the original inputs. None of the parameters in this form are eligible for uncertainty
analysis or for one-at-a-time sensitivity analysis.

Title: This box shows the text that describes the site/scenario being modeled. This identification
text will appear at the top of each textual report page.

Location of Dose, Slope and Transfer Factor Database Library: This is the directory in
which the RESRAD dose, slope, and transfer factor database and editor are located. A common
dose, slope, and transfer factor database can be used by many of the RESRAD codes (RESRAD,
RESRAD-BUILD, RESRAD-OFFSITE), which makes any user-created library accessible to all
the codes. As such, the database file need not reside in the OFFSITE directory but can be in a
directory that is shared by the RESRAD family of codes. Double click on this input box to
activate a file dialog form, then navigate to the directory in which the database that you want to
use is located. Open the database that you want to use, and the libraries available in that database
will be displayed in the appropriate drop down lists.

Slope Factor Library: The slope (risk) factors in this library will be used for the current
analysis. Libraries of slope factors can be set up by using the RESRAD Dose Conversion Factors
Editor, which is a stand-alone utility program common to the RESRAD family of codes. The
libraries are stored in a database file. The dropdown list contains all the slope factor libraries that



A-23

are available in the current database — the FGR13 (Eckerman et al. 1999) morbidity, FGR13
mortality, the HEAST 2001morbidity libraries (EPA 2001), and any created by the user.

Dose Conversion Factor Library: The dose conversion factors in this library will be used for
the current analysis. Libraries of dose conversion factors can be set up by using the RESRAD
Dose Conversion Factors Editor, which is a stand-alone utility program common to the RESRAD
family of codes. The libraries are stored in a database file. The dropdown list contains all the
dose conversion factor libraries that are available in the current database — the FGR11
(Eckerman et al. 1988) and age-dependant ICRP72 (ICRP 1996) libraries and any created by

the user.

Transfer Factor Library: The transfer factors in this library will be used for the current
analysis unless the values are changed in the nuclide-specific transfer factor form (Section 4.9).
Libraries of transfer factors can be set up by using the RESRAD Dose Conversion Factors
Editor. The libraries are stored in a database file. The dropdown list contains all the dose
conversion factor libraries that are available in the current database — the standard RESRAD
default transfer factor library and any created by the user. The RESRAD transfer factor library
contains only one soil to plant transfer factor for each nuclide, whereas the RESRAD-OFFSITE
code can accept and use different factors for the vegetation in each of the four different
agricultural and farmed areas. The transfer factors are site and species specific; the transfer factor
form (Section 4.9) allows these values to be changed for each input file without having to create
a different library for each site.

Cut-Off Half-Life: The fate and transport of nuclides with half-lives larger than the specified
half-life are modeled explicitly by the code. Progeny nuclides with a half-life shorter than the
specified value are assumed to be in secular equilibrium with their immediate parent. The user
can select from the values in the list [180, 30, 7, or 1 day(s)] or type in any value that is not less
than 10 minutes.

Informational Boxes There are two informational boxes in this form. The first shows the
number of radionuclides in the current ICRP38 (ICRP 1983) database that have a half-live
greater than or equal to the current cut-off half-life. The second show the number of such
nuclides that are lacking at one or more dose conversion or slope factors.

Intermediate Time points

* Number of Points: This shows the number of time points at which
concentrations, doses, and risks are computed. Because RESRAD-OFFSITE
computes the concentration and fluxes at any time on the basis of the
concentration and fluxes computed at preceding times, and because the code
uses all the time points that fall within the appropriate exposure duration to
perform time integration of dose and risk, this parameter determines the
accuracy of the computed values. This is also the number of points that are
used to generate the temporal graphics. Straight line segments connect the
points in the curve. A larger number of times enables the code to compute off-
site accumulation, groundwater transport, and time integration of dose and
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risk more accurately and will result in smoother plots. But a larger number of
points will also increase the execution time. For most radionuclides, a number
of time points equal to about one-tenth to one-fifth of the prediction time
horizon should give results of sufficient accuracy. A greater number of
intermediate time points is required if the rate of release of a radionuclide
changes rapidly over time. The number of points shown must be such that a
linear approximation between the values of flux at those times is a good
representation of the actual temporal variation of the flux. The interval of time
between the intermediate time points must not exceed the travel time in any of
the groundwater transport zones.

» Linear Spacing or Log Spacing: The spacing shows the manner in which the
intermediate time points are distributed over the time horizon. The time
horizon is the sum of the maximum user-specified reporting time
(Section 4.11, reporting times form) and the exposure duration (Section 4.2,
preliminary inputs form). The spacing may be linear or log:

1. Linear: If linear is chosen, the intermediate time points are spaced
uniformly (in an arithmetic series) between 0 and the time horizon.

2. Log: If log is chosen, the intermediate time points are spaced in a
geometric series (uniformly on a log scale) between the specified
minimum time increment and the time horizon. The spacing in this case
may be adjusted by the minimum time increment, as described below.

* Minimum Time Increment: In addition to being the first intermediate time
point under the choice of log spacing, as described above, this is also the
lower bound for spacing between intermediate time points of a geometric
series. Depending on the time horizon and the number of points, the spacing
between the intermediate time points can be very small at the beginning of the
geometric series for the log option. In order to avoid unnecessary calculations,
if the spacing is less than the specified minimum value, the sequence of time
points will then be modified to a linear series with the minimum time
increment, followed by a geometric series with a time increment that is never
less than the specified minimum.

Update Progress of Computation Message: The time needed to perform the RESRAD-
OFFSITE computations can range from a few minutes to a couple of hours, depending on the
number of intermediate time points, number of radionuclides, length of the transformation chain,
groundwater transport characteristics of the nuclides, and, in the case of probabilistic analysis,
number of realizations that are chosen. The FORTRAN computational code periodically writes
out a message indicating the progress of the computation in order to reassure the user that
computations are being performed and, in the case of probabilistic analysis, to provide an
estimate of the time required to finish the computations. This input box specifies the frequency at
which this message will be updated by the computational code and the frequency at which it is
sampled for display in the interface.
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Writing the progress message can increase the total run time significantly. A “0.0” option is
provided to turn off message writing by computational code. This can reduce the run time of
probabilistic analysis. In this case, an estimate of the computation time will be made on the basis
of the size of the output files.

Use Line Draw Character: It is recommended that the MS Line Draw Font be used for the
reports. This font produces well-formatted tables and good lines. If another font is desired, it is
suggested that this box be unchecked to substitute minus signs for the lines.

Forward arrow button: You can save the current values, hide the Title form, and open the next
form (Section 4.2, preliminary inputs form), all with one click of this button (or Alt 0). The same

button appears on all input forms to facilitate rapid movement through all the relevant input
forms.

-

OK button: Use this button to hide (i.e., minimize away from view) the Title form.
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4.2 PRELIMINARY INPUTS

Preliminary Inputs

Radiological Units
Activity: |p < ||Ci R4
Dose: |mﬂ|rem ﬂ

Basic Radiation Dose Limit: mremfyr
Exposure duration: years

Number of Unsaturated Zones: [I jj

Save
| -

Cancel

None of the parameters in this form are eligible for uncertainty analysis or for one-at-a-time
sensitivity analysis.

Radiological Units

» Activity: The dropdown boxes allow the user to choose the desired unit of
radiological activity. Available choices are curie (Ci), becquerel (Bg),
disintegrations per second (dps), and disintegrations per minute (dpm); the
first two can be combined with metric prefixes ranging from atto (10™°)
through exa (10™).

* Dose: The dropdown boxes allow the user to choose the desired unit of
radiological dose. Available choices are roentgen equivalent man (rem) and
sievert (Sv); these can be combined with metric prefixes ranging from atto
(10*%) through exa (10%).

Basic Radiation Dose Limit: This is the annual radiation dose limit used to derive all site-
specific soil guidelines.

Exposure Duration: This is the length of time that the receptor is exposed to radiation at this
site. Values reported for risk are time-integrated over this exposure duration. The risk is
calculated by using the trapezoidal formula on contaminated intakes computed at all the
intermediate time points falling within the exposure duration and at the intermediate time point
that is just outside the exposure duration. Dose is time integrated over 1 year or the exposure
duration, whichever is less. (Given the current lower bound of 1 year on the exposure duration,
dose in currently integrated over a 1-year period.)
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Number of Unsaturated Zones: This is the number of different partially saturated layers
between the primary contamination and the saturated zone. The code has provisions for up to
five different horizontal strata.
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4.3 SITE LAYOUT

Bearing of X axis (clockwise angle from North) 90 degrees
» dimension of Primary Contamination 100 meters
Y dimension of Primary Contamination 100 meters
Smaller Larger Smaller Larger
Location # Coordinate Y Coordinate
Fruit. grain. non-leafy vegetables plot | 34 375 65.625 234 266 meters
Leafy vegetables plot 34.375 65.625 268 300 meters
Pasture. Silage growing area 0 100 450 550 meters
Grain fields 0 100 300 400 meters
Dwelling site 34.375 65.625 134 166 meters
Surface- water body -100 200 550 850 meters
Display Map
Save
| -
Cancel

Uncertainty and sensitivity analysis can be performed on any parameter on this form. The map
interface (Section 4.4) can be used to input the same information in a interactive graphical
fashion. The site layout form is appropriate when measured or computed lengths are available.
The interactive map interface is appropriate when visible features in the map are to be used to
define the various areas.

Y axis The inputs on this form are used by
Larger_Y|coordinate of offsite area the atmospherlc transport code and
also used to compute the areas of the
Smaller Y| coordinate of offsite area primary contamination and the

offsite locations. The atmospheric
transport model assumes that the
primary contamination and the

Y dimension of
primary contamination

00 >x axis Offsite locations are rectangular in
X dmeneion of shape and that a pair of sides of all
primary contamination the rectangles are oriented in the
Smaller X coordinate of offsite area Sa_me direction. The_two sides of the
Larger X coordinate of offsite area primary contamination that meet at

the lower left corner are the axes of
the coordinate system. Each offsite area is defined by the four coordinates as shown in the figure
above. These can be thought of as the coordinates of the sides of the offsite area.
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Bearing of X Axis: This is the clockwise angle from the north to the direction of the positive X
axis.

X Dimension of the Primary Contamination: This is the length of the side of the idealized
primary contamination that is parallel to the X axis, the length of the lower side.

Y Dimension of the Primary Contamination: This is the length of the side of the idealized
primary contamination that is parallel to the Y axis, the length of the left side.

The X Coordinates of an Offsite Area: These are the X coordinates of the two sides that are
parallel to the Y axis. When the save command or one of the form-linking arrow commands is
issued, the code will compare the two X coordinates of each area and interchange them if the
larger value is entered in the column for the smaller value and vise versa.

The Y Coordinates of an Offsite Area: These are the Y coordinates of the two sides that are
parallel to the X axis. When the save command or one of the form-linking arrow commands is
issued, the code will compare the two Y coordinates of each area and interchange them if the
larger value is entered in the column for the smaller value and vise versa.
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4.4 MAP INTERFACE

Map Interface

im
11
A

i
i

X axs
Set Scale ‘ Get Image ‘ Accept Changes ‘ Cancel Changes | Print
100 m Accept Changes Cancel Changes
Clear Image and Close and Close Help

The map interface can be used to position and, where appropriate, size the objects and directions
of interest in RESRAD-OFFSITE (primary contamination, offsite dwelling, well, surface water
body, agricultural fields, the direction of groundwater flow and the direction of north), either by
dragging and dropping or resizing the corresponding icons. Alternatively, it can be used to view
the layout that was specified in the standard input forms (layout form, Section 4.3, and the
ground water transport form, Section 4.22). It can also be used to access the forms specifying the
details of the location represented by each icon, right clicking the icon opens the corresponding
form. The forms that are linked to the icons are listed in the following table.
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Icon Form

N Site layout, Section 4.3

Radioactivity Primary Contamination, Section 4.14

Cow Livestock Feed Growing Areas, Section 4.15
Leaf or fruits Agricultural Areas, Section 4.15

House Offsite Dwelling Area, Section 4.16

Well Saturated Zone Hydrology, Section 4.19
Blue circle/ellipse Surface Water Body, Section 4.21

GW Groundwater Transport, Section 4.22

The process for using the map interface is as follows:
1. View map interface form.

2. Add a background image (a map of the site or a map from Web sites such as
MapQuest, TopoZone, or TerraServer).

3. Set the scale on the basis of a known distance in the background map.

4. Move and size the radioactivity icon to define the location of the primary
contamination.

5. Move and size the other icons to define the corresponding locations. The GW
(groundwater flow direction) and N (north) icons indicate direction; they can
not be resized because size has no meaning for the direction. The well can not
be resized because the diameter of the well is not an input.

6. Click on the Accept Changes button.

7. The image location, scale, and object locations will be written to the input file
when the RESRAD-OFFSITE file is saved. This information is used to
display the map image and the icons when the input file is opened at a later
time.

