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ABSTRACT

Pacific Northwest Laboratory, under contract to the U.S. Nuclear Regula-
tory Commission (NRC), identified and evaluated methods for estimating radio-
active and toxic particulate and gaseous airborne releases from uranium milling
operations. Such methcds need to be standardized so that all uranium mills can
provide adequate data for NRC evaluation of potential environmental impacts and
of compliance with 10 CFR 20, 40 CFR 190, and the National Environmental Policy
Act. The general method for calculating source terms is to multiply together a
normalized emission rate, contaminant content, emission control factor, and
processing rate for each process being evaluated. This report describes the
sources of airborne releases (ore storage area, ore crushing and grinding, ore
processiig, yellowcake production, and tailings impoundment) and the calcula-
tional procedures for estimating radioactive and toxic source terms. Example

calculations are provided.
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EXECUTIVE SUMMARY

Standardized methods for estimating airborne radiocactive and toxic mate-
rial releases from the various operations in uranium mills are needed in order
to provide adequate data for evaluation of the source impacts. These data
would enable the evaluation of potential effects and environmental impacts of
the milling operations, including evaluation of compliance with 10 CFR 20 and
40 CFR 190, and assessment of overall radiological impact as part of the com-
plete environmental impact assessment required by the National Environmental
Policy Act (NEPA).

Pacific Northwest Laboratory, under contract to the U.S. Nuclear Regula-
tory Commission, identified and evaluated methods for estimating radioactive
and toxic particulate and gaseous airborne releases from uranium milling
operations. This report describes the sources of release and calculational
procedures for estimating radioactive and toxic source terms, and provides
example calculations.

The major sources of airborne releases (radon and radioactive and toxic
particulates) are the ore storage area, ore crushing and grinding, ore process-
ing, yellowcake production, and tailings impoundment. Nonradioactive and
radioactive particulate emissions are estimated in a similar manner given an
estimate of the radioactive and toxic material composition of the ore or
tailings.

The general method for calculating particulate source terms is to multiply
together a normalized emission rate, contaminant content, emission control fac-
tor, and processing rate for each process being evaluated. Typical equations,
data, and example calculations are presented for process and windblown
emissions.

The major pathways for radon release were identified as occurring from ore
storage, ore crushing and grinding and from the tailings. The amount of radon
release from these sources depends on the ore and milling operations and tail-
ings disposal practices. The factors affecting radon release common to all
source pathways are radium content, radon emanating power (coefficient), bulk
density, radon diffusion coefficient, and physical configuration.

Methods available to estimate radon release from the above sources were
identified and evaluated. Typical equations, data, and example calculations
are presented for the various source pathways. The two most common methods to
calculate radon release are: 1) to use a radon flux factor of 1 pCi 222Rn/mz.s
per pCi/g 226pa when there are only limited data available on the ore or tail-
ings and 2) in those cases where measured data on radon emanating power and
radon diffusion coefficients are available, the radon flux from the surface of



cre or tailings can be estimated with a more rigorous approach using a one-
dimensional steady-state radon diffusion equation.

Nonradioactive gas emission sources are from the leach circuit, solvent
extraction circuit, yellowcake precipitator and dryer, analytical laboratory,
mill power plant and heating system, and plant research. Airborne release

factors were identified fur these source pathways and example calculations are
presented.
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INTRODUCTION

Each licensee who processes or refines uranium ores in a milling operation
is required by § 20.1 of 10 CFR Part 20, "Standards for Protection Against
Radiaticn," to make every effort to maintain as low as reasonably achievable
(ALARA) radiation exposures and releases of radioactive materials in effluents
to unrestricted areas, taking into account the state of technology and the
economics of improvements in relation to benefits to the public health and
safety. Under 10 CFR 40, mill operations are to be conducted so that all air-
borne effluent releases are reduced to ALARA levels. In addition, 40 CFR Part
190, "Environmental Radiation Standards for Nuclear Power Operations," requires
that the maximum annual radiation dose to individual members of the public
resulting from fuel-cycle operations be limited to 25 millirems to the whole
body (radon and its daughters excepted) and to all organs except the thyroid,
which must be limited to 75 millirems. In order to establish that the radia-
tion exposure and releases are minimized and meet requirements, methods are
needed for estimating radioactive and toxic source terms.

