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ABSTRACT

The MILDOS-AREA computer code is used to estimate the radiological impacts of airborne
emissions from uranium mining and milling facilities. The code allows users to consider both
conventional uranium ore operations and operations associated with in situ recovery facilities.
The code is used by license applicants and U.S. Nuclear Regulatory Commission staff to
perform routine radiological impact and compliance evaluations for various uranium recovery
operations. As part of a major code update, the following improvements and additions were
made to the code: (a) support for ores containing thorium-232 (Th-232) and its daughter
radionuclides in addition to the currently supported uranium-238 (U-238) and its daughter
radionuclides, (b) a revised area source model, (c) the capability to perform sensitivity analysis
on specific input parameters, (d) the capability to use current meteorological data provided by
the National Climatic Data Center, and (e) an interactive results module.
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1 INTRODUCTION

The MILDOS-AREA computer code is used to estimate the radiological impacts from airborne
emissions from uranium milling and mining facilities. It provides the capability to consider both
conventional uranium ore operations and operations associated with in situ recovery (ISR)
facilities. The code is used by license applicants and U.S. Nuclear Regulatory Commission
(NRC) staff to perform routine radiological impact evaluations for various potential uranium
recovery operations.

11 Background

The original MILDOS program (Strenge and Bander, 1981) estimated the air emission releases
from uranium ore milling operations and the resulting human exposure. The program
incorporated source term release, media concentration, and human exposure models found in
the NRC’s Final Generic Environmental Impact Statement on Uranium Milling (GEIS; NRC,
1980). The GEIS used the dispersion models in the Uranium Dispersion and Dosimetry (UDAD)
program, version IX (Momeni et al., 1979), and the radionuclide media concentration and
exposure models found in UDAD and draft NRC guidance (Draft RH 802-4) published in May
1979. MILDOS was the direct outgrowth of an earlier version of the UDAD code, UDAD IV.
Draft RH 802-4 was subsequently published as NRC Regulatory Guide 3.51, Calculational
Models for Estimating Radiation Doses to Man from Airborne Radioactive Materials Resulting
from Uranium Milling Operations (NRC, 1982). In 1987, the recommended methods used in
estimating source term releases as originally used in the GEIS (NRC, 1980) were published as
NRC Regulatory Guide 3.59, Methods for Estimating Radioactive and Toxic Airborne Source
Terms for Uranium Milling Operations (NRC, 1987).

Models were included in MILDOS to consider both point sources (stacks, vents) and area
sources (ore pads, tailing areas). Releases of particulates explicitly considered were limited to
the radionuclides U-238, Th-230, Ra-226, and Pb-210. Other radionuclides were implicitly
accounted for under the secular equilibrium assumption. Gaseous releases were limited to
consideration of Rn-222 plus in-growth of decay products.

The external, inhalation, and ingestion dose coefficients (DCs) used in MILDOS were taken
from the GEIS (NRC, 1980), and they, in turn, were the factors used in UDAD (Momeni et al.,
1979). The external DCs were adopted primarily from Trubey and Kaye (1973). The inhalation
DCs had been calculated by the UDAD computer code (Momeni et al., 1979) in accordance with
the Task Group on Lung Dynamics (TGLM) lung model of the International Commission on
Radiation Protection (ICRP) (ICRP, 1966, 1972). Ingestion DCs were based on the ingestion
models in ICRP Publications 2 and 10A (ICRP, 1959, 1971), with the DCs taken from Hoenes
and Soldat (1977). The dose to exposed individuals was calculated for comparison to the
requirements of both the U.S. Environmental Protection Agency’s (EPA’s) Environmental
Standards for the Uranium Fuel Cycle (40 CFR Part 190) and the NRC's Standards for
Protection against Radiation (10 CFR Part 20).

MILDOS-AREA (Yuan et al., 1989) became the next iteration of MILDOS in 1989. Primary
changes to the code (a) allowed it to run on a personal computer (PC) rather than a mainframe
computer of the time; (b) included a new, large, area source model; and (c) used more up-to-
date DCs. The internal DCs were calculated by using the methodology from ICRP



Publications 26 and 30 (ICRP, 1977, 1979) and the NUREG/CR-4628 report prepared by Oak
Ridge National Laboratory (ORNL) for the NRC (Cristy et al., 1986).

By 1998, MILDOS-AREA version 3 was available. A graphical user interface (GUI) had been
added to facilitate user input, and ISR sources had been added to the code. The 1989 version
of MILDOS-AREA compared the annual average air concentrations to the maximum permissible
concentrations (MPCs) in 10 CFR Part 20. On January 1, 1994, a revision to 10 CFR Part 20
(revised Part 20) went into effect. The revised Part 20 updated its dosimetry to the ICRP 1977
recommendations. The changes led to a revision of the calculated allowable concentrations for
unrestricted areas, with MPCs being replaced by the term “effluent concentrations.” Those
changes were incorporated into version 3 of MILDOS-AREA.

1.2 Revisions to MILDOS-AREA

Version 4 of MILDOS-AREA was written to be executed on PCs running on Windows 7 and 8
operating systems (OSs). The components used in the code to enhance program operation and
performance were selected based on, when possible, minimizing potential installation problems
on user machines and promoting code longevity (i.e., using stable components or methods that
would not likely be affected by near-term changes in the OS or related functions).

Since the introduction of in situ leach uranium recovery facility calculations into MILDOS-AREA,
the code’s Visual Basic GUI performed preparatory calculations for input to the main FORTRAN
calculations written for the original uranium ore calculations. All calculations are now performed
together, in Visual Basic .Net (VB.Net); they are separate from the user input.

1.2.1 Maintained Features

Along with the new features and updates discussed in the next section, version 4 of MILDOS-
AREA maintains the functionality of version 3 of the code to assist the NRC with uranium
recovery evaluations. Figure 1-1 presents the structure of the exposure pathway calculations
performed. Uranium-238 and its daughters are explicitly analyzed. Exposures
(inhalation/external/ingestion) can be calculated for both individuals and the population in the
surrounding 80-km area. Exposure calculations are specific to four different age groups: infant,
child, teenager, and adult. Particulate emissions, air dispersion, and uptake can be broken
down into and evaluated for different particle size groups. Time steps and adjustment factors
are available for the evaluation of different phases of mining/milling operation. Checks against
regulatory standards are performed. One minor feature not carried forward into the new version
is discussed in Section 1.2.3.

1.2.2 New Features and Updates

A number of new features and updates were applied to the program, in addition to upgrading it
to run on the latest Windows operating systems. These features and updates are discussed in
Sections 1.2.2.1 through 1.2.2.8. They include: (a) support for ores containing Th-232 and its
daughter radionuclides, (b) a revised area source model, (c) the capability to use current
meteorological data provided by the National Climatic Data Center (NCDC) or from other
sources, (d) the ability to perform sensitivity analysis on specific input parameters, and (e) an
improved GUI.
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This section also addresses other improvements to the program, which include more robust
data management with the use of a database for data input/output, the use of a geographical
information system (GIS) module to replace the current graphic display, expanded user access
to key model parameters, and updated program Help features.

1.2.2.1 Thorium Ores

Thorium ores are important as alternate feed sources, with natural Th-232 and its daughter
radionuclides presenting hazards similar to those of uranium ores currently considered in
MILDOS-AREA. The revised code handles additional radionuclides in a manner similar to that
used for U-238 and its daughters. These additional radionuclides include Th-232, Ra-228
(assumed to be in equilibrium with short-lived Ac-228), and Th-228 (assumed to be in
equilibrium with short-lived Ra-224 and Rn-220). Like the hazards presented by the decay
products of Rn-222 in the U-238 decay chain, the Rn-220 daughter products are handled in a
manner similar to that used for the Rn-220 working level (WL) calculations.

1.2.2.2 Revised Area Source Model

The revised area source air dispersion model is a refined version of the existing chronic
Gaussian plume model in MILDOS-AREA. The area source model contains adjustments for
momentum and buoyant plume releases, plume depletion and deposition, and plume reflection.
The virtual point source and finite element analyses for area sources were replaced with a
model that automatically divides the area source into multiple point sources and calculates an
average air concentration from the individual air concentrations associated with the point
sources. The model thus eliminates any assumptions made with regard to the geometry of the
area source when the air dispersion calculations are run. Optional dispersion coefficients for
releases at ground-level and higher elevations are also available.

1.2.2.3 Meteorological Input Processor

A meteorological data input processor was developed to generate the three-way joint frequency
distribution (JFD) of wind speed, wind direction, and atmospheric stability class in STability
ARray (STAR) format used by the atmospheric dispersion model. The processor converts
meteorological data provided in the current standard format by surface meteorological stations
(integrated surface hourly data [also known as ISH, ISD, ISHD, TD-3505, DS3505, or DSI-3505]
format). Most surface meteorological data are from the: (a) Automated Surface Observing
System (ASOS) program, which is a joint effort of the National Weather Service (NWS), Federal
Aviation Administration (FAA), and U.S. Department of Defense (DoD), and (b) Automated
Weather Observing System (AWOS) program, which has been operated and controlled by the
FAA in the United States, as well as by state and local governments and some private agencies.
These data, which have undergone standard quality assurance/quality control (QA/QC) reviews,
are available at stations around the world and at about 1,000 stations in the United States.
Other data formats are also supported.

1.2.2.4 Sensitivity Analysis
Sensitivity analysis helps users identify important parameters and understand site issues. Such

an analysis examines changes in the results when one parameter is changed slightly. Most
input parameters in MILDOS-AREA are available for use in a sensitivity analysis.



1.2.2.5 Input/Output Data Management

User input for MILDOS-AREA 4 is contained in a database (DB) file instead of a text file (which
was used in previous versions of the program). Using a relational database is well suited to the
needs of the MILDOS-AREA application because it enables an interactive user output format.
The program generates a basic output (text) file in HyperText Markup Language (HTML) format
as the result of an application run using a given DB input file. The output contains an input echo
for QA purposes. Intermediate and final results are stored in the DB file, which the user can
further manipulate to obtain different output formats for a given case.

The user DB input file contains the user input parameter values as well as calculated results.

A separate program DB contains parameter definitions and the upper- and lower-limit values for
each input parameter, if applicable. The upper- and lower-limit values are used as part of the
error checking associated with user input that was added for version 4. These values are not
intended to be modified by the user.

1.2.2.6 Geographical Information System Module

Previous versions of MILDOS-AREA had a rudimentary graphics display as an aid for problem
definition; it provided a view of the relative positions of potential emission sources and potential
receptors. A GIS module replaces the previous graphics display. Users can enter
source/receptor coordinates through text input, as they did in past versions of MILDOS-AREA,
or by clicking on the map in the location desired. MILDOS-AREA also now offers the ability to
define irregularly shaped area sources by using a point-and-click map interface.

1.2.2.7 Expanded Access to Model Input Parameters

Access to more of the parameter values used in the MILDOS-AREA’s models is now available
to facilitate a more site-specific analysis of the problem at hand. Individual receptor shielding
and occupancy fractions are user-definable. Input values to the wind erosion model are also
accessible, if the necessary data are available. Other expanded inputs include resuspension
factors for resuspended material air concentrations, weathering factors, crop growing periods,
and retention factors. The existing values that were used for such parameters in the past
versions of the code remain as the default values.

The options for some input parameters have been expanded to afford a more site-specific
analysis. The ingestion exposure pathway for population analyses allows for definitions for the
vegetable, meat, and milk production grids that are similar to the definition for the population
grid rather than a single average value for vegetable, meat, and milk production rates for a
given area.

1.2.2.8 Updated Program Help

Input parameter definitions and their upper- and lower-limit values are available to the user by
pressing a function key when a specific parameter has the input focus.



1.2.3 Discontinued Analyses

Past versions of MILDOS-AREA provided a population dose estimate for the continental United
States. Because this calculation was based on previous (outdated) analyses and provides no
current regulatory function, a continental U.S. population dose estimate is not calculated in
version 4.

1.3 Report Organization

This manual first presents the models necessary to perform the dose calculations, in the order
they are used. The rest of the document then provides information on using the code and
reviewing the results. The various radionuclide sources and their associated air emissions are
discussed in Chapter 2. Chapter 3 covers the atmospheric dispersion of the emitted material
downwind. Media concentrations (air, ground, plant, and food) at the receptor locations are
covered in Chapter 4. Potential dose rates are discussed in Chapter 5. Program operation and
reviewing results are covered in Chapters 6 and 7, respectively. References are provided in
Chapter 8. The appendices provide additional program details (Appendix A); a list of the DCs
used by MILDOS-AREA (Appendix B); details on the new meteorological data conversion option
(Appendix C); derivation of the resuspension model (Appendix D); some guidance on using GIS
data (Appendix E); and input parameter definitions, defaults, and limits (Appendix F).



2 SOURCE MODELS

Air emission sources emit gases or particulates and can be represented as point or area
sources. Section 2.1 discusses the various mining and milling operations that could result in air
emissions. The radionuclides in these emissions considered by MILDOS-AREA are covered in
Section 2.2. The different source types used to model these emissions and the methodology
behind each one are discussed in Section 2.3.

2.1 Mining and Milling Methods

Two primary recovery methods are currently used to extract uranium from ore. A conventional
uranium mill recovers uranium from ore mined from a conventional underground or surface hard
rock mine; it is similar to the mills used to mine other metals and coal. ISR, formerly known as
in situ leach recovery, involves the injection of a chemical solution into the ore body to dissolve
and mobilize the uranium for extraction.

2.1.1 Conventional Ore Mining and Milling

Uranium ore is delivered to the mill, where it may be stockpiled before being processed. The
ore is loaded into a machine in which it is crushed and/or ground into smaller particles before
the uranium is extracted. The uranium is leached from the ground particulates by using sulfuric
acid in most cases, although alkaline solutions can also be used as the leaching agent.
Approximately 90 to 95 percent of the uranium is extracted from the ore.

The extracted uranium is concentrated and dried to produce yellowcake (U3Os). The dried UsOs
is packaged and shipped for further processing into enriched uranium and reactor fuel. The
tailings are a remnant of the leaching process; they are what remains of the ground particulates.
They have the consistency of a rough sand and are generally stored outdoors in large piles.
These piles remain a source of radon and particulate emissions until they are remediated.

2.1.2 In Situ Recovery

In a typical ISR mining site (Hunter, 1996), a licensee uses a series of injection wells that
introduce dissolved oxygen and/or hydrogen peroxide along with sodium carbonate/bicarbonate
into the ore zone. The uranium becomes mobilized and is extracted through a series of
pumping wells. The uranium-rich water is routed through a processing building, where the
uranium is removed from the water by ion-exchange (IX) columns. The loaded IX resin is then
processed to remove the uranium (elution). The eluted uranium is further processed into a
concentrated uranium slurry. The slurry is then dried into yellowcake (UzOg). The dried UsOg is
packaged and shipped for further processing into enriched uranium and reactor fuel.

Some ISR facilities have smaller processing plants located remotely from the main processing
plant. These plants, called satellite facilities, generally collect the uranium in resin tanks and
then ship the loaded resin to the main processing plant for elution, drying, and packaging. The
satellite facilities let the licensee economically mine uranium located some distance away from
the main processing plant.

All applicable ISR source types defined in MILDOS-AREA are discussed in Sections 2.3.3
through 2.3.7. Except for the land application source (Section 2.3.7), these source types are



treated as point sources because the only potential emissions would be due to radon escaping
from the points associated with the aboveground pump stations and IX process.

2.2 Radionuclides

MILDOS-AREA estimates the human health exposure due to air emissions from uranium
recovery operations. The mining and milling of uranium ore specifically involve risks posed by
U-238 and its daughter products. Other uranium isotopes are not considered by the program
because of their low relative concentrations and thus their negligible contribution to the overall
dose. (For example, the next most abundant uranium isotope, U-235, constitutes about 0.72%
of the uranium present in natural ores; compare this to about 99.27% for U-238, yet both pose a
similar radiological risk.) In addition to uranium minerals, the ore can contain other
radionuclides. One such radionuclide, Th-232 (and its daughter products), is often found in
uranium ore, and, depending on its concentration, it can pose an appreciable hazard along with
that posed by uranium. MILDOS-AREA 4 estimates the human health exposure to both U-238
and Th-232 and their decay series.