Details on Using Map Interface

Steps 2 through 5 and step 7 are described in greater detail below.
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. Click on the Get Image button and navigate to an image (bitmap, metafile,
enhanced metafile, JPEG, or GIF file) on the site that is large enough to
contain all the objects of interest. These images can be obtained from popular
Web sites, such as MapQuest, TopoZone, or TerraServer. To get an image:
Go to one of these sites.

Navigate and zoom to a level such that the map would show all objects of
interest.

Right click on the image.
Choose Save picture.

Save the image in a folder, such as the User Files folder under the default
RESRAD-OFFSITE installation folder.

When prompted for the file after clicking on Get Image, specify the location
of this file.
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Map Interface
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3. Find the scale on the map or find two points on the map for which the distance
is known. Move the blue arrows to points on either end of the scale. Enter the
distance (in meters) between the arrows in the entry box below the Set Scale
button. For example, enter 600 if the scale says the distance between the two
arrows represents 0.6 km. Then click on the Set Scale button.

4. Left click on the source icon (the yellow and black radionuclides symbol) and
drag it to a new location. Move the sides of the icon to expand or shrink it to
cover the entire primary contamination.

5. Left click on any other object and drag it to move it to a new location. Move
the sides of the icon to expand or shrink it to cover the entire area that the icon
represents. The GW icon indicates the direction of the groundwater flow from
the source, and the N icon indicates north. If an icon does not appear on the
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Map Interface, it can be moved into the map by specifying its location in the
site layout form (Section 4.3).

. The image location, scale, and object locations will be written to the input file
when the RESRAD-OFFSITE file is saved. This information is used to
display the map image and the icons when the input file is opened at a later
time. If the input file is being sent to a different computer, the image files
should also be sent in order for it to be displayed on that computer. The Get
Image command may have to be used on the receiving computer after opening
the input file if the structure and or the name of the RESRAD-OFFSITE
directories are different on the two computers. If the image file is not sent, the
image of the map cannot be displayed, but the icons will be in the specified
locations and the analysis will yield the same results.



A-35

4.5 SOURCE (Initial Concentrations of Radionuclides at a Site)

Source

MNuclide Concentration: m pCi/g

List of Nuclides Present at List of Nuclides
the Site in Database

c-14 100 Add Nuclide ‘ Ac-227 -
H-3 100 Ag-105

Pb-210 0 . Ag-108m

Ra-226 100 Delete Nuclide ‘ Ag-110m

Ra-228 100 Al-26

Th-228 0 Am-241

Release and Air transpaort ‘ Am-242m

Am-243

Distribution Coefficients ‘ :"g; m” ggEs
- o s

As-73
Au-195
Ba-133
Be-10
Be-7

Dose and risk factors ‘
‘ Bi-207

Transfer factors

Bi-210m

Bk-247

Bk-249

C-14

Ca-11 b

All nuclide factors

—=ouill] OK [

This form does not have a cancel feature. Any changes made to this form can be reversed only
by re-inputting the original inputs.

An uncertainty analysis can be performed on the concentration of any nuclide that has a nonzero
initial concentration. This is done by clicking on the nuclide in the left scroll box (list of nuclides
present at the site) and then pressing the F8 key.

List of Nuclides in Database: This list in the right scroll box shows all the radionuclides in the
database that have a half-life greater than the cutoff half-life selected in the Title form. Any
nuclides that are lacking one or more of the dose or slope factors is flagged with a “No DCFs”
comment on the side. This alerts the user that these nuclides can not be analyzed unless a library
with a nonzero dose and slope factors is selected.

List of Nuclides Present at the Site: This list in the left scroll box shows radionuclides that will
be explicitly considered in the current analysis. It includes all radionuclides that were specified
to be initially present at the site and their principal nuclide progeny (see cutoff half-life in the
Title form). Although the fate and transport of any associated radionuclides will not be modeled
explicitly, their contribution to dose and risk will be included on the basis of the assumption that
they are in secular equilibrium with their principal radionuclide parent.
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Add Nuclide: To add a radionuclide, either click on its name in the right scroll box and then
click on the Add Nuclide button, or just double click on its name in the right scroll box. The
radionuclide will be added to the left scroll box with a concentration specified in the top center
input box. All potential decay products will be added to the left scroll box with a default
concentration of O if they are not already present.

Delete Nuclide: To delete a radionuclide, click on its name in the left scroll box and then click
on the Delete Nuclide button. All potential decay products that arise only from the deleted
radionuclide and have an initial concentration of zero will also be deleted automatically.

Nuclide Concentration: This is the radionuclide concentration averaged over an appropriate
depth and area. See Section 3.3 of the RESRAD Manual and the RESRAD Data Collection
Handbook for more details.

» To change the concentration of a radionuclide that is in the left scroll box:
Click on the radionuclide in the left scroll box and type in the concentration.

» To change the default concentration when adding new radionuclides: Click on
the right scroll box. Then enter the concentration in the top center box. To add
radionuclides with this concentration, see above description.

Accessing Other Related Forms

The four command buttons on this form, which are listed below, provide access to the four forms
that contain the radionuclide-dependent inputs. Alternatively, the first form can be opened by
clicking on the forward arrow button on this form, then the other three forms can be accessed by
continuing to use the forward arrow buttons on the successive forms. If the computer monitor is
large enough (17 inches or more), all these forms can be viewed simultaneously by clicking on
the All Nuclide Factors button. All four forms can also be accessed by double clicking on the
radionuclide name in the left scroll box.

Release and Air transport: Use this button to specify the release mechanism and rate to
groundwater (currently only one option is available) and the deposition velocity of the material
with which the nuclide is being transported in the atmosphere. This opens the Source Release
and Atmospheric Transport form (Section 4.6).

Distribution Coefficients: Use this button to open the Distribution coefficients form
(Section 4.7).

Dose and risk factors: Use this button to display the Dose conversion and Slope Factors form
(Section 4.8). The factors will be displayed on this form, but they cannot be changed directly on
this form.

Transfer factors: Use this button to access the Transfer factors form (Section 4.9).
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4.6 SOURCE RELEASE AND DEPOSITION VELOCITY

Source Release and Deposition Velocity

Radionuclide: Pb-210 j‘ Element: Pb

Release to ground water Atmospheric transport

Leach Rate: II' fyear Deposition velocity m{s

Save

Cancel

Uncertainty and sensitivity analysis can be performed on any parameter on this form.

RESRAD-OFFSITE currently uses a first-order, rate-controlled release model. If a nonzero
release rate is specified, it will be used to compute the contaminant concentration in the region of
primary contamination and the releases to groundwater. Because the contaminant concentration
in the primary contamination contributes to the releases to the atmosphere and to surface runoff,
the leach rate indirectly affects those two releases as well. If a zero is entered, the code will
estimate a release rate on the basis of the equilibrium desorption concentration.

The deposition velocity of the material with which the nuclide is being transported is used by the
code to account for loss from dry deposition along the atmospheric transport path and to compute
the deposition flux at the offsite locations.

Click on the up or down arrow appearing next to the radionuclide name to save the inputs for the
currently displayed radionuclide and to view the inputs for the next or previous radionuclide.
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4.7 DISTRIBUTION COEFFICIENTS

Radionuclide: H-3 j

Distribution coefficient (cm3lg) in:-

Contaminated Zone: II' Sediment in surface water body D

Unsaturated Zone 1: II' Fruit. grain. nonleafy fields
Leafy vegetable fields

Pasture. silage growing areas

0
0
0
0

Livestock feed grain fields

Dwelling site D

Saturated Zone: II'

Number of Unsaturated Zones: 1
set in preliminary inputs form

Save
| i

Cancel

Uncertainty and sensitivity analysis can be performed on the distribution coefficients.
Distribution coefficients are the ratios of the mass of solute that is adsorbed on or precipitated
onto the soil (per unit of dry mass) to the solute concentration in the liquid phase at the different
zones and locations. Default values are provided for each radionuclide; however, site-specific
values can vary over many orders of magnitude, depending on the chemical form, soil type, pH,
redox potential, and the presence of other ions.

Click on the up or down arrow next to the radionuclide name to save the distribution coefficients
of the current radionuclide and to view the distribution coefficients of the next or previous
radionuclide.

Contaminated Zone: This distribution coefficient is used to estimate a first-order release rate
when the user does not specify a release rate.

Unsaturated Zone and Saturated Zone: These distribution coefficients are used to compute the
radionuclide transport rate for groundwater transport calculations.

Sediment in Surface Water Body: This distribution coefficient is used to compute the
concentration of the radionuclide in the surface water body.
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Fruit, Grain, Nonleafy Fields; Leafy Vegetable Fields; Pasture, Silage Growing Areas;
Livestock Feed Grain Fields; Dwelling Site: These five distribution coefficients for
agricultural fields, pastures, and dwelling sites are used to account for leaching when
accumulation in the fields, pastures, and dwelling sites is being computed.

Clicking on the button displaying the number of unsaturated zones causes the Preliminary inputs
form (Section 4.2) to open, because the number of unsaturated zones can be changed only on that

form.
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4.8 DOSE CONVERSION AND SLOPE FACTORS

Dose Conversion and Slope Factors

Radionuclide: C-14 i‘

Slope Factor Library FGR 13 Morbidity |

External Slope factor 7.83E-12 (riskfyear) { (pCifg)

Food Ingestion Slope factor 2 E-12 riskfpCi
Water Ingestion Slope factor 185E-12 riskfpCi
Soil Ingestion Slope factor 2 E-12 riskfpCi

Inhalation Slope factor 1. 69E-11 risk/pCi
Gaseous Inhalation Slope factor 1 99E-14 risk/pCi

Dose Factor Libraries FGR 12. FGR 11

External Dose conversion factor 1 35E-5 mremfyear) / (pCifg)
Ingestion Dose conversion factor 2 D9E-6 mremfpCi

Inhalation Dose conversion factor 2 09E-6 mrem/pCi
Gaseous Inhalation Dose conversion factor (2 35E-8 mrem/pCi

Launch Dose and Slope Factors Editor ‘

"Save"
| -

Cancel

With the exception of the gaseous inhalation dose conversion factor for **C, the dose conversion
and slope factors displayed on this form cannot be changed directly on the form. However, a
different dose factor library or a different slope factor library may be selected by clicking on the
corresponding button with name of the current library. A new library can be created by clicking
on the Launch Dose and Slope Factors Editor button near the bottom of the screen. Neither
uncertainty analysis nor sensitivity analysis can be performed on the dose conversion and slope
factors in the current version of the code.

Radionuclide: The factors on the form pertain to the nuclide identified on the form. The factors
for each radionuclide that was specified for the site can be viewed by clicking on the up or down
button next to the radionuclide name.



A-41

Slope Factors: The slope factors for exposure by external radiation; ingestion of food, water,
and soil; and inhalation are displayed.

Dose Conversion Factors: The dose conversion factors for exposure by external radiation,
inhalation, and ingestion from the specified library are displayed on this form. In addition to the
two factors mentioned above, the dose conversion factor for the inhalation of the gaseous form of
C-14 will also be displayed when that radionuclide is selected.

Radon Dose Conversio

n Factors and Slope Factors

Dose Conversion and Slope Factors

Radionuclide: Ra-226

Slope Factor Library

—

FGR 13 Morbidity

External Slope factor

Food Ingestion Slope factor
Water Ingestion Slope factor

Soil Ingestion Slope factor

Inhalation Slope factor

Dose Factor Libraries

(riskfyean) / (pCifg)

FGR 12. FGR 11

Radon Dose and Slope Factors ‘ Risk and Dose Factors for Radon

Radon Progeny Slope Factors

Parent Progeny Slope Factor
risk{pCi

Ra-226 Rn-222 1.8E-12

Po-218 3.7E-12

Pb-214 6.2E-12

Bi-214 [15E-11 | "Save
Th-228 Rn-220 1.9E-13

Po-216 3.E-15

Pb-212 3.9E-11

Bi-212 3.7E-11

External Dose conversion factor

Ingestion Dose conversion factor

Inhalation Dose conversion factor

Launch Dose and Slope Factors Editor

mremfyear) { (pCifg
mremfpCi
mremfpCi

[—]

"Save"

Cancel El

Radon Dose Conversion Factors

Indoor Qutdoor
Rn-222 |?au_ | |5?u_ | mrem/WLM
Rn-220: |15I]. | |25|]_ | mrem/WLM

A button command to display the dose conversion and slope factors for the isotopes of radon and
its short-lived progeny is displayed when an immediate radon precursor (Ra-226, Th-228) is
selected and when the radon pathway is active.
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4.9 TRANSFER FACTORS

Radionuclide: Th-228 j‘ Element: Th

Soil to plant transfer factor

Fruit. grain, nonleafy vegetables |0.001 (pCifkg)/(pCifkg)
Leafy vegetables: 0.001 (pCifka)/(pCi/ka)
Pasture. silage: 0.001 (pCifkg)/(pCifkqg)
Livestock feed grain: 0.001 (pCifkg)/(pCifkg)

Intake to animal product transfer factor

Meat: 0.0001 (pCifkg)/(pCi/d)
Milk: 0.000005 (pCifL)/(pCi/d)

Water to Aquatic food transfer factor

Fish: 100 (pCifka)/(pCifL)
Crustacea: 500 (pCifkg)/(pCi/L)
Save
-* h—-
Cancel

Uncertainty and sensitivity analysis can be performed on the transfer factors. This form is linked
to the list of radionuclides specified to be present at the site. Therefore, it displays the transfer
factors for each radionuclide that is specified to be present. However, the transfer factors are
element-specific; thus, any changes made to the factors of an isotope will be used for all the
isotopes of that element. The form displays the radionuclide name and the element name to
remind the user that the transfer factors are element-specific. The factors for each element and
radionuclide that were specified for the site can be viewed by clicking on the up or down button
next to the radionuclide name.