In response to this need, the U.S. Nuclear ?e?ulatory Commission (NRC)
requested the Pacific Northwest Laboratory (PNL)'?’ to identify and evaluate
methods, models, data, and assumptions for estimating airborne emissions of
radioactive and toxic materials from steps in uranium milling. Identification
of emissions and methods for estimating the source terms for those emissions
were based on:

e NRC licensing actions on uranium mills
e evaluations and monitoring of mill operations

e research programs conducted to identify and improve on methods for
retention and stabilization of mill tailings

e methods and practices used by NRC staff to generate the estimates.

Methods, models, data, or assumptions used for estimating source terms will be
reviewed by the NRC staff to determine their acceptability.

NRC regulatory gquides provide directior on radiological effluent and envi-
ronmental monitoring (NRC 1980b), compliance with radiation procedures (NRC
1982b), and calculation of radiation doses from airborne materials (NRC 1982a).
Related reports are being prepared that evaluate air pollution control devices,
determine compliance for radon cover systems, etc. The EPA has established

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial
Institute.



standards for the long-term confinement of uranium mill tailings to control
their release to the environment not only during the 1ife of the mill, but also
for 1,000 years, to the extent reasonably achievable, and in any case, for at
least 200 years (EPA 1983).



SOURCE TERMS

The milling of uranium ores involves the handling of large quantities of
ore containing as little as a few hundredths of a percert U308' These ores,
however, contain radionuclides in concentrations well above average background.
Dusts and gas emissions result from ore handling and processing and from ore
residues. Processing operations produce a uranium concentrate, “yellowcake,"
which when dried and packaged for shipment is a source term contributor.
Residual wastes including liquid and solid (tailings) wastes are stored within
manmade retaining structures where they are allowed to dry. Without proper
planning and control, releases from each of these operations create the
potential for doses to the public in excess of the applicable standards (e.q.,
40 CFR Part 190), and compliance with the standards can be achieved only by
strict emission controls at the mill (NRC 1980a).

when environmental monitoring data are not yet available (as in the case
of licensing of new facilities or authorizing significant modifications to
existing ones), predictive models are used to evaluate the potential impacts of
the prospective new operations (NRC 1982b). Estimating radionuclide concen-
trations to which nearby individuals may be 2xposed involves making numerous
assumptions. In somr cases simplitications are made about important, but fre-
quently uncertain, factors such as mill releases and atmospheric transport.
Nevertheless, potential problem areas can be identified and this information
can be used to establish or modify environmental monitoring programs and

locations.

NEED FOR SOURCE TERMS

Estimates of the quantities of radionuclides and toxic substances released
in the airborne effluents of a uranium mill are needed to predict: 1) radia-
tion doses to the public, 2) the extent or degree of effluent control, 3) envi-
ronmental impact of milling operations, and 4) the degree to which mill
operations meet the ALARA concept. With these predictions, it can be deter-
mined whether the mill operation meets federal, state, and local criteria for
environmental release of these materials.

The source terms for a uranium mill vary over its lifetime. Predictions
are made under varying operational conditions:

e maximum throughput - representing maximum releases from ore pads and
mill operations



® year prior to tailings impoundment reclamation - representing parti-
culate and radon releases as the tailings dry out

® postreclamation of the tailings impoundmert - representing the long-
term impacts.

The radionuclides in the uranium ore are generally assumed to be in secu-
lar equilibrium with uranium-238. Figure 1 depicts the decay scheme for
uranium-238. After the uranium is leached from the ore, long-lived daughter-
product isotopes are controlling factors in the tailings. Radon is considered
separately since it emanates both from the cre and from the tailings and there-
fore is released to the environment independently from other radioisotopes of
the uranium decay chain. Thus, since models used in predicting radiological
and environmental impact include the impacts of ihe short-lived decay products
from longer-lived radionuclides, source term estimates for natural uranium,
uranium-238, thorium-230, radium-226, lead-210, and radon-222 provide a suifi-
cient base. Since the uranium-235 in natural uranium represents only about
0.7% of natural uranium, radionuclides from its decay chain contribute only a
small fraction of the total radioactivity for natura)l uranium and therefore are
not included in the source term estimates.

Uranium ores usually contain small amounts of toxic elements such as
arsenic, barium, cadmium, chromium, lead, mercury, selenium, and silver. The
release of these elements is also included in source term estimates.

IDENTIFICATION AND DESCRIPTION OF RELEASE POINTS

Radioactive and nonradioactive dusts and gases are released from several
steps in uranium mill processes. Figure 2 shows the major processing steps and
the airborne release sources. These steps and sources are described in the
following sections. Methods for estimating quantities released are discussed
in the section on Source Term Prediction.