2.2.1 Uranium-238 Decay Series

The U-238 decay series is shown in Figure 2-1. With the shorter half-lives of Th-234, Pa-234m,
and U-234 compared to that for U-238, MILDOS-AREA considers U-234 to be in secular
equilibrium with U-238 for particulate releases from naturally occurring uranium ores. As such,
MILDOS-AREA only accepts values for U-238 concentrations for hard-rock ore source terms in
addition to values for Th-230, Ra-226, and Pb-210 concentrations. Section 6.3.2 covers user
input for the various source types modeled. Similar to the U-238/U-234 case, Bi-210 and
Po-210 are considered separately but assumed to be in secular equilibrium with Pb-210.

Inhalation exposure, as presented in Section 5.2.2, relies on calculated air concentrations
(Section 4.2.2) of U-238, Th-230, Ra-226, and Rn-222. For those radionuclides not explicitly
considered in the calculations, the contribution of these short-lived isotopes is incorporated into
their parent DCs. External exposure from deposited radionuclides (Section 5.2.1) includes
ground concentration calculations (Section 4.1) for the longer lived Rn-222 decay isotopes
Po-218, Pb-214, and Bi-214 in addition to the particulate release source term radionuclides
U-238, Th-230, Ra-226, and Pb-210. Due to the relatively short half-lives of most of the U-238
decay series, only U-238, Th-230, Ra-226, and Pb-210 are explicitly considered in calculating
ingestion doses (Section 5.2.3) from human consumption of vegetables, meat, and milk
(Sections 4.3 and 4.4).

2.2.2 Thorium-232 Decay Series

The Th-232 decay series is shown in Figure 2-2. Aside from Th-232 itself, its daughter products
are generally much shorter-lived than those in the U-238 decay series. For Th-232 particulate
release source terms, Th-232, Ra-228, and Th-228 are explicitly evaluated with Ac-228
considered to be in secular equilibrium with Ra-228 and Ra-224 considered to be in secular
equilibrium with Th-228.
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Figure 2-1 Uranium-238 Decay Series

Inhalation exposure is calculated for Th-232, Ra-228, Th-228, and Rn-220. External exposure
is calculated for deposited Th-232, Ra-228, Th-228, and the Rn-220 daughter products Po-216,
Pb-212, and Bi-212. As is the case for the U-238 series, ingestion exposure considers only
those radionuclides with half-lives comparable to or longer than the amount of time associated
with crop growth and storage before consumption: Th-232, Ra-228, and Th-228.
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2.2.3 Radionuclides Evaluated

Table 2-1 presents the list of radionuclides in the uranium and thorium series for which user
input is required (source release), and media concentrations are specifically calculated. Air
concentrations (Section 4.2) are used to estimate doses from inhalation (Section 5.2.2) and
external exposure (Section 5.2.1). Ground concentrations are used to estimate resuspended air
concentrations (Section 4.2.1), plant concentrations (Section 4.3), and doses from external
exposure (Section 5.2.1). Food concentrations (Sections 4.3 and 4.4) are used to estimate
ingestion exposure (Section 5.2.3).

10



Table 2-1 Radionuclides Considered in MILDOS-AREA Dose Estimate Calculations

Source Air Ground Food
Series Radionuclide Half-Life Release Concentration Concentration Concentration
______ U U288 45x10°%r X X X X
________________ Th-234 . 24d = =TT
________________ Pa-234m____ ______dZmin T T
________________ U-234 25X A0y T T
________________ Th-230 7 xA0Yyr X X
________________ Ra226 A6 x10%yr XXX
________________ Rn202 " TTTTBEd XX T
________________ Po-218 _ _ __ 3amin X R T
________________ Pb-214 T Tozmin XX
________________ Bi214 T To0min T
________________ Po-214  16x10%s — T T
________________ Pb-210 oy XX XX
________________ Bi-210 . 50d X T T
________________ Po-210 T TTTo@gyr
Th Th-232 1.4 x 1010 X X X X
yr
________________ Ra-228 . 98yr X XXX
________________ Ac-228 B h  — T T
________________ Th-228 Oy KRR X
________________ Ra-224 8T d T T T
________________ Rn-220 . 96s X XX T
________________ Po-216 .. 0.5s XX T
________________ Pb-212 M h X R T
________________ Bi-212 . BImin X R T
Po-212/ 3.0x107 s/ — — — —
TI-208 3.1 min

@ Based on guidance in NRC (1982).

b X = the radionuclide is specifically considered under the given heading (e.g., air, ground, and/or food concentrations are
specifically calculated).

¢ — = the radionuclide is considered to be in secular equilibrium with its parent; therefore, specific calculations involving the
radionuclide are not performed (the value of the parent is used).

2.3 Source Types

The source types represented in MILDOS-AREA cover the range of scenarios found at mining
and milling facilities for conventional hard rock or sandstone uranium ore as well as those found
at ISR uranium mining (recovery) facilities. Seven specific source types are modeled in the
code, representing a wide range of emission sources. They are: (1) point, (2) area, (3) new well
field, (4) production well field, (5) restoration well field, (6) drying and packaging, and (7) land
application. Source types 1, 2, and 6 are associated with conventional uranium ore facilities,
while types 3 through 7 are associated with ISR facilities. In addition to the generic point source
type, source types 3 through 6 are modeled as point sources, while source type 7 is modeled as
a special case of an area source.

2.3.1 Point Source
Point sources represent a number of emission points at uranium mines and mills. Underground
mine surface openings are a source of radon emissions, and so are processing tank venting

and well field operations at ISR facilities. At uranium ore mills, ore handling, crushing, and
grinding are sources of radon and particulate emissions. Yellowcake drying and packaging
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operations can also be a source of radon and particulate emissions. Specific point source
models are implemented in MILDOS-AREA to account for radon emissions from ISR facilities;
these are discussed further in Sections 2.3.3, 2.3.4, and 2.3.5. Similarly, yellowcake drying and
packaging is considered as a separate source type and is discussed in Section 2.3.6. The
general point source type model uses the annual emission rate directly input by the user for
each radionuclide, multiplied by the appropriate particulate or radon adjustment factor, as
discussed in Section 6.4.

2.3.2 Area Source

Radionuclide particulate emissions from an area source are estimated by one of two methods.
The first method simply multiplies a given radionuclide soil concentration by a given particulate
emission rate and a given area to calculate the estimated radionuclide release over the course
of time:

0, =10"%Cq,4, , 2.1)
where
Q, = initial amount of radionuclide / released (Ci/s),
10'2 = unit conversion factor (Ci/pCi),
Ci = concentration of radionuclide i in the soil (pCi/g),

g, = emission rate (vertical flux) of particulate material (g/m?-s), and

As = area of the source (m?).

The second method is the same as the first, except that the particulate emission rate is
estimated by using an erosion model rather than being given by the user. This erosion model
(NRC, 1980), which was specifically developed to consider mill tailing piles, calculates the
vertical flux (emission rate, also known as the dusting rate), q., as follows:

c 1 U, (p%)
9, =4 — |5 -1], (2.2)
c, )i, |\ U,

where
gn = horizontal flux of particulate material (g/m-s),
¢, = coefficient of proportionality for vertical flux (2 x 106 g/m?-s) (Gillette, 1973),
c» = empirical constant to relate shear velocity to horizontal flux (1 x 102 g-s?/m*)
(Gillette, 1973),
u, = shear velocity (m/s),
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u.s = threshold shear velocity (m/s), and

pwm = percent of tailing mass that has a diameter smaller than 20 um (unitless).

The shear velocity (also called friction velocity), u,, can be estimated from the wind velocity
profile near the surface described by Bagnold (1941) as

where
u, = wind velocity at height z (m/s),
z = wind measurement height (m), and
Z, = characteristic surface roughness height (m).

The threshold shear velocity, u.;, for the initiation of saltation is given by Bagnold (1941) as
modified by Belly (1964) to consider the influence of moisture:

u, =c, |22 =P ¢ 4(1.8+0.61og,, W), (2.4)

N e,
where

¢: = dimensionless coefficient equal to 0.1,
pp = particle density (g/m?3),

pa = density of air (g/m?3),

g = gravitational acceleration (m/s?),

d = average diameter of saltating particle (m), and
W = water content expressed in weight percent.

The horizontal flux, gs, is calculated by the following equation proposed by Lettan and reported
by Gillette (1973):

= 2( - )
q, = Cylte \Us — U, ). (2.5)
The horizontal flux is taken to be zero when u, is less than u..

Radon emission from an area source is calculated according to:
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0, =10"¢,, 4, , (2.6)

where

Qur, = initial amount (release rate) of Rn-220 or Rn-222 released (Ci/s),

102 = unit conversion factor (Ci/pCi), and
Qrn = emission rate of Rn-220 or Rn-222 (pCi/m?-s).

2.3.3 New Well Field Source
Conventional rotary rigs are commonly employed for all drilling activities at an ISR facility.
Because high-viscosity bentonitic mud is used to maintain aquifer isolation during the drilling
and sealing of exploration drill holes, no particulates are expected to be released during drilling
operations. The only sources of radioactive release are the ore cuttings temporarily stored in
the mud pit with Rn-222 and Rn-220 from radium in the ore. During the period when the ore
cuttings are stored in a mud pit while awaiting disposal, the radioactive decay of Ra-226 (Rn-
222) and Ra-224 (Rn-220) is producing radon continuously. The amount of Rn-222 or Rn-220

available for release, or the maximum release rate, in a year as a result of Ra-226 or Ra-224
decay from ore cuttings in storage is assumed to be given by the following expressions:

Rl’l - 222nw = 1Oile‘RnZZZ ﬂ’RnZZZ [Ra - 226] tpitMoreN

pit

(2.7)
and

Rn-220 =10""E, s A [Ra-2241¢, M, N

pit pit>
where
Rn-222,, = Rn-222 release rate from a new well field (Ci/yr),
Rn-220,, = Rn-220 release rate from a new well field (Ci/yr),
102 = unit conversion factor (Ci/pCi),
Ern222, Ern220 = emanating power for Rn-222 or Rn-220 (unitless),
ARn222, Arn220 = Rn-222 or Rn-220 decay constant (1/d),
[Ra-226], [Ra-224] = concentration of Ra-226 or Ra-224 in the ore (pCi/g),
toir = storage time in a mud pit (d),
M, = average mass of ore material in a mud pit (g), and

Npit = number of mud pits generated per year.
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2.3.4 Production Well Field Source

No particulate materials are expected to be released from the production well field because all
of its process streams, from production and injection wells to IX columns in the satellite facility,
are in a closed-loop circuit. The primary radioactive emission from the process streams of the
production well field is radon gas. In the natural environment, radon emanates continuously
from the ground and migrates through the rock or soil by both diffusion and convection. The
movement of radon in groundwater is governed, in most cases, by water transport rather than
by diffusion (Hess et al., 1985; Mueller Associates, Inc., 1986). In an ISR production well field,
the radon released from the ore body is readily removed by the process water (“lixiviant”)
moving through the well field by injection and production wells. The 3.8-day half-life of Rn-222
allows it to circulate with the process water in the well field over a long time before it decays. If
thorium ore is present, the 56-second half-life of Rn-220 could limit its emission from process
water at ISR surface facilities, depending on the rate and distance traveled of the process water
in the circulation system.

The general equations describing the change in Rn-222 and Rn-220 concentrations over time in
the process water of a well field can be expressed as follows:

g % = fuSuzs - (s + V1)V Cos = (F, + ) Cr (2.9)
and
V% = oS0 = Urazzo Vi)V Crpong = (F, + Fi) Crpg (2.10)
where

V = volume of water in circulation (L),
Crn222, Crn220 = Rn-222 or Rn-220 concentration in process water (pCi/L),
frn = fraction of radon source carried by circulating water (unitless),
Srn222, Srn220 = Rn-222 or Rn-220 source (pCi/d),
ARn222, Arn220 = Rn-222 or Rn-220 decay constant (1/d),
Vrn = rate of radon venting from piping and valves during circulation (1/d),
F, = “purge” rate of treated water (L/d), and
Fix = water discharge rate from resin unloading of IX columns (L/d).
The balance of the fraction of the radon source carried by circulating water accounts for any
radon in the mined area that is not swept into the injection-production well loop and remains

trapped in the ore zone. The “purge” or “bleed” in the production well field is necessary to
maintain a hydraulic cone of depression around each well field to prevent leakage of mining
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solutions outside the production zone. The radon source terms, Sgn222 and Sgn220, can be
expressed as follows:

Spuam = 1()()Eanzz Arnzy [Ra -226] AD p (2.11)
and

S = 106ERn220 Arano [Ra -224] AD p, (2.12)
where

10% = unit conversion factor (cm3m3),

Ern222, Ern220 = emanating power for Rn-222 or Rn-220 (unitless),

[Ra-226], [Ra-224] = concentration of Ra-226 or Ra-224 in the ore (pCi/g),

A = active area of the ore zone (m?),
D = average thickness of the ore zone (m), and
p = bulk density of the ore material (g/cm?3).

The water discharge rate from resin unloading, Fi, can be calculated by

F,=NJV,P,

ix” ix" x> (2.13)
where

Nix = number of IX unloadings per day,

Vix = volume content of the IX column (L), and

Py = porosity of the IX resin (unitless).

Under steady-state conditions, the Rn-222 and Rn-220 concentrations in the process water,
Crn222 and Crn220, respectively, can be written as

C _ Sl 0° Egunay Araan [R2-226] ADp
e (ﬂ'anzz T Ve ) V+F,+F,

(2.14)

and

S2a10° E oo Aruano [R2-224] ADp ‘

215
(//i’RnZZO + an ) V + Fp + F:'x ( )

Canzo =

When pressure is reduced during purging or when water is aerated during irrigation, radon is
readily released to the atmosphere. The amount of radon available for release from the purge
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depends on the water volume purge rate, F,, and the radon concentration in the purged liquid,
Crn222 Or Crnz20. By conservatively assuming that all available radon in the purge water is
released, the annual radon emission is

Ri222,=3.65x10"°C,,, F, (2.16)

and

Rn220, =3.65x107"°Cy, 5 F,, (2.17)

where
Rn222,, Rn220, = Rn-222 or Rn-220 release rate from purge water (Ci/yr), and
3.65 x 10-"° = unit conversion factor (Ci/pCi)(d/yr).

The annual radon releases from occasional venting from wellheads and leaking transport piping
are as follows:

Rn222  =3.65x10"v, Cph . V (2.18)

and

Rn220 , =3.65%x10 " v, Cpriuo Vs (2.19)

where Rn222, and Rn220, are the annual Rn-222 and Rn-220 releases, respectively, from
venting (Ci/yr).

The annual radon discharges from the unloading of the IX column contents are

Rn222, =3.65x107""C, . F, (2.20)
and

Rn220, =3.65x10"Cp 0 F

(2.21)
where Rn222;x and Rn220; are the annual Rn-222 and Rn-220 releases, respectively, from
unloading the IX column content (Ci/yr).

The total annual Rn-222 or Rn-220 release from the production well field is the sum of Rn222,,
Rn222,, and Rn222;, or the sum of Rn220,, Rn220,, and Rn220;, respectively.

The occurrence of radon in water is controlled by the chemical concentration of radium in the
host soil or rock and the emissivity of radon into water. Radon enters air-filled pores in the soil
mainly because of the recoil of radon atoms upon the decay of Ra-226 or Ra-224. The fraction
of radon formed in the soil that enters the pores is called the emanating power; reported values
range from about 1 to 80%, with an average of 20%, depending on soil type, pore space, and
water content (Mueller Associates, Inc., 1986). It has been found that varying environmental
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conditions affect the rate of radon emanation. In particular, moisture has been found to have
significant effects on the radon emanation rate. For purposes of conservatively estimating the
radon release from ISR well fields, the default emanating power is assumed to be 0.25 for
Rn-222 and 0.15 for Rn-220.