Soil to Plant Transfer Factor: This is the root uptake transfer factor, which is the ratio between
the contaminant concentration in the edible plant and that in the soil upon which the plant is
grown. The RESRAD database contains only one default value for each element. Values
appropriate for the site-specific vegetation must be entered in the four input boxes. Values are
not displayed for H-3 and for C-14 because the transfer factors are computed by the code (see
Appendix L of the RESRAD Manual).

Intake to Animal Product Transfer Factor: This is the ratio between the concentration of the
radionuclide in meat or milk and the rate of intake of the radionuclide by livestock. Values are
not displayed for H-3 and for C-14 because the transfer factors are computed by the code (see
Appendix L of the RESRAD Manual).
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Water to Aquatic Food Transfer Factor: This is the ratio between the radionuclide
concentration in the edible parts of aquatic food and that in the water in which they live.
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410 SET PATHWAYS
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All pathways but the radon pathway are active by default. The radon pathway is inactive. The
user can activate the radon pathway after selecting a radon precursor.

An inactive pathway can be activated by clicking on either the crossed-out icon corresponding to
the pathway or the name of the pathway, or by using the hot key (Alt + underlined letter)
corresponding to that pathway.

An active pathway can be deactivated by clicking on either the icon corresponding to the
pathway or the name of the pathway, or by using the hot key (Alt + underlined letter)
corresponding to that pathway.
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411 REPORTING TIMES

Reporting Times

Times at which output is reported (years):

Q00000000

100 1000 10000 100000

Add Remove

Storage times ‘

Save
| i

Cancel

175
420
370

Lol
[}
=

None of the inputs on this form are eligible for uncertainty analysis or for sensitivity analysis.

Times at which Output Is Reported: These are the times after the radiological survey when
results are to be reported in the textual output. A time horizon of 1,000 years is commonly used,;
however, calculations can be carried out to longer periods to identify potential problems from
delayed contributions from the groundwater or other pathways. The forecast time horizon is the
sum of the last reporting time and the exposure duration. Results are always calculated and
reported for year 0.

The code predictions are available at each of the intermediate time points generated by the
specification in the Title form (Section 4.1). Interpolation is performed between those time
points to produce the textual report at the times specified in this form.

Add: To add a time:

* Press the Add button and a new clock icon and time box will appear. Set the
time following the change time procedure, or

» Click the right mouse button while the cursor is in the frame containing the
clock icons.
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Remove: To remove a time:
» Click on the appropriate time box or clock icon
* and then press the Remove button.
Change: To change a time:
» Click on the appropriate time box and enter new value, or
» Click on the appropriate clock icon and drag to desired time location.

Storage Times: The Storage Times form can be assessed by clicking on this button. Because the
Storage Times form is the next linked form, the forward arrow can also be used to get to it.
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412 STORAGE TIMES

Storage Times

Surface water: 1 days
YWell water: 1 days
Fruits. Grain, and Nonleafy vegetables: 14 days
Leafy vegetables: 1 days
Fasture and Silage 1 days
Livestock feed grain: 45 days
Meat: 20 days
Milk: 1 days
Fish: 7 days
Crustacea and mollusks: 7 days
save
| S [ S
Cancel

Uncertainty and sensitivity analysis can be performed on the storage times.

These are the times over which foodstuffs and water are stored before being consumed or used.
The concentrations of radionuclides in food and water are adjusted for decay and ingrowth
during this period. See Appendix D of the RESRAD Manual for more details.
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4.13 PHYSICAL AND HYDROLOGICAL PARAMETERS

Physical and Hydrological

Site properties

Precipitation: 1 metersfyear

Wind Speed 2 metersfs

Sub-area properties

Contaminated zone and Cover

Agricultural areas

Livestock feed growing areas

Offsite Dwelling site

Save

Cancel

Uncertainty and sensitivity analysis can be performed on the two parameters on this form.

Precipitation: This the annual average value of precipitation at the site. It is used to compute the
infiltration rate in the primary contamination, the leach rates in all areas, and the
evapotranspiration of tritium. The leach rate is used to compute contaminant concentration in soil
at the primary contamination site and in the agricultural, pasture, and dwelling areas. The
infiltration rate affects the rate of transport through the unsaturated zone.

Wind Speed: This is the annual average wind speed used to calculate the area factor for
inhalation and foliar deposition (see Appendixes B and D of the RESRAD Manual). It is also
used for ingrowth calculations for the radon pathway (Appendix C) and in the tritium and C-14
models (Appendix L).

Accessing Other Related Forms

The four command buttons on this form — Contaminated zone and Cover, Agricultural
areas, Livestock feed growing areas, Offsite Dwelling site — provide access to the four forms
that provide physical and hydrological data on four subarea properties (see Sections 4.14, 4.15,
and 4.16). Clicking on one of these four buttons opens the respective form. The current parent
form will not be closed and will remain in the background, and it will appear again when the
other form is exited. Alternatively, the first form can be opened by clicking on the forward arrow
button on this form, then the other three forms can be accessed by continuing to use the forward
arrow buttons in the successive forms.
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4.14 PRIMARY CONTAMINATION (CONTAMINATED ZONE AND COVER):
PHYSICAL AND HYDROLOGICAL DATA

Primary Contamination

Length of contamination parallel to aquifer flow: 100 meters
Depth of soil mixing layer: 15 meters
Deposition Velocity of dust: 001 meters/s
Irnigation applied per year: 2 metersfyear
Ewvapotranspiration coefficient: 5

Runoff coefficient: 2

Rainfall and Runoff Factor: 160
Slope-length-steepness factor: 4

Cover and Management Factor: 003

Suppor practice factor: 1

Soil layer Contaminated Clean Cover
zone

Thickness: 2 ] meters
Total Porosity: x|

Dry bulk density: 15 gramsfcm™*3
Soil erodibility factor: x| tonsfacre
Field capacity: 3

b parameter: 53

Hydraulic conductivity: 10 metersfyear

Save

Cancel

Uncertainty and sensitivity analysis can be performed on any parameter that is an input on this
form. Parameters that are not inputs to the code are shown in gray italics for information only.

Area of Primary Contamination: This is not a direct input, but is computed using the
information input in the site layout form. The primary contamination is a compact area that
contains the location of all soil samples with radionuclide concentrations that are clearly (i.e.,
two standard deviations) above background.

Length of Contamination Parallel to Aquifer Flow: This is the distance between two parallel
lines that are perpendicular to the direction of the aquifer flow — one at the upgradient edge of
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the contaminated zone and the other at the downgradient edge. It is used in groundwater
transport calculations.

Depth of Soil Mixing Layer: This is the thickness of the surface soil at the location of the
primary contamination that may be assumed to be mixed uniformly from time to time as a result
of anthropogenic or physical processes. It is used to calculate the concentration of contaminants
in surface soil.

Deposition Velocity of Dust: This is the representative deposition velocity of dust at the
location of primary contamination. It is used to compute the release to the atmosphere on the
basis of the assumption that there is no net deposition of particulates at the site.

The next three inputs and the precipitation rate are used to compute the infiltration rate and also
to compute the evapotranspiration of tritium from the primary contamination. They affect all
releases from the primary contamination and also the transport rate through the unsaturated
layers.

Irrigation Applied per Year: This is the volume of irrigation water that is applied over a period
of 1 year per unit area of land. It is not the actual rate of irrigation during the growing season but
the irrigation rate averaged over 1 year.

Evapotranspiration Coefficient: This is the fraction of precipitation and irrigation water that
penetrates the topsoil that is lost to the atmosphere by evaporation and by transpiration by
vegetation.

Runoff Coefficient: This is the fraction of precipitation that does not penetrate the topsoil but
leaves the area of concern as surface runoff; no loss is assumed for irrigation water.

The next six inputs are used to compute the rate of erosion. Erosion rate is not an input in
RESRAD-OFFSITE; it is displayed for the information of RESRAD users.

Rainfall and Runoff Index: This is a measure of the energy of the rainfall. It is used to compute
the erosion rate.

Slope-Length-Steepness Factor: This factor accounts for the profile of the terrain on the
erosion rate.

Cover and Management Factor: This factor (formerly called cropping-management factor)
accounts for the effects of land use, vegetation, and management on the erosion rate.

Support Practice Factor: This factor (formerly called conservation practice factor) accounts for
the effects of conservation practices on the erosion rate.

Dry Bulk Density (of soil in the contaminated zone and in clean cover): This is the mass of
(dry) solids in a unit volume of soil in the respective layers of soil. In addition to being used to
compute the erosion rate, this is also used to compute the exposure to external radiation. The
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density in the contaminated zone is also used to compute the release to groundwater and thus the
concentration in the primary contamination.

Soil Erodibility Factor: This is a measure of the susceptibility of the soil to erosion.

Thickness (of contaminated zone): This is the distance, in meters (m), between the uppermost
and lowermost soil samples with radionuclide concentrations that are clearly (i.e., two standard
deviations) above background.

Thickness (of clean cover): This is the distance from the ground surface to the location of the
uppermost soil sample with radionuclide concentrations that are clearly above background.

Total Porosity (of contaminated zone and clean cover): This is the volume fraction of soil that
is occupied by liquid and gaseous phases in the respective layers.

Field capacity (of contaminated zone): This is the volumetric moisture content of soil at which
(free) gravity drainage ceases. This is the amount of moisture that will be retained in a column of
soil against the force of gravity.

b Parameter (of contaminated zone): The soil-specific exponential b parameter relates the
hydraulic conductivity of partially saturated soil to its moisture content.

Hydraulic Conductivity (of contaminated zone): This is the apparent flow velocity through the
contaminated zone under a unit hydraulic gradient.

Volumetric Water Content (of clean cover): This is the volume fraction of soil that is occupied
by water.
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4.15 AGRICULTURAL AREAS AND LIVESTOCK FEED GROWING AREAS:
PHYSICAL AND HYDROLOGICAL DATA

Agricultural Areas

Crops Fruit, grain, Leafy
non-leafy vegetables
Fraction of area directly over primary contamination: | ]
Irrigation applied per year (metersfyear): 2 2
Ewvapotranspiration coefficient: 5 5
Bunoff coefficient: 2 2
Depth of soil Mixing layer or Plow layer (meters): 15 15
Yolumetric water content: 3 3
Dry bulk density of soil (grams/cm™3): 1.5 1.5
Soil erodibility factor (tonsfacre): A |
Slope-length-steepness factor: A |
Cover and management factor: 003 003
Support practice factor: 1 1
Save
-* h—-

Cancel
Livestock Feed Growing Areas

Crops Pasture, Grain

Silage
Fraction of area directly over primary contamination: | ]
Irrigation applied per year (metersfyear): 2 2
Ewvapotranspiration coefficient: 5 5
Runoff coefficient: 2 2
Depth of soil Mixing layer or Plow layer (meters): 15 15
Yolumetric water content: 3 3
Dry bulk density of soil (grams/cm™*3): 15 1.5
Soil erodibility factor (tons/acre): 4 4
Slope-length-steepness factor: 4 4
Cover and management factor: 003 .:003
Support practice factor: 1 1
Save
-* h—-
Cancel
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Uncertainty and sensitivity analysis can be performed on any parameter that is an input on these
forms.

Area: This is the area of agricultural land on which the crop is cultivated or pasture land on
which the livestock are allowed to feed. This is not a direct input, but is computed from the
information input in the site layout form.

Fraction of Area Directly over the Primary Contamination: This is the areal fraction of the
agricultural or pasture land that lies directly above the primary contamination. If the entire area is
completely on the contamination, the fraction is one; if the entire area is away from the region of
primary contamination, the fraction is zero. This fraction is used to account for direct root uptake
of contaminants from the primary contaminated zone.

Irrigation Applied per Year: This is the volume of irrigation water that is applied over a period
of 1 year per unit area of land. It is not the actual rate of irrigation during the growing season, but
rather the irrigation rate averaged over 1 year.

Evapotranspiration Coefficient: This is the fraction of precipitation and irrigation water that
penetrates the topsoil that is lost to the atmosphere by evaporation and by transpiration by
vegetation.

Runoff Coefficient: This is the fraction of precipitation that does not penetrate the topsoil but
leaves the area of concern as surface runoff; no loss is assumed for irrigation water.