Ore Storage

The quantity of airborne dust generated and radon released from ore pads
is dependent on the physical characteristics of the ore, the height of the ore
pad relative to adjacent land, the geography of the mill site, and weather con-
ditions including wind channeling, shear velocity, and profile. Generally a
sizeable ore backlog may be maintained at the mill with the ore segregated
according to ore composition (rock, clay, organic content, and uranium concen-
tration) and blended to provide a uniform feed to the mill.
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Information needed to estimate source terms depends in part on operational
procedures that determine the quantity of ores stored at the mill, climatic
conditions, need for blending widely varying ore compositions, and general
requirements on backlogging. In addition, moisture content, which is a func-
tion of mine source, age in storage and climatic conditions, contributes to the
degree to which ore dust is dispersed. The ore may dry out in the stockpile,
making it more susceptible to dispersion. The quantity of dust that may be
dispersed may be controlled by keeping the stockpile wet and/or spraying it
with chemical suppressants as an interim measure. This will have little effect
on radon release from the ore storage unless the ore is kept saturated and not

allowed to dry out.

Ore Crushing and Crinding

Detailed information on the steps and controls used in ore crushing and
grinding is needed since ore dust containing radioactivity can be released to
the environment during these operations. Ore received from the mine(s) is
blended and successively reduced in size by, for example, jaw crushers, cone
crushers, and ball mills, reducing the size to permit ready leaching of the
uranium. Dust generated during these process steps is not generally confined
within the equipment, although off-gases from the smaller-size reduction equip-
ment are usually scrubbed. The ore is transported between stations by belt
conveyors, usually canopied, in enclosed structures in which entrained parti-
cles are filtered out before the air is discharged from stacks. The last
stages of grinding are usually done wet to eliminate the free flow of airborne
particulates from the finely ground product.

Some of the radon formed from decay of radium-226 in the ore is released
during the ore handiing and crushing activities. The fraction of radon
released varies according to the physical characteristics and chemical composi-
tion of the ore. Although radon-222 (the primary radon isotope released from
uranium ores) is chemically inert and has a short half-life (3.8 days), its
decay products reach secular equilibrium quickly and are dispersed and there-
fore subject to inhalation by man and animals.

Ore Processing

Since ore processing operations are conducted in solution and/or slurries,
particulate emissions are negligible and therefore present little hazard. How-
ever, nonradioactive gaseous effluents could be released, some of which are
toxic and consist of carbon dioxide, sulfur dioxide, water vapor, and sulfuric
acid mist from the leaching step. Organic chemical vapors consisting of kero-
sene with small amounts of amine and alcohol are released from the open solvent
extraction settling chambers. Ion exchange processes are enclosed and chemical
vapor releases are negligible.




The finely ground ore is leached with either sulfuric acid or sodium car-
bonate solution containing an oxidant to dissolve 90% to 95% of the uranium.
The uranium-bearing solution is separated from the barren waste (raffinate) by
countercurrent decantation (CCD), using thickeners to assist in settling.

Uranium in the pregnant liquor from the acid-leach process is recovered by
solvent extraction or ion exchange, and recovered in most cases as ammonium
diuranate by precipitation with ammonia. Uranium in the pregnant liquor from
the alkaline-leach process is recovered and isolated as sodium diuranate by
precipitation with sodium hydroxide (caustic).

Yellowcake Production

The uranium concentrate (yellowcake) recovered by solvent extraction or
ion exchange is neutralized, generally with ammonia, to precipitate ammonium
diuranate, called "yellowcake." Yellowcake from alkaline leach is precipitated
by treating the leachate with sodium hydroxide. The yellowcake is separated by
filtration or centrifuging. The compact yellowcake may be packaged in this
form and shipped to a facility where it can be converted to uranium hexafluo-
ride. Alternatively, the yellowcake may be dried to a powder or calcined to a
crude uranium oxide before packaging and shipping. The uranium content of
yellowcake solids varies from 70% to 80% (approximately 85% to 95% U30g),
depending on the degree of drying and calcining.

The potential for particulate releases during yellowcake production
depends on the degree to which the product is dried or calcined, and on the
effectiveness of off-gas filtration. Particulate releases from the drying,
calcination, and packaging steps are dependent on the control used to prevent
release of excessive amounts of uranium in the off-gases. O0ff-gases are
scrubbed and/or filtered before release through a stack.