2.3.5 Restoration Well Field Source

The basic operating processes of the restoration well field are similar to those of the production
well field. Groundwater affected by leaching processes in the production well fields is restored to
its pre-mining levels: (1) by the “pump and treat” (groundwater sweep) method and flushing with
fresh water injection and (2) by using the permeative stream from reverse-osmosis treatment
units. It is expected that, as is the case for the production well field, no particulate materials
would be released from the restoration well field operations. The primary source of radioactive
release is the radon gas in the process water circulating within and discharged from the
restoration operations. The annual radon releases from the restoration well field can thus be
calculated by Equations 2.14 through 2.19. However, the unit conversion factor of 3.65 x 10-1°
(Ci/pCi)(d/yr) used in Equations 2.18 and 2.19 assumes year-round operation (365 days per
year). For the restoration well field source, the unit conversion factor used is 1 x 10-12 Ci/pCi,
which is then multiplied by the number of operating days per year for the restoration well field.

2.3.6 Yellowcake Drying/Packaging Source

It is noteworthy that particulate releases from the yellowcake production step occur almost
entirely in drying and calcining operations. If the yellowcake product were to be packaged as a
slurry or as a damp filter-cake product, particulate emissions from this operation would be
negligible (NRC, 1987).

For facilities using rotary vacuum dryers for processing yellowcake, no particulate emissions are
expected under normal operating conditions. For facilities using thermal drying, stack releases
may be estimated on the basis of information provided by a number of operating ISR uranium
recovery facilities. Although more data are needed, it has been estimated that the stack release
of yellowcake is about 0.05% of the amount produced; however, because the day-to-day
variations of particulate release rates can vary by several times, the assumption is that 0.1% of
the uranium produced escapes as particulates into the atmosphere, as suggested in the Final
Generic Environmental Impact Statement on Uranium Milling (NRC, 1980).

The particulate release of nuclides other than uranium isotopes is estimated by grab samples
reported by ISR facilities (e.g., semiannual reports for Highland Uranium Project, Irigaray and
Christensen Ranch Projects, Crownpoint, and others). On the basis of the field measurements,
the conservative assumption is that the activities of thorium (0.15-0.4% of measured values),
radium (0.2—0.3%), and the lead and polonium decay progeny are 0.5% of the U-238 activity in
the yellowcake. Furthermore, it may be assumed that the fraction of this activity being released
is the same as the fraction of uranium (0.1%) released. Because isolated yellowcake (U3Og) is
modeled, no thorium ore radionuclides are considered in MILDOS-AREA for this type of source.

The amount of uranium-238 released in particulate form from a drying/packaging source is
calculated in MILDOS-AREA as

U238, =3.0973x10°R , f,U238,, (2.22)
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where
U238q4, = U-238 release rate from the facility stack (Ci/yr),
Ry = daily production rate of yellowcake at the facility (kg UsOs/d),
fs = fraction of production released through the facility stack (unitless),
U238s., = specific activity of U-238 (3.3 x 107 Ci/g), and

3.097 x 10° = conversion factor, 0.8480 g of U/g of U3Og x 1,000 g/kg x 365.25 d/yr
(g-d/kg-yr).

Releases of the uranium-238 daughter products in particulate form are calculated as

TH 230 , = f,,U 238

W (2.23)
RA226 ,, = f,, U238, (2.24)
and
PB210,, = f,., U238, (2.25)
where

TH238,,, RA2264,, PB2104, = Th-230, Ra-226, and Pb-210 release rates from the facility

stack (Ci/yr) and

frh, fra, fotners = Th-230, Ra-226, and Pb-210 release fractions relative to the
release amount for U-238 (unitless).

2.3.7 Land Application Area Source

Water from production or restoration well fields treated to unrestricted release levels could be
used for irrigation or other land area application purposes (e.g., fugitive dust suppression). The
low levels of radionuclides in the water could become adsorbed to the soil, creating a source
term for radioactive material release through wind erosion processes. The soil concentration of
a given radionuclide, i, due to water application can be expressed by:

t,
; ( Ciw(i’t )RwF's
Cotiot)= [~ D.p10°

0

exp (- (4, +A4,)¢t)dt (2.26)

where
Csw(i,t1) = soil concentration of radionuclide i after water irrigation for time t; (pCi/g),

10% = unit conversion factor (cm3/m3),
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Cii,t1) = concentration of radionuclide i in irrigation water during time t; (pCi/L),
Rw = water application rate (L/yr),
t =time (yr),
Fs = fraction of radionuclides retained in the soil (unitless),
As = area of land application (m?),
Ds = depth of soil penetration (m),
ps = soil bulk density (g/cm3),

Jj = radioactive decay constant for radionuclide / (1/yr), and

Ae = decay constant to account for environmental loss from soil (1/yr).

The fraction of radionuclides in the applied water in the soil F; is given by

1
F=1-—,
Ry (2.27)
where
Ry = retardation factor, which is calculated as:
K
Rd =1+ M’
w (2.28)
where
Kq = radionuclide distribution coefficient (cm?/g) and
w = soil volume water content (unitless).
An evaluation of Equation 2.26 to estimate the soil concentration gives:
()R tF [ 1— — (A
ng(ia tl) — Clw(l’tl) thé s exp( (ﬂ‘l +/1€)t1) . (229)
AD p 10 A+ A,

In MILDOS-AREA, the exposure timeline is broken up into time steps (see Section 6.4); the
number and duration of each is defined by the user. To evaluate the irrigated soil
concentrations at the end of a given time step (i.e., for use as the source term for that time
step), water application during the previous time steps must be taken into account. The soil
concentration at a given time step, n, therefore includes the sum of the concentration buildup
during each of the previous time steps, multiplied by their respective decay terms, to give:
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C, Gt )= ( wDRF, j{z s, exp( A +/1€)(tn ~t, ))+PAntS Kl_eXp (A + ), )ﬂ (2.30)

A.D p.10° A+

1 e

where

Cswli,tsn) = soil concentration of radionuclide i from water irrigation at the end of time step n
(pCig),

concentration of radionuclide i in irrigation water as input by the user (pCi/L),

Cinli)

PAj

particulate adjustment factor for the source for time step j (unitless).
i =length of time from the start of the evaluation period to the end of time step j (yr).

Thus the concentration of radionuclide i in irrigation water during time step j is given by
th (l t ) Aj iw (Z) (231)

where

ts = length of time assigned to time step j (yr).
Given the soil concentration calculated by using Equation 2.30, the radionuclide release rate
from a land application area is determined by multiplying the soil concentration by the

particulate wind erosion rate for the land area. The particulate emission rate used is
3.1 x 10° g/m?-s
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3 ATMOSPHERIC DISPERSION

The atmospheric dispersion model used in MILDOS-AREA is a Gaussian plume dispersion
model for both point and area source releases that evaluates the downwind transport of
radionuclide contaminants released to the atmosphere from a continuous (chronic) source. The
model preserves mass balance and accounts for depletion of the plume from dry and wet
deposition processes. Radionuclides released from emission sources described in Chapter 2
are transported by the wind and are dispersed as a result of atmospheric turbulence. If
applicable, plume-rise models developed by Rupp et al. (1944) and Briggs (1969) are used to
estimate the momentum-driven and buoyancy-induced rise, respectively, of the release.
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, dry and wet deposition of plume content is also
considered for any user-specified receptor location.

Radioactive decay is not considered during the atmospheric transport of particulates because
transport times are relatively short in comparison with the radionuclide half-lives. However,
because of the relatively short half-lives of radon and its daughters, their decay is taken into
account during atmospheric transport. For particulates, separate calculations are performed for
different particle size groups to account for the variability in deposition and plume depletion.

3.1 Effective Release Height

Material released from a source area may rise above the release point as a result of thermal
buoyancy or the momentum out of a vent or stack. 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, h, and the thermally
and/or momentum-induced plume rise, Ah, with an adjustment for terrain height and vertical
settling of the plume:

H =max (h+ Ah —h,,0)— (1 - P,)[min (max (h + Ak — h,,0), max (O,Er -E, ))], (3.1)

where
H = effective release height (m),
h = physical release height (m),
Ah = plume rise (m),
h, = vertical (gravitational) settling of the plume (m),
P¢ = plume-path coefficient (unitless),
E, = receptor elevation (m), and

Ep = release elevation, the reference point for the release height (m).
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3.1.1 Terrain Height Adjustment

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
MILDOS-AREA 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 second term in
Equation 3.1, as given in Ross et al. (1985).

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 (max (h + Ah - h,,0), max
(0,Er - Ep)] portion of Equation 3.1. 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 3.1 with the plume-path coefficient, (1 — P¢), partially defines the amount of the
effective reduction in release height and assures that the terrain height adjustment is not too
extreme. For unstable and neutral conditions (stability classes A, B, C, and D), P¢is setto 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 nonterrain-lifted plume.

3.1.2 Plume Rise

Plume rise is used in MILDOS-AREA to estimate the effective release height of an emission
source, as shown in Equation 3.1. Plume rise can be the result of the effluent momentum from
a stack release or due to the thermal buoyancy of the effluent. For point source releases as
described in Sections 2.3.1 and 2.3.6, the option of calculating the plume rise of a momentum-
driven plume is available. A buoyant plume rise option is available for all source types.

3.1.2.1 Momentum-Driven Plume
A simple empirical formula was found by Rupp and coworkers (Rupp et al., 1944) to

characterize the plume rise of momentum-driven plumes. The effective induced plume rise, Ah,
was found to be:

Ah =150
Un (3.2)
where
vs = exit velocity of effluent from emission stack (m/s),

ds = inside diameter of the emission stack (m), and

uH = wind speed at the effective release height (m/s).
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3.1.2.2 Buoyant Plume Rise

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

1/3_..2/3
Ap= O X <10k

Un (3.3)

and
1/3 2/3
Ah = L6F "(10h) ,forx>10#h,

Uy (3.4)

where

F =3.7 x 10 Qp (m4/s3),
Qp = heat flux from radionuclide release area (cal/s), and

x = downwind receptor distance from release area (m).

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

1/3_.2/3
:1.6F—x for x < 2.4

Ah
Upg Vs (3.5)

and

1/3
M=29 L] forxsoatn
Uys \/E (3.6)

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

5.0F"
Ah=———— whenu, <u,,,, (3.7)
s
where
s:ﬁ(aTa +1J, (3.8)
T, \ Oz,
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u,, =0.195F"*s"%, (3.9)

test

s = stability parameter (1/s2),
g = gravitational acceleration (9.80665 m/s?),
T = ambient air temperature (K),
I = normal adiabatic lapse rate of the atmosphere (0.0098 K/m),
oT , -
Gza +[ = potential temperature lapse rate (0.02 and 0.035 for stability classes E and F,
r respectively), and
z, = vertical distance above the release point (m).

As recommended by Briggs (1969), Equations 3.3 to 3.6 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.

3.1.3 Vertical Settling

Airborne particulates exhibit a vertical settling velocity characterized by the influence of gravity,
atmospheric characteristics, and particulate characteristics such as particle density and
diameter. For larger and denser particulates, vertical settling can become significant and lead
to a more rapid descent of the plume toward the ground. This downward drift of the plume due
to gravity can be accounted for by using what is sometimes referred to as the “tilted plume”
model, in which the vertical settling, hy, in meters of the plume, is given as

_x
v 9

Un (3.10)

h

where

Vs = gravitational settling velocity (m/s).
The settling velocity can be approximated as (Momeni et al., 1979)
Vs =3 x 100 dy2pp, (3.11)
where
d, = particle diameter for particulate p (um) and

oo = particle density (g/cm?3).
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3.1.4 Wind Power-Law Adjustment
For atmospheric dispersion calculations, the measured average wind speed at the effective

release height, uy, is not always available. MILDOS-AREA uses a power-law function having
the following form to estimate the wind speed at the desired height:

Un _ (ﬁjp
“a o \Za (3.12)

where
ug = wind speed at measurement height (m/s),
Z5 = height of anemometer for wind speed measurement (m), and

p = power for height ratio (unitless).

The wind speed of ug from the measurement height z5 is adjusted to the effective release height
H of the plume for the dispersion calculations. Values for the exponent p as presented in

Table 3-1 were taken from Irwin (1979), as modified by Hanna et al. (1982) for the different
population zones and stability classes. MILDOS-AREA uses the values for the rural population
zone.

Table 3-1 Estimates of the Power (p) in Equation 3.12 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

3.2 Gaussian Plume

For a discrete puff generated from a point source with an effective release height H above
ground level, the Gaussian time-dependent dispersion equation can be written as
(Pasquill, 1974)

Ca(i;x:y)zlt) 3Q/2 2 |: { (Z_H) J P{ (Z+2]{) J:|’
(21) 2
(3.13)
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where

Cali,x,y,z,t) = air concentration of radionuclide i at (x,y,z) from a release at (0,0,H) at

time ¢ after release (Ci/m3),
Qxj = depleted source strength of nuclide i at distance x (Ci) [see Equation 3.35],

oy = horizontal dispersion coefficient (m) [see Equation 3.42],
oz = vertical dispersion coefficient (m) [see Equation 3.40],

r2 = (x — unt)2 + y2 is the square of the distance from a receptor to the
plume center (m?) [assumes Gaussian symmetry, that is, ox = o],

x = downwind receptor distance from the release point (m),
y = crosswind distance from the plume centerline (m),
uH = average wind speed at the effective release height (m/s) [Equation 3.12],
t = time following release (s), and
H = effective release height (m) [Equation 3.1].

The ground-level air concentration (Ci/m3) for a discrete puff is obtained by setting z=0 in
Equation 3.13.

20 o H
C (i,x,9,0,t)=———"———exp|—| — +— 3.14
(62530, @2r)*olo p{ [ZJi 207 (314)

z

A continuous point source can be considered to be a series of overlapping puff emissions.
Thus, integration of Equation 3.14 over time yields the downwind air concentration (Ci/m3):

C,(0.x.y)= I: C, (6%, ,0,0)dt , (3.15)

which can be shown to be (Slade, 1968)

— . 2 H2
Ca(z,x,y)z—Q’ exp| — yz +— 1 (3.16)
TO,0 Uy 20, 20

where Qx,- 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 3.35.
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3.3 Plume Reflection and Mixing Height

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 MILDOS-AREA, the plume is assumed to be
reflected by this stable layer at these distances. With vertical distribution limited by reflection,
integration of Equation 3.13 over z (0 to L) as well as integration over time yields

2
Q(i,x,y)=ﬁ ex{{%}], (3.17)
WM y
where
L = mixing layer height, sometimes referred to as the lid height (m).
The following conditions (Powell et al., 1979) are used to determine which of these two

equations, Equation 3.16 or 3.17, is used for the dispersion calculation. Equation 3.16 is used
for distances where o is small compared to L; that is, when

7
EIP (3.18)
L 1.2
Equation 3.17 is used when o5 is of the same order as L and a uniform distribution can be
assumed; that is, when
0<H/L<0.5
and
o HY H
=2 —2.37(—) + 0.489(—) +0.756
L L L (3.19)
or when
05<H/L<1.0
and
o HY H
= > —2.37(—) + 4.25(—) —1.13.
L L L (3.20)

At downwind distances between the no-mixing (Equation 3.18) and the total-mixing
(Equations 3.19 and 3.20) conditions, the concentration is determined by a linear interpolation
between the solutions of Equations 3.16 and 3.17.
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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 equation for
rural conditions (EPA, 1995):

L = 1.5 Lpm for an extremely unstable atmosphere (stability class A). (3.21)

For other situations (stability classes B, C, and D), L is taken to be equal to Lpm, the average

mixing layer height in the afternoon (m). The mixing height does not apply to stable
atmospheric conditions.

3.4 Chronic Conditions

Equations 3.16 and 3.17 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
blowing in a particular direction. Thus, for use in estimating human health impacts under such
conditions, it is more appropriate to evaluate the sector-average air concentration.