Depth of Soil Mixing Layer or Plow Layer: This is the thickness of the surface soil that may
be assumed to be mixed uniformly from time to time as a result of anthropogenic or physical
processes. It is used to calculate off-site accumulation.

Total Water Filled Porosity of Soil: This is the volume fraction of soil.

Dry Bulk Density of Soil: This is the mass of solids in a unit volume of soil.

Soil Erodibility Factor: This is a measure of the susceptibility of the soil to erosion.

Slope-Length-Steepness Factor: This factor accounts for the profile of the terrain on the
erosion rate.

Cover and Management Factor: This factor (formerly called cropping-management factor)
accounts for the effects of land use, vegetation, and management on the erosion rate.

Support Practice Factor: This factor (formerly called conservation practice factor) accounts for
the effects of conservation practices on the erosion rate.
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4,16 OFFSITE DWELLING AREA: PHYSICAL AND HYDROLOGICAL DATA

Offsite Dwelling Area

Building Offsite
location Dwelling

L]

Irrigation applied per year (metersfyear):
Ewvapotranspiration coefficient:
Runoff coefficient:
Depth of soil Mixing layer or Plow layer (meters): 15
Yolumetric water content: 3
Dry bulk density of soil (grams/cm™*3): 15
Soil erodibility factor (tons/acre): 1]
Slope-length-steepness factor: 4
Cover and management factor: 003
Support practice factor: 1
Save
| - [ S
Cancel

Uncertainty and sensitivity analysis can be performed on any parameter that is an input on this
form.

Area: This is the area of the plot of land on which the offsite dwelling is located. This is not a
direct input, but is computed from the information input in the site layout form.

Irrigation Applied per Year: This is the volume of irrigation water that is applied to the lawn
or home garden over a period of 1 year per unit area of land.

Evapotranspiration Coefficient, Runoff Coefficient, Depth of Soil Mixing Layer or Plow
Layer, Total Water Filled Porosity, Dry Bulk Density of Soil, Soil Erodibility Factor, Slope-
Length-Steepness Factor, Cover and Management Factor, Support Practice Factor: The
descriptions for these factors are the same as the preceding descriptions for the agricultural and
pasture lands (Section 4.15).
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417 ATMOSPHERIC TRANSPORT PARAMETERS

Atmospheric Transport

Release height 1 meters Dispersion Model Coefficients Windspeed Terrain
Eelesselhentiiux 0 cal/s ® Pasquill-Gifford Coefficients
Anemometer height 10 meters @ Rural
: i (8] Briggs Rural Coefficients
Ambient temperature 285 Kelvin O Urban
AM atmospheric mixing height 400 meters O Briggs Urban Coefficients
PM atmospheric mixing height 1600 meters
Fruit, grain, Leafy Pasture. Grain Dwelling Surface
Dffsite location non-leafy vegetables silage fields site water body
wvegetables plot growing
plot area

Elewvation of offsite location, relative to ground
level at primary contamination | 0 " 0 " 0 " 0 " 0 " 0

Grid spacing for areal integration m

Read Meteorological STAR file ‘

[ modify joint frequency data read from STAR file for CHICAGO MIDWAY. IL

Wind speed |l].39 ||2_45 ||4_4? ||5_93 ||9_51 ||12_52 |m.-*s
Stability class Joint frequency of wind speed and stability class for wind from S to m

A 0 o 0 o o o

B 0.00104 ||u_uuzua 0.0024 ||u ||u ||u

C 0.0009 ||u.u|]343 0.01016 ||u_uuzua ||u_uuuz3 ||u

D 0.00041 ||u_uuau5 0.01587 ||u_uzza4 ||u_|10514 ||u_uu1|13

E 0.00112 |||]_|]|1251 0.0193 |||]_|]2|]32 ||u_|]|]3|]a |||]_|]u|15?

F 0 ||u_u1uaa 0.01599 ||u ||u ||u

Save
El Cancel El

Uncertainty and sensitivity analysis can be performed on all but the following parameters on this
form: grid spacing for areal integration, the joint frequency, and on the two parameters involving
choices.

Release Height: This is the height of the release above the ground level at that location.

Release Heat Flux: This is the heat energy that accompanies the contaminant release. This
factor is used to account for the rise of the plume.

Anemometer Height: This is the height at which the wind speed was measured.

Ambient Temperature: This is the temperature of the air at the location of release.

AM and PM Atmospheric Mixing Heights: The atmospheric mixing height is the thickness of
the layer of air that is bounded by the ground surface and a layer of stable air above. The

spreading of the contaminants is limited to the thickness of the mixing layer. AM and PM refer
to the time of day.
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Dispersion Model Coefficients: This is the formulation to be used to generate the dispersion
coefficients for the atmospheric transport model.

Windspeed Terrain: The choice of terrain determines the relationship between the wind speed
and the elevation above the ground surface.

Elevation, Relative to the Primary Contamination, of (the locations of off-site
accumulation): When the ground level at the offsite location is above the ground level at the site
of primary contamination, the code adjusts for the upward deflection of the wind. This is the
difference between the height of the ground surface at the offsite location of contaminant
accumulation and the height of the ground surface at the site of primary contamination.

Grid Spacing for Areal Integration: The primary contamination and the offsite receptor areas
are assumed to be rectangular, as defined in Section 4.3, when modeling the atmospheric
transport. Rather than use a single transport distance from the center of the source to the center of
the receptor area, the code provides the option of subdividing the source and receptor areas into
smaller squares or rectangles. The transport from each subdivision of the source to each
subdivision of the offsite receptor area is computed, and these are summed to get a better
estimate of the atmospheric transport. Smaller grid spacings improve the accuracy of the
calculations, but require a longer computation time. This input is the maximum dimension of
each subdivided rectangle.

Read Meteorological STAR File: This button is used to select the data file that contains the
joint frequency distribution of the wind speed and stability class in STAR format.

* Modify Joint Frequency Data Read from STAR File: The data read from a
STAR file is locked to prevent accidental alteration. This box must be check if
the user wants to change the data (joint frequencies, wind speed) that were
read.

Wind Speed: This is the average wind speed for the wind speed interval.

Joint Frequency (of wind speed, wind direction and stability class): This is the joint
frequency distribution; that is, it is the fraction of the time during which the atmospheric
conditions fall within each wind speed interval, wind direction, and stability class combination.
There are 6 atmospheric stability classes (A through F), 6 wind speed intervals, and 16 wind
directions. The from displays the joint frequency for the direction specified in the dropdown box.
The information for each wind direction can be view and edited by selecting the desired direction
from the dropdown box. Both the direction from which wind blows and the direction toward
which it blows are shown in order to avoid confusion; customarily, wind is identified by the
direction from which it blows rather than by the direction toward which it blows (e.g., a “north
wind” means the wind is blowing from the north).
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4.18 UNSATURATED ZONE HYDROLOGY

Unsaturated Zone Hydrology

Number of Unsaturated Zones: 1
set in preliminary inputs form

Unsaturated Zone Number: 1:
Thickness (meters) 4
Dry Bulk Density (gramsfcm™*3) 15
Total Porosity A4
Effective Porosity 2
Field Capacity 3
Hydraulic Conductivity {(metersfyear) 10
b Parameter 5.3
Longitudinal Dispersivity (meters) 1

Save
E| Cancel E

Uncertainty and sensitivity analysis can be performed on any parameter on this form except the
number of unsaturated zones.

Number of Unsaturated Zones: This is the number of different partially saturated layers
between the primary contamination and the saturated zone. The number of unsaturated zones can
be changed only in the Preliminary Inputs form (Section 4.2). The code has provisions for up to
five different horizontal strata. Clicking on the button displaying the number of unsaturated
zones causes the Preliminary Inputs form to open. Because the distribution coefficients are likely
to be different for each zone, the Distribution Coefficient form (Section 4.6) is also opened.

Thickness: This is the thickness of the specific unsaturated zone.

Dry Bulk Density: This is the mass of solids in a unit volume of soil in the specific unsaturated
zone.

Total Porosity: This is the volume fraction of soil that is occupied by liquid and gaseous phases.

Effective Porosity: This is the volume fraction of soil through which water flows. Part of the
soil moisture may not contribute to the movement of contaminants.

Field Capacity: This is the volumetric moisture content of soil at which (free) gravity drainage
ceases, or the amount of moisture that will be retained in a column of soil against the force of
gravity. This is the minimum moisture content of the unsaturated layer in the absence of
evapotranspiration and root uptake.

Hydraulic Conductivity: This is the apparent flow velocity through the contaminated zone
under a unit hydraulic gradient.
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b Parameter: The soil-specific exponential b parameter relates the hydraulic conductivity of
partially saturated soil to its moisture content.

Longitudinal Dispersivity: This is the ratio between the longitudinal dispersion coefficient and
pore water velocity. It has the dimension of length. This parameter depends on the thickness of
the zone and ranges from one one-hundredth of the thickness to the order of the thickness.
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4.19 SATURATED ZONE HYDROLOGY

Saturated Zone Hydrology

Thickness of saturated zone: 100 meters
Dry Bulk Density of saturated zone: 15 gramsfcm™*3
Total porosity of saturated zone: 4
Effective porosity of saturated zone: 2
Hydraulic Conductivity of saturated zone: 100 metersfyear
to surface

to well waterbody
Hydraulic Gradient of saturated zone: n2 n2
Depth of aquifer contributing 10 10 meters below water table
Longitudinal Dispersivity of saturated zone: 3 10 meters
Horizontal lateral Dispersivity of saturated zone: 4 1 meters

@ Disperse ¥Yertically

Yertical lateral Dispersivity of saturated zone: | p2 | | 06 meters
) Do Not Disperse Vertically {0 surface
Yalue Averaged over length of saturated zone to well waterbody
Save
| -
Cancel

Uncertainty and sensitivity analysis can be performed on any parameter whose value can be
input on this form.

Thickness of Saturated Zone: This parameter is used when dispersion in the vertical direction
in the saturated zone is being modeled. It is also used to check that the total groundwater flow
under primary contamination exceeds the inflow from infiltration through the primary
contamination.

Dry Bulk Density of Saturated Zone: This is the mass of solids in a unit volume of soil in the
specific unsaturated zone.

Total Porosity of Saturated Zone: This is the volume fraction of soil that is occupied by liquid
and gaseous phases.

Effective Porosity of Saturated Zone: This is the volume fraction of soil through which water
flows. Part of the soil moisture may not contribute to the movement of moisture and
contaminants.
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Hydraulic Conductivity of Saturated Zone: This is the apparent flow velocity through the
contaminated zone under a unit hydraulic gradient.

There are two columns for the remaining properties specified in the form, the first for transport
from the primary contamination to the well and the second for transport to the surface water
body.

Hydraulic Gradient of Saturated Zone: This is the slope of the surface of the water table.

Depth of Aquifer Contributing: Water flowing through the specified depth of the aquifer is
assumed to be intercepted by the well or surface water body. This parameter is used to calculate
the contaminant concentration in well water or the contaminated flux into the surface water
body.

Longitudinal Dispersivity of Saturated Zone: This is the ratio between the longitudinal
dispersion coefficient and pore water velocity. It has the dimension of length. This parameter
depends on the length of the saturated zone.

Horizontal Lateral Dispersivity of Saturated Zone: This is the ratio between the horizontal
lateral dispersion coefficient and pore water velocity. It has the dimension of length.

Disperse Vertically: The user may choose to model (1) vertical dispersion of contaminants in
the saturated zone and ignore the effects of any clean infiltration along the length of the saturated
zone or (2) the effects of clean infiltration along the length of the saturated zone and ignore
dispersion in the vertical direction.

Vertical Lateral Dispersivity of Saturated Zone: This is the ratio between the vertical lateral
dispersion coefficient and pore water velocity. It has the dimension of length.

Irrigation Rate: This is the average annual irrigation rate, in meters/year (m/y), applied to the
land overlying the saturated zone through which contaminants are transported to the water
source. It is the amount of irrigation water that is applied over a period of 1 year and is not the
actual rate of irrigation applied during the growing period. It is used when the effects of
uncontaminated infiltration on the contaminated plume are being modeled.

Evapotranspiration Coefficient: This is the evapotranspiration coefficient averaged over the
land overlying the saturated zone through which contaminants are transported to the water
source. The evapotranspiration coefficient is the fraction of precipitation and irrigation water that
penetrates the topsoil that is lost to the atmosphere by evaporation and by transpiration by the
vegetation. It is used when the effects of uncontaminated infiltration on the contaminated plume
are being modeled.