Off-gases contain small quantities of ammonia and water vapor. The dryers
emit carbon dioxide, sulfur dioxide, and nitrogen oxides from the combustion of
fuel.

Since the ore processing steps reject nearly all the radium to the tail-
ings, very little radon is released during the production of yellowcake.

Tailings Impoundment

The processing of ore in uraniur mills generates radioactive and nonradio-
active wastes generally referred to «s tailings. They consist of the majority
of ore solids, process additives and water. The industry uses different
scenarios for storage of tailings. The tailings together with the earthen dams
or cells that contain these wastes are referred to as impoundments, and the
impounded liquids are called tailings ponds.



Release of dust from tailings impoundments varies significantly from mill

to mill according to a number of factors such as impoundment design, tailings
composition, site characteristics, operational practices, and reclamation
plans.

impoundment design: Most tailings are contained within manmade dams.
When the mill raffinate is discharged to the sides of the impoundment
system and the discharge pipe is moved from point to point around the
pond, beaches of tailings are deposited. In some recent impoundment
systems using a below-grade design, deep ponds are forming without
beaches as the mill raffinate is discharged to the middle of the
pond.

tailings composition: Beaches containing tailings sand deposited
from processing highly siliceous or granitic ores quickly dry out as
the discharge pipe is moved about the pond. These dried sands are
readily dispersed by winds. Beaches formed from tailings that are
produced in processing ores that contain high concentrations of 1ime-
stone are much less subject to wind erosion. In these cases sulfuric
acid leachant used to extract uranium from the ore also attacks the
limestone, saturating the solution with calcium sulfate. Hydrated
calcium sulfate (gypsum) deposits on the beaches with the tailings in
the raffinate and tends to fix the sand, reducing the potential for
wind erosion (dusting).

site characteristics: In a few cases trees surrounding the impound-
ment area protect it from wind erosion. However, in most cases tail-
ings ponds in arid locations are subject to frequent wind erosion.
High berms can to some extent protect the dried beaches from the
wind, Below-grade impoundments eliminate beaches until the pond is
filled and allowed to dry.

operational practices: The frequency and uniformity with which the
tailings discharge pipe is moved about the tailings pond affect the
degree to which the beaches are dried and therefore subjected to wind
erosion. Dust emissions are negligible from below-grade impound-
ments, but are high from areas in which tailings are allowed to
accumulate and be exposed to direct winds. 1In all cases the degree
of dust emissions can be controlled significantly by keeping the
sands wet, spraying with chemical suppressants such as synthetic
polymers, applying mulch, revegetating, covering with soil or rock,
or erecting windscreens.



® reclamation plans: Impoundments are required to be reclaimed when

their usefulness is completed. The reclamation procedure will depend
on the tailings disposal and impoundment design. In most cases the
site can be reclaimed after the impoundment is filled with tailings
or when the mill operation is over. Reclamation can sometimes take
place in stages when, for example, smaller impoundment cells are used
for tailings disposal. This would permit each cell to be reclaimed
after it is filled and would help to minimize wind erosion.

The release of radon from the tailings impoundments depends on similar
factors. A fraction of radon formed from decay of radium in the tailings
emanates from the crystalline structure of the tailings residues. The radon
then diffuses through the tailings pile and escapes to the atmosphere where it
and its decay products are dispersed.

Heap Leaching

Heap leaching involves leaching low-grade ore (<0.04% U30g) either by
gravitational flow of the leachant through an open pile or by flooding a con-
fined ore pile (NRC 1980a). The leachate is treated on site by ion exchange or
solvent extraction and a crude yellowcake is precipitated which may be shipped
to a nearby mill for refinement. When the ore dumps are reasonably near a
mill, acid solutions from the mill may be used for the heap leaching and
returned to the mill circuit for processing (Merritt 1971).

Heap leaching has little impact on airborne environmental impacts.
Radon-222 and its decay products are released and dispersed. The leached ore
may be mixed with mill tailings. If the tailings are maintained as an isolated
leached ore pile, control of fugitive dust is required.

Ore Leaching In Situ

Low-grade ores can be leached in situ using a network of wells to inject a
leach solution into the ore formation, mobilizing the uranium through formation
of a soluble complex uranium salt, and removing the pregnant solution from the
ore body through production wells. The solubilized uranium is recovered by
uranium mill processing operations producing yellowcake.