The air dispersion model in MILDOS-AREA uses a polar grid divided into 16 sectors to specify
the wind direction. The sector-average air concentration at a receptor location that is a distance
of x meters from the release point (see Figure 3-1) can be estimated as the integral of

Equation 3.16 or 3.17 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 in which there is no plume reflection
can be written as:

e AN B 1o O y:  H?
Csec(z,x)—g IO Ca(z,x,y)dy—ysec IO p— [exP[—{20_2+20_2 dy, (3.22)

y z

where

Vo, = x tan(11.25°) (3.23)

Equation 3.22 can be rewritten as

— . ~-H?
Csec (l’ x) = Q l exp( 2 j
ﬂayaztusec 262

2
(o )
_[ ex dy.
0 2
‘{2% (3.24)

Jm exp(— a’x’ )dx = ZL\/;’

0 a (3.25)

By using the identity

30



- Ysee

Wind Direction
Figure 3-1 Relationships Used in Sector-Average Air Concentration Calculations

Equation 3.24 reduces to

Cliox)=——2 =k
C_li,x)= il ex
- \/ZEGZMHysec p( 2022 ] (3 26)

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

‘ 1 0, -
Coolix) = | 207 )|
sec(l x) ysec IO \/%JyuHL ex{ 26)% J y

(3.27)
By using Equation 3.25, Equation 3.27 can be simplified to give
)=y 2
Vet L (3.28)

In both cases, with and without plume reflection (Equations 3.28 and 3.26, respectively),
integrating y to infinity and averaging using the sector width causes the plume to compress to
within the sector boundaries.

The term “normalized air concentration,” often referred to as y/Q (“chi over Q”), is used to
express the air concentration at a receptor independent of the amount of material released from

a given source. It is more formally represented as C_(i,x)/ Q,, in units of s/m3. The original

sec

source term or release amount (Qq) is a component of the downwind depleted source strength
(Qxi), as discussed in more detail in Section 3.6 (see Equation 3.35).
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The normalized air concentration is unique with regard to the distance between the source and
receptor and the direction associated with the source-receptor pair as well as the characteristics
of the source material (i.e., particle size and deposition velocity) and the local meteorology. As
a practical matter, when it is performing air dispersion calculations, MILDOS-AREA first
calculates the ¢/Q value for a source-receptor pair by using Equation 3.26, 3.28, or both, with
the original source term (Qq)) set to 1 Ci/s. Thus, further calculation of the actual downwind air
concentration for each time step (see Section 6.4 for the definition of a time step) considered is
accomplished by multiplying the normalized air concentration by the release amount for each
time step.

3.5 Area Source Model

No area source approximations are used in MILDOS-AREA. Rather, a series of point-to-point
calculations are performed by using Equation 3.26 or 3.28, depending on distance. The source
area is first partitioned into a grid of 1 x 1-m square resolution or greater. The center point of
each grid square is used as the source point representing that small area. Air concentration
calculations are performed for emissions from every source grid square, with an average
chronic air concentration then calculated for the receptor location (see Figure 3.2). Each point-
to-point calculation uses the appropriate wind directions and frequencies for the specific points
involved. Thus, the model properly accounts for a receptor that is relatively close to a large
area source where the radionuclide air concentration depends on the wind frequency from
multiple directions.

Receptor Location

Area Source

Figure 3-2 Air Concentrations from an Area Source Are Based on an Average Normalized
Air Concentration Value Using All Grid Squares within the Area Source
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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, as discussed in Section 6.5.1.

3.6 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 in MILDOS-AREA for
calculating plume depletion from radionuclide deposition.

3.6.1 Dry Deposition

Except for the inert gases Rn-220 and Rn-222, most radioactive material emitted from area
sources is in particulate form. The particulates with dimensions on the order of a few
micrometers or less have vertical movements that largely depend on the vertical turbulence and
mean motion of the air; settling of the particles by gravity is minimal where the settling velocity is
less than about 0.01 m/s. These small particles are deposited on the ground surface as 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 affecting potential radiological hazards as the plume travels farther
downwind.

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 or laboratory measurements of air and ground
concentrations. When plume depletion by dry deposition is considered, the initial source term,
Q,, at the release point can be replaced by a depleted source term, Qy, 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.

In MILDOS-AREA, the deposition velocity of particulates is set to 0.01 m/s. In the case of
particulates for which the settling velocity is >0.01 m/s, the deposition velocity is set equal to the
settling velocity. The deposition velocity of radon daughters is taken to be 0.003 m/s

(Momeni et al., 1979).

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

Va

Opry, = 0o, xp| ===, Flx)ax | (3.29)
T,

2

where

Qoryx; = depleted source strength of nuclide / at distance x from dry deposition (Ci/s),
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Qy; = initial amount of radionuclide / released (Ci/s),
Vdp = deposition velocity for particle size p (m/s),
F(x) = Equation 3.30 or 3.31 (1/m), and
u, = average wind speed at effective release height (m/s) [Equation 3.12].

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

o e

. (3.30)

b

where
H = effective release height (m) [Equation 3.1], and
oz = vertical dispersion coefficient (m) [Equation 3.40].

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

F(x)=

b

1
L (3.31)
where

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

At downwind distances between the no-mixing (Equation 3.18) and total-mixing (Equations 3.19
and 3.20) conditions, F(x) is determined by a linear combination of the solutions of
Equations 3.30 and 3.31.

3.6.2 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 depends 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
concentration at ground level. The fraction of material removed per unit time by wet deposition
is known as the “washout coefficient,” V|, and is defined as follows:

y__1dc,

C, dt (3.32)
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where

Vv = washout coefficient (1/s) and
Ca = local air concentration (Ci/m3).

Calculated and measured values of the washout coefficient range from about 1.0 x 10-2 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. =PWR, (3.33)

where

W= 1 x 10-3 (1/s)(mm/h)-" for stability classes A to D and

1 x 10-4 (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

V x
QWETXI :Qo, exp[— . J

Uy

(3.34)
3.6.3 Combination of Dry and Wet Deposition

Dry deposition is always considered in MILDOS-AREA. 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 3.29 and 3.34 and is calculated according to the following:

14 Vi
0, =0y oxp) | == +—=— [ F(x)dx |} (3.35)
1 1 u 7[
H EuH

where

Qx; = depleted source strength of nuclide / at distance x (Ci/s).
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3.7 Meteorological Conditions

As presented in the previous sections, the dispersion model in MILDOS-AREA 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 STAR
format data file.
3.7.1 Dispersion Coefficients
The 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 are empirical in nature.

For each stability category, a set of dispersion coefficients, ¢y, and oz, 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

, 5 0.9031
o', =(0.00024657 +0.005765, +0.066)x (3.36)

and
r_ b
o, =ax +c. (3.37)

Table 3-2 contains the values for the unitless dispersion parameters 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, 0ro., = ax(l + bx)c. (3.38)

In addition, Briggs coefficients have been derived for rural and urban population zones. See
Table 3-3 for values of a, b, and c.
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Table 3-2 Pasquill-Gifford Dispersion Parameters for
Ground-Level Releases

Applicable Range Coefficient
(downwind distance,  Stability
xinm) Class o) 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 1.5 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 -1.3
F 1.5 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 1.5 0.053 0.814 0.0

Source: Data from Eimutis and Konicek (1972)

Table 3-3 Briggs Dispersion Coefficients for Elevated Releases

Oy
Rural Urban
Weather Stability
Conditions Class a b c a b c
Extremely unstable A 0.22 0.0001 -0.5 0.32 0.0004 -0.5
Moderately B 0.16 0.0001 -0.5 0.32 0.0004 -0.5
unstable
Slightly unstable C 0.1 0.0001 -0.5 0.22 0.0004 -0.5
Neutral D 0.08 0.0001 -0.5 0.16 0.0004 -0.5
Slightly stable E 0.06 0.0001 -0.5 0.1 0.0004 -0.5
Moderately stable F 0.04 0.0001 -0.5 0.11 0.0004 -0.5
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Table 3-3 (Cont.)

oz
Rural Urban
Weather Stability
Conditions Class a b c a b c
Extremely unstable A 0.20 0.0 0.0 0.24 0.001 0.5
Moderately B 0.12 0.0 0.0 0.24 0.001 0.5
unstable
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
Slightly stable E 0.03 0.0003 -1.0 0.08 0.00015 -05
Moderately stable F 0.016 0.0003 -1.0 0.08 0.00015 -0.5

Source: Briggs (1974)

3.7.2 Buoyancy-Induced Dispersion

Buoyancy-induced dispersion is considered in MILDOS-AREA 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, czp, can be approximated by the following
equation:

Ah
o, =—, 3.39
zb 35 ( )

where
ozp = buoyancy-induced vertical dispersion coefficient (m).

The effective dispersion coefficient used in MILDOS-AREA calculations can then be determined
by adding variances such as

GZ=(O'ZZZ,+G;2)”2. (340)
At the distance of final plume rise and beyond, oz becomes constant.

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

Ah
o,=—, 3.41
yb 35 ( )

where
oy = buoyancy-induced horizontal dispersion coefficient (m).

This expression is combined with the expression for dispersion that results from ambient
turbulence, in the same manner as that described above for the vertical direction, to give the
horizontal dispersion coefficient used in the MILDOS-AREA calculations for estimating air and

ground concentrations:
o =(02 +(T'2)”2
y v y ’ (3.42)
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4 ENVIRONMENTAL MEDIA CONCENTRATIONS

Air and ground concentrations of radionuclides are calculated in MILDOS-AREA for estimating
exposure via various pathways, as shown in Figure 1-1. The downwind air transport of the
source terms released, as discussed in Chapter 2, was considered in Chapter 3. This chapter
considers the models used to estimate the resulting ground, air, vegetation, and livestock
concentrations.

4.1 Radionuclide Ground Concentrations

The radionuclide ground concentration over time interval t at a constant deposition rate for
particle size p is expressed as follows (see Appendix D, Section D.1, Equation D.3):

1—expl- (4 + 4, )]
i+,

Cg(iﬂpﬂxﬂt):Vdpcsec(i’p9x9t) > (41)

where

Cy(i,p,x,t) = ground concentration of radionuclide / associated with particle size p at a
distance x (in m) after time t (Ci/m?),

Vdp = deposition velocity for particle size p (m/s),

aec(i,p,x,t) = sector-averaged air concentration of radionuclide i at a distance x (in m) from

the source (Ci/m?3) during time t [Equation 3.26 or 3.28 or a combination of the
two] (here the dependence on particle size is being explicitly pointed out),

Jj = radioactive decay constant for radionuclide i (1/s), and

Ae = decay constant to account for environmental loss from soil (1/s).

The environmental soil loss decay constant, A, accounts for weathering processes, such as

downward soil migration, chemical binding to soil, and wind and water erosion. This constant
applies to all radionuclides considered to be deposited on the ground.

Equation 4.1 applies in the case in which no previous deposition of radionuclide i on the surface
has occurred. In MILDOS-AREA, multiple time steps may be specified (see Section 6.4); in this
case, the estimated ground concentration after time step j, where j is 22, is given by

_ l—exp-(A+A4), | &
C, . poxt)=V, Coliopoxit,) pg o J+ (C,G,pxt)exp-(4+4), ]} (4.2)
d e k=1

where

Cy(i,p,x,t)) = ground concentration of radionuclide i/ on particle size p at a distance x (in m)
after time step j (Ci/m?),
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Cy(i,p,X,ti.1) = ground concentration of radionuclide i/ on particle size p at a distance x (in m)
after time step j-7 (Ci/m?), and

ts = length of time assigned to time step j (s).
Here, the second term accounts for the previously deposited material. This calculation is
performed at each receptor location for each source and particle size group combination in

which radionuclide i is present, to give the total ground concentration of radionuclide i. For a
given source, the ground concentration is calculated as follows:

C,(i,x,1,)=>.C,(i,p,x,1,),
’ (4.3)
where

Cy(i,x,t) = ground concentration of radionuclide i from a given source at a distance x (in m)
after time step j (Ci/m?).

4.2 Radionuclide Air Concentrations

In the case of particulate releases, air concentrations at receptor locations in MILDOS-AREA
account for the downwind air dispersion of the radionuclide sources and resuspension of
deposited material. The resuspension model is covered in Section 4.2.1. The model for
downwind air dispersion is described in Chapter 3, and the expression used for the combined
air concentration as used in the exposure calculations is given in Section 4.2.2. Downwind
radon air concentrations are discussed in Section 4.2.2.2. Separate calculations are performed
for each size of particulates considered.

421 Resuspension
Resuspended air concentrations are calculated with a time-dependent resuspension factor

(NRC, 1980) given as

y
V—d"Rl exp(— A.¢),for t<t,
d!’
& R, fort>t,
o (4.4)

where

R(t) = ratio of resuspended air concentration to ground concentration for a ground
concentration at time t after deposition (1/m),

Var = deposition velocity for the reference particle size that corresponds to the values of R,
and Rr (m/s),

Vap = deposition velocity for particle size p (m/s),
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R, = initial value of the resuspension factor for fresh deposits (1/m),
Ar = resuspension factor decay constant (1/yr) [(In 2)/resuspension half-life],
Rr = final value of the resuspension factor after time (1/m), and

tr = time required for the resuspension factor to decrease from its initial to final value
(yr), t = tr, when

v
LR, = V—”"-R, exp(=A.1,). (4.5)

Equation 4.5 can be rearranged to solve for t to give

= ——IniE (4.6)
A R

¥

The inverse relationship with respect to deposition velocity in Equation 4.4 accounts for the
decrease in the amount resuspended as the particle size increases.

For a given time step j in MILDOS-AREA, the resuspended air concentration of radionuclide i is
the product of the resuspension factor with the radionuclide’s ground concentration:

Con (i pyx,t,) = R(OC, (i, p,x,t,) . 4.7)

The total resuspended air concentration for radionuclide i at time step j is the sum of
contributions from the current and preceding time steps:

exp [— (/1,~ + 4, )(t =t )J— exp [— (/1,~ + 4, )(t it )J

k-l
C, (i, P x,1,) =;cm(z, p.x.t, )V, R, A +
i expl- (4, + 4, + 4, )¢, —t, |- exp|- (4, + 4, + 2. e, =, +1, )]
R ] e ¥ J m ] e r Jj m S
m:zkilcseC(l’p’x’ts’”)Vdr ! A+, +A, ’
_R eXP[_ (2‘1‘ + 4, )tR]_ eXP[_ (ﬂ’i + )“e)(tj —l )] + |
— , d A+ A,
Ll ] 5ts ) )
I BN RO R ) e SRR A
I ! A+, + A, |
(4.8)
where
J
=1, (4.9)
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and

k = time step of the transition interval where both initial and final resuspension factor
contributions occur when t; is >Ir.

Further details and the derivation of Equation 4.8 can be found in Appendix D.
4.2.2 Total Air Concentrations
4.2.2.1 Particulates

The total air concentration for a given particulate size p at a receptor location for a given time
step j is the sum of the downwind dispersed source term contribution (as estimated by using
Equations 3.26 and 3.28) and the resuspended air concentrations (calculated by using
Equation 4.8), which gives:

C. (i,p,x,tj)z C,. (i,p,x,tj)Jr Q(i,p,x,tj’), (4.10)
where

g(i,p,x,t_l.) = total air concentration of radionuclide i on particle size p during time step t; at
distance x (Ci/m3),

Q(i,p,x,zs ) = sector-averaged air concentration of radionuclide i on particle size p at

distance x (in m) from the source during time step j (Ci/m?3), by using
Equation 3.26 or 3.28 or a combination of the two, and

C,.., (i, p,x,t;) = resuspended air concentration for radionuclide i on particle size p at a
distance x during time step j (Ci/m3) [Equation 4.8].

The total air concentration for radionuclide i is obtained by summing over all particle sizes:

Curlivent,)= 2.C i paxat),
- (4.11)

where

C,.(0,x,1,)= total air concentration of radionuclide i during time step ¢; at distance x (Ci/m3).