Runoff Coefficient: This is the runoff coefficient averaged over the land overlying the saturated
zone through which contaminants are transported to the water source. The runoff coefficient is
the fraction of precipitation that does not penetrate the topsoil but leaves the area of concern as
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surface runoff; no loss is assumed for irrigation water. It is used when the effects of
uncontaminated infiltration on the contaminated plume are being modeled.
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4,20 WATER USE

Description of Usage:- Fraction of water from Number of
Water for . individuals
Quantity Surface body Well
Consumption by humans 510 Litersfyear |0 1
Use indoors of dwelling 295 Liters/day 1} 1 El
Beef cattle (1] Liters/day 0 1
Dairy cows 160 Liters/day 0 1 E
Irrigation applied per year:- {sﬁ;ifea;gZis}
Fruit. grain. non-leafy vegetables | 2 metersfyear | 1
Leafy vegetables 2 metersfyear | 1
Pasture. Silage 2 metersfyear | 1
Livestock feed Grain 2 metersfyear | 1
Offsite Dwelling site 2 metersfyear | 1
Well pumping rate: 5100 cubic metersjfyear
Well pumping rate needed to support specified Water use: cubic metersjyear
Save
| T -
Cancel

The quantities of water obtained from the two sources of water are the focus of this form. The
water requirements of humans and livestock and for irrigation are in the first column. The water
requirements also appear in other input forms, and if they are changed in one form, the other will
automatically be updated immediately.

The second and third columns are the fractions of these water requirements that are obtained
from the contaminated surface water body and contaminated well. These fractions can add up to
less than one if water from uncontaminated sources is also used. Uncertainty and sensitivity
analysis can be performed on any parameter that is input on this form except the number of
individuals, as noted below. The user must ensure that the sum of the pair of fractions does not
exceed unity when performing uncertainty analysis.

Water Consumed by Humans: This is the total amount of water consumed by an individual; it
includes water that is used in the preparation of or is consumed with food.

Water Used in Dwelling: This is the total amount of water used in the house. It includes water
used for cleaning, washing, showering/bathing, etc. It is used to compute the dose from
waterborne radon.

Water for Beef Cattle: This is the amount of water consumed by each head of cattle raised for
meat.
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Water for Dairy Cows: This is the amount of water consumed by each cow raised for milk
production.

Number of Individuals: This is the number of humans or livestock that obtain the specified
water needs from the water source. These values are used only to compute the required minimum
well pumping rate; they are not used by the computational code. These inputs are not eligible for
uncertainty analysis.

Irrigation Applied per Year: This is the volume of irrigation water that is applied over a period
of 1 year per unit area of land. It is not the actual rate of irrigation during the growing season, but
rather the irrigation rate averaged over 1 year.

Well Pumping Rate Needed to Support Specified Water Use: This is the total volume of
water that needs to be withdrawn from the well to satisfy the demand described in this form. It is
provided to help the user select an appropriate well pumping rate. This value is computed every
time a change is made to an input in this form. The well pumping rate is increased automatically
so it will never be less than this minimum required rate.

Well Pumping Rate: This is the rate at which water is extracted from the well. The interface
will not accept a well pumping rate that is insufficient to meet the needs specified in this form.
While the code performs this check for the deterministic case, the user is responsible for ensuring
that this condition is not violated when performing sensitivity or probabilistic/uncertainty
analysis.
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4.21 SURFACE WATER BODY

Surface Water Body

Sediment delivery ratio: 1
Yolume of surface water body: 150000 cubic meters
Mean residence time of water in surface water body: 1 years
SQUEFe melers
Save
| i
Cancel

Uncertainty and sensitivity analysis can be performed on any parameter that is an input on this
form.

Sediment Delivery Ratio: This is the fraction of the contaminated soil that was eroded from the
primary contamination that reaches the surface water body. This parameter is used to compute
the contaminant flux from surface erosion.

Volume of Surface Water Body: This is the volume of water in the surface water body.

Mean Residence Time of Water in Surface Water Body: This is the average time that water
spends in the surface water body. It is obtained by dividing the volume of the surface water body
by the quantity of water that flows into it each year.

Surface Area of Water in Surface Water Body: This is the area of the surface water body.
This is not a direct input, but is computed f the information input in the site layout form. It is
used to compute the contaminant flux from atmospheric deposition.
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4.22 GROUNDWATER TRANSPORT PARAMETERS

Groundwater Transport

Sub Screens

Unsaturated Zone Properties Water Use parameters

Saturated Zone Properties Surface Water Body

Distance in the direction parallel to aquifer flow from downgradient edge of contamination to

well: 100 meters

surface water body: 450 meters

Distance in the direction perpendicular to aquifer flow from center of contamination to

well: ] meters
right edge of surface water body: -150 meters
left edge of surface water body: 150 meters

Convergence criterion {fractional accuracy desired):

Number of sub zones ({to model dipsersion of progeny produced in transit):

Main sub zones in saturated zone 1

Main sub zones in each partially saturated zone 1

® nuclide specific retardation in all sub zones, longitudinal dispersion in all but the
sub zone of transformation

O longitudinal dispersion in all sub zones, nuclide specific retardation in all but the
sub zone of transformation, parent retardation in zone of transformation

O longitudinal dispersion in all sub zones. nuclide specific retardation in all but the
sub zone of transformation. progeny retardation in zone of transtormation

Save
=il -

Cancel

Sub Screens (accessing other related forms): Four forms can be accessed by using the four
buttons listed. If the forward arrow buttons are being used to access each form in turn, the forms
would have been accessed before this form and need not be revisited from here:

» Unsaturated Zone Properties, Saturated Zone Properties, Water Use
parameters, Surface Water Body: Use these buttons to open the respective
forms. The current parent form will not be closed and will remain in the
background. It will reappear when the other forms are exited.

Uncertainty and sensitivity analysis can be performed on the distances that are inputs on this
form. One-at-a-time sensitivity analysis can also be performed on the number of subzones.

Distance in the Direction Parallel to Aquifer Flow from Contamination to Well: This is the
distance, in meters (m), along a groundwater flow line from the downgradient edge of the
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primary contamination to the well. It is used in the computation of transport in the saturated zone
to the well. A negative value indicates that the well is either upgradient of or within the primary
contamination. If this value is negative or if the combination of water and land usage and
exposure pathways indicates that well water has no influence on dose, the computational code
will skip the well water concentration computations.

Distance in the Direction Parallel to Aquifer Flow from Contamination to Surface Water
Body: This the distance, in meters (m), along a groundwater flow line from the downgradient
edge of the primary contamination to the upgradient edge of the surface water body. It is used in
the computation of transport in the saturated zone to the surface water body. A negative value
indicates that the surface water body is upgradient of the primary contamination. If this value is
negative or if the combination of water and land usage and exposure pathways indicates that
water from the surface water body has no influence on dose, the computational code will skip the
surface water computations.

Distance in the Direction Perpendicular to Aquifer Flow from Contamination to Well: This
the distance, in meters (m), between two groundwater flow lines, one through the center of the
contamination and the other thorough the well. It is used in the computation of dilution due to
dispersion in the saturated zone, and it applies to water extracted from a well.

Distance in the Direction Perpendicular to Aquifer Flow from Contamination to Near Edge
of Surface Water Body: This is the distance, in meters (m), between two groundwater flow
lines, one through the center of the contamination and the other through the near edge of the
surface water body. It is used to compute the contamination flux from the groundwater into the
surface water body.

Distance in the Direction Perpendicular to the Aquifer Flow from Contamination to Far
Edge of Surface Water Body: This is the distance, in meters (m), between two groundwater
flow lines, one through the center of the contamination and the other thorough the far edge of the
surface water body. It is used to compute the contamination flux from the groundwater into the
surface water body.

Convergence Criterion: This is the fractional accuracy desired in the Romberg integration used
to calculate the contaminant flux or concentration in groundwater. A lower value will likely
require the use of a larger number of points in this numerical integration technique and thus a
longer computation time. For each Romberg refinement or cycle number, the number of
integrand function evaluations is 2", where N is the cycle number. Thus, if the convergence
criterion is set too low, the computation time becomes excessive, and convergence may not be
achieved. If convergence is not achieved, RESRAD will indicate the failure in the QRFAIL.LOG
file, and the last estimate of the integral using 32,769 points will be used. If the convergence
criterion is set at zero, Simpson’s rule with 32 integration intervals will be used.
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Modeling Transport of Progeny Produced in Transit

RESRAD-OFFSITE has two groundwater transport algorithms. One models the effects of the
differences in the water-to-soil interaction of the parent nuclide and the progeny nuclides, and
the other models the longitudinal dispersion. When one of these processes is clearly dominant,
the user can choose the appropriate algorithm to model the transport of the progeny produced in
transit. When both the longitudinal dispersion and the differences in the water-to-soil interaction
are of comparable importance, the prediction of progeny nuclides produced in transit in the
(un)saturated zone can be improved by breaking up the transport zone into a number of
subzones. Then both processes will be modeled over most of the transport path. Additional run
time will be needed to do this.

Main Sub Zones in Saturated Zone: This is the number of subzones into which the saturated
zone is to be divided in order to improve the predictions of progeny nuclides produced in transit.

Main Sub Zones in Each Partially Saturated Zone: This is the number of subzones into which
the partially saturated zone is to be divided in order to improve the predictions of progeny
nuclides produced in transit.

Modeling Progeny-Specific Retardation or Dispersion

The two transport algorithms give rise to three choices for the algorithm to be used in the zones
where the specific atom undergoes transformations. One of three options can be selected to:

* Model the effects of the progeny-specific distribution coefficient in the zone
of transformation and ignore the effects of longitudinal dispersion,

* Model the effects of longitudinal dispersion and use the distribution
coefficient of the parent nuclide for the progeny produced in that zone, or

* Model the effects of longitudinal dispersion and use the distribution
coefficient of the progeny nuclide for the progeny produced in that zone.
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Ingestion Rates

Consumption
rate

Fraction from
affected area

Drinking water 510 Litersfyear 1
Fish 5 4 kgfyear 5
Crustacea and mollusks q kgfyear 5
Fruit. grain. non-leafy vegetables 160 kgfyear 5
Leafy vegetables 14 kgfyear 5
Meat 63 ka/year 1

Milk g2 Litersfyear |1

Soil {incidental) 36.5 gramsfyear

Livestock Factors

Livestock Feed Factors

Plant Factors

Save
=N

Cancel

Uncertainty and sensitivity analysis can be performed on any parameter that is an input on this
form.

Consumption Rate: Consumption rates are national averages that are usually site independent.
Adjustments for regional differences in diet may sometimes be appropriate.

Fraction from Affected Area: This is the fraction of the consumption rate that is obtained from
any area that is affected by the primary contamination. The entry for drinking water is the sum of
the fraction obtained from the contaminated well and from the contaminated surface water body.
Clicking on the entry for drinking water will open the Water Use form (Section 4.20); the
fractions from each water source can be changed in that form.

Accessing Other Related Forms

Three forms can be accessed by using the three buttons listed below. Alternatively, the first form
can be opened by clicking on the forward arrow button on this form, then the other forms can be
opened by continuing to use the forward arrow buttons on the successive forms.

Livestock Factors, Livestock Feed Factors, Plant Factors: Use these buttons to open the
respective forms. The current parent form will not be closed and will remain in the background,;
it will reappear when the form is exited.
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4.24 LIVESTOCK INTAKES (FACTORS)

Beef Cattle Dairy Cows

Water (liters/day) 50 160
Pasture. and Silage {kg/day) 14 44
Grain (kg/day) 54 11
Soil from Pasture and Silage (kg/fday) 1 A4
Soil from grain {(kg/day) | 1

Save

-* h—-
Cancel

Livestock intake (i.e., ingestion) rates are national averages that are usually site independent.
Adjustments for regional differences in animal husbandry practices are necessary. The first
column is the intake rates for each head of livestock raised for meat, while the second column is
for each head of livestock raised for milk production. The incidental ingestion of soil associated
with the ingestion of the two types of feed (grain or pasture/silage) must be specified separately
because the contaminant concentrations in the soils could be different. Uncertainty and
sensitivity analysis can be performed on any parameter on this form.
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4.25 LIVESTOCK FEED FACTORS AND PLANT FACTORS

Livestock Feed Factors

Crops Pgislglgrg, Grain
Wet weight crop yield (kgfm*™2) 1.1 i
Duration of Growing season (years) .08 A7
Foliage to Food Transfer coefficient 1 1
Weathering Remowal constant (1fyear) 20 20
Foliar interception factor for irrigation 25 .25
Foliar interception factor for dust .25 .25
Root Depth (meters) 9 1.2
Save
| i
Cancel
Crops Fruit, grain. Leafy
non-leafy vegetables
Wet weight crop yield (kgfm™*2) 7 1.5
Duration of Growing season (years) A7 25
Foliage to Food Transfer coefficient 1 1
Weathering Removal constant (1/year) 20 20
Foliar interception factor for irrigation 25 25
Foliar interception factor for dust .25 .25
Root Depth (meters) 1.2 9
Save
| -
Cancel

Plant (i.e., vegetables and livestock feed) factors are related to growth and contaminant transfer.
They depend on the mix of crops and on regional farming practices. Uncertainty and sensitivity
analysis can be performed on any parameter that is an input on this form.
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4.26 INHALATION AND EXTERNAL GAMMA

Inhalation and External Gamma

Inhalation rate: 8400 m**3fyear
Mass loading for inhalation: 0001 grams/m™=3
Mean Onsite mass loading : 0001 grams/m™=3

Indoor to outdoor dust concentration ratio: | 4

External gamma penetration factor: 1

Shape of Primary Contamination

Occupancy Factors

Save

Cancel

Uncertainty and sensitivity analysis can be performed on any parameter on this form.