Radioactive airborne releases from in-situ leaching are primarily limited
to radon emanations from the solution resulting from the leaching of the ore.
Some releases may occur from yellowcake dryers and packaging if such operations
are used on site. Nonradioactive gases form from machinery using fuel oils.
Airborne releases from the chemicai processing steps are comparable to those
encountered during conventional mill operations.




Solid wastes are generated that require controlled disposal; however, the
volume produced is much less than that created by conventional uranium mining
and milling. Dried evaporative ponds can contain residual radionuclides and
toxic minerals leached along with the uranium. If disposed of into the tail-
ings pond at a conventional mill, the waste solutions will be only a minor
increment to the tailings impoundment system.

CURRENT NRC METHOD FOR ESTIMATING RADIOACTIVE SOURCE TERMS

The present NRC procedure for estimating radioactive airborne release
rates (source terms) from uranium milling facilities involves the characteriza-
tion of such releases by radionuclide, particle size, and density (NRC 1980a).
These data, when combined with a meteorological dispersion model representing
the annual average meteorological conditions of the mill site, provide a basis
from which NRC staff can estimate concentrations, which in turn are used to
calculate radiation doses as described in NRC Regulatory Guide 3.51 (NRC
1982a).

The primary calculational tool used by the NRC staff to evaluate radio-

logical impact of uranium milling operations is the MILDOS code (NRC 1981).

As MILDOS is used by the NRC staff, only five primary radionuclides in the
uranium-238 decay chain are treated explicitly as source terms: uranium-238,
thorium-230, radium-226, lead-210, and radon-222. Release rates are required
for these radionuclides for each potential release source. The code accounts
for releases and ingrowth of other radionuclides, assuming secular equilibrium.
For radon-222 decay products, which grow in during transport of radon-222 from
the site, the code calculates the resulting ingrowth. These radon-222 daugh-
ters include polonium-218, lead-214, bismuth-214, lead-210, and polonium-210.
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SOURCE TERM PREDICTION

Methods are described below for estimating radioactive and nonradioactive
source terms from uranium milling operations and tailings disposal. Certain
bases and assumptions used in making acceptable calculations are identified and
explained. Nonradioactive particulate emission source terms may be estimated
in the same way as radioactive particulate emissions, given an estimate of the
toxic element composition of the ore (or tailings). Estimates of nonradioac-
tive gas emissions from process operations are based on raw material and fuel
uses. Principal parameters needed to estimate source terms are listed in
Appendix A.

RADIOACTIVE PARTICLE EMISSION SOURCE TERMS

The major rarticle emission sources at a uranium mill include ore han-
dling, ore storage crushing and grinding, yellowcake production (especially
drying and packaging), and tailings piles. Much of the useful data for calcu-
lating source terms is enumerated in Appendix A of NRC Regulatory Guide 3.51
and Appendices A, B, and C of NRC Regulatory Guide 3.8. The general method for
calculating source terms is to multiply together the normalized emission rate,
contaminant content, emission control factor, and processing rate for each
process being evaluated. The following discussion incorporates equations and
sample calculations for process and windblown emissions typical of uranium

mills.

Process Emissions

Processes that release particles include ore handling, grinding and crush-
ing, conveying, and yellowcake drying and packaging.

The basic equation is:

S=MCENI(1 -R) (1)

source term, quantity/time, such as kg 238 /hour or Ci 238y/yr

procesc rate, mass/time, such as metric ton ore/day

contaminant concentration, such as percent or pCi/g of uranium

or ppm of toxic elements in ore

E = emission factor for process, such as dust released per metric ton of
ore dumped to the grizzly

N = activity enrichment ratio, dimensionless

R = emission control factor, dimensionless.

)

=

™
OoO=Tw;m
oo

The activity enrichment ratio, N, expresses the extent to which the con-
taminant concentration is higher in the suspended airborne particles cf <20 um

.
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diameter than in the bulk material. A value of N = 2.5 can be used and is con-
servatively based on measured values (Sears et al. 1975; Schwendiman 1980) in
which the content of uranium-238 and its progeny in fines was found to be up to
2.5 times higher than in the bulk ore. The emission factor, E, is tabulated
for various common operations in Appendix B. The reduction factor, R, is
tabulated in Appendix C for various control measures. Examples of calculating
particle source terms follow.

Example Calculation: Crushing

The source terms for radionuclides in the chain for uranium-238 decay are
the same as those for uranium-238 since they are in secular equilibrium. The
following parameters are supplied by the applicant:

M = 145,000 MT processed per year
C = 420 pCi 238y/g bulk ore
N = 2.5 times greater 8U content in dust than in bulk ore.