4.2.2.2 Radon and Radon Progeny
Due to the shorter half-lives of Rn-220 and Rn-222 (shown in Figures 2-1 and 2-2), their
downwind air concentrations are corrected for decay during transport. For estimating the

downwind radon (Rn-220 or Rn-222) air concentrations, the downwind source strength, Qy; in
Equations 3.26 and 3.28, can be expressed as follows:

0. v =0.17x10%yr/s )0, 1 exp (- A,7), (4.12)
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where

Qx rn = depleted downwind source strength of Rn at distance x downwind (Ci/s),
Qo rn = source strength of Rn at the release point (Ci/yr),
Arn = radon decay constant (1/s) [(In 2)/(Rn decay half-life)], and

transit time between source and receptor, calculated as the downwind distance
divided by the average wind speed (x/un) (s).

S
1

The downwind radon air concentration can then be calculated by multiplying the depleted
downwind source strength of radon by the normalized air concentration for a gas:

lomsi)-(2) o...

0 (4.13)

where

C,.(Rn,x,t;) = sector-averaged air concentration of radon at a distance x (in m) from the

sec

source during time step j (Ci/m3) and

(#/Q)gas = Nnormalized air concentration for a gas (i.e., a nondepositing molecule), as
discussed in Section 3.4, by using Equation 3.26 or 3.28 or a combination of
the two (s/m3).

The concentration of radon daughters at a given downwind distance x depends on their
ingrowth during the transit time as calculated by Momeni et al. (1979):

g(i”’x’tj)zcsec(Rnaxato ]ﬁ[/’i’,] Z M ,
- o H(ﬂ'm _ﬂ“i)

m=1

LA : (4.14)

forn=2,...,4 for Rn-220 and n = 2,...,7 for Rn-222,

where

C..(i,,x,t;) = sector-averaged air concentration of radon daughter i, at a distance x (in m)
from the source during time step j (Ci/m3),

Ai and Am = radioactive decay constants for radon daughters (1/s), and
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@(Rn,x, t,) = what would be the sector-averaged air concentration of radon at a distance x

(in m) from the source (Ci/m3) without accounting for radioactive decay; note
that the derivation of Equation 4.14 assumes the initial amount of Rn that
would be present before decay occurs; this value can be calculated by
multiplying the normalized air concentration for a gas at the receptor for a
given source multiplied by the amount released (Qo r» in Cil/yr) as given by

Q(Rn,x,t0)= 3.17x10% yr/s (lj Qo k-
gas (4.15)

4.3 Vegetation Concentrations

The ground and air concentrations at each receptor location are used to calculate the
radionuclide concentrations in vegetation consumed by humans and livestock. MILDOS-AREA
estimates vegetation concentrations from root uptake from the soil and deposition from air, as
shown in the first and second terms, respectively, in Equation 4.16:

C,(i,p,x,t,)B (i _ _
((bPo0 ) ()+8.64><1016Cmr(i,p,x,t].)Vd FE, 1 eXYp(l Aut,)
P o A,

(4.16)

C,(i,p,x,t,)= 10"

9

where

C,(i,p,x,t;) = concentration of radionuclide i/ from particle size p in vegetation type v during
time step j (pCi/kg) (wet weight),

10"2 = unit conversion factor (pCi/Ci),

8.64x10'® = unit conversion factor (pCi-s/Ci-d),

B.(i) = soil-to-plant transfer coefficient for radionuclide i and vegetation type v
(pCi/kg [wet] plant per pCi/kg [dry] soil),
p = soil areal density for surface mixing (kg/m?) (dry weight),
F. = fraction of the total deposition retained on plant surfaces,

E, = fraction of the foliar deposition reaching edible portions of vegetation v,

Aw = decay constant accounting for weathering losses [In 2/plant weathering decay
half-life] (1/d),

t, = duration of exposure while vegetation v is growing (d), and

Y, = yield density of vegetation v (kg/m?) (wet weight).
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Five categories of vegetation are considered; the first three are for human consumption, and the
last two are for livestock consumption: (1) edible aboveground vegetables, (2) potatoes,

(3) other edible belowground vegetables, (4) pasture grass, and (5) hay (stored feed).
Category-specific input parameters are used in Equation 4.16 in each case.

From a given source, the total concentration of radionuclide i in vegetation type v during time
step j is the sum over all particle sizes:

C,(i,x,t;,)=>.C,(i,p,x,t,),
» (4.17)
where

C,(i,x,t;) = concentration of radionuclide i in vegetation type v during time step j (pCi/kg)
(wet weight).

4.4 Meat and Milk Concentrations

The radionuclide concentrations in meat (beef) and milk are based on livestock consumption of
pasture grass and hay (stored feed). The radionuclide concentration in meat is calculated
according to

C,i,x,t,) = OF, (i) (F,,C, (i,x,t,)+F,C, (i,x.t,)),

Vpg

(4.18)
where

C,(i,x,t;) = average meat concentration for radionuclide i during time step j (pCi/kg),
Q

feed ingestion rate (kg/d) (wet weight),
Fy(i) = feed-to-meat transfer coefficient for radionuclide i (pCi/kg per pCi/d),

Fog, Frn = fraction of the total annual feed requirement that is assumed to be satisfied

by pasture grass or locally grown feed (hay), respectively,

C,, (i,x,t) concentration of radionuclide i in pasture grass [Equation 4.17] (pCi/kg) (wet

vpg

weight),

C, (i,x,t) = concentration of radionuclide i in hay or other stored feed [Equation 4.17]
(pCi/kg) (wet weight),

The equation used to estimate milk concentrations from cows ingesting radionuclides in feed is
given by

C,(i.x.t,)=0QF,(i) (F,,C, (i.x.t)+F,C, (i.x.t)), @19)
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where

C,(i,x,t;) = average milk concentration for radionuclide / during time step j (pCi/L) and

Fm(i) = feed-to-milk transfer coefficient for radionuclide i (pCi/L per pCi/d).
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5 DOSE ASSESSMENT

This section discusses the exposure models used in MILDOS-AREA. Potential receptors,
including individuals and population groups, are considered. Exposure pathways include
inhalation of dispersed air and resuspended uranium and thorium ore material, external
radiation from ore material in the air and on the ground, and ingestion of ore-associated
radioactivity in locally grown foods. Chapter 3 of this manual describes the method for
calculating downwind air concentrations; resuspended air concentrations, ground
concentrations, and food concentrations are covered in Chapter 4. Figure 1-1 depicts the
exposure pathways evaluated.

5.1 Receptors

MILDOS-AREA estimates doses to individual receptors located near uranium and thorium
mining and milling operations as well as the local population group in the surrounding area.

5.1.1 Individual Receptors

Individual receptors include those individuals living and working in the vicinity of uranium and
thorium mining and milling operations. Four different age groups are considered by the model:
(1) infant, (2) child, (3) teenager, and (4) adult. Age-specific breathing and ingestion
characteristics are used in the exposure models (Section 5.2); these are coupled with age-
specific DCs, as discussed in Section 5.3.

5.1.2 80-km Population

Collective population doses are assessed by MILDOS-AREA for the general population living as
far as 80-km from uranium and thorium mining and milling facilities. The same age-specific
groups used for individual receptors are used in the population exposure models. For the
analysis of the area surrounding the facility analyzed, MILDOS-AREA uses a population grid
that partitions a circle with an 80-km radius into 16 directions, with 12 segments in each
direction, to give 192 spatial intervals (grid segments). The 12 intervals in each direction are
between the following distances in kilometers: 1-2, 2-3, 3—4, 4-5, 5-10, 10-20, 20-30, 3040,
40-50, 50-60, 60-70, and 70-80. This population grid is centered on the first emission source
specified by the user. No population analysis is performed for distances within 1 km of the
population grid center, but analyses for individual receptors in that distance range may be
performed as needed.

5.2 Exposure Pathways

The exposures of individuals and the local population are considered for external radiation from
airborne and ground-deposited radioactive material, inhalation of airborne radioactive material,
and ingestion of radioactivity in food that is grown locally.

Inhalation and external population exposure calculations are based on an individual located at

the midpoint of each population segment. The estimated dose for that individual is multiplied by
the number of people in the segment, to obtain the collective population dose for that segment.
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5.2.1 External

The external dose to an individual receptor is calculated for exposure to ground activity and
airborne radiation. Indoor and outdoor exposures are both considered.

Dext,o(x’tj):1012 EnSIn +E)ut (Z[D cld io au l X, L )+chndzo g(l x ):D’ (51)

where

Dexto(x,t) = external dose rate to organ o in individual from outside airborne and
deposited activity at distance x and time step j (mrem/yr),

102 = unit conversion factor (pCi/Ci),
Fin, Fout = indoor and outdoor occupancy fractions, respectively (unitless),

Sin = indoor shielding factor (unitless),

Cw(z x,t;) = total air concentration of radionuclide i during time step £ at distance x (Ci/m?)
[Equation 4.11],

Cy(i,x,t) = ground concentration of radionuclide i from a given source after time step j
(Ci/m?) [Equation 4.3],

DC.uio = external air immersion dose coefficient for radionuclide i in organ o (mrem/yr
per pCi/m3), and

DCgynaio = external groundshine dose coefficient for radionuclide i in organ o (mrem/yr
per pCi/m?).

For a given time step j, the total regional population external dose to a given organ o from a
given source is calculated as the individual external dose at the midpoint of each population

segment multiplied by the number of persons in the segment, ns, summed over all of the
population segments s, as follows:

PD,,,(t) =107 (1D, (s.1))), (5.2)

where
PDey:o(t) = total population external dose to organ o from time step j (person-rem/yr),
103 = unit conversion factor (rem/mrem),
ns = number of people residing in population segment s, and

Dexto(S,t)) = external dose rate to organ o in an individual from a given source from time
step j (mrem/yr) [equivalent to Equation 5.1, in which the midpoint of segment
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s corresponds to distance x]. [For population calculations, 100 percent
occupancy is assumed for all individuals, with an indoor occupancy of
14 h/day at a shielding factor of 0.7 (that is, Fin = 14/24, Fout = 10/24, and
Sin=0.7) (NRC, 1987)].

5.2.2 Inhalation

Inhalation doses are calculated by using the total air concentrations provided in Section 4.2.2 for

particulates and radon and its progeny. The total inhalation dose to an individual in age group k
from all particle sizes is calculated according to the following:

mh Jkop (x ) = 1012 Z Z Calr (l p’ )Dcmh lkop (53)

where

Dinnkop(X,t}) = inhalation dose rate to organ o in an individual in age group k from
particulates from time step t; (mrem/yr),

10'2 = unit conversion factor (pCi/Ci),

C,. (z p.x,t;) = total air concentration of radionuclide i on particle size p during time step
at distance x (Ci/m3) [Equation 4.11],

DCinmnixop = inhalation dose coefficient for radionuclide /i, age group k, organ o, and
particle size p (mrem/pCi), and

IR = inhalation rate (7,300 m?3/yr).

For Rn-222 and its daughters, the inhalation dose is calculated by using the Rn-222 total air
concentration according to the following:

Dy ns (5,1,) =102 C,, (R1222,%,, ) IR [DC,py s (Fy + Fot )4 DCop s p\EnEoy oy + FodEoy o) (5:4)

i out in""in_eq out™out _eq

where

Dinn rn222(X,t) = inhalation dose rate to an individual from Rn-222 from time step £
(mrem/yr),

1012

unit conversion factor (pCi/Ci),

C,, (Rn222,x,t,) = air concentration of Rn-222 during time step ¢ at distance x (Ci/m3)

air

[calculated by substituting Equation 4.12 in Equation 3.26 or 3.28],
Fin, Fout = indoor and outdoor occupancy fractions, respectively (unitless),

Ein_eq, Eout eg = equilibrium fraction of radon daughters with radon in indoor and outdoor
air, respectively (unitless),
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DCinnrn222 = inhalation dose coefficient for Rn-222 (mrem/pCi), and

DCinnrn222 p = inhalation dose coefficient for all Rn-222 daughters (mrem/pCi).

For radon, the dose to the lung is back-calculated by dividing the radon dose to an individual
according to Equation 5.4 by the appropriate organ weighting factor. Derivation of the radon
DCs is presented in Section 5.3.2.1. Also note that there is no age dependency with regard to
radon dose calculations in MILDOS-AREA.

For individual receptors, an option is available to have the code estimate the outdoor equilibrium
fraction (Eout eq) for the Rn-222 daughters. All population calculations use this method. The
equilibrium fraction can be calculated by dividing the WL at the receptor location by the WL if
radon were in equilibrium with its daughters. Here, the WL is calculated according to the
methodology in Yu et al. (2001). For Rn-222, the calculation is given by

_1.03x10°4+5.07x10°B+3.73x10°C
M 1.03%107° +5.07x107° +3.73x107°

(5.5)

where A, B, and C are the air concentrations of Po-218, Pb-214, and Bi-214, respectively,
relative to the Rn-222 air concentration.

For Rn-220 (unlike for Rn-222), an equilibrium with its daughters is not established because of

the Rn-220’s short half-life. The inhalation dose is calculated by using the Rn-220 WL
according to the following:

D[nh,Rn220 (x’ t/) = (En + Emt )WLRn220(x’ tj )Dth,RnDO > (56)
where

Dinn,rn220(X,t) = inhalation dose rate to an individual from Rn-220 from time step ¢
(mrem/yr),

WLrn220(x,t) = WL of Rn-220 during time step ¢; at distance x (WL) [Equation 5.7], and
DCinnrn220 = inhalation dose coefficient for Rn-220 (mrem/yr per WL).

The Rn-220 WL is calculated according to Yu et al. (2001) as follows:

WL\ =948x10""4 +1.23x10*B' +1.17x10°C, (5.7)

where A’, B’, and C’ are the air concentrations (pCi/m?3), respectively, of Po-216, Pb-212, and
Bi-212 at the receptor location.

The total inhalation dose rate to organ o in an individual in age group k from a given source is
the sum of the dose rates from particulates and radon, as follows:

Dinh,ko (x’ tj) = D[nh,kop (x7 tj) + Dinh,Rn222 ('x9 t‘j ) + Dmh,RnZZO ('x9 t‘j ) H (58)
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where

Dinnko(X,t;) = inhalation dose rate to organ o in an individual in age group k from a given
source from time step t; (mrem/yr).

For a given time step j, the total regional population inhalation dose to a given organ o from a
given source is calculated as the individual inhalation dose for each age group at the midpoint of

each population segment multiplied by the number of persons of that age group in the segment
nks, summed over all age groups k and over all of the population segments s, as follows:

PD,,,(t;) = lo_szznlsz’nh,ku (s,2,)
sk

where

PDinno(tj) = total population inhalation dose rate to organ o from time step ¢; (person-
rem/yr),

10-3 = unit conversion factor (rem/mrem),
nks = number of people in age group k residing in population segment s, and
Dinnxo(S,t) = inhalation dose rate to organ o in an individual in age group k from a given
source from time step t; (mrem/yr) [equivalent to Equation 5.8, where the
midpoint of segment s corresponds to distance x].

5.2.3 Ingestion

Ingestion doses are calculated by using the radionuclide concentrations in agricultural products
calculated for vegetables in Section 4.3 and meat and milk in Section 4.4.

5.2.3.1 Individual Ingestion

For individuals, the annual radionuclide intake via ingestion is calculated as

Ik(i9 x9tj) = Ukam(l’ X, t]) + Ubka(i’ X, tj) + FvakaZFvcka(i’x’ tj) 2

(5.10)
where

I(i,x,t;) = ingestion rate of radionuclide i by an individual in age group k during time step ¢;
(pCilyr),

Umk, Upk = milk (L/yr) and meat (kg/yr) ingestion rates for age group k,

C,Gxt) = average milk concentration for radionuclide i/ during time step j (pCi/L)
[Equation 4.19],
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C,Gi,x,t,) = average meat concentration for radionuclide i during time step j (pCi/kg)
[Equation 4.18],

F.a = fraction of radionuclide activity remaining in vegetables after food preparation
(unitless),

Uw = vegetable ingestion rate for age group k (kg/yr)(wet weight),
Fuex = fraction of vegetable category ¢ consumed by age group k (unitless), and

C(i,x,t;) = concentration of radionuclide i in vegetation type v during time step j
(pCi/kg) (wet weight).