Mass Loading for Inhalation: This is the average mass of respirable particulate in a unit
volume of air when humans are present at the site (includes the effects of human activity). It is
used in the inhalation pathway computations.

Mean Onsite Mass Loading: This is the average mass loading of airborne contaminated soil
particles above the primary contamination. It is used to estimate the contaminant release rate to
the atmosphere.

Indoor to Outdoor Dust Concentration Ratio: This parameter accounts for the effect of the
building structure on the level of contaminated dust indoors. It is the fraction of outdoor
contaminated dust that is present indoors.

External Gamma Penetration Factor: This factor accounts for the effect of the building
structure on the level of gamma radiation indoors. It is the fraction of outdoor gamma radiation
that penetrates the building.

Accessing Other Related Forms

Two forms can be accessed by using the two buttons listed below. Alternatively, the first form
can be opened by clicking on the forward arrow button on this form, then the other form can be
opened by continuing to use the forward arrow button on the first form.

» Shape of Primary Contamination, Occupancy Factors: Use these buttons
to open the respective forms. The current parent form will not be closed and
will remain in the background; it will reappear when the form is exited.
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4.27 EXTERNAL RADIATION SHAPE AND AREA FACTORS

External Radiation Shape and Area Factors

Onsite T Offsite
Dwelling Location X: 100
Dwelling Location Y 1]
\— Calculate Radii and Fractions
—Drawing Instructions — l l
Use the left mouse button to change Radius: (m) Fraction:
the dwelling location and to calculate 1 13.75
the Radii and Fractions. = .
Fa 26.5
3 39.75
4 53 .022
—Key board Instructions 5 B6.25 19
Key in the dwelling location. N _ _
Then press the Calculate Radii and L1 79.5 -24
Fractions button. 7 97 75 2
8 106 A7
9 119.25 .15
10 |1325 13
Shape of the plan of the primary contamination: 11 (14575 12
¢ Circular  (® Polygonal 12 | 189 055
Scale: 200 meters

Coordinates of the verticies of polygon:

XK (m): Y (m): Save
[ — | [] ==
| | | | | Cancel

The primary contamination is shown in black against a white backdrop in the picture box at the
top left corner of the form. The primary contamination will change to pink if the Calculate Radii
and Fractions button near the top of the right side is pressed.

Shape of the Plan of the Primary Contamination: As a default, the shape of the primary
contamination and the centroid of the offsite dwelling specified in the site layout/map interface
form are used to calculate the shape and area factors for the external radiation pathway. The
onsite dwelling is assumed to be located in the center of the primary contamination. This form
can be used to specify different locations for the dwellings and also to define a polygonal shape
for the primary contamination.

Changing the Location of the Dwellings

If the primary contamination is not completely within the picture box, change the number in the
box next to Scale (in the middle near the bottom of the form) until it is visible in its entirety. At
the top right, select the tab (Onsite tab or Offsite tab) corresponding to each dwelling in turn and
specify its location, either by inputting the coordinates or by clicking on the location in the
picture box. If the coordinates of the location are keyed in, the Calculate Radii and Fractions
button must be pressed to compute the area fractions. This must be done before proceeding to the
other tab (Onsite tab or Offsite tab). The coordinates of the position of the cursor are shown in
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the Current X and Current Y information boxes at the top center of the form; this information is
helpful when the cursor is being used to click on the location of the dwelling.

External Radiation Shape and Area Factors

- Onsite Offsite

Dwelling Location X: 181
Dwelling Location ¥ 14
I— Calculate Radii and Fractions
Drawing Instructions ———————— I i
Use the left mouse button to select or Radius: (m) Fraction:

change the dwelling location and to

calculate the Radii and Fractions. 19'583333333|

39.166666666
58.75
78333333333
97 916666666 [.034
175 11
137.08333333] [.19
15666666666 | .25
176.25 1
195.83333333] [ 1
215.41666666] |.048
235 | 013

0
0
0
0

Key board Instructions ———————
Key in the dwelling location.

Then press the Calculate Radii and
Fractions button.

L e e B o o I

—_
=

Shape of the plan of the primary contamination:

O Circular @ Polygonal Clear
Scale: l:l meters

| N = =

|
| | | | Cancel

-
-

-
M

Coordinates of the verticies of polygon:
X (m): X (m):

Changing the Shape of the Primary Contamination

Set the number in the box next to Scale to the length of the square enclosing the primary
contamination and the two dwelling locations. Choose the Polygonal option. The polygon can be
“drawn” by using the mouse and following the drawing instructions given in the yellow
information box on the form. Alternatively, the vertices of the polygon can keyed in by
following the instructions given in the green instructions box. After the polygon is completed,
the location of the onsite and offsite dwellings must be specified, as described in the previous
paragraph. The area of the polygon will be computed when the radii and area fractions are
computed. The area is displayed in the box at the top center of the form.

Because the fraction of each annular area that is contaminated is computed graphically in the

interface, it is not possible to perform uncertainty or sensitivity analysis on any of the parameters
on this form.



A-74

4.28 OCCUPANCY FACTORS

Fraction of Time spent on PRIMARY CONTAMINATION
(whether cultivated or not)

Indoors

Qutdoors

Fraction of Time spent in OFFSITE DWELLING SITE
Indoors b
Qutdoors A

Fraction of Time spent in FARMED AREAS (including
Primary and Secondary contaminated areas)

Fruit. grain. and Nonleafy fields

Leafy vegetable fields

Pasture and silage fields

- =] =] -

Livestock grain fields

If part of a farmed area lies on the Primary Contamination, the time
fraction spent in that par of the area should be included in both the
tarmed area occupancy and the primary contamination occupancy.

Save

Cancel

Fraction of Time spent on Primary Contamination

* Indoors: This is the fraction of time that the receptor spends in a building
situated on top of the primary contamination.

» Outdoors: This the fraction of time that the receptor spends outdoors on top
of the primary contamination. If any agricultural or pasture land lies over the
primary contamination, the time spent in that common area should be included
here and also in the entry for that agricultural or pasture land.

Fraction of Time Spent in Offsite Dwelling Site

* Indoors: This is the fraction of time that the receptor spends in a building
situated away from the primary contamination.

» Outdoors: This the fraction of time that the receptor spends outdoors of the
offsite dwelling that is located away from the primary contamination.
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Fraction of Time Spent in Farmed Areas: This is the fraction of time that the receptor spends
outside in agricultural land and pasture land contaminated by irrigation or by atmospheric
deposition. If any agricultural or pasture land overlies the primary contamination, the time spent
in that common area should be included in the entry for the agricultural or pasture land and also
in the outdoor time fraction above the primary contamination.

[Note: The sum of the time fractions spent indoors and outdoors on the primary contamination
and in the offsite dwelling site cannot exceed unity. Because of the way that the time fractions
are defined here, it is possible for the sum of all the time fractions of a single individual to
exceed unity. But the sum of the time fractions will not exceed 2. (The sum will equal 2 if an
individual spends all the time outdoors in an agricultural or pasture land that overlies the primary
contamination.) Also, the time fractions spent indoors on the primary contamination and indoors
and outdoors in the off-site dwelling site and in the farmed areas cannot exceed unity.

Uncertainty and sensitivity analysis can be performed on any parameter on this form. The user
must ensure that the combined occupancy limits discussed in the preceding paragraph are not
violated during uncertainty analysis.]
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4.29 RADON DATA

Effective radon diffusion coefficient of Cover: 000002 m**2/s
Effective radon diffusion coefficient of Contaminated zone: 000002 m**2/s
Effective radon diffusion coefficient of Floor: 0000003 m**2/s
Thickness of floor and foundation: 15 meters
Density of floor and foundation: 2 4 g/em™3
Total porosity of floor and foundation: 1
Yolumetric water content of floor and foundation: 03
Depth of Foundation below ground level: -1 meters
Onsite vertical dimension of mixing: 2 meters
Building room height: 25 meters
Building air exchange rate: 5 1/hr
Building indoor area factor: ]
Rn-222 emanation coefficient: 25
Rn-220 emanation coefficient: 15

Save

| S [
Cancel

The radon model is discussed in Appendix C of the RESRAD Manual. The radon parameters are
activated only when the radon pathway is turned on. The radon pathway can be turned on only if
a parent of either Rn-222 or Rn-220 is present as a contaminant. The wind speed found on the
Physical and Hydrological Parameters form (Section 4.13) and the volumetric water content of
the clean cover on the Primary Contamination form (Section 4.14) are also used for the outdoor
radon dose component calculation. Uncertainty and sensitivity analysis can be performed on any
parameter on this form.

Depth of Foundation Below Ground Level: This is the depth from the ground surface to the
bottom of the basement slab. The default value of -1 indicates that the slab will be placed directly
on top of the contaminated zone.

Onsite Vertical Dimension of Mixing: This is used to define the mixing volume used to
compute the onsite concentrations of radon, C-14, and H-3.

Building Indoor Area Factor: This is the fraction of the floor area built on the contaminated
area. Values greater than 1.0 indicate a contribution from walls penetrating the contaminated
zone. The default value of 0 indicates that the time-dependent area factor is derived from an
assumed floor area of 100 m? and the amount of wall extending into the contaminated zone.



4.30 CARBON-14 DATA

Carbon-14

Thickness of evasion layer for C-14 in soil: 3 meters
C-14 evasion flux rate from soil: .0ooooo? 1fsec
C-12 evasion flux rate from soil: 1E-10 1/sec
Fraction of vegetation carbon absorbed from soil: 02

Fraction of vegetation carbon absorbed from air: 98

Mass fractions of C-12

Save

Cancel

Mass Fractions of Carbon-12

Contaminated soil: .03 afg
Local water: _noooz gfcm™*3
Fruit. grain. non-leafy vegetables: x|
Leaty vegetables: 09
Pasture and Silage .09
Livestock Feed Grain K|
Meat .24
Milk .07
Save
| -
Cancel

Appendix L of the RESRAD Manual contains a description of the C-14 parameters and their use
in the C-14 model. The onsite vertical dimension of mixing parameter on the Radon Data form
(Section 4.29) is also used to compute the onsite concentrations of C-14 and H-3. Uncertainty
and sensitivity analysis can be performed on any parameter on these forms.
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4.31 TRITIUM (H-3) DATA

Humidity in air: gramsj’m‘“"‘i}

Mass fraction of water in:-

Fruit, grain. non-leafy vegetables:

Leafy vegetables:

Fasture and Silage

Livestock Feed Grain
Meat
Milk .88

o| o] @] =| =

Save

Cancel

Appendix L of the RESRAD Manual contains a description of the H-3 parameters and their use
in the H-3 model. It also contains a map of average U.S. humidity values. The onsite vertical
dimension of mixing parameter on the Radon Data form (Section 4.29) is also used to compute
the onsite concentrations of C-14 and H-3. Uncertainty and sensitivity analysis can be performed
on any parameter on this form.
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5 RESULTS

For each deterministic analysis, RESRAD-OFFSITE produces three text reports and a data file
that can be viewed by using the RESRAD graphics interface. The first few pages of each report
list the table of contents of the report. The RESRAD graphics interface provides many options
for viewing the results.
Sensitivity analysis (one parameter at a time) results are also viewed by using the RESRAD
graphics interface. Uncertainty analysis results are produced in a report and in a number of data
files that can be graphed in the uncertainty interface. The contents of the reports are as outlined
below.

e Textual Reports

1. Parent Dose Report (.par)
A. Inputs

« Dose conversion factors
o Transfer factors
« Site characteristics
B. Pathway selections
C. Total dose
« At user-specified reporting times
o Peak and time of peak
D. Pathway doses from transformation chain of initially present nuclides
« At user-specified reporting times
E. Guideline information

« Dose/source ratios at user-specified reporting times, attributed to initially
present nuclides

« Single radionuclide soil guidelines at user-specified reporting times

« Single radionuclide soil guidelines at time of peak dose from nuclide
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« Radionuclide soil guidelines at time of peak dose from all nuclides
F. Run-time information
« Execution time
« Convergence failures of numerical integration (groundwater transport)
2. Progeny Dose Report (.pro)
A. Pathway doses from nuclides at point of exposure
« At user-specified reporting times
3. Cancer Risk Report (.rsk)
A. Cancer risk slope factors
B. Excess cancer risks
« Attributed to initially present nuclides
« Attributed to nuclides at point of exposure
« Radon and short-lived progeny contributions
* Uncertainty and Probabilistic Analysis Reports
1. Dose and Risk Report (.prb)
A. Inputs
« Summary of distribution of each input
B. Minimum, maximum, mean, and standard deviation at reporting times
« Total dose from each initially present nuclide
« Total risk from each initially present nuclide
« Pathway dose from each initially present nuclide
C. Cumulative distribution function

o Peak total dose



A-81

« Peak pathway dose
+ Peak total risk
o Peak pathway risk
D. Correlation and regression coefficients (if requested by user)
« Peak total dose with inputs
o Peak pathway dose with inputs
« Peak nuclide dose with inputs
« Peak total risk with inputs
o Peak pathway risk with inputs
« Peak nuclide risk with inputs
2. Probabilistic Input Report (.smp)
A. Input specification
« Distribution of each input
« Rank correlation coefficients
« Warnings of incompatible input correlations
B. Input samples
« Input vectors
« Rank of input vectors
« Correlation coefficients of raw data