The emission control device is a baghouse with an expected efficiency of about
80% for the dust produced by the operation. The applicant has determined that
the moisture content of the stored ore, at the time of crushing, is 7 wt%.
Tertiary crushing is not used. Therefore, the estimated uncontrolled emission
factor, E, from Appendix B is 0.16 1b/ton. Using Equation (1), the estimated
uranium-238 source term is:

S

145,000 MT/yr x 420 pCi/g x 0.16 Jb/ton x 2.5 x (1 - 0.80)
x 1.1025 ton/MT x 454 g/1b x 10-12 Ci/pCi
2.4 x 1077 Ci/yr.

Example Calculation: Truck Unloading to Ore Pad

The ore processing rate, M, is 193,000 MT/yr. The bulk ore content, C, of
uranium-238 and progeny in secular equilibrium is 435 pCi/g. The ore is end-
dumped from a truck. No control measures are used. Thus the emission factor,
E, is 0.04 1b/yd3. based on Appendix B. The bulk density of the ore is
1.5 ton/yd3. Using Equation (1) and the dust/ore specific activity ratio, N =
2.5, the source term for uranium-238 and progeny is:

S = 193,000 MT/yr x 435 pCi/g x 0.04 1b/yd> x 1 yd3/1.5 ton
x 1.1025 ton/MT x 454 g/1b x 2.5 x 10712 ¢i/pCi
= 2.8 x 1073 Ci/yr.

Example Calculation: Fine Ore Storage

In this case, the fine ore is conveyed to and from the fine ore storage
area for a total of four conveyor transfers. Ore is handled at a rate of
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135,000 M1/yr and the bulk uranium-238 and progeny content is 350 pCi/g. The
2.5 dust/ore activity ratio is applied. The operation occurs in an enclosed
structure with a reduction factor of 75% based on engineering judgment (Appen-
dix C). The emission factor for each transfer is 0.023 1b/ton (Appendix B).
The combined emission factor for the fine ore storage conveying is:

E = 4 transfers x 0.023 1b/ton per transfer = 0.092 1b/ton.

The uranium-238 and progeny source term is then:

S = 135,000 MT/yr x %go pCi/g x 0.092 1b/ton x 1.1025 ton/MT
x 454 g/1b x 107*¢ Ci/pCi x (1 - 0.75) x 1
= 5.4 x 1074 ci/yr.

Example Calculation: Yellowcake Drying and Packaging

Releases from the stack for off-gases from the yellowcake drying and
packaging operations are quite variable (Fort et al. 1980). Variability among
mills and uniqueness of each mill are important factors. Also, changes in
operating parameters can change emission rates over time. Maintenance and
repair work, malfunction of the exhaust air cleanup systems, and intermittent
shutdown and startup are among other variables that can impact the emissions
from this operation. Emission estimates can be based on measurements made at
operating mills (Fort et al. 1980), and on the release assumed for the model
mill in the generic environmental impact statement (GEIS) on uranium milling
(NRC 1980a), which in turn were based on recommendations of Momeni et al.
(1979). Accordingly, it is estimated that 0.1% of yellowcake produced is
released from the stack in the drying and packaging operations based upon EPA-
measured releases at six mills.

For a mill with a yellowcake production of 200 MT/yr, of which 90% is
U30g, the estimated release from the yellowcake stack(s) would therefore be:

200 MT/yr x 0.90 x 10 g/MT x 3.33 x 1077 cizg 238y
x 0.85 g U/g U3°8 x 0.001

5.1 x 1072 ¢i 238y yr,

S

In the absence of firm data, it can be assumed that 0.5% of thorium and
0.1% lead and radium are processed along with the yellowcake. Since the decay
products of uranium in the ore are in secular equilibrium with the uranium, the
radioactivity of thorium-230 released from the stack is estimated to be 0.005
of the radioactivity of the uranium released. Thus the thorium, lead, and
radium release for the example mill is calculated as follows:

§ =5 x 102 ¢ 238g6yr x 0.005
= 2.5 x 10°% ¢i 2307h/yr
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s =5 x 1072 ci 238ysyr x 0.001
=5 x 1072 Ci/yr of either on or 226p,,

Reliable monitoring data should be used when available. Renewal of
licenses or modification of licenses are examples of when such data may be
applicable.

It is noteworthy that particulate releases from the yellowcake production
step arise almost entirely from drying and/or calcining operations. If the
yellowcake product were to be <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>