The ingestion dose for organ o from radionuclide i is then calculated by

(i,x,t;) =1, x,t,)DC, (5.11)

mg ko ing,iko °

where

Ding ko(i,X,t)) = ingestion dose rate to organ o from radionuclide i of an individual in age
group k from time step t; (mrem/yr), and

DCingixo = ingestion dose coefficient for radionuclide i in organ o of an individual in age
group k (mrem/pCi ingested).

5.2.3.2 Population Ingestion

To estimate the ingestion dose to the regional population, the MILDOS-AREA model assumes
that all of the locally grown food is consumed. Because of this, the population ingestion dose is
based on the local agricultural productivity rather than the number of people nearby, because
the total activity in the food determines the total collective dose. The amount of each food type
grown in each area (grid segment) in the population grid is first calculated in conjunction with
the radionuclide concentrations in each food type. Consumption of the total amount of each
food type is partitioned among the four age groups. Ingestion doses to each age group are
calculated based on the amount of radioactivity consumed and the DCs for each age group.
The total ingestion dose to the population is then calculated by summing the doses over all age
groups and population grid segments.

The average radionuclide concentration in vegetables in a given population segment is

v avg(l S ) Z vs vs(l 'x
(5.12)

where

(i,s,t,) = concentration of radionuclide / in vegetables averaged over all vegetable

\ _avg

types in population segment s during time step j (pCi’kg) (wet weight),
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C,(i,x,t;) = concentration of radionuclide i in vegetation type v during time step j (pCi/kg)

(wet weight) [Equation 4.17], and

W.s = weighting factor for vegetable type v in population segment s (fraction of total

production), unitless.

The gross activity content in the regional food production for each food type is calculated by

0,(i.t)) =2, 2 P:Crlist)),
s (5.13)
where

0,(i,t;) = total amount of radionuclide i in food type f (vegetables, meat, and milk)
produced in the region during time step j (pCi/yr) (wet weight),

C,(i,s,t,) = concentration of radionuclide i in food type fin population segment s during time

step j (pCi/kg) (wet weight) [Equation 5.12 (vegetables), Equation 4.18 (meat),
Equation 4.19 (milk)], and

P:s = annual production rate of food type fin population segment s (kg/yr).
Because the population dose in each segment depends on ingestion of the food by different age

groups that generally have different food consumption rates and DCs, the fraction of the food in
each segment eaten by each age group needs to be calculated next, as given by

Foo FpkU/k
S ’
ZFpkU.fk
k (5.14)
where

F#u = fraction of food type f consumed by individuals in age group k (unitless),
Fo« = fraction of the population belonging to age group k (unitless), and

U = average consumption rate of food type f for an individual in age group k (kg/yr for
vegetables and meat, L/yr for milk).

The total population dose from all food produced in the region can be calculated by

PD,, ., (0,t,)=10">" > >'F.0,(i,t,)F,DC, (5.15)
f i k

ing iko °

where

PDingko(i,t;)) = population ingestion dose rate to organ o from radionuclide i of an individual
in age group k from time step t; (person-rem/yr),
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DCingixo = ingestion dose coefficient for radionuclide i in organ o of an individual in age
group k (mrem/pCi ingested), and

F: = fraction of radionuclide activity remaining in food type f after food preparation
(unitless).

5.3 Dose Coefficients

In keeping with the ICRP and other agencies, the term “dose coefficient,” equivalent to the term
“dose conversion factor” more commonly used in the past, is used in this report. The DCs in
MILDOS-AREA are calculated by using the dosimetric model from ICRP Publication 30 (ICRP,
1979).

5.3.1 External Dose Coefficients

The code includes external DCs to calculate the external exposure to radionuclides in air and
deposited on the ground surface. Tables B.1 and B.2 in Appendix B list the air submersion and
ground surface DCs used in the code for U-238 and Th-232 decay series isotopes, respectively.

5.3.2 Internal Dose Coefficients

The internal DCs are calculated by using the methodology from ICRP Publications 26 and 30
(ICRP, 1977, 1979) and a NUREG/CR-4628 report prepared by ORNL for the NRC
(Cristy et al., 1986).

5.3.2.1 Inhalation
5.3.2.1.1 Particulates

The relationship between the particle size and the DCs is irregular; the adult inhalation effective
dose equivalent for a given particle size is calculated by linear interpolation from the data set
provided for 12 particle sizes. Table B.3 in Appendix B lists the adult inhalation effective DCs
for the U-238 decay series isotopes. In inhalation dosimetry, inhaled materials are assumed to
belong to one of three classes, based on their removal from the respiratory tract. The three
inhalation solubility classes in ICRP 30 methodology are designated as D (removal in days), W
(removal in weeks), and Y (removal in years). In the ICRP classification, some elements do not
have all three inhalation classes. In MILDOS-AREA, the DC values for the unassigned classes
are assumed to be the same as those of the adjacent classes.

The organ/tissue inhalation dose equivalent conversion factors for a given particle size Hso (in
activity median aerodynamic diameter, or AMAD) for U-238 decay series isotopes are
calculated from Hso (1 um) by using the following equation:

— Dn-p(AMAD) Dr-p(AMAD) Dp(AMAD)
- fN_P (DN_p(l um) ) + fT—B (DT—B(l ”m) ) + fP (Dp(l um) ) ) (516)

Hso(AMAD)
Hgo(1 pm)

where

fx-p = fraction of the committed dose equivalent in the reference tissue resulting from
deposition in the nasal-pharynx (N-P) respiratory region,
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fr.s = fraction of the committed dose equivalent in the reference tissue resulting from
deposition in the trachea-bronchial (T-B) respiratory region,

fp = fraction of the committed dose equivalent in the reference tissue resulting from
deposition in the pulmonary (P) respiratory region,

Dn.p = deposition probability in the N-P respiratory region for a given AMAD,
Dr.g = deposition probability in the T-B respiratory region for a given AMAD, and
Dp = deposition probability in the P respiratory region for a given AMAD.

The deposition probabilities in different regions of the lung are calculated from the deposition
and retention models for the internal dosimetry of the human respiratory tract developed by the
ICRP task group on lung dynamics (ICRP, 1966).

Table B-4 in Appendix B lists U-238 decay series isotopes’ tissue/organ DCs for a particle size
of 1 um, and Table B-5 provides values for the factors fn.p/fr.p/fp for the U-238 decay series
isotopes. Table B.6 in Appendix B lists the adult inhalation effective DCs and organ/tissue dose
equivalent conversion factors for the Th-232 decay series isotopes for 12 particle sizes.

Inhalation DCs for other age groups (infant, child, and teenager) are calculated by using the
relative age-specific factors (normalized to adult) provided by Cristy et al. (1986). Tables B-7
and B-8 in Appendix B list the values for the U-238 and Th-232 decay series isotopes,
respectively. Cristy et al. (1986) provided age-specific factors only for three particle sizes
(AMADs of 0.3, 1, and 5 um). For AMADs of less than 0.6 uym, between 0.6 and 3 ym, and
greater than 3 ym, the corresponding factors for 0.3, 1, and 5 ym, respectively, are used.

5.3.2.1.2 Radon

The radon DCs are based on the air concentrations provided in Table 2 of Appendix B in
10 CFR Part 20 associated with an annual dose of 50 mrem.

For Rn-222, including its daughters, an air concentration of 1 x 10-1° uCi/ml (100 pCi/m?3)
corresponds to a dose of 50 mrem/yr, which is equivalent to 0.5 mrem/yr per pCi/m3. Likewise,
for Rn-222 without its daughters, an air concentration of 1 x 108 uCi/ml (10,000 pCi/m?3) is
equivalent to 0.005 mrem/yr per pCi/m3. Thus, the DCs used in MILDOS-AREA for Rn-222
without its daughters and for the Rn-222 daughters are only 0.005 mrem/yr per pCi/m? and
0.495 mrem/yr per pCi/m?3 (0.5 - 0.005), respectively.

For Rn-220 and its progeny, the inhalation DC is given in units of mrem/yr per WL. The value of
working level month (WLM) is given as 4.68 x 10* Bq-h/m?3 (ICRP, 2010). Assuming there are
170 hours in a working month, dividing the value for the WLM by 170 gives a WL value of

275 Bg/m3 (7,430 pCi/m?3) for Rn-220. From Table 2 in Appendix B in 10 CFR Part 20, an air
concentration of 3 x 10-"" uCi/ml (30 pCi/m?) corresponds to a dose of 50 mrem/yr from Rn-220
and its daughters. Thus, exposure to a WL concentration for a year would be 7,430 pCi/m?3
divided by 30 pCi/m3 multiplied by 50 mrem/yr to give 12,400 mrem/yr per WL.
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5.3.2.2 Ingestion

The adult ingestion DCs are based on ICRP 30 methodology. Table B-9 lists ingestion DCs for
U-238 decay series isotopes. The ingestion DCs for other age groups (infant, child, and
teenager) are calculated by using the relative age-specific factors (normalized to adult) provided
by Cristy et al. (1986). Table B-10 lists the values for the U-238 decay series isotopes.

Tables B-11 and B-12 list ingestion DCs and relative age-specific factors for the Th-232 decay
series isotopes.
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6 USER INTERFACE AND PROGRAM INPUT

Information on using the MILDOS-AREA program is provided in this chapter. Detailed
information on the different input options is explained in the context of the source term models
(Chapter 2), the air dispersion model (Chapter 3), media concentration estimates (Chapter 4),
and dose estimates (Chapter 5). Program installation and implementation details are provided
in Appendix A.

6.1 General Program Guide

General operation of the MILDOS-AREA program is discussed in this section. MILDOS-AREA
was developed to use a minimum screen resolution of 1280 x 768 pixels. Note that labels and
text on the program windows may not display properly if the Windows® display text size is set to
a nondefault value (i.e., “Medium” or “Larger” rather than “Smaller’ [Windows 7]).

6.1.1 Program Layout

MILDOS-AREA consists of a main program window that implements a tab interface that groups
program input and output into similar categories, as shown near the top of Figure 6-1. The six
tabs (categories) are: (1) “Case Information” (overview), (2) “Met Data” (meteorological input

data), (3) “Population” (population input data), (4) “Soil/Food” (soil and ingestion input data),
(5) “Map” (map representation of scenario), and (6) “Results” (calculation results).

'\ MILDOS-AREALD  Current file - Cmildosd\UserFiles\Casel.mla = =]
File  Calculations View Help A
- i
| )0y
EECT LIS MILDOS-AREA 4 /s
' [ Case Information; Met Data ‘ ## Population| & Soil / Food ‘ %} Map‘ #< Results }‘i‘f,‘_}

Case Title: |Case 1

Population Information

Summary Information: Sample file [ Calculate population exposure

¥ Consideringestion

Case File Name: |C:\mi|dnsd\UserFi\Es\CasEW,mla

Individual Receptor Information
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Locati pancy
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Grazing £ 3 saut || zseo 0 4 0.583 0.417 0.825 0 W oor M| 105 | 783 (M| 130
Grazing ESE 4 | adit || 2sese -390 -1 0.583 0417 0.825 0 M| or |W| 1ws |F| 733 |[F| 130 ﬂ
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Nearest Resident NNW 5 | adit [ s 1485 12 0.583 0417 0.825 0 - V| od0s | 733 M| 130 ﬂ
Nearest Residen NE 6 | Adt w212 2168 10 0.583 0.417 0.825 0 r M| 1ws || 783 || 130
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Figure 6-1 Main Program Window with the “Case Information” Tab Selected
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6.1.2 Menus and Toolbars

Navigation within the program is provided by means of menus, toolbars, and hot-keys.

Table 6-1 lists the main menu items and their associated hot keys. Typical user file
management functions (Open, Save, and Save As) are provided, as is a way to exit the program
(Exit). The File > New menu item creates a new user file that will be saved under a user-
specified filename. If the file that is currently open has not been saved, the user will be given
the option to save or not save the current file before creating the new file. Note that version 4
user files are not compatible with earlier versions of the program. Section 6.1.4 discusses the
user file format. The File > Import menu item allows the user to “read in” a user file saved by
previous versions of the program (MILDOS-AREA 3.XX). Input data not previously available to
the user will be set to the original values used in the code. Note that new input parameters
added in version 4 (e.g., Rn-222 equilibrium fractions for individuals) will be set to the program
default values that should be approved by the user before use (as should any other default
supplied by the program). The File > Compact File menu item is discussed in Section 6.1.4.

Table 6-1 Main Menu Items and Associated Hot Keys

Menu Item Hot Key Menu Item Hot Key
File Menu (Alt + F) View Menu (Alt + V)
New Alt+N Case Information Alt + |
Open Alt+0O | Map Alt+ M
Save Alt+S | Met Data Alt + W
~SaveAs Alt + A | Population Alt+P
Amport Alt+T | Soil/Food Alt+G
_CompactFile R Results . Alt+R
Exit Alt+E | Sensitivity Parameters __ Alt+Z
Windows Calculator Alt + U
Calculations Menu (Alt + C) Help Menu (Alt + H)
Launch Calculations  Alt+L | About MILDOS-AREA _ Alt+B
Delete Results Alt + D | Shortcut Keys Alt + K

The menu items under the View menu provide an alternate way to access the main tab pages.
The View > Sensitivity Parameters menu item displays the sensitivity analysis summary
window discussed in Section 6.10.

The main toolbar, located directly beneath the main menu (see Figure 6-2), provides one-click

access to more commonly used functions such as opening and saving files, running
calculations, and viewing sensitivity parameter input.
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Figure 6-2 Main Toolbar Functions

6.1.3 Program Conventions

Data input involves selecting options from drop-down menus, checkboxes, and radiobuttons and
providing entries in text input boxes/tables. Navigation between input items on a given form or
window can be accomplished either by clicking on the input item with a mouse or using the Tab
key to circulate through the items on the form.

User input is displayed only if it is relevant to the current set of options selected. For example,
the “Population” tab page is not available if the “Calculate population exposure” checkbox on the
right side of the main program window is not checked. Similarly, the “Results” tab page is not
available if there are no results calculated for the current set of inputs.

MILDOS-AREA performs error-checking on numerical input. When the user enters numerical
data into program input fields, the program ensures that the value entered is of the correct type
(i.e., a valid number) and is within a valid range for that parameter. If an entry does not conform
with either check, an error message will be given. A valid number must be given in order to
proceed further. The user may view an input parameter’s definition and lower and upper
bounds by pressing the F2 function key when the input field for that parameter is selected.

When changes to the input are made by the user, they are not automatically saved to the user
file. Any changes are maintained in computer memory until the user saves the revised input
back to the user file or discards the changes when opening a different user file or exiting the
program. A warning indicator (Modified — not yet saved) is shown next to the main toolbar after
an input change is made, and it remains until the user file is saved. The user file also contains
calculation results, as discussed in the next section. If a change is made to the input, any
results from a prior calculation run will be automatically deleted after approval is given by the
user following a prompt triggered by the change. No change in the input value will be accepted
by the program if the user chooses not to allow the deletion of the current set of results.

Calculations involving the selected options will be performed when the user selects either the
Calculations >Launch Calculations menu item or clicks on the appropriate main toolbar item. If
there are changes to the user input, the user will be prompted to either cancel the run or save to
the input file before running. The user must save to the input file before the calculation run is
performed.
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6.1.4 User File

The MILDOS-AREA user file is a database (DB) file that is used for storing both user input and
the calculated results (output). Each case analyzed is stored in its own separate file and is not
part of a central server located on the user’s computer or on a remote computer. The SQLite
file format and database engine are used. SQLite is a well-established open-source database.
More information on SQLite can be found in Appendix A.

Employing a DB file for user input facilitates the input data handling and error-checking, and,
because of the faster central processing unit (CPU) speeds and larger amounts of memory
available on PCs running Windows, it allows results to be stored and retrieved on a more atomic
scale. This implementation underlies the interactive results capability of MILDOS-AREA, as
described in Section 7.4.

While the move to a user (application) file in DB format provides added functionality to the
program, versions of MILDOS-AREA prior to version 4.0 used a simple text file to save user
input and a separate text file for program output. This format is not compatible with the current
version, nor can user files generated by MILDOS-AREA 4.0 and later be used by previous
versions of the program. As discussed in Section 6.1.2, an import function is available that
allows the user to read older version input files into the program for saving in the new format.
Note that an HTML file that lists the user input and a summary of results, similar to the concept
of the old version output file, is also available after a calculational run in version 4.0 as
discussed in Chapter 7.