« Correlation coefficients of rank data
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5.1 REPORT VIEWER

=] View - SUMMARY. REP

File Edit Help
Font: |MS LineDraw ﬂ|1|] ﬂ Page: |ﬁ ﬂ ;I:I
RESRAD-OFFSITE, Versionm 2.0 T Limit = 180 days 07/26/2006 13:13 Page 1
Parent Dose Report
Title : Users Guide Output Screen Shots
File : UsersGuideNewS5ens.ROF
Table of Contents
Part I: Hixture Sums and Single Radionuclide Guidelines
Dose Conversion Factor ({and Related]) Parameter Summary ... 2
Site-Specific Parameter SUMMACrY ... -cccaeeasemamnnnennnnnns 5
Summary of Pathway Selections ......ccccccacecnmnnnmnnnnnnn 32
Contaminated Zone and Total DoSe SUMMATY .. .- ceesemnnnn=- 33
Total Dose Components
Time = 0.000E+00 34
Time = 1.000E+00 35
Time = 3.000E+00 .... 36
Time = 6.000E+00 .... 37
Time = 1.200E+01 .... 38
Time = 3.000E+01 39
Time = 7.500E+01 40
Time = 1.750E+02 41
Time = 4.200E+02 42
Time = 4.820E+02 43
DosefSource Ratios Summed Over All Pathways .......-ccece-- 44
S5ingle Radionuclide S5o0il Guidelines ........cccccecmcnnnnnn 44
Dose Per NHuclide Summed Over All Pathvways .....ccccccnanans 46
S50il Concentration Per Nuclide ................ccciaaaoann 46
Bun Time Information ...........c.c.iiiiciimancaaancanannann 47

The Report Viewer is launched automatically at the end of each run to display the Parent Dose

Report (summary.rep). The Report Viewer may also be accessed at any time from the Main
Menu, toolbar, DOS Emulator, or Navigator to view any of the current reports or any reports

from the past that were saved.
Getting to Report Viewer

» Menu: Click on Select View, Text Output, and then any of the available
choices: Parent Dose Report, Risk Report, Progeny Dose Report,

Uncertainty/Probabilistic Dose and Risk Report, Uncertainty/Probabilistic

Inputs Report.

* Toolbar: Only the Parent Dose Report can be accessed from the toolbar.
Click on the report page icon (the left button on the third cluster).

» DOS Emulator: Click on the View Output button and then the command
button corresponding to the desired report.

* Navigator: Go to the Results tab and click on the command button
corresponding to the desired report.
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Viewing a Previously Saved Report

From within the Report Viewer, click on File and View another File (Ctrl f) from the Report
Viewer main menu. Point to the subdirectory where the input files are located. Select the file that
you want to view. The saved files have the same root name as the input file. Three-character
extensions identify the five types of report files as follows:

e .par = parent dose report,

e .pro = progeny dose report,

» .rsk = cancer risk report,

* .prb = uncertainty and probabilistic dose and risk report, and

e .smp = uncertainty-probabilistic input report.

Moving Around
» Pages: To go to another page, choose one of the following methods:

— Enter the page number in the page text box and hit return.
— Pull down the page list and click on desired page.

— Advance a page by pressing the “Page Down” key or by clicking on the
double down arrows.

— Go back a page by pressing the “Page Up” key or by clicking on the
double up arrows.

* Within a page: Use scroll bars to position text.
» Between reports: Click on File and View another File (Ctrl f) from the

Report Viewer main menu to view another report. You can also close the
Report Viewer and go back to the Main menu to select a different file.

Saving Files

Every time a calculation is run, the previous reports and graphics files are overwritten. The
results can be saved under different names, which allows their retrieval later.

» Saving all files: Click on File and Save All under the Report Viewer main
menu. This will save all textual reports to files. If the input filename is
xxxx.rad, the reports will be saved as xxxx.yyy, where the extension yyy
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identifies the report as described in “Viewing a Previously Saved Report”
above.

Saving the open report: Click on File and Save under the Report Viewer
main menu. This will prompt the user for a name under which to save the
currently displayed report.

Copying Selections

Printing

Copy highlighted section: Click on Edit/Copy under the Report Viewer main
menu. The selected text will be placed on the Windows clipboard and can be
placed into any document, such as a spreadsheet or word processing text.

Copy the current page: Click on Edit/Select All, followed by Edit/Copy.
Another option is to click on the icon that looks like two pages.

Setting up the printer: RESRAD-OFFSITE uses the standard Windows
printer. The setup for the printer can be accessed through the
File/Printer/Setup menu option. Options that can be selected include printer,
paper size, and orientation.

Setting up the report for printing: Click on the icon that looks like a single
page to automatically select the best font size that will fit the report to a single
page width.

Printing: Select the File/Print menu option or click on the printer icon button.
A dialogue box will appear for printing the whole report, sets of pages, or the
current highlighted text.
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5.2 GRAPH VIEWER (DETERMINISTIC AND SENSITIVITY ANALYSIS)

~* RESRAD OFFSITE GRAPHICS
File Edit Options Wiew

adhben s

Type
@ Dose DOSE: Ra-228, All Pathways Summed With SA on Longitudinal dispersivity of Saturated Zone to well
(" Concentration
(" Dose/Source Ratio
" Soil Guidelines 5.0E-05
" Risk [\
Radionuclide 4.5E-05
" Summed \
0] Imd!\/\dual 4.0E-05
" Individual and Progemy / \
~
|Fe-zzs ]| 3.5E-05
Pathways }
® Summed - 3.0E-05
(" Components == / / #
" Water Indep./Dependent E 2.5E-05
" Individual E ) / /
et -
L L 2.0E-05 I
Sensitivity
(" Base Case
T —— 1.5E-05 / } \
1.0E-05 / / \
5.0E-06 { t f
0.0E+01 + o P = ~ ~

0 100 200 300 400 500 600
Years

—— Unper: 6 -e— Mid: 3 B Lower: 1.5

UsersGuideMNewSens. ROF 07/26/2006 13:13 GRAPHICS.ASC Includes All Pathways

Getting to Graph Viewer

e Menu: Click on View on the RESRAD-OFFSITE menu, then select
Deterministic Graphics.

e Toolbar: Click on the middle icon in the third cluster, the one with the button
prompt saying “View Deterministic Graphics.”

* DOS Emulator: Click on View Output to bring up the output form. Click on
Deterministic Graphics.

* Windows Navigator: Click on the Results tab, then click on the Deterministic
Graphics icon.
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Choosing from the Plot Selection Pallet

All dose, risk, and concentration data produced by RESRAD-OFFSITE for each radionuclide
and pathway or media combination are available to the Graph Viewer. Thus, a wide choice of
plots is available. The plots are selected by specifying the following:

* Type (of Plot)

— Dose: Select Dose to view a graphical representation of the radiological
dose over the user-specified time horizon.

— Concentration: This displays a plot of the concentration of the selected
radionuclide in various media over the user-specified time horizon.

— Dose/Source Ratio: This displays a graph of the ratio of an individual
radionuclide’s dose contribution to its initial concentration in soil in the
primary contamination.

— Soil Guidelines: Select Soil Guidelines to view a graph of the initial
radionuclide concentration in soil that will produce the specified basic
radiation dose limit at that specific time as a function of time.

— Risk: Select Risk to view a graphical representation of the excess cancer
risk over the user-specified time horizon.

+ Radionuclide

— Summed: This option is available for Dose and Risk plots; it displays the
dose or risk due to all the radionuclides specified to be present at the site.

— Individual: This option is available for all five types of plots, but its
definition depends on the type of plot. Select the radionuclide by using the
dropdown scroll box.

a. When used with the concentration plots, it displays the concentration of
the selected radionuclide (either an initially present nuclide or a
progeny) in the selected media.

b. When used with the other four types of plots, it displays the total
quantity due to the selected radionuclide (initially present nuclide)
and its progeny.

— Individual and Progeny: This option is available for Dose, Dose/Source
Ratio, and Risk plots. It displays the individual dose, dose-to-source ratio,
or risk due to the selected radionuclide (initially present nuclide) and each
of its progeny.
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— Individual and Threads: This option is available for Dose, Dose/Source
Ratio, and Risk plots. It displays the individual dose, dose-to-source ratio,
or risk due to each of the transformation chains of the initially present
radionuclide. Threads for each principal radionuclide are listed in the
“Condensed Threads in Decay Chain” section of the .chn file. The .chnfile
can be viewed with any text editor such as Notepad.

» Pathways: Options are available for Dose, Dose/Source Ratio, and Risk plots.

— Summed: This sums the selected quantity over all pathways and plots the
sum.

— Components: This plots the selected quantity from each pathway in one
plot.

— Water Indep./Dependent: This plots two lines on the graph. One plot
shows the waterborne contribution, and the other shows the airborne and
any direct contribution from the selected quantity.

— Individual: This plots a single selected pathway. The pathway is selected
by using the dropdown scroll box.

* Media: This appears in place of the Pathways options when concentration
plots are selected. Select the medium by using the dropdown scroll box.

» Sensitivity: This is displayed when a sensitivity analysis is performed.
— Base Case: This shows only the results of the deterministic run.

— Dropdown list of parameters: Select a parameter from the dropdown list
to see the sensitivity of the output to that parameter.

Selecting from the Graph Viewer Menu
* File

— Open: This command is used to open the deterministic graphics data file
from a previous run. The deterministic graphics data file is stored in the
same directory as the input files at the end of each run. These files have
the same root name as their input files but end with the extension .grp.

— New Window: This command displays another Graph Viewer window.
Two plots from the same data file can be viewed. Plots from two different
graphics data files cannot be viewed in the different windows.
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Save Plot Data: This command writes the x and y values used in the plot
that is displayed in columns in an ASCII file. If multiple lines are
displayed in the plot, a pair of columns is output for each line that is
displayed. The “DOCL1” icon is a shortcut to generate this file. The “eye”
icon is a shortcut to view and/or print the file.

Print: This command is used to produce a hard copy of the current plot.

Print Setup: This opens a window displaying the list of available printers
and the printing specifications.

Close Window: When multiple Graph Viewer windows are open, this
command is used to close an individual window.

Exit: This closes all Graph Viewer windows.

Edit

Copy: This command saves the plot in a metafile. The print screen (Print
Scrn) key on the keyboard produces a much better quality image.

Export to Excel: This command opens a new Excel file and transfers the
x and y values used in the plot. If multiple lines are displayed in the plot, a
pair of columns is output for each line that is displayed. The first three
rows contain the plot title, plot footer, and column headers.

Options: This menu is used to change the appearance of the plot. The
following choices can be made: display either axis in linear or logarithmic
scale, display or suppress grid lines, use different colors for different plots or
use black for all plots, use the same or different line styles for the different
plots. This menu is also used to hide or show the prompts for the buttons on
the toolbar.

View: This menu is used to view the plot data. The plot data must have been
saved previously by using the Save Plot Data command described above
under the first option, File.
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6 ENHANCEMENTS

The influence of each input on RESRAD-OFFSITE predictions can be investigated by using two
independent features available in the code. The sensitivity analysis option can be used to observe
the independent influence of each individual parameter. The uncertainty and probabilistic
analysis option can be used to study the variation in the prediction and the importance of each
individual parameter when a number of parameters are varied simultaneously over their likely
range.



6.1 ONE-PARAMETER-AT-A-TIME SENSITIVITY ANALYSIS

Purpose

One-parameter-at-a-time sensitivity analysis is used to study the independent influence of each
individual parameter on the predicted dose, risk, and concentrations. Each of the selected
parameters is varied in turn by a factor that is first higher than its deterministic (base) value and
then lower. Thus, two additional runs of the code are performed for each parameter selected for
sensitivity analysis. Three curves are plotted to show the variation of the predictions over time
for the three values (low, base, high) of the parameter, while all the other parameter are held at
their base values.
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Set Sensitivity Analysis Range

Yariable Description:

Longitudinal dispersivity of Saturated Zone to
well

Yariable Name:

ALPHALOW

Multiply and Divide
the variable's
deterministic value

Lower ¥alue: 1.5

®2 ﬁ> Base Value: 3

Upper Value: b

0K | Cancel ‘ No Analysis

Displaying the Sensitivity Analysis Range

Menu: First click on the input box of the parameter of interest to put it in
focus. Then click on Form Options on the RESRAD-OFFSITE menu and
Sensitivity Analysis (F9 key).

Toolbar: First click on the input box of the parameter of interest to put it in
focus. Then click on the Set Sensitivity button (fourth button in the second
cluster on the toolbar).

Input Window: First click on the parameter of interest, then press the F9 key.

Sensitivity Input Summary Bar: If a sensitivity has already been set for a
parameter, the sensitivity input summary bar (shown if Sensitivity Input
Summary under the View option is checked) will include a button for each
parameter selected for sensitivity analysis. The title of the button includes the
variable name, the symbols */, and the factor by which to multiply and divide.
Right click on any of these buttons to review, change, or remove a sensitivity
analysis on the corresponding parameter.
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Selecting a Parameter for Sensitivity Analysis

First display the Set Sensitivity Analysis Range form while the cursor is in the input box
corresponding to the desired parameter. Then set the multiplication and division factor as
described below.

Choose one of the options for the multiplication and division factor. The resultant values for the
two sensitivity runs will be shown at the right along with the base value. If you choose the last
option, you can enter any value greater than 1 or accept the value of 10. If the selected factor
causes a parameter value to exceed its bounds, a warning message will be displayed with the
option to set the factor to the maximum allowable value. If the base value specified for any
variable selected for sensitivity analysis is changed, the sensitivity button corresponding to that
factor should be revisited to ensure that the values for the sensitivity analysis will still be within
the bounds.

Click on the OK button to include the parameter in the sensitivity analysis. A button for this
parameter will be added on the sensitivity input summary bar, and the parameter will be selected
for sensitivity analysis.

Removing a Parameter from Sensitivity Analysis

If a parameter has already been selected for sensitivity analysis, the button corresponding to it

will be on the sensitivity input summary bar. Either right click on that button, or left click and

choose No Analysis to remove the sensitivity analysis. Clicking on Cancel will not remove the
parameter from the sensitivity analysis in this case.

If the parameter has not yet been selected, simply click on Cancel on the Set Sensitivity Analysis
Range form to disregard the information in the form.

Viewing Results of Sensitivity Analysis

Sensitivity analysis results are shown only in a graphic format, not in any textual report. Launch
the deterministic Graph Viewer after performing a sensitivity analysis on the selected
parameters; the Sensitivity option will be displayed at the bottom of the plot selection pallet
(Section 5.2). Select a parameter from the dropdown box to see the sensitivity of the output to
that parameter.
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6.2 UNCERTAINTY AND PROBABILISTIC ANALYSIS

Uncertainty and Probabilistic Analysis
Sample specifications T Parameter distributions T Input rank correlations T Output specifications

Step by step analysis T Related inputs T Post run regression

Generate input
samples (LHS)

(® Perform uncertainty analysis (" Suppress uncertainty analysis this session OK

Purpose

Uncertainty and probabilistic analysis is used to determine the variation in the predictions (dose,
risk, or media concentrations) due to the uncertainty in the values of some parameters and the
probabilistic nature of other parameters. It can also be used to identify the input parameters that
are responsible for the major part of the variation in the output (Multiparameter Sensitivity
Analysis, Section 6.3). Then the resources can be focused on reducing any uncertainty in those
parameters in order to most efficiently reduce the variation in the predicted dose, risk, or media
concentration.

Selecting an Input Parameter for Uncertainty and Probabilistic Analysis

* Menu: First click on the input box of the parameter of interest to put it in
focus. Then click on Form Options and Uncertainty/Probabilistic Analysis (F8

key).

» Toolbar: First click on the input box of the parameter of interest to put it in
focus. Then click on the Uncertainty/Probabilistic Analysis button (farthest
button on the right in the second cluster on the toolbar; it has a +? symbol on
it).
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e Input Window: Press the F8 function key while the focus is on the input
parameter to be included for uncertainty or probabilistic analysis.

The distribution of the selected variable is specified in the Parameter distributions tab
(Section 6.2.1) of the Uncertainty and Probabilistic Analysis interface form.

Displaying the Uncertainty and Probabilistic Analysis (Interface) Form

e ¢ Menu: Click on View and then Uncertainty/Probabilistic interface (Ctrl
F8). This displays the form and also sets the user preference to always display
the form when the RESRAD-OFFSITE interface is launched.

The methods just described (Selecting an Input Parameter for Uncertainty and Probabilistic
Analysis) will also display the form if it is not already visible. They are not included here
because they also select the input that is in focus at the time they were invoked for uncertainty or
probabilistic analysis.

The Uncertainty and Probabilistic Analysis form currently has one tab (Related inputs) under
development and six active tabs as follows:

1. Parameter distributions: The uncertainty in the value of an input or the
probabilistic nature of an input is specified in the form of a probabilistic
distribution on this tab.

2. Sample specifications: This is used to specify how the probabilistic input sets
will be generated from the distributions specified in the previous tab.

3. Input rank correlations: This accepts the specification of correlations
between pairs of uncertain/probabilistic inputs if the appropriate choice is
made in the Sample specifications tab.

4. Output specifications: This describes the types of probabilistic display and
analysis options that are available for the various outputs and is used to
specify whether the component doses, risks, and concentrations for each
realization of a probabilistic run need to be saved. It is also used to specify the
desired output-input correlation and regression coefficients.

5. Step-by-step analysis: This allows the analysis to be carried out in sequence
and provides an option to view the results of each step before proceeding to
the next. It also allows viewing of the probabilistic graphics from a previous
analysis.

6. Post run regression: This is used to obtain a specific selection of output-
input correlation and regression coefficients.

These six tabs are described more fully in Sections 6.2.1 through 6.2.6.
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6.2.1 Parameter Distributions Tab

Uncertainty and Probabilistic Analysis

Step by step analysis Related inputs Post run regression

Sample specifications T Parameter distributions T Input rank correlations T Output specifications N

— Statistics of uncertain or probabilistic paral

Yariable Description -
iBearing of X axis | | Bearing of X axis
* dimension of Primary o
Y dimension of Primary Distribution |yNIFORM |

Smaller X Coordinate of Fruit, grain.
Larger X Coordinate of Fruit, grain, Minimum |81
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All the input parameters that are selected for uncertainty and probabilistic analysis are listed in
the Variable Description box at the left of the tab. Click on any of the entries in that box to
display the distribution specified for that input parameter. When an input parameter is selected
for uncertainty and probabilistic analysis, it is added to the bottom of the list. The uncertainty in
the value of the input parameter or the probabilistic nature of the input parameter can be
specified on the right side of the tab. This is done as follows:

1. Select the type of distribution from the dropdown box.

2. Enter the statistics necessary to define the selected distribution in the input
boxes below the dropdown box.

3. Save the distribution and its statistics by clicking on the Update Parameter
stats and distribution button, the Previous parameter arrow, or the Next
parameter arrow.

4. You can cancel any changes made to the distribution type or statistics if they
have not yet been saved by clicking on the Restore Parameter stats and
distribution button or by simply clicking on a different input parameter in the
list on the left.
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Clicking on the Help button on this tab displays the Help on Statistical distributions form for the
selected distribution. This Help form displays the probability density function of the selected
distribution in the brown box on the right side of the form. Interrelationships between alternative
forms for specifying the same distribution, or the definitions of the distribution statistics, are also
included in the same box, where appropriate. Any conditions that must be satisfied by the
distribution statistics are in the gray box at the bottom of the form. The probability density
function of the distribution is sketched on the left side of the form. The bounds of the input
parameter are indicated by two red (vertical) lines if they fall within the sketch. If the red lines
are visible, the statistics for the distribution need to be changed to confine the distribution within
these bounds.

Help on Statistical Distributions

Bearing of ¥ axis -
0199 There are two ways of specifying a

normal distribution with the tails cut
off, “bounded normal”, or “truncated
normal”. Either the values (Min, Max)
or the quantiles (Lq, Uq) of the cut off
point can be specified . The
relationship between the two are
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The probability density finction
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0 < Standard deviation {Sigma)

The sample values are obtained in the segment of the distribution Eounded by the specified minimurn and
maximurm values where
Mean - 4.75 * Standard deviation <= Minimurm < Maximum <= Mean + 4.75 * Standard deviation
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6.2.2 Sample Specifications Tab
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Sampling parameters —Information about current selection
Random Seed: Grouping of observations:=
Number of Observations: .
Correlated or uncorrelated grouping: The samples of each
Number of Repetitions: variable are ordered and grouped together so that.
1] the correlations between the variables for which

correlations have been specified are as close as possible
o the specified values.

2) the correlation between the variables that are not
specified to be correlated will be as close to zero as
possible.

Sampling Technique

@ Latin Hypercube
O Monte Carlo

L

Random grouping: The samples of each variable are
grouped together at random.

Grouping of observations Itis possible that some of the variables will be correlated
® Correlated or Uncorrelated just by chance, especially if the number of observations is
O Random not much greater than the number of variables.
(® Perform uncertainty analysis (" Suppress uncertainty analysis this session OK

This tab selects how the distributions specified in the previous tab are sampled and how the
samples for the different inputs are to be combined to produce the set of inputs. The frame on the
right side of the tab describes the purpose and effect of each of the items on this tab:

Number of Observations: This is the number of values that will be sampled
from the distribution of each input parameter specified in the Parameter
distributions tab. This must exceed the number of input parameters if
correlations are specified between inputs or if regression statistics are to be
produced. The accuracy of the probabilistic predictions can be improved by
increasing the number of observations.

Sampling technique: The code offers a choice of two sampling techniques:
Latin hypercube sampling (LHS) or Monte Carlo. In the LHS technique, the
distribution is divided into equally probable segments, equal in number to the
desired number of observations. Then a value is picked at random from each
segment according to the probability density function within that segment.
This ensures that the sample covers the entire range of the distribution, even
when the number of samples is relatively small. In the Monte Carlo technique,
the desired observations are each picked at random from the entire distribution
according to the probability density function. When the number of samples is
small, the sampled values do not represent the distribution as well as the
values obtained by using the LHS technique.
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Random Seed: Both sampling techniques choose the sample value from the
appropriate part of the distribution at random according to the probability
density function. The sampling code has a random number generator to
produce the pseudo-random numbers needed to do the random sampling. The
random number generator produces a random number on the basis of the seed
it receives. It also increments the seed to the next integer every time a random
number is generated. Thus, the sequence of random numbers that is generated
to obtain the sample can be exactly reproduced if the same starting seed is
used again. The Random Seed input is the starting seed; it allows the code to
reproduce the same set of probabilistic inputs should there be a need to rerun
the same analysis at a later time on a different computer.

Grouping of Observations: After the code obtains the required number of
samples for each input parameter, it produces the probabilistic set of inputs.
Each element of the set of inputs will contain one sample from each of the
input parameters. The code offers two choices on how the samples from each
input parameter are combined to make the set of inputs: (1) random grouping
or (2) correlated or uncorrelated grouping. If it is necessary to have
correlations between some of the inputs, or if it is necessary to ensure that
there is no correlation between some of the inputs (i.e., zero correlation), the
correlated grouping must be used.

Number of Repetitions: This is the number of times the analysis needs to be
repeated in order to obtain a measure of the accuracy of the probabilistic
predictions. Increasing the number of observations increases the accuracy of
the probabilistic predictions, but a measure of the accuracy can be obtained
only if the analysis is repeated. The closeness of the results, or the lack
thereof, is an indication of the accuracy, or lack of accuracy, of the
predictions.
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6.2.3 Input Rank Correlations Tab
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Variable 1 Variable 2 RCC —Rank Correlations

Variable 1 ALPHALOSW 7

Longitudinal Dispersivity of saturated zone to
surface waterbody

Variable 2 ALPHATW o

Horizontal lateral Dispersivity of saturated zone
to well

Rank Correlation Coefficient I:I

Update Correlation table |

RBemowve correlation |

(® Perform uncertainty analysis (" Suppress uncertainty analysis this session OK

This tab becomes active to accept input only if the correlated or uncorrelated grouping option on
the Sample specifications tab has been chosen. Correlations are specified between the ranks of
the inputs, not the raw values of the inputs. The pair of inputs that are to be correlated are chosen
from the two dropdown boxes, and the rank correlation coefficient is specified in the
corresponding input box, all on the frame at the left.

The Update Correlation table button on the right frame saves the information in the correlation
table at the left. Correlations that were saved can be deleted by first clicking on the
corresponding line in the table at the left and then clicking on the Remove correlation button on
the right. The correlations can also be edited by clicking on the appropriate row in the table and
then changing the value of the rank correlation coefficient (RCC). The revised correlation must
be updated for it to take effect. A pair of uncorrelated inputs (i.e., a pair with a zero correlation
coefficient) need not be specified in the table because the correlation between any pair of inputs
that are not included in the table is implicitly set to zero in the sampling code.
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6.2.4 Output Specifications Tab
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—PRE RESRAD run specifications —Proababilistic outputs available for current selection —

Probabilistic statistical analysis is available on the T