6.2 Case Definition

As shown in Figure 6-1, the “Case Information” tab page provides the user an overview of the
case (i.e., scenario) to be analyzed in addition to some of the more detailed input. Information
on sources and receptors is summarized, and the population and population ingestion options
are available for selection. No specific limits are imposed on the number of sources and the
number of individual receptors, but system or program memory will eventually limit execution of
the specified case depending on the combination of sources, receptors, and the inclusion of
population calculations. Because MILDOS-AREA is compiled as a 32-bit application to run on
32-bit Windows 7 operating systems, the total program memory available is less than 2 GB (or
less, if the user’'s computer has less available memory).

6.2.1 Source Information

The “Source Information” group, at the bottom of the page, enables the addition, modification, or
deletion of individual sources of a particular source type, the particle distribution set to use for a
given source, the location of the source, and the air dispersion coefficients to use when
modeling air transport of the source emissions. This group contains input for the time steps
(see Section 6.4) applicable to all receptors and source terms, and it also contains the input for
the particle size distribution sets.

6.2.2 Individual Receptor Information
The “Individual Receptor Information” group, in the middle of the page, contains all of the
individual receptor-specific input required for each receptor. Individuals may be added,

modified, or deleted. They are defined by (1) their age group, (2) their location, (3) their
indoor/outdoor occupancy, (4) the effectiveness of their indoor shielding, (5) the Rn-222
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equilibrium fractions for their location, (6) whether or not they consume food containing
radionuclides from the sources, and, if they do, (7) how much food they consume.

6.2.3 Options

In addition to providing source and individual receptor input, the “Case Information” tab page
allows the user to give the scenario under consideration a descriptive title (“Case Title”) and to
enter any information relevant to the analysis (“Summary Information”). The user can specify
whether or not to include the 80-km population in the dose analysis and whether or not ingestion
should be considered for the population by checking the appropriate boxes in the “Population
Information” group at the far right.

6.3 Sources

Input related to sources include the type of source involved, the radionuclides released and their
amounts, the physical forms of the releases, and the heights of the releases. A minimum of one
source is required.

6.3.1 Source Options
6.3.1.1 Dispersion Coefficients

Input for the dispersion coefficients used in the air transport model is source-specific and is
found in a drop-down list associated with the source in the “Source Information” group. The
Pasquill-Gifford dispersion coefficients are suitable for ground-level releases. The use of the
Briggs rural coefficients should produce similar results. Elevated releases (on the order of 50 m
or more) may be modeled better by using the Briggs urban coefficients. Section 3.7.1 provides
the formulas used to estimate the dispersion coefficients.

6.3.1.2 Particle Distribution Sets

Particle size influences the air dispersion of particulate emissions and the subsequent behavior
of particulates once inhaled. MILDOS-AREA is able to evaluate up to four different particle
sizes associated with a single source term. For source terms involving particulates

(i.e., releases other than just radon), a particle distribution set is assigned by selecting the
appropriate set in an input drop-down list. A distribution set consists of four different particle
sizes and their fractional contributions to the entire source release. (The fractional contributions
must total 1). Only one group of four particle sizes is shared by all sources, in combination with
three sets of relative combinations, as seen in the “Particle Distribution Sets” group in the lower
right in Figure 6-1. Table 6-2 summarizes the default particle distribution sets in
MILDOS-AREA.
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Table 6-2 Default Particle Distribution Sets in MILDOS-AREA

Density  Particle Size AMAD Percentage of

Set (g/cm?3) (um) (um) Material Source Type
1 8.9 1 3 100 Yellowcake dryer packaging or
equivalent
2 2.4 1 1.5 100 Crushers, grinders, rod mills,

conveyors, fine ore blending, and
other mill process sources

3 2.4 5 7.7 30 Tailings, ore-storage piles
2.4 35 54 70

Source: Yuan et al. (1989)

6.3.2 Source Types

MILDOS-AREA recognizes seven distinct types of sources, as described in Sections 2.3.1
through 2.3.7 and in the following sections. The input form for a specific source type appears
when a specific source in the “Source Information” group on the “Case Information” tab page is
selected and the View/Modify button is clicked. At the top of all source type input forms, a place
is provided that identifies the source; the name, location, and air dispersion coefficients for the
source are repeated from the summary table in the “Source Information” group. These input
parameters may be modified here as well as in the source summary table.

6.3.2.1 Point Source

Point sources are described in Section 2.3.1. Figure 6-3 displays the input form for point
sources. Radionuclide release rates for particulates from the longer-lived U-series and Th-
series radionuclides and for radon are input here in the “Point Source Term.” group. Solubility
classes are also input for the major radionuclides considered by the inhalation model discussed
in Section 5.3.2.1. For stack releases, the inside stack diameter is a required input, with the
effluent exit velocity for momentum-driven plumes or the heat flux for buoyancy-induced plumes.

6.3.2.2 Area Source

Area sources are described in Sections 2.3.2 and 3.5. Figure 6-4 displays the input form for
area sources. Similar to the point source input, the “Area Source Term” group provides input for
the radionuclide solubility class and source term, but the data are given as concentration units
rather than release rates. The “Release Rates” group provides input for radon release rates
and particulate release rates. The actual release rates for the radionuclides associated with
particulates are determined by multiplying the soil concentrations by the particulate release rate.
The particulate release rate may be input directly, or, if the “Use Erosion Model for Particulates”
checkbox is checked, the particulate release rate will be determined using the erosion model
(see Section 2.3.2).
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Figure 6-3 Point Source Input Form

= MILDOS-AREA 4D

== =4

x {m)
j249134]

¥ {m) z (m)
4220584 -10

Disp. Coeff.

Pasquik-Gifford |

Area Source Name
Tailings Area 2
AreaSource Term
Solubility |Concentration
Nuclide Class {pCiig)
e 174
U-234 vear v|
Th-230 wesk +| 407
Ra-226 Week || 4271
Pb-210 Day || 4211
B-210 week  ¥|
P-210 wesk +|
Th-232 Week | 13
Ra-228 week | 13
Ac-228 pay v|
Th-228 Week v 12
Ra-224 Week |
Release Rates
Radon222 | 427 pliimizs
Redon-220 | 13 pCismezs
FParticulstes 0 ofm"2-s

W Use Erosion Model for Particulstes

AreaSource Type / Dimensions

 Circular Radius [m] 100
" Rectangle Length [m] | 0 it (] |
Fiotation [0 - < 30] 0
# Palygon point | x(m) |y (m)
» 0 0
1 -105 _45g
s 394 i)
3 700 280
4 455 0
5 o 0
Source Total Area
319952.5 m"2

Particulate Erosion Model
Tailing masz < 20 um [%)] 3
0.m
2400000

o

Surface Roughness HE [m)
Particle density [g/m™3)

“water content [wt %)

Saltating particle diameter [m]

0.0003 Done y

7

Figure 6-4 Area Source Input Form
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An area source is one of three sub-types: circular, rectangular, or polygonal; these selections
are input. This selection is provided in the “Area Source Type/Dimensions” group near the top
of Figure 6-4. The more simple circular and rectangular sub-types are defined by either one or
three straightforward geometric parameters, respectively. These sub-types are more
appropriate when the sources being considered have similar shapes or are ill-defined. The
polygonal type is intended for modeling irregular shapes that can be well-defined by using
spatial coordinates. When the polygon is on the map (see Section 6.9), its location there is in
reference to its origin (0,0) as shown in Figure 6-4. The defining coordinate points (nodes) of
the polygon are assumed to follow a clockwise order from the origin and to return to the origin
as the last node. This type of closed form is expected by the map interface. The nodes of the
polygon may be repositioned either by directly editing the table on the area source input form or
through the map interface, as described in Section 6.9.2.3.

6.3.2.3 New Well Field Source

New well field sources are described in Section 2.3.3. The input form for new well field sources
is shown in Figure 6-5. Separate concentration inputs are provided for the radium precursors to
Rn-220 and Rn-222 and the radon emanation fractions. The remainder of the input, common to
both the uranium and thorium series, consists of the data needed to estimate the amount of
material on the surface that contributes to radon emission.

& MILDOS-AREA 4.0 = e 5

New Well Feld Source Name x (m) y (m) z (m)
New Well Field [700] -50 0

Uranium Ore (Rn-222)

Emanation Fraction 0.25 Number of Mud Pits (1/yr) 42
Ra-226 Concentration in Ore (pCi/g) 300 Storage Time in Pit (days) 10

Ore Material Into Pit (giyr) 4750000
Thorium Ore (Rn-220)

Emanation Fraction 0.15%

Ra-224 Concentration in Ore (pCi/g) 10

Done

Figure 6-5 New Well Field Source Input Form

6.3.2.4 Production Well Field Source

Production well field sources and the associated calculations are described in Section 2.3.4.
Figure 6-6 displays the input form for this source type. As occurred for the new well field
sources case, separate inputs for the uranium and thorium series are given for radium
concentrations in the ore. Other input data include the characteristics of the ore zone, the
process water, and the IX columns used to extract the uranium.
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4 MILDOS-AREA 4.0 [ = | =]
Production Well Feld Source Name x {m) y (m) z (m)
Production Well Figld [700] 50 0

Ore Zone Process Water
Thickness (m) 7 Wolume in Circulation (L) 1850000
Density (g/cm™3) 18 Fraction of Radon 08
Active Area (m™2) 270000 Rate of Radon Venting (1/day) 0.001
Uranium Ore (Rn-222) Trested \water Purge Rate (Liday) 18500
Emanation Fraction 0.25 lon-Exchange Columns
Ra-Z26 Concentration in Ore (pCilg) 300 Column Vaolume (L) 13200
Thorium Ore (Rn-220) Column Unloading Rate (1/day) 2
Emanation Fraction 015 Porosity of Resin 04
Ra-224 Concentration in Ore (pCilg) 0
Done y
o

Figure 6-6 Production Well Field Source Input Form

6.3.2.5 Restoration Well Field Source

Restoration well field sources are described in Section 2.3.5. The input form for these sources
is shown in Figure 6-7. The input for restoration well field sources is very similar to that for
production well field sources, since the main process (circulating water through the ore bed) and
radon release point (water pump house) are the same. However, the restoration well field
source input lacks the IX source, because uranium recovery operations have ceased in the case
of the restoration well field.

6.3.2.6 Drying/Packaging Source

Drying/packaging sources are described in Section 2.3.6. Figure 6-8 displays the input form for
this source type. Required input includes the facility production rate for yellowcake and the
fraction released to the stack. Note that the input value for the “Fraction Released to Stack” is
the actual fraction released, not the amount released as a percentage. For the activity released,
the portions attributable to Th-230, Ra-226, and others (Pb-210) are also required input.

6.3.2.7 Land Application Area Source

Land application area sources are described in Section 2.3.7. The input form for land
application area sources is shown in Figure 6-9. The radionuclide source term is limited to the
longer-lived radionuclides in the uranium and thorium series. The shape options (circular,
rectangular, or polygonal) are the same as those for the basic area source type

(Section 6.3.2.2). The “Water/Soil Parameters” group, in conjunction with that labeled “Source
Term Parameters,” contain the input needed to determine the radionuclide concentrations in the
soil due to irrigation or some other application of water with small amounts of radionuclides.
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A
Figure 6-7 Restoration Well Field Source Input Form
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Done
Y

Figure 6-8 Drying/Packaging Source Input Form
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Figure 6-9 Land Application Area Source Input Form

6.4 Time Parameters

MILDOS-AREA performs calculations for a series of sequential time steps that allow the user to
vary the source emission rates and the surrounding population numbers as a function of time.
This capability permits the user to generate estimates in a single run that cover the course of a
facility’s lifetime. For a single time step, an adjustment factor is assigned for particulate
emissions and radon emissions (as applicable), as shown in the bottom right of Figure 6.1 in the
“Time Parameters” group.

The number and duration of time steps (increments) are the same for all defined sources. The
adjustment factors for each defined source are displayed, and can be modified by the user, in

the “Time Parameters” group when that particular source is selected in the source table. New
time steps can be added or modified by the user, irrespective of which source is selected.

Typical time steps are for periods of one year or more. The release rates defined by the
parameter values input for each source type correspond to an adjustment factor that is equal to
one. Thus, for example, if two consecutive years of operation were to be defined by two one-
year time steps, partial operation of a source the first year could be reflected by assigning
adjustment factors commensurate with the reduced rate (e.g., values of 0.5 if they were to
operate only half of the time during the first year) and then assigning adjustment factors of 1 for
the second year to reflect full operation at that source. Note that the release rate equations
presented in Chapter 2 do not explicitly include the adjustment factors that are used in the
actual implementation in the code.
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6.5 Air Dispersion and Meteorological Parameters

The air dispersion model discussed in Chapter 3, and the relevant input parameters are found
under the tab labeled “Met Data” on the main program window, as shown in Figure 6-10.

A MILDOS-AREA 4.0 Current file - C\mildos4\ UserFiles\Casel.mla = R ==
File Calculations View Help )
i
{ - Modified - not saved
e HE o8 4 MILDOS-AREA 4 ¢
Case Information Met Data % Population ‘ % Soil / Food ‘ S Map‘
Py Joint Frequency Distribution
Motes | Sample data Read STAR File | Direchon Wind Speed -]
{wind
Import JFD | Stability blowing
Class from) 057 m's 245 mis 4.47 mis 6.93 m/s 961 m's 125 mis
Clear Distribution | A N 0.00019) 0.00005 0.00000 0.00000 0.00000 0.00000
A NNE 0.00035 0.00008 0.00000 0.00000 0.00000 0.00000
Save STAR File | A NE 0.00036 0.00012 0.00000 0.00000 0.00000 0.00000
A ENE 0.00016 0.00002 0.00000 0.00000 0.00000 0.00000
Graphic Display | A E 0.00030 0.00007 0.00000 0.00000 0.00000 0.00000
A ESE 0.00155 0.00025 0.00000 0.00000 0.00000 0.00000
A SE 0.00121 0.00027 0.00000 0.00000 0.00000 0.00000
A SSE 0.00083 0.00022 0.00000 0.00000 0.00000 0.00000
A s 0.00153 0.00032 0.00000 0.00000 0.00000 o.ooo00 |
Localiicteoeniincallbaane By A ssW 0.00035 0.00013 0.00000 0.00000 0.00000 0.00000
Anemometer Height (m) 10 A swW 0.00194 0.00035 0.00000 0.00000 0.00000 0.00000
Ambient Temperature (K) e A WSW 0.00078 0.00020 0.00000 0.00000 0.00000 0.00000
A w 0.00065 0.00008 0.00000 0.00000 0.00000 0.00000
Mean Annual Afternoon Mixing Height (m) [ 1800 A W 0.00082 0.00010 0.00000 0.00000 0.00000 0.00000
A N 0.00070 0.00017 0.00000 0.00000 0.00000 0.00000
Rainfall Rate (m/yr) 0 A NNV 0.00040 0.00003 0.00000 0.00000 0.00000 0.00000
8 N 0.00355 0.00088 0.00035 0.00000 0.00000 0.00000
5 NNE 0.00430 0.00123 0.00047 0.00000 0.00000 0.00000
Air Dispersion Calculations 8 NE 0.00411 0.00185 0.00066 0.00000 0.00000 0.00000
) ) = 8 ENE 0.00136 0.00054 0.00032 0.00000 0.00000 0.00000
e 0 B E 0.00140 0.00054 0.00022 0.00000 0.00000 0.00000
Area Source Grid Block Size (m) 5 B ESE 0.00090 0.00056 0.00083 0.00000 0.00000 0.00000
o0 ] SE 0.00338 0.00248 0.00348 0.00000 0.00000 0.00000
T e e e e 1000 B SSE 0.00208 0.00165 0.00249 0.00000 0.00000 0.00000
8 s 0.00165 0.00067 0.00143 0.00000 0.00000 0.00000
5 SSW 0.00204 0.00106 0.00089 0.00000 0.00000 0.00000
B swW 0.00276 0.00084 0.00101 0.00000 0.00000 0.00000
8 WSW 0.00365 0.00108 0.00136 0.00000 0.00000 0.00000
B w 0.00417 0.00128 0.00118 0.00000 0.00000 0.00000
B W 0.00352 0.00056 0.00180 0.00000 0.00000 0.00000
] N 0.00225 0.00104 0.00089 0.00000 0.00000 0.00000
B NNW 0.00313 0.00094 0.00071 0.00000 0.00000 0.00000
C N 0 ODNAS 000189 0 0019 0 0000: 0 00000 0 00000 i
A

Figure 6-10 Main Program Window with the “Met Data” Tab Selected

6.5.1 General Meteorological Parameters

Inputs for local meteorological data such as average temperature, mixing heights, and rainfall
rate are located in the “Local Meteorological Parameters” group. The average temperature is
used in the plume rise calculations; the mixing heights are used in the estimation of plume
reflection downwind; and the rainfall rate affects the deposition of particulates. The
anemometer height is specific to the “Joint Frequency Distribution” listed in the right-hand side
of the “Met Data” tab and is discussed in Section 6.5.2.

The “Air Dispersion Calculations” group below the “Local Meteorological Parameters” group
contains input that is used more for controlling the mechanics of the air dispersion calculation. If
the dispersion coefficients selected for a given source (in the source table on the main “Case
Information” tab) are set to “Effective Height,” the “Briggs Urban Height Cutoff” input is used to
determine the use of the Pasquill-Gifford or the Briggs urban dispersion coefficients, depending
on the calculated effective release height at a given distance from that source. If the effective
release height is less than the specified cutoff height, the Pasquill-Gifford coefficients will be
used. Otherwise, the Briggs urban coefficients will be used. A discussion of the dispersion
coefficients can be found in Section 3.7.1.
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MILDOS-AREA calculates the downwind normalized air concentrations (x/Q) of radionuclides
emitted from an area source as a collective average obtained by performing a point-to-point
evaluation from each grid point on an area source to the receptor location, as described in
Section 3.5. The size of the grid spacing (i.e., the “Area Source Grid Block Size”) determines
the number of estimates and therefore the precision of the overall average; the smaller the
block, the more calculations needed. The default value for the block size is 1 m, but for larger
area sources with many nearby receptors, or the population grid selected for evaluation, or both,
program run times may become extended. To shorten run times, the block size may be
increased to as much as 5 m without a loss of precision to within two or three significant figures
in most cases, depending on source size, distance, and location relative to the receptor.

Another input that can be used to help reduce run times when area sources are defined is the
“Max. Distance for Area Source Calc.” This parameter determines the distance to a receptor
beyond which an area source is to be modeled as a point source. In such cases, run times will
be significantly reduced with no loss in precision. Sample runs are needed to verify each
circumstance to assure there is no loss in the fidelity of the calculations. Results will depend on
the source size, distance to receptor, and relative location with respect to wind frequency data.

6.5.2 Joint Frequency Distribution Data

The JFD data describe the wind behavior at a given location; they provide information on the
fraction of time the wind is blowing from a given direction, at a given wind speed, and under a
given set of atmospheric conditions (stability class). MILDOS-AREA uses 16 directions, 6 wind
speed categories, and 6 stability classes, resulting in a joint frequency of occurrence that
constitutes 16 x 6 x 6 = 576 possible conditions; the total sum of all frequencies is equal to one.
When MILDOS-AREA calculates the amount of material blown downwind of a source at a
specific receptor location, it weights the downwind concentrations by the amount of time
(frequency) the wind is blowing in that specific direction for each combination of stability class
and wind speed.

The JFD format that MILDOS-AREA uses is referred to as the STAR format. The “Joint
Frequency Distribution” group under the main “Met Data” tab (Figure 6-10) provides options for
handling the STAR data. The user may read in the JFD data from an existing STAR formatted
text file (“Read STAR File” button), import JFD from other data formats (“Import JFD” button),
clear the current values in the JFD table (“Clear Distribution” button), save the values in the JFD
table to a STAR formatted file for use in other applications (“Save STAR File” button), and
obtain a visual display summary of the JFD data (“Graphic Display” button, which brings up the
graphic presentation shown in Figure 6-11). The user may also edit the JFD table directly.
More information on the STAR format and the import options available is provided in

Appendix C.

6.6 Soil Parameters

The soil parameters in MILDOS-AREA are used in the resuspension model (Section 4.2.1) to
estimate total radionuclide particulate air concentrations (Section 4.2.2.1). The parameter
inputs are found in the “Soil” group on the main program “Soil/Food” tab, as shown in

Figure 6-12.
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Figure 6-11 Graphic Presentation of the Meteorological Joint Frequency
Distribution Data
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Figure 6-12 Main Program Window with the “Soil/lFood” Tab Selected
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6.7 Receptors

MILDOS-AREA provides dose estimates for both individual receptors and the local population
out to a distance of 80 km from the location of the first source considered in the source table
(seen in the “Source Information” group in Figure 6-1).

6.7.1 Individual Receptors

The “Individual Receptor Information” group as seen in Figure 6-1 contains all of the individual
receptor-specific input required. Receptor input can be modified directly in the receptor table.
By using the buttons at the right in this group, one can delete an individual by using the “Delete”
button or add one either by making a copy of input for an existing receptor (“Copy” button) or by
selecting one with default characteristics (“New” button). The relative order of receptors may be
changed by using the “Move” up and down arrow buttons. A minimum of one receptor is
required.

The receptor’s age group (Infant, Child, Teenager, or Adult) is selected by means of a drop-
down list. Their location is specified in x, y coordinates appropriate for the coordinate system
being used in the map interface (see Section 6.9.1). The time spent by the receptor in that
location, both indoors and outdoors, is accounted for by the respective occupancy fractions, the
total of which cannot exceed one. However, the sum of the indoor and outdoor occupancy
fractions may be less than one to account for time away at work or other activities. If the indoor
occupancy fraction is greater than zero, the indoor shielding factor is applied to account for the
reduced external exposure afforded by the occupied structure (see Equation 5.7). Thus, a
shielding factor of zero represents total protection from external radiation, and a factor of one
represents no protection.

Indoor and outdoor equilibrium factors are input for the Rn-222 progeny at each receptor
location. Two options are available for assignment of the outdoor equilibrium factor for the
Rn-222 progeny. The user may directly input an equilibrium factor value or have it calculated by
the program (Equation 5.3). If the outdoor checkbox for the selected receptor is checked, the
program will use the input value provided in the adjacent text box; otherwise, the value will be
calculated based on time, distance, wind speed, and the radioactive decay of radon and its

progeny.

The remaining receptor input concerns the potential for ingestion of affected food. The user
may specify the potential for ingestion of locally grown vegetables, meat, or milk, or some
combination for each receptor by checking the checkbox for the appropriate food type(s). The
ingestion rate specified for each food type is indicative of the amount of affected food
consumed, not the total amount consumed, if some food is obtained from outside the local area.

6.7.2 80-km Population

Putting a check in the checkbox in the “Population Information” group on the main “Case
Information” tab page (Figure 6-1) selects the collective population exposure calculations to be
performed. When checked, the “Population” tab, as shown in Figure 6-13, will be available for
inputting the number of people present in each population segment. The segments are defined
by a circle; it is centered on the first source, has a radius of 80 km, and is divided into 16
directions, with each direction divided into 12 spatial intervals, with the distances as seen in
Figure 6-13. Options are available to reset the number of people in each population segment to
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zero (“Clear Distribution” button) or to import population data from an externally prepared
comma separated value (CSV) file (also known as comma delimited format file).

Next to the population grid shown in Figure 6-13 is the population time step table. The number
and duration of the time steps are defined as discussed in Section 6.4 and cannot be modified
here under the “Population” tab. The population adjustment factor for each time step can be
used to account for changes in population over time and can be less than or greater than one.
This factor is used uniformly for all population segments for a given time step. Below the time
step table is the input for specifying the fraction of the population that is within each of the four
age groups.

Collective dose estimates are calculated for each segment by calculating doses to a receptor
located at the center of the segment and multiplying by the number of persons in that segment,
as discussed in Section 5.2. In the case of inhalation and ingestion estimates, the inhalation
and ingestion calculations are performed by age group, with the number of persons in a given
segment weighted by the fraction of persons in that age group. While the position of the
population grid is fixed, being centered around the first emission source as a point of reference,
the air dispersion calculations are performed individually for each source/segment combination
rather than assuming all emissions originate from the first source location for a given scenario,
as was done in previous versions of the program. Thus, a more accurate dose estimate is
obtained when multiple sources, separated by a couple of hundred meters or more, are
analyzed at the same time.

% MILDOS-AREA40  Current file - C:Amildos\UserFiles\Casel.mia =N |

File  Calculations View Help

(S HE o0 <4 ) L
Caselnformation| MetDalaHm % Soil/ Food | & Map ‘ MILDOS AREA 4 f

80 km Population Distribution

Dir 1-2 2-3 3-4 4-5 5-10 10 -20 20-30 30 -40 40 - 50 50 - 60 60-70 70 -80 Time Time
Step |Increment | Population
H — 2 3 4 s & 7 8 9 10 " 12 Na. (years) | Adjustment
NNE 0 286 1,603 1,288 221 4,073 6,789 9,505 12,220 14,591 15,101 15,552 _ 1 1
NE 0 1,288 1,402 256 T7e 4073 6,789 8,505 12,220 13,210 12,551 14,482 2 2 1
EME 0 1,431 1,202 1,545 221 883 1,472 3,921 8,70 14,092 15611 18,542 3 2 1
E 0 1,431 2,003 258 221 383 1,472 2,060 2645 3,238 5,900 8,403 4 1 1
ESE 57z 1,431 2,003 773 221 883 1,472 2,060 2,649 3,236 3,826 4,415
SE 572 143 21 26 221 883 1,472 2,060 2,707 3,677 4,761 6,404
SSE 916 215 pal 26 221 883 1,472 2,060 3,296 4,985 5,804 6812
5 286 143 200 26 221 383 1,472 2,060 2721 4,585 5,904 6,812
SSW 12 15 1 2% 221 883 2,068 3,870 3,656 4,895 5,904 6,812
SW 12 15 21 26 221 1,380 3,460 4,844 6,143 6,304 6,368 6,812 Fraction of
wsw 12 15 pal 26 370 2,076 3,460 4,344 4789 4,685 4,838 5,162 Age Group Population
w 14 15 pal 26 519 2,076 3,460 4,344 2,809 3,214 3798 4382 m 0.0179
VUNWY 14 15 1 2% 519 2,009 2,904 3677 4,427 4,082 3,798 4,382 Child 0.1847
N 229 15 21 4 19 1,476 2,348 3,287 4226 5,166 5,841 6,384 Teenager 0.1957
NNW 12 1 10 9 8 T [} 4 3 2 1 Adult 0e217
E Import CSV

Distribution

v

Figure 6-13 Main Program Window with the “Population” Tab Selected
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6.8 Ingestion Pathway Parameters

User input for the food production data used in the ingestion pathway calculations, described in
Sections 4.3 and 4.4, is located in the “Food Parameters” group on the main program
“Soil/Food” tab, as shown in Figure 6-12. The “Ingestion” tab in the “Food Parameters” group
contains the input needed to calculate vegetable and livestock concentrations. The selections
of vegetable, meat, and milk ingestion, and their intakes for individual receptors are input in the
receptors’ table, as discussed in Section 6.7.1. The population ingestion pathway calculations
are selected by checking the “Consider Ingestion” checkbox in the “Population Information”
group in the upper right of the main program “Case Information” tab (Figure 6-1).

In MILDOS-AREA, the population ingestion dose is considered a societal dose, in that all of the
food grown in the 80-km region is assumed to be consumed but not necessarily all of it by
persons living within the 80-km region. The collective population ingestion dose is calculated by
apportioning the total amount of food among the four different age groups according to their
contribution to the total population and their individual food consumption rates. Input to specify
the fraction of the population within each age group can be found under the “Population” tab
(Figure 6-13). Input for the individual food consumption rates to be used with population
calculations can be found in the “Population Ingestion Parameters” group under the “Ingestion”
tab (Figure 6-12). For population vegetable ingestion, MILDOS-AREA also considers three
subcategories: (1) edible aboveground vegetables, (2) potatoes, and (3) other edible
belowground vegetables. Their respective fraction of each age group’s diet is set in the
“Vegetable Ingestion Parameters” group under the “Ingestion” tab.

Vegetable, meat, and milk annual production that corresponds to the area for each population
segment may be input, or a value for uniform production per unit area per year may be input, for
each food type. Figure 6-14 shows the vegetable production food grid under the corresponding
tab in the “Food Parameters” group under the main program’s “Soil/Food” tab. Input may be
entered directly into the food grid table, and the “Clear Distribution” and “Import CSV” buttons
can be used to set all table entries to zero or to bring in data from a previously generated CSV
file. The “80-km Meat Production” and “80-km Milk Production” tabs contain the corresponding
input options for those food types.

6.9 Map Interface

The map interface in MILDOS-AREA is intended to enable the user to visualize site conditions
better and more readily set up program input for the risk calculations. It is not intended to be an
independent, full-fledged mapping program with extended analysis capabilities and self-
contained map data. It is implemented by using an open-source GIS map control, which the
user must supply with the desired map data, if the user wishes to view local features in the
context of the receptors and emission sources modeled. Figure 6-15 provides a view of the
map interface.
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Figure 6-14 Main Program Window with the “Soil/[Food” Tab Selected and the “80-km
Vegetable Production” Tab in the “Food Parameters” Group Selected
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6.9.1 Coordinate System

MILDOS-AREA uses a right-handed Cartesian coordinate system in units of meters. The site
geometry can be configured to be shown in a local mode where the first emission source is
considered to be at the center of the coordinate system at location (0,0) when a new user file is
used. As an alternative, the user may import background map layers that have a universal
transverse Mercator (UTM) projection for their local area and specify the locations of all
emission sources and receptors. If population calculations are enabled, the population and food
grids will be centered on the first emission source in either case. More details on map
projections, the UTM coordinate system, and available data are discussed in Appendix E.

6.9.2 Map Functions
6.9.2.1 Rudimentary Functions

Working with the map interface involves using the tools on the map toolbar, which is shown in
Figure 6-16.

Zoom-In tool When selected, the Zoom-In tool will cause the map view to zoom in
(decrease the amount of area shown in the map window) a certain
percentage with a mouse click on the map. You can also click and drag the
mouse using the Zoom-In tool to highlight a section of the map that will then
be expanded.

Zoom-Out tool When clicked on the map, the Zoom-Out tool causes the map view to zoom
out (increase the amount of area shown in the map window) a certain
percentage.

Position tool When clicked and dragged, the map Position tool will cause the entire map

view to shift in the direction of the mouse drag.

Pointer tool The map Pointer tool is used to reposition sources and receptors on the
map. Its operation is discussed in the next section.

Max Extents tool Clicking the mouse on the Max(imum) Extents tool will cause the map to be
sized so that the maximum (outer) extent of all map layers are visible within
the map view.

Reverse tool Clicking the mouse on the Reverse tool will cause the map view to reverse
the last map action and revert back to its previous state.

Zoom-Out Pointer Reverse

L) LAse |morm4lon | /

y 2
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Zoom-In  Position/fMove Zoom to Max Extents

Figure 6-16 Map Toolbar
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When the map control has the input focus and one of the first four tools is selected (Zoom-In,
Zoom-Out, Position, or Pointer), there is another way to cause the map view to zoom in or out:
by rolling the mouse scroll wheel (or its equivalent).

6.9.2.2 Positioning Sources and Receptors

Sources and receptors can be repositioned at any time by directly editing the x,y input

coordinates for that source or receptor provided in the tables on the main program’s “Map” or
“Case Information” tabs. The alternative method is to use the map interface.

To move a source or receptor by using the map interface, the corresponding checkbox (“Move
Source” or “